Distribution Agreement

In presenting this thesis or dissertation as a partial fulfillment of the requirements for an
advanced degree from Emory University, | hereby grant to Emory University and its
agents the non-exclusive license to archive, make accessible, and display my thesis or
dissertation in whole or in part in all forms of media, now or hereafter known, including
display on the world wide web. | understand that | may select some access restrictions as
part of the online submission of this thesis or dissertation. | retain all ownership rights to
the copyright of the thesis or dissertation. | also retain the right to use in future works
(such as articles or books) all or part of this thesis or dissertation.

Signature:

Kevin Kimball Ogden Date



Molecular Basis of NMDA Receptor Allosteric Regulation by New Subunit-
selective Modulators

By

Kevin Kimball Ogden
Doctor of Philosophy

Graduate Division of Biological and Biomedical Science
Molecular and Systems Pharmacology

Stephen F. Traynelis, Ph.D.
Advisor

Raymond Dingledine, Ph.D.
Committee Member

Criss Hartzell, Ph.D.
Committee Member

Yoland Smith, Ph.D.
Committee Member

Accepted:

Lisa A. Tedesco, Ph.D.
Dean of the James T. Laney School of Graduate Studies

Date



Molecular Basis of NMDA Receptor Allosteric Regulation by New Subunit-
selective Modulators

By

Kevin Kimball Ogden
B.S., Michigan State University, 2007

Advisor: Stephen F. Traynelis, Ph.D.

An abstract of
a dissertation submitted to the Faculty of the
James T. Laney School of Graduate Studies of Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in Graduate Division of Biological and Biomedical Science
Molecular and Systems Pharmacology
2013



Abstract

Molecular Basis of NMDA Receptor Allosteric Regulation by New Subunit-selective
Modulators

By Kevin Kimball Ogden

NMDA receptors are glutamate-gated ion channels that mediate excitatory synaptic
transmission in the central nervous system and are critical for learning, cognition, and
neuronal development. Dysfunction of NMDA receptors has been implicated in
neurological and psychiatric disorders ranging from stroke to schizophrenia. NMDA
receptors are tetrameric ion channels comprising GluN1, GluN2, and GIuN3 subunits.
The four GIuN2 subunits, GIUN2A, GIuN2B, GIuN2C, and GIuN2D, substantially
contribute to functional diversity of NMDA receptors and have distinct expression
patterns in the CNS. The promise that subunit-selective allosteric modulators
differentially targeting the GIuN2 subunit could provide an opportunity to modify the
function of select groups of neurons for therapeutic gain has resulted in a handful of new
compounds that appear to act at novel sites. In this dissertation, | present data that define
the mechanism and site of action of two new classes of NMDA receptor allosteric
modulators. | show that a class of tetrahydroisoquinolines, which selectively potentiates
GIuN2C- and GIuN2D-containing NMDA receptors and is exemplified by the molecule
CIQ, does not act at previously recognized modulatory sites. Rather, | identified critical
determinants of CIQ modulation in the region near the first transmembrane helix of
GIuN2D, including in a putative pre-M1 cuff helix that may influence channel gating.
Further, | investigated the mechanism and molecular determinants of selectivity for a new
class of GIuN2A-selective antagonists represented by the compound TCN-201. | found
that TCN-201 inhibits GIuUN1/GIuN2A receptors by decreasing the potency of the GIuN1
agonist in an allosteric manner. Mutagenesis and chimeric data coupled with Schild
analysis suggest that TCN-201 binds to a novel allosteric site located at the dimer
interface between GIuN1 and GIuN2 agonist binding domains. Lastly, I show that the
pre-M1 region of GIUN2A affects desensitization and is critical for normal gating of
NMDA receptors. Overall, the data presented here demonstrate new modulatory sites on
the NMDA receptor and should facilitate development of novel tools and therapeutics
with advantageous mechanisms of action and subunit-selectivity.
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Chapter 1: Introduction

The nervous system processes sensory information to globally regulate internal
body functions and direct future actions, which includes generating thoughts and
controlling movement. Trillions of nerve cells connected through complex networks
throughout the brain, spinal cord, and periphery make up the nervous system. In
addition to nerve cells, or neurons, the nervous system is composed of glial cells,
including astrocytes, oligodendrocytes, and microglia. However, information processing
in the brain is thought to arise from the activity of neurons with glial cells perhaps serving
a modulatory role. Neuronal communication and the cellular responses it stimulates
allow information to be stored for future use and produce the behavioral and regulatory
outputs of the nervous system.

Communication between neurons occurs at specialized connections, called
synapses. The vast majority of synapses in the nervous system use chemical
neurotransmitters to transmit information between neurons. Around the same time the
chemical nature of neurotransmission became widely accepted (Eccles et al., 1954), the
amino acid glutamate was discovered to cause convulsions when injected into the cortex
(Hayashi, 1954) and to increase action potential firing in neurons of the spinal cord
(Curtis et al., 1959). Over the next 20 years, evidence accumulated for glutamate-
mediated synaptic transmission and the existence of multiple glutamate receptor
subtypes, and little doubt remained about the role of glutamate as a neurotransmitter
following discovery of the antagonists D-a-aminoadipate, a,s-diaminopimelic acid, and
HA-966 (Biscoe et al., 1977; Evans et al., 1978a), which selectively blocked both
synaptic excitation and the responses of glutamate versus other excitatory chemicals

(for review see Watkins, 2000).



Glutamate synaptic transmission is mediated by two broad subtypes of receptors:
ligand-gated ion channels (Traynelis et al., 2010) and G protein-coupled receptors
(GPCRs) (Conn and Pin, 1997). The ligand-gated ion channels are grouped into three
classes, namely AMPA receptors, NMDA receptors, and kainate receptors. These
subdivisions were distinguished based on the agonists a-amino-3-hydroxy-5-methyl-4-
isoxazole propionate (Krogsgaard-Larsen et al., 1980), N-methyl-D-aspartate (Watkins,
1962; Curtis and Watkins, 1963), and kainate (Shinozaki and Konishi, 1970; Johnston et
al., 1974), respectively, which elicited currents from neurons that had varying relative
potencies dependent on the brain region in which they were applied. Advances in
antagonist pharmacology eventually confirmed the classification based on agonists
(Biscoe et al., 1977; Evans et al., 1978a, 1979; McLennan and Lodge, 1979; Davies and
Watkins, 1979). While the GPCRs mediating glutamatergic communication in the CNS
play critical and diverse roles in synaptic physiology and disease (for review see Pin and
Duvoisin, 1995; Conn and Pin, 1997; Niswender and Conn, 2010), this dissertation

focuses on the ligand-gated ion channels, in particular the NMDA receptor.

Molecular Composition of NMDA Receptors

In the late 1980s and early 1990s, genes encoding AMPA, kainate, and NMDA
receptors were cloned (reviewed by Hollmann and Heinemann, 1994). Initially, a single
NMDA receptor subunit, originally called NMDAR1 and now called GIuN1, was identified
(Moriyoshi et al., 1991). This protein exhibited widespread expression in the brain and
when expressed in Xenopus oocytes it yielded electrophysiological and pharmacological
properties similar to neuronal NMDA receptors. NMDA receptors were therefore thought
to be homomeric complexes, similar to AMPA and kainate receptors. However,
subsequent cloning strategies discovered four additional subunits, originally called NR2A

through NR2D (for rat proteins) or €1 through €4 (for mouse proteins) and now referred



to as GIUN2A to GIuN2D (Collingridge et al., 2009), which co-assemble with GIuN1 to
form functional NMDA receptors (Meguro et al., 1992; Monyer et al., 1992, 1994;
Kutsuwada et al., 1992; Ikeda et al., 1992; Ishii et al., 1993). A few years later, two
additional subunits, NR3A (also ¥-1 or NMDAR-L) and NR3B (or %-2), were cloned
(Forcina et al., 1995; Ciabarra et al., 1995; Sucher et al., 1995). While these subunits
did not yield glutamate-activated currents when expressed on their own, co-expression
with GIuN1 and GIuN2 reduced glutamate-induced current responses. NR3A and
NR3B, now called GIuN3A and GIuN3B, are the final members of the mammalian NMDA
receptor gene family, as the complete genome demonstrated. In addition to the
molecular and functional diversity arising from the seven subunits, GIUN1, GIuN2A,
GIuN2B, GIuN2C, GIuN2D, GIuN3A, and GIuN3B, that can comprise an individual
NMDA receptor complex, the GluN1 subunit has eight splice variants that can contribute
to the functional properties of the receptors (Sugihara et al., 1992; Durand et al., 1992;
Hollmann et al., 1993).

NMDA receptors are tetrameric ion channels (Figure 1.1) (Laube et al., 1998;
Schorge and Colquhoun, 2003; Ulbrich and Isacoff, 2008; Sobolevsky et al., 2009).
GluNL1 is an obligate subunit present in all NMDA receptors (Meguro et al., 1992; Monyer
et al., 1992; Kutsuwada et al., 1992; Ciabarra et al., 1995; Sucher et al., 1995;
Chatterton et al., 2002), and there are likely two GIuN1 subunits in each tetramer (Behe
et al., 1995; Laube et al., 1998; Ulbrich and Isacoff, 2008). In addition to two GIluN1
subunits, NMDA receptor tetramers can contain two of the same type of GIuN2 subunit
(reviewed by Hollmann, 1999), two different GIuN2 subunits (Hollmann, 1999; Brickley et
al., 2003; Jones and Gibb, 2005; Brothwell et al., 2008), one GIuN2 and one GIuN3
subunit (Ciabarra et al., 1995; Sucher et al., 1995; Perez-Otano et al., 2001), or perhaps
even two GIuN3 subunits (Chatterton et al., 2002; Awobuluyi et al., 2007; Madry et al.,

2007, 2010; Smothers and Woodward, 2007, 2009; Cavara et al., 2009). Thus, as



A
GIluN1 B ot
Ca
GIUN3A . .
glycine Al Na glutamate
GIuN3B o "
GluNza "o S Y
o] [¢]
GIluN2B N1
GluN2C GluN2
GIuN2D
0 20 40 60 80 100 K
Percent amino acid identity
C
Diheteromer Triheteromer

Figure 1.1. NMDA Receptor Subunit Compaosition

A. A dendrogram showing sequence identity of the subunits comprising NMDA
receptors. B. A schematic illustrating the composition and key features of NMDA
receptor ion channels. NMDA receptors are tetramers that are thought to form in a 1-2-
1-2 arrangement with alternating GIuN1 (gray) and GIuN2 (orange) subunits. The GIuN1
subunits bind the co-agonist glycine and the GIuN2 subunits bind the co-agonist
glutamate. Once all four subunits are bound by agonist, the ion channel pore opens,
allowing Na*, Ca?*, and K* ions to permeate. C. NMDA receptors can form
diheteromers, in which both GIuN2 subunits are the same subtype, or triheteromers, in
which the GIuN2 subunits are different subtypes or in which there is a GIuN2 subunit and

a GIuN3 subunit. GluN1 subunits are thought to be present in all NMDA receptors.



illustrated in Figure 1.1C, NMDA receptor tetramers can be diheteromeric (GIUN1/GIuN2
or GluN1/GIuN3), or triheteromeric (e.g. GIUN1/GIuN2A/GIuN2B, GIuN1/GluN2/GIuN3,
or GIUN1/GIuN3A/GIuUN3B). Most studies of recombinant NMDA receptors have focused
on diheteromeric receptors, although triheteromeric receptors have been widely
observed in the brain (Sheng et al., 1994; Chazot and Stephenson, 1997; Luo et al.,
1997; Brickley et al., 2003; Jones and Gibb, 2005; Brothwell et al., 2008; Delaney et al.,
2012; Tovar et al., 2013) and may in fact be the majority of neuronal NMDA receptors

(Rauner and Kéhr, 2011; Gray et al., 2011; Tovar et al., 2013).

Architecture of NMDA Receptors

Each subunit in a tetramer folds into three semi-autonomous domains: an amino-
terminal domain (ATD), an agonist-binding domain (ABD), and a transmembrane domain
(Figure 1.2). Although high resolution crystallographic data for a tetrameric, membrane-
spanning NMDA receptor are lacking, much information about the tertiary and
guaternary arrangement of NMDA receptor has been inferred from X-ray crystal
structures of isolated ATDs (Karakas et al., 2009, 2011; Farina et al., 2011) and ABDs
(Furukawa and Gouaux, 2003; Furukawa et al., 2005; Vance et al., 2011) coupled with
the structure of a tetrameric but C-terminal truncated GluA2 AMPA receptor that
included the ion channel pore (Sobolevsky et al., 2009). Both the ATD and ABD form bi-
lobed clamshell-shaped domains that have sequence and structural homology to
bacterial periplasmic amino acid binding proteins. The transmembrane domain consists
of three transmembrane helices, called M1, M3, and M4, and a re-entrant pore loop,
called M2, that shares sequence and structural homology to the P-loop of potassium
channels (Wo and Oswald, 1995; Wood et al., 1995; Kuner et al., 2003). In addition to
an ATD, ABD, and transmembrane domain, NMDA receptor subunits have an

intrinsically disordered intracellular carboxy-terminal region (Choi et al., 2011, 2013)
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Figure 1.2 NMDA Receptor Architecture
A. NMDA receptor primary structure is depicted in a linear schematic. Regions

comprising the main structural features of NMDA receptors are shown and include the amino-
terminal domain (ATD), two non-adjacent sequences called S1 and S2 (Stern-Bach et al.,
1994) that make up the agonist-binding domain (ABD), a putative pre-M1 helix (Sobolevsky et
al., 2009), three transmembrane helices (M1, M3, and M4), a re-entrant pore loop (M2), a
carboxy-terminal region (CTR), and the short peptide linkers that connect each region (LO, L1,
L2, and L3). B. Overall quaternary arrangement of subunits in a glutamate receptor ion
channel is shown as a volume representation of the GluA2 AMPA receptor tetrameric X-ray
crystal structure (Sobolevsky et al., 2009). GIuA2 subunits in a tetramer form two pairs of
symmetrically distinct subunit pairs, called A/C (shown in silver) and B/D (shown in orange).
Based on biochemical cross-linking, the GIuN1 subunits are hypothesized to assemble in a
manner similar to the A/C subunits, whereas GIuN2 subunits are thought to arrange like the
B/D subunits. C. A cartoon representation of one GIuN2 subunit shows the three semi-
autonomous domains, the ATD, ABD, and TMD, and intracellular carboxy-terminal region. The
ATD and ABD form bi-lobed clamshell-shaped domains and agonists bind in the cleft between

the upper and lower lobes.



following the M4 transmembrane helix that lacks fixed secondary and tertiary structure
and is quite large in the case of GIuN2 subunits, consisting of about 400-650 amino

acids.

Carboxy-terminal region

The carboxy-terminal region is the most diverse region of NMDA receptor
subunits, with only 2% sequence identity among the GIUN2 subunits. The C-terminal
region harbors sites for posttranslational modifications such as palmitoylation (Hayashi
et al., 2009; Mattison et al., 2012) and phosphorylation by protein kinase C (Tingley et
al., 1993), calcium/calmodulin-dependent protein kinase 1l (Omkumar et al., 1996), or
casein kinase Il (Chung et al., 2004), among other kinases (for review see Chen and
Roche, 2007). All GIuN2 subunits and four GIuN1 splice variants (those utilizing exon
22’, namely GluN1-3 and GIluN1-4) also contain a binding motif for PSD-95 and other
PDZ domain-containing proteins (Kornau et al., 1995; Niethammer et al., 1996; Bassand
et al., 1999). Although the critical role of the carboxy terminus in normal trafficking of the
receptors has been well-established (Standley et al., 2000; Scott et al., 2001; Xia et al.,
2001; Chung et al., 2004; Foster et al., 2010; Chen et al., 2012; Chowdhury et al., 2013;
Sanz-Clemente et al., 2013), the contribution of the C-terminus to the biophysical and
pharmacological properties of the receptor is less clear (Kéhr and Seeburg, 1996; Rossi

et al., 2002; Puddifoot et al., 2009; Punnakkal et al., 2012; Maki et al., 2012).

Amino-terminal domain

The ATD is also a highly diverse region of NMDA receptors with only 19%
sequence identity. The ATDs are locally organized as dimers of GIuN1-GIuN2 dimers
(Lee and Gouaux, 2011; Karakas et al., 2011). Each ATD clamshell-shaped monomer is
divided into an upper lobe, called R1, and a lower lobe, called R2. The lower lobe is

twisted about 40-50° relative to the upper lobe (Karakas et al., 2009; Farina et al., 2011),



and consequently, the interface between GIUN1 and GIuUN2 monomers in one ATD dimer
is asymmetric and mediated by R1-R1 and R1-R2 interactions (Karakas et al., 2011). In
all crystal structures of NMDA receptor ATDs, the cleft of the clamshell-shaped
monomers is partially closed, despite speculation that closure of this cleft may lead to
allosteric regulation of the receptor by modulators (Perin-Dureau et al., 2002; Gielen et
al., 2009; Mony et al., 2009). Interestingly, the ATD of NMDA receptors has also been
crystallized as a GIuN1/GIuN1 homodimer (Farina et al., 2011), highlighting the need for
more complete structural information to elucidate the architecture of NMDA receptor
ATDs, which likely differs from the arrangement in AMPA receptors and may explain
how the ATD controls NMDA receptor function (Gielen et al., 2009; Yuan et al., 2009;
Zhu et al., 2013).

In contrast to the ATD and C-terminal region, the ABD and the transmembrane
domain are quite conserved, having about 63-75% identity. In the primary sequence of
each subunit, the ABD is composed of two non-adjacent stretches of about 150 amino
acids each (Kuryatov et al., 1994; Stern-Bach et al., 1994; Anson et al., 1998). These
two segments, called S1 and S2 (Stern-Bach et al., 1994), are separated by two
transmembrane helices, M1 and M3, and the re-entrant pore loop, called M2. Following
the S2 region of the ABD is the third transmembrane helix, M4. By replacing M1, M2,
and M3 with a glycine-threonine linker, soluble proteins of the S1-S2 region could be
generated that allowed crystallographic studies of the ABD (Kuusinen et al., 1995, 1995;

Chen and Gouaux, 1997).

Agonist binding in NMDA receptors
The ABD monomers of GIuN1 (Furukawa and Gouaux, 2003), GIUN2A
(Furukawa et al., 2005; Hansen et al., 2013), and GIuN2D (Vance et al., 2011) have

been crystallized as have ABD dimers of GIUN1/GIuN2 (Furukawa et al., 2005). These



crystal structures revealed the molecular basis for agonist recognition and discrimination
at NMDA receptors and have suggested a structural mechanism for coupling agonist
binding to ion channel gating. Each ABD monomer forms a bi-lobed clamshell-shaped
structure with an upper lobe termed D1 and a lower lobe termed D2. Glycine and
glutamate bind the ABD of GIuN1 and GIuNZ2, respectively, in the cleft between D1 and
D2. Not surprisingly, the residues directly interacting with agonist are highly conserved
(Anson et al., 1998; Laube et al., 2004; Chen et al., 2005; Kinarsky et al., 2005; Hansen
et al., 2005; Erreger et al., 2007). The a-carboxyl group of both glycine and glutamate
interact with an Arg residue in the upper lobe of GIUN1 and GIuNZ2, respectively, which is
conserved in all glutamate receptor ion channels. This interaction is the first step in a
so-called Venus flytrap mechanism of activation, in which the agonist first makes low-
affinity interactions with the upper D1 lobe. This interaction then allows subsequent
higher affinity binding as the lower lobe moves upward to interact with the y-carboxyl
group of the agonist and the interaction with both the D1 and D2 lobes stabilizes the
closed-cleft conformation (Mano et al., 1996; Laube et al., 1997; Abele et al., 1999,
2000).

The selectivity of GIuN1 for glycine over glutamate can be explained by the
hydrophobic environment created by Val689 (which is a Thr in GIuN2A) and the steric
barrier formed by Trp731 (a Tyr in GIuN2A), both of which prevent binding of the y-
carboxyl group of L-glutamate to GIUN1. The selectivity of N-methyl-D-aspartate for
GIluN2 subunits over other glutamate receptor ion channels arises from the presence of
Asp731 in the binding pocket of GIUN2A subunits instead of a glutamate residue, which
occupies the homologous position in AMPA and kainate receptors. Asp731 in GIUN2A is
a methylene group shorter than the homologous glutamate residue in AMPA and kainate

receptors, which thereby creates space in the GIuN2A binding pocket for the N-methyl
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group of NMDA and eliminates the steric clash that occurs between the N-methyl group
and the glutamate residue in the binding pockets of AMPA and kainate receptors

(Furukawa et al., 2005).

ABD cleft closure may contribute to NMDA receptor gating

The GIuN1/GIuN2 ABD dimer is arranged in a ‘back-to-back’ fashion, in contrast
to the ATD dimers. Agonist-bound structures of NMDA receptor ABDs revealed a
closed-cleft conformation, where the lower lobe of the agonist binding domain is in closer
apposition to the upper lobe. Because the ABD dimer is formed by an interface between
the upper D1 lobes, it is plausible that, in an intact receptor, binding of agonist leads to
movement of the lower D2 lobe towards the upper D1 lobe and away from the
membrane bilayer, while the upper D1 lobe remains relatively stationary, being stabilized
by interactions at the ABD dimer interface. By virtue of the peptide linkers connecting
the D2 lobe to the M1, M3 and M4 transmembrane helices, movement of the D2 lobe
away from the lipid bilayer would thus separate the transmembrane helices away from
each other thereby allowing the ion channel pore to open. However, data that could
support this mechanism remains ambiguous. While the competitive antagonist DCKA
stabilizes an open-cleft conformation of GluN1 (Furukawa and Gouaux, 2003), partial
agonists at the GIuN1 subunit induce a similar degree of domain closure as full agonists
(Furukawa and Gouaux, 2003; Inanobe et al., 2005; Rambhadran et al., 2011).
However, an intermediate conformational state with partial GIuN1 agonists has been
observed in molecular dynamics simulations (Ylilauri and Pentikdinen, 2012). At the
GIuN2 subunit, graded ABD cleft closure has been reported with partial agonists in full-
length NMDA receptors using distances between residues in the ABD calculated from
luminescence resonance energy transfer lifetimes (Rambhadran et al., 2011) and

stabilizing the ABD in a closed-cleft conformation using engineered disulfide bonds
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spanning the upper and lower lobes support a correlation between cleft stability and
receptor activation (Blanke and VanDongen, 2008; Kussius and Popescu, 2010).
However, crystal structures of the GIUN2A and GIuN2D ABDs in complex with partial
agonists showed no discernible difference when compared to glutamate-bound
structures (Hansen et al., 2013). The lack of correlation between the degree of ABD
cleft closure and the extent of receptor activation for NMDA receptors is a departure
from AMPA receptors, at which competitive antagonists stabilize the ABD in an open
cleft conformation and partial agonists induce smaller degrees of ABD cleft closure than
full agonists (Armstrong and Gouaux, 2000; Jin et al., 2003; Hogner et al., 2003; Lunn et
al., 2003; Holm et al., 2005; Nielsen et al., 2005; Frandsen et al., 2005; Kasper et al.,

2006).

Quaternary structure and subunit arrangement

The ATDs and ABDs of NMDA receptors are organized as dimers of
GIuN1/GIuN2 dimers (Furukawa et al., 2005; Lee and Gouaux, 2011; Karakas et al.,
2011), however the arrangement of these dimer pairs in an intact, functional receptor
remains unclear. Based on sequence and structural homology, NMDA receptors are
thought to share many features with AMPA receptors, so it is worth considering the
guaternary arrangement of AMPA receptors, for which crystallographic data exists for a
tetrameric receptor (Sobolevsky et al., 2009). In the tetrameric GIUA2 crystal structure,
individual subunits arrange in dimer-of-dimers, which leads to an overall two-fold
symmetry at the level of the ABD and ATD and gives rise to two pairs of
conformationally distinct subunits, denoted A/C and B/D, in a tetrameric complex
(Sobolevsky et al., 2009). In GluA2 AMPA receptors, the A/B and C/D subunits form
dimers at the level of the ATD whereas at the ABD, the A/D and B/C subunits form dimer

pairs. Hence, the ATD and ABD of a single subunit do not stack on top of each other,
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but rather each subunit crosses over between the ATD and the ABD. Additionally, these
distinct subunit conformations cause a symmetry mismatch between the extracellular
region of the receptor, which has overall two-fold rotational symmetry, and the ion
channel pore, which in the membrane-spanning GIuA2 structure has four-fold symmetry
(Sobolevsky et al., 2009). The symmetry mismatch is resolved by a set of three
peptides linking the ABD with the TMD within each subunit: the S1-M1, M3-S2, and S2-
M4 linkers.

Assembly of NMDA receptors from two GluN1 subunits and two GIuN2 subunits
creates two possible tetrameric arrangements: the 1-1-2-2 arrangement in which the two
GIuN1 subunits are adjacent and the two GIuN2 subunits are adjacent or the 1-2-1-2
arrangement made of alternating pairs of GIUN1-GIuN2 subunits. Initial studies using
electrophysiological recordings of engineered tandem NMDA receptor subunits
suggested a 1-1-2-2 arrangement (Schorge and Colquhoun, 2003). Then, studies using
Forster resonance energy transfer measurements between GIuN1 and GIuN2 suggested
that GluN1-GluN1 homodimers and GIuN2-GIluN2 homodimers could form, consistent
with a 1-1-2-2 arrangement (Qiu et al., 2005). Elucidation of the GIuA2 tetrameric
structure provided hope that these studies would be confirmed, as homology models of
NMDA receptors in either a 1-1-2-2 or 1-2-1-2 arrangement based on the GIuA2
structure could direct engineering of cysteines for biochemically cross-linking that would
differentiate between these two arrangements. However, in contrast to those initial
experiments, biochemical crosslinking of engineered cysteine residues in NMDA
receptors suggested that a 1-2-1-2 arrangement occurs in NMDA receptors (Sobolevsky
et al., 2009; Salussolia et al., 2011b; Riou et al., 2012). Another study using
luminescence resonance energy transfer lifetimes to estimate distances between
residues in the ABD of GluN1 and GIuN2A further suggested a 1-2-1-2 arrangement,

although the receptors used in that study lacked ATDs (Rambhadran et al., 2010).
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However, a recent report using atomic force microscopy of purified GIUN1/GIUN2A
receptors tagged with antibodies showed that receptor complexes were tagged by either
one or two antibodies (Balasuriya et al., 2013). When tagged by two antibodies, the
distribution of angles between bound antibodies had a single peak at about 90°. This
distribution differed from that of labelled AMPA receptors, which showed two peaks at
~90° and ~180°, and suggests a 1-1-2-2 arrangement of NMDA receptor subunits.
Thus, the conclusions of seven studies explicitly probing NMDA receptor quaternary
arrangement (Schorge and Colguhoun, 2003; Qiu et al., 2005; Sobolevsky et al., 2009;
Rambhadran et al., 2010; Salussolia et al., 2011b; Riou et al., 2012; Balasuriya et al.,
2013) favor an alternating 1-2-1-2 arrangement by a tally of 4 to 3. It will be interesting
to see where the crystal structure of an NMDA receptor tetramer weighs in on this
guestion and whether the stoichiometry and organization varies for the different GIuN2
subunits; however even the crystal structure will provide only a snapshot of the

complexity of NMDA receptor assembly.

lon channel pore

The ion channel pore of NMDA receptors shares sequence and structural
homology to the pore region of voltage-gated Na*, K*, and Ca?* channels, all of which
have two transmembrane helices separated by a membrane re-entrant loop (Wo and
Oswald, 1995; Wood et al., 1995; Doyle et al., 1998; Catterall, 2000a, 2000b; Kuner et
al., 2003; Zhorov and Tikhonov, 2004; Sobolevsky et al., 2009). NMDA receptors,
however, have an additional third transmembrane helix, called M4, that is critical for
normal assembly and trafficking of the receptor (Schorge and Colquhoun, 2003;
Salussolia et al., 2011a; Kaniakova et al., 2012), and the membrane topology of NMDA
receptors is inverted compared to the voltage-gated channels. Additionally, NMDA

receptors do not discriminate among ions with a high degree of selectivity, being
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permeable to Na*, K*, and Ca?" as well as other divalent cations such as Mg?* and
organic ions. Thus, much has been learned about the NMDA receptor pore by analogy
to K* channels, but a more complete understanding of NMDA receptor gating and
permeation must account for their differing structure and function.

While a detailed atomic view of the NMDA receptor pore that explains its ion
selectivity remains elusive, biophysical studies have shown that the narrow constriction
of the pore, thought to be formed by crossing of adjacent M3 transmembrane helices
(Sobolevsky et al., 2009), is located about midway through the lipid bilayer (Zarei and
Dani, 1995; Villarroel et al., 1995; Wollmuth et al., 1996; Sobolevsky et al., 2002, 2003).
Although a clear pathway for ions to access the pore was not present in the tetrameric
GIuAZ2 structure, there appears to be an extracellular vestibule in NMDA receptors (Jahr
and Stevens, 1993; Paoletti et al., 1995; Premkumar and Auerbach, 1996; Sharma and
Stevens, 1996) composed of a DRPEER sequence in the M3-S2 linker of GIuN1
(Watanabe et al., 2002), that contributes to the high Ca?* permeability (Burnashev et al.,
1995; Wollmuth et al., 1996; Schneggenburger, 1996, 1998; lino et al., 1997) of NMDA
receptors. Moreover, mutagenesis and substituted cysteine accessibility studies have
revealed that the M2 region lines the pore pathway and asparagine residues at the tip of
the M2 loop controls Ca?* permeability and block by extracellular Mg?* (Kuner et al.,
1996; Wollmuth et al., 1998). Interestingly, a single residue in the cytosolic half of the
GluN2 M3 helix, Ser632 in GIuN2A corresponding to Leu657 in GIuN2D, controls relative
Ca?* permeability as well as other pore properties that differ between GIuN2 subunits
such as subconductance levels and Mg?* block (Siegler Retchless et al., 2012).
Mutation of Ser632 in GIUN2A to leucine switched the Mg?* inhibition, Ca?* permeability
and single-channel conductance of GIUN2A to be more like the pore properties of

GIuN2D.



15

Despite the high degree of sequence and structural homology, NMDA receptors
exhibit unique pore properties compared to K* channels and even AMPA and kainate
receptors. For example, K* channels and GIuA2 AMPA receptors are homomeric
proteins and hence the transmembrane helices and pore loop from each subunit
contribute equally to the pore. Already there is evidence that GIuN1 and GIuN2 subunits
contribute unequally to pore properties (Sobolevsky et al 2007). Additionally, a
homology model of the NMDA receptor pore based on the GluA2 membrane-spanning
tetrameric structure did not reveal interaction of the GIuN2 M3 helix with the p-loop of an
adjacent GIuN1 subunit that explained how GIUN2A Ser632 primarily controlled GluN2
subunit-dependent pore properties (Siegler Retchless et al., 2012). Thus, a molecular
understanding of ion permeation and block in NMDA receptors awaits elucidation of an

atomic resolution structure.

NMDA Receptor Gating

Neuronal communication between pre- and postsynaptic neurons begins with
release of neurotransmitter into an optimally designed 20 nm cleft (Savtchenko and
Rusakov, 2007). Binding of the neurotransmitter to its receptor on the postsynaptic
neuronal membrane converts that chemical signal into an electrical one. Unlike other
ligand-gated ion channels such as the nicotinic acetylcholine receptor (Colquhoun and
Sakmann, 1981, 1985), glycine receptors (Beato et al., 2002, 2004; Burzomato et al.,
2004), 5-HT; receptors (Mott et al., 2001), and AMPA receptors (Rosenmund et al.,
1998; Jin et al., 2003), NMDA receptors cannot open their ion channel pore until all four
agonist binding sites, one on each subunit, are occupied. This conclusion was first
reached on the basis of kinetic models of activation which accurately described whole-
cell responses to synaptic-like concentration waveforms of glutamate (Benveniste and

Mayer, 1991; Clements and Westbrook, 1991). Further support of the idea that NMDA
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receptors must be fully occupied by agonist to open comes from observations in single
channel recordings in which two agonist concentration-dependent phenomena that
would be expected if partially liganded receptors could open were not observed
(Schorge et al., 2005). First, mean open time distributions should exhibit an increased
proportion of shorter open durations at low agonist concentrations, as partially liganded
receptors, which would occur with greater frequency at low agonist concentrations,
would stay open for a shorter time (or re-open less often) than fully bound receptors.
Second, correlations between neighboring open and shut times should diminish at high
agonist concentrations, as the proportion of partially bound receptors, which give rise to
shorter duration openings that are followed by long shut times, decreases. Neither of
these two phenomena were observed with low concentrations of either glutamate or
glycine, suggesting NMDA receptors must be bound to four agonists before opening.

X-ray crystal structures of the ABDs of GIuN1,GIuN2, and GIuN3 bound to
competitive antagonists and full and partial agonists revealed that binding of agonist
induces or at least stabilizes a closed-cleft conformation of the bi-lobed clamshell-
shaped ABDs (Furukawa and Gouaux, 2003; Inanobe et al., 2005; Furukawa et al.,
2005; Yao et al., 2008; Vance et al., 2011). How exactly closure of the ABD cleft relates
to opening of the ion channel pore is still unclear. The M3 transmembrane helix has
been implicated in conformational changes that couple agonist binding to channel gating
because naturally-occurring and engineered mutations in this region cause
spontaneously active receptors or receptors that are locked open after modification by
cysteine-modifying methanethiosulfonate (MTS) reagents (Kohda et al., 2000; Jones et
al., 2002; Yuan et al., 2005; Chang and Kuo, 2008). Additionally, the M3 helix seems to
undergo large movements during gating (Sobolevsky et al., 2002; Dai and Zhou, 2013)
An interesting inconsistency with the idea of the M3 helix being a critical regulatory

element of gating, rather than simply a structural requirement, is that the M3 helix is
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almost 100% conserved across the GIuN2 subunits (a notable exception is the GIUN2

S/L site Siegler Retchless et al., 2012). How, then, do gating properties such as mean
open time, open probability, deactivation time course, and desensitization time course
differ so widely between the GIuN2 subunits?

Unfortunately, crystallographic data do not offer a full explanation for these
differences because the overall conformations of GIuN2A and GIuN2D subunits bound to
glutamate were quite similar (Vance et al., 2011; Hansen et al., 2013), only differing in
the hinge loop region at the backside of the ABD that explains some of the differences in
deactivation time course. A partial answer arises, however, from studies of chimeric
NMDA receptors that swapped the ATD and the linker between the ATD and ABD
across the GIuN2 subunits (Gielen et al., 2009; Yuan et al., 2009). These investigations
revealed that the ATD of GIuN2A and GIuN2B exert positive effects on NMDA receptor
gating, enhancing channel open probability and accelerating deactivation, while the
ATDs of GIuN2C and GIUN2D exert negative effects, greatly diminishing channel open
probability. Moreover, the ATDs control glycine and glutamate potency. Thus, the ATD
is a critical determinant of the pharmacological and kinetic properties of NMDA
receptors.

How the ATD is allosterically coupled to the ion channel gate is still an open
guestion. The overall architecture of full-length NMDA receptors will no doubt be critical
in answering this question. A limitation of the available crystal structures of NMDA
receptors is that the functional domains (i.e. ATD and ABD) were crystallized in isolation,
so it is unclear how these domains are organized in an intact receptors. The local
tertiary arrangement of these domains is probably correct, given that the domains in the
crystal structure of GIuA2 tetrameric but C-terminal truncated receptors were similar to
the crystal structures of the isolated domains (Sobolevsky et al., 2009). However,

arrangement of these domains in a functional NMDA receptors likely differs from the
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guaternary arrangement in AMPA receptors (e.g. see the discussion on 1-1-2-2 vs. 1-2-
1-2 arrangement, above). Nonetheless, a model explaining how the ATD regulates
NMDA receptor gating has been proposed based on mutant receptors that alter the
efficacy of allosteric antagonists acting at the ATD (Gielen et al., 2008). In this model,
binding of antagonists to the ATD leads to a rearrangement of the ABD dimer interface.
Rearrangement of the ABD dimer interface then leads to uncoupling of the ion channel
gate from agonist binding because the tension caused by agonist binding is relieved by
breakdown of the dimer interface rather than opening of the ion channel pore.

Recent work has focused on the linkers between the ABD and TMD (S1-M1, M3-
S2 and S2-M4) as critical determinants of gating (Talukder and Wollmuth, 2011; Dai and
Zhou, 2013; Kazi et al., 2013). These linkers seem to be an obvious candidate for
coupling the large conformational change that occurs in the ABD upon agonist binding to
channel gating because they are directly attached to the lower lobe of the ABD that
pivots about 20° and expands about 5.5 A upon agonist binding (Armstrong et al., 2006).
Indeed, rearrangement of the peripheral M1 and M4 linkers upon channel gating has
been suggested to occur based on kinetic modeling of receptors with engineered cross-
links between the linkers (Kazi et al., 2013) or on molecular dynamics simulations (Dai
and Zhou, 2013). The exact nature of the rearrangement of ABD-TMD linkers upon
gating remains to be determined, but could involve rigid movements that pull the
transmembrane helixes apart or perhaps more subtle changes such as rotation of
helices. Interestingly, comparing the NMDA receptor pore to the open pore of MthK K*
channels (Jiang et al., 2002a) suggests that a large kink or bend in the M3 helix of
NMDA receptors would occur in the open state compared to the closed state. If the M3
helix kinks then it will require movement of both the pre-M1 helix and the top of the M4

helix.
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A structure of the pore region of NMDA receptors will be invaluable for unraveling
the details of NMDA receptor activation and will undoubtedly stimulate new ideas about
NMDA receptor gating. New structural information together with molecular dynamics
simulations may hold promise for achieving the lofty goal of linking conformational
changes seen in static structures to the dynamic states proposed in kinetic mechanisms

of NMDA receptor gating.

NMDA Receptor Function

A landmark discovery in neuroscience was that NMDA receptors are blocked at
resting membrane potentials by the extracellular divalent cation Mg?* (Evans et al., 1977;
Ault et al., 1980; Nowak et al., 1984; Mayer et al., 1984). Voltage-dependent Mg?* block
allows NMDA receptors to serve as coincident detectors meaning they will only be
permeable to ions when the membrane has been sufficiently depolarized (to a
transmembrane potential of around -40 mV) and simultaneously glutamate is released.
These conditions are thought to be met in highly active synapses, where previous
excitatory postsynaptic potentials, mediated for example by AMPA receptors, or back-
propagating action potentials have depolarized the postsynaptic membrane and hence
subsequent synaptic release of glutamate can open the NMDA receptor pore.

The utility of coincidence detection is augmented by another critical property of
NMDA receptors: Ca?*-permeability (MacDermott et al., 1986; Mayer and Westbrook,
1987; Ascher and Nowak, 1988). Thus, activation of NMDA receptors allows entry of
Ca?" into the postsynaptic neurons. Ca?* entry through NMDA receptors most notably
activates Ca?*/calmodulin-dependent protein kinase Il (CaMKIl) (Pettit et al., 1994; Lledo
et al., 1995; Giese et al., 1998; Shen and Meyer, 1999; for review see Lisman et al.,
2012), but may also activate protein kinase C (PKC) (Lovinger et al., 1987; Malinow et

al., 1989; Wang and Feng, 1992; Hvalby et al., 1994; Sun and Liu, 2007; Luu and
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Malenka, 2008), protein kinase A (PKA) (Chetkovich and Sweatt, 1993; Roberson and
Sweatt, 1996), Src (Lu et al., 1998; Huang et al., 2001), nitric oxide synthase (NOS)
(Sattler et al., 1999), phosphoinositide 3-kinase (PI13K) (Waxman and Lynch, 2005; Kim
et al., 2011), superoxide (Lafon-Cazal et al., 1993) via NADPH oxidase (NOX-2)
(Brennan et al., 2009) among myriad other possible effectors (see e.g. Sanes and
Lichtman, 1999). Activation of these pathways initiates signaling events that are critical
for longer-term activity-dependent changes in the strength of synaptic communication
and for structural changes in synaptic connections that occur, for example, during
development.

The voltage-dependent block of NMDA receptors by Mg?* coupled with their Ca?*
permeability gives a molecular explanation for the phenomenon of long-term potentiation
(Bliss and Gardner-Medwin, 1973; Bliss and Lgmo, 1973), which was first observed as a
long-lasting (hours to days) increase in the efficacy of synaptic transmission and
excitability of dentate granule cells of the hippocampus following repetitive stimulation of
the perforant path, but has since been observed under diverse stimulus patterns and in
numerous brain regions (Malenka and Nicoll, 1999) and is thought to be a cellular
correlate of learning and memory (Bliss and Collingridge, 1993). Block of NMDA
receptors by Mg?* would be relieved in active synapses, allowing Ca?* entry into those
neurons, which could trigger cellular events such as activation of CaMKII and
phosphorylation of AMPA receptors that would lead to increases in synaptic strength.
Moreover, the coincidence detection of NMDA receptors arms neurons with a
mechanism for implementing the “Neurophysiological Postulate” proposed by Hebb
(1949):

“When an axon of cell A is near enough to excite cell B and repeatedly or

persistently takes part in firing it, some growth process or metabolic
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change takes place in one or both cells such that A’s efficiency, as one of

the cells firing B, is increased.”

Further importance of voltage-dependent Mg?* block to NMDA receptor function
was highlighted recently by identification of a de novo GRIN2A mutation in a patient with
early-onset epileptic encephalopathy (Endele et al., 2010). The mutation caused
conversion of a critical asparagine in M2 to lysine (GIuUN2AN%¢) and NMDA receptors
harboring this substitution were insensitive to block by Mg?*, which could lead to over-
activation of NMDA receptors and thereby underlie the severe seizures, myoclonic
twitches, and abnormal EEG observed in the patient.

Another unique feature of NMDA receptors is that, although they mediate the
actions of the neurotransmitter glutamate released into the synaptic cleft, they require
glycine to bind as a co-agonist before they are activated (Johnson and Ascher, 1987,
Kleckner and Dingledine, 1988). Cloning of the subunits comprising NMDA receptors
allowed mutagenesis and crystallographic studies that demonstrated glycine binds the
GIuN1 subunit (Kuryatov et al., 1994; Hirai et al., 1996; Furukawa and Gouaux, 2003)
and glutamate binds the GIuN2 subunit (Laube et al., 1997; Anson et al., 1998;
Furukawa et al., 2005). Moreover, NMDA receptors cannot open unless all four agonist
binding sites are occupied (Schorge et al., 2005).

The requirement of glycine binding for activation provides another mechanism for
controlling NMDA receptor function, namely by regulating the concentration of glycine at
sites of receptor activation (e.g. synaptic versus extrasynaptic), perhaps both tonically
and in an activity-dependent manner. Indeed, the glycine potency of NMDA receptors
varies 10-fold depending on which GIuN2 subunit comprises the receptor; the ECso of
glycine is 1.1 uM at GIuN2A, 0.72 uM at GIuN2B, 0.34 uM at GIuN2C, and 0.13 uM at
GIuN2D (Chen et al., 2008b). Hence each NMDA receptor subtypes could be

differentially sensitive to the concentration of glycine (Kalbaugh et al., 2009). Shortly



22

after the discovery that glycine potentiated NMDA receptor responses (Johnson and
Ascher, 1987), glycine was reported to enhance NMDA receptor-mediated EPSPs
(Thomson et al., 1989), but not NMDA-evoked depolarizations (Fletcher and Lodge,
1988), suggesting perhaps that glycine concentrations in the synapse were sub-
saturating at NMDA receptors, but were saturating outside the synapse. Subsequent
studies further supported the finding that glycine concentrations in the synapse are
subsaturating (Vyklicky et al., 1990; Abe et al., 1990; Collins, 1990; Thiels et al., 1992;
Lukasiewicz and Roeder, 1995; Wilcox et al., 1996; Kalbaugh et al., 2009).

Although free glycine concentrations in the cerebrospinal fluid have been
estimated at 8-20 uM (Ferraro and Hare, 1985; Matsui et al., 1995), an active uptake
mechanism for glycine mediated by glycine transporters exists, with GlyT1 playing a role
at glutamatergic synapses expressing NMDA receptors and GlyT2 taking up glycine at
glycinergic inhibitory synapses (Zafra et al., 1995b, 1995a; Aragdn and Lopez-Corcuera,
2003; Cubelos et al., 2005; Harsing Jr. and Matyus, 2013). Furthermore, disruption of
GlyT1 function by antagonists or genetic knockdown alters NMDA receptor-mediated
synaptic transmission, for example by preventing glycine potentiation of NMDA receptors
responses (Berger et al., 1998; Bergeron et al., 1998; Chen et al., 2003; Kinney et al.,
2003; Tsai et al., 2004; Martina et al., 2005; Reed et al., 2009). Additionally, a release
mechanism for glycine mediated by Asc-1 transporters has been recently reported
(Rosenberg et al., 2013). Thus, glycine levels at the synapse seem to be tightly
regulated and measurements of glycine concentrations in the CSF may not reflect the
glycine concentration present at NMDA receptors.

In addition to glycine, D-serine is an endogenous coagonist at the GIuN1 subunit
of NMDA receptors (Mothet et al., 2000; Panatier et al., 2006; Martineau et al., 2006;
Wolosker, 2006). While the identity of the coagonist most certainly varies in a synapse-

specific manner, recent work advances a more provocative view that D-serine is the
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coagonist at synapses whereas glycine is the coagonist at extrasynaptic locations
(Papouin et al., 2012). In addition, coagonist concentration levels may be regulated by
certain patterns synaptic activity (Li et al., 2009) and the identity of the coagonist acting
at NMDA receptors may switch depending on synaptic activity (Li et al., 2013). A more
active regulation of the NMDA receptor co-agonist is therefore emerging, which could
allow more specific targeting of certain populations of NMDA receptors in disease states,
for example synaptic versus extrasynaptic or NMDA receptors, or only those receptors

involved in certain patterns of activity.

NMDA Receptors in Neurological and Psychiatric Disorders

Although the Ca?* permeability of NMDA receptors allows synaptic transmission
to couple to cellular signaling cascades under physiological conditions, under
pathophysiological conditions such as stroke, ischemia, or traumatic brain injury, it can
trigger a cell death cascade termed excitotoxicity (Olney, 1969; Choi, 1987, 1988; Choi
et al., 1987; Rothman and Olney, 1987), which can lead to neuronal cell death that is
thought to exacerbate the injury and symptoms observed in stroke, ischemia, traumatic
brain injury, and neurodegenerative disorders (Dirnagl et al., 1999; Mattson, 2003;
Arundine and Tymianski, 2004). The observation that glutamate concentrations in the
brain dramatically increased after ischemia and edema in animals (Benveniste et al.,
1984; Globus et al., 1988; Baethmann et al., 1989; Hillered et al., 1989; Nilsson et al.,
1990; Adachi et al., 1995; Qureshi et al., 2003) and humans (Bondoli et al., 1981;
Robertson et al., 1988; Persson and Hillered, 1992; Baker et al., 1993; Hamberger et al.,
1995; Kanthan et al., 1995; Saveland et al., 1996; Persson et al., 1996; Yamamoto et al.,
1999; Wagner et al., 2005; Srinivasan et al., 2005) spurred the hypothesis that elevated
glutamate may mediate the neuronal death following stroke or traumatic brain injury.

The concomitant finding that NMDA receptor antagonists significantly limited neuronal
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loss following stroke and traumatic brain injury in animal models (Simon et al., 1984;
Ozyurt et al., 1988; Novelli et al., 1988; Mcintosh et al., 1989; Faden et al., 1989; Swan
and Meldrum, 1990; Lipton and Rosenberg, 1994; Mody and MacDonald, 1995; Block
and Schwarz, 1996) prompted intense development of NMDA receptor antagonists for
use in the neurological diseases.

Unfortunately all of the antagonists that were pursued in clinical trials for stroke
and traumatic brain injury failed. Several reasons that led to failure of NMDA receptor
antagonists in clinical trials have been identified by post-hoc analyses (Morris et al.,
1999; Dawson et al., 2001; Danysz and Parsons, 2002; Gladstone et al., 2002;
Ikonomidou and Turski, 2002; Muir, 2006; Kalia et al., 2008). These include (1) that on-
target actions of NMDA receptors likely limit the dose of antagonists below the dose
which would maximize the therapeutic benefits in neurological disorders, (2) a limited
time window (a few hours) after injury in which antagonists will be effective, (3) a
complex molecular pathogenesis including multiple pathways that lead to neuronal loss
following injury, (4) the lack of quantifiable endpoints, and (5) poorly defined patient
populations in the clinical trials. The latter two problems are likely to be solved by
improved clinical trial design and management. The second limitation may also be
overcome as advances in clinical trial design have shortened the time to deliver
therapeutics after injury (Saver, 2013).

The first two problems highlight the idea that NMDA receptors are a double-
edged target for stroke, traumatic brain injury, and possibly all disorders in which they
are implicated because dysfunction of some NMDA receptors contributes to disease
progression or detrimental endophenotypes, but attempts to correct dysfunctional
receptors simultaneously disrupts normal NMDA receptor function in regions of the brain
unaffected by the disease. This disruption of normal function leads to undesired

consequences such as dissociated, psychotomimetic effects and limits the therapeutic
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window for NMDA receptor antagonists. Thus, successfully targeting of NMDA
receptors for therapeutic intervention will require innovative approaches, such as
mechanistic-based inhibitors that preferentially inhibit overactive compared to normally
functioning receptors. For example, new classes of NMDA receptor antagonists (e.g.
QNZ46; Hansen and Traynelis, 2011; and DQP-1105; Acker et al., 2011, 2013) that
require glutamate to bind the receptor before they can inhibit responses could inhibit
NMDA receptors more at highly active synapses where glutamate is released more
frequently.

At the same time that overactivation of NMDA receptors was recognized as
mediating excitotoxicity and cell death following CNS injury, underactivation of NMDA
receptors was being appreciated as a contributing factor to symptoms of schizophrenia.
By the early 1960s, it was recognized that overdose of the anesthetic phencyclidine
(PCP, Sernyl) led to clinical symptoms that were indistinguishable from those in
schizophrenia including positive, negative, and cognitive symptoms (Luby et al., 1959;
for reviews see Coyle, 2012; Domino and Luby, 2012). The discovery that PCP inhibits
NMDA receptors in 1983 (Anis et al., 1983) fueled research into the link between NMDA
receptors and schizophrenia. Subsequent work showed that other NMDA receptor
channel blockers including MK-801 and ketamine could reproduce the full range of
symptoms associated with schizophrenia when given to healthy individuals (Javitt and
Zukin, 1991; Krystal et al., 1994) and to date, all compounds acting at the PCP site on
NMDA receptors induce psychoses in humans (Moghaddam and Javitt, 2012).

Complex alterations in NMDA receptor expression at both the mRNA and protein
level occur in human schizophrenic patients (Akbarian et al., 1996; Humphries et al.,
1996; Woo et al., 2004; Makino et al., 2005; Kristiansen et al., 2007) and in PCP-treated
rats (Lindahl and Keifer, 2004). Genetic linkage studies have shown a positive

association between GIuN1 (Begni et al., 2003) and GIuN2B polymorphisms and
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schizophrenia (Qin et al., 2005; Martucci et al., 2006; Allen et al., 2008). Additional
components of the glutamatergic system including those handling production of the
GIluN1 co-agonist D-serine are altered in schizophrenia (Javitt, 2007; Labrie et al., 2009;
Habl et al., 2009; Labrie and Roder, 2010). Further, schizophrenic patients exhibit
deficits in mismatch negativity, an event-related potential indicating brain function at the
level of auditory cortex that depends on NMDA receptor-mediated currents (Javitt et al.,
1993, 1996; Naatanen and Kahkonen, 2009). Together these observations suggest that
hypofunction of the NMDA receptor system might directly contribute to schizophrenic

symptoms in patients.

Pharmacology of NMDA Receptors

Over three decades ago, the discovery of D-APV (Evans et al., 1982) and, a few
years later, MK-801 (Wong et al., 1986) as antagonists with strong selectivity for NMDA
receptors over AMPA and kainate receptors, provided neuroscientists studying
physiology, behavior, development, and neurological disease powerful tools with which
to dissect the role NMDA receptors play in a myriad of processes. Use of both
competitive antagonists and NMDA receptor channel blockers provided key insights
about the identity of receptors generating the excitatory postsynaptic current, and the
role of various glutamate receptors in synaptic plasticity, neuronal death during CNS
injury, and developmental biology. During the following dozen or so years, antagonists
acting at the glycine binding site, the glutamate binding site, the channel pore, the amino
terminal domain, and a region of the ligand binding domain encoded by the S2 region of
the cDNA (e.g. neurosteroids) were described (Figure 1.3 and Table 1.1).

Discovery of the antihypertensive agent ifenprodil two decades ago as a subunit-
selective antagonist for NMDA receptors containing the GIuN2B subunit (Williams, 1993)

was another watershed event in NMDA receptor pharmacology, offering the promise that
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Figure 1.3 Discovery of NMDA Receptor Ligands
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An active period for discovery of new ligands as well as new sites and

mechanisms of action on the NMDA receptor occurred following the description of D-

APV as a highly selective competitive NMDA receptor antagonist (Evans et al., 1982).

The pace of discovery slowed over the next dozen years, with relatively few new

prototypical compounds being described between 1995 and 2009. In 2010, however,

discovery of new ligands accelerated as a number of new compounds acting on the

receptor with unique structural determinants were reported. The figure provides a time

line illustrating several different ligand classes acting by different mechanisms to inhibit

or potentiate NMDA receptor function; a more comprehensive list of antagonists with K;

and ICso values can be found elsewhere (see Tables 11, 13, and 15 in (Traynelis et al.,

2010)). ldentification of a new site of action is marked by the red circles within the time

line. Representative examples for competitive antagonists (including both glycine site

antagonists and glutamate site antagonists), channel blockers (acting at the ion channel

pore), and negative allosteric modulators (acting at the amino terminal domain of
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GluN2B-containg receptors) are shown, and include D-aminophosphonovaleric acid
(APV (Evans et al., 1982)), the low efficacy agonist HA-966 (Evans et al., 1978b),
phencyclidine (PCP (Anis et al., 1983)), ketamine (Anis et al., 1983), dextrorphan (Berry
and Lodge, 1984), CPP (Davies et al., 1986), MK801 (Wong et al., 1986), 7-
chlorokynurenic acid (7CK (Kemp et al., 1988)), ifenprodil (Carter et al., 1988; Reynolds
and Miller, 1989), eliprodil (Carter et al., 1988), memantine (Bormann, 1989), argiotoxin
(Raditsch et al., 1993), selfotel (Lehmann et al., 1988), CPPene (Aebischer et al., 1989),
polyamines(Ransom and Stec, 1988; Williams et al., 1989), arcaine (Reynolds, 1990),
conoantokins-G and -T (Con , (Haack et al., 1990; Mena et al., 1990)), aptiganel (CNS-
1102, (Minematsu et al., 1993)), neurosteroids (Park-Chung et al., 1994), CP101,606
(Chenard et al., 1995), Ro25-6981 (Fischer et al., 1997), Conantokin-R (White et al.,
2000), NVP-AAMO77 (Liu et al., 2004), UBP141 (Morley et al., 2005). In addition,
representative members of the few known classes of positive allosteric potentiators are
shown, including polyamines (Williams et al., 1990; McGurk et al., 1990) and
neurosteroids (Wu et al., 1991). Some of these ligands were exceptionally potent,
highly-selective for NMDA receptors over kainate and AMPA receptors, and in some

cases (ifenprodil and analogues acting at GIuN2B) highly subunit-selective.
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Table 1.1. Subunit-selectivity of compounds acting on recombinant NMDA receptors

Compound GIuUN2A  GIluN2B  GIuN2C  GIuN2D Ref
Competitive Antagonists Ki (uM) Ki (uM) Ki (uM) Ki (uM)
APV, (R)-AP5 0.28 0.46 16 3.7 (Feng et al., 2005)
(R)-AP7 0.49 4.1 6.4 17 (Feng et al., 2005)
Selfotel (CGS-19755) 0.15 0.58 0.58 11 (Feng et al., 2005)
(R)-CPP 0.041 0.27 0.63 1.99 (Feng et al., 2005)
NVP-AAMO77 0.015 0.078 -- -- (Frizelle et al., 2006)
UBP-141 14 19 4.2 2.8 (Morley et al., 2005)
Conantokin-G 10 0.1 1 1 (Teichert et al., 2007)
Conantokin-R 1 1 7 10 (Teichert et al., 2007)
7-Cl-kynurenate? 0.6 0.2 -- - (Priestley et al., 1995)
Channel blockers ICso (uM) ICs0 (uM)  ICs0 (M)  ICs0 (M)
Argiotoxin636 0.009 0.005 0.46 -- (Raditsch et al., 1993)
(+)MK-801 0.015 0.009 0.024 0.038 (Dravid et al., 2007)
Memantine® 13 10 1.6 1.8 (Kotermanski and
Johnson, 2009)
KetamineP 5.4 5.1 1.2 2.9 (Kotermanski and
Johnson, 2009)
Phencyclidine 0.82 0.16 0.16 0.22 (Dravid et al., 2007)
Dextrorphan 13 0.33 0.15 0.74 (Dravid et al., 2007)
CNS-1102 (aptiganel) 0.13 0.068 0.087 0.14 (Dravid et al., 2007)
Noncompetitive Antagonists  ICsg (M) 1Cso (uM)  ICso (M)  1Csp (M)
Ifenprodil 39 0.15 29 76 (Hess et al., 1998)
Ro 25-6981 52 0.0090 -- -- (Fischer et al., 1997)
CP-101,606 >100 0.039 >100 >100 (Mott et al., 1998)
QNZ46 229 >300 6 3 (Mosley et al., 2010)
DQP-1105 206 121 9 3 (Acker et al., 2011)
DQP-69 13 26 0.22 0.17 (Acker et al., 2013)
TCN 201 0.109 >30 - >30 (Bettini et al., 2010)
UBP-618 1.8 2.4 2.0 2.4 (Costa et al., 2010)
Dynorphin A (1-13) 19 29 228 57 (Brauneis et al., 1996)
ggggg;‘o'one sulfate 50 44 26 30 (Petrovic et al., 2005)
Allosteric Potentiators ECso (M) ECso (M) ECso (M) ECso (1M)
ClQ NE NE 2.8 3 (Mullasseril et al., 2010)
(Williams et al., 1994;
Spermine NE® 163 NE NE Williams, 1995;
Traynelis et al., 1995)
Pregnenolone sulfate 21 33 NE® NE® (Malayev et al., 2002)
UBP-710 >30 >30 NE® NE® (Costa et al., 2010)

NE indicates no detectable effect, and -- indicates that data is not available.

a Kg values calculated from Cheng-Prusoff correction of 1Cso values.

b1Cso values determined in extracellular Mg?*, which alters subunit selectivity.

¢ Partially inhibits with 1Cso value of 100 uM or greater.
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subunit-selective agonists, antagonists, and modulators could be found, which would
allow NMDA receptor function to be regulated in region-specific manner. Indeed,
extensive pharmacology has been developed around the GIuN2B subunit. However,
shortly after this period of sustained progress, discovery of new ligands and
pharmacological tools stalled. For over ten years there seemed to be little advance in
development of subunit-selective antagonists and modulators for NMDA receptors
comprised of subunits other than GIuN2B. Nevertheless, academic interest in subunit-
selective NMDA receptor antagonists persisted, as a need for tools to dissect subunit
contribution to region-specific processes was acutely appreciated by those working on
systems involving excitatory amino acids. This sustained need motivated multiple
laboratories to search for subunit-selective compounds with which to answer important
guestions about the role of NMDA receptors in normal and neuropathological functions.
In the last few years, an acceleration in our understanding of the pharmacology
of the NMDA receptor seems apparent (Figure 1.3), as the discovery of a handful of new
binding sites on the receptor for positive and negative allosteric modulators has
stimulated new thinking about NMDA receptor regulation and function (Mosley et al.,
2010; Bettini et al., 2010; Costa et al., 2010; Mullasseril et al., 2010; Acker et al., 2011).
This advance, fueled both by translational programs at the US National Institutes of
Health (NIH) such as the Molecular Library Screening Centers Network (Lazo et al.,

2007) and later the Molecular Libraries Program (http://mli.nih.gov/mli) as well as cross-

cutting academic collaborations between neuropharmacologists and medicinal chemists,
correlates with apparently renewed clinical interest in NMDA receptor pharmacology
driven by a number of intriguing clinical trials (e.g. Preskorn et al., 2008; Mony et al.,
2009). Thus, it appears that the glutamate receptor field may again be poised to witness

a rapid set of advances as proof-of-concept compounds acting at new sites are refined
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through medicinal chemistry into potent compounds with high degrees of subunit-

selectivity that can serve as reliable new subunit-selective probes.

Recently identified positive modulators improve upon known endogenous potentiators

Throughout the early 1990s, several endogenous compounds including
polyamines and other biogenic amines were recognized as NMDA receptor positive
modulators, i.e. compounds that bind to the receptor and cause an increase in its
maximal response or agonist affinity (or both), but do not act as agonists (Ransom and
Stec, 1988; Williams et al., 1990; Reynolds, 1990; Rock and Macdonald, 1992;
Benveniste and Mayer, 1993; Durand et al., 1993; Bekkers, 1993; Williams, 1994).
Spermine can enhance the response of GIuN2B-containing neurons through interactions
with an extracellular site on the receptor (Ransom and Stec, 1988; Williams et al., 1990;
Reynolds, 1990; Rock and Macdonald, 1992; Benveniste and Mayer, 1993; Durand et
al., 1993) and has been suggested to bind at the GIuN1-GIuN2B amino terminal domain
dimer interface, potentially shielding ionic interactions between residues that influence
receptor function (Mony et al., 2011). Polyamine binding to NMDA receptors enhances
the sensitivity of the receptors to glycine (Benveniste and Mayer, 1993) and relieves
tonic proton inhibition of the receptors (Traynelis et al., 1995). However, the potency
with which polyamines potentiate native NMDA receptor responses (ECso of 10-125 uM)
is higher than estimates of the basal extracellular spermine concentrations (4 uM; Fage
etal., 1992).

There are extensive reports documenting interactions of dynorphin and the
NMDA receptor system. Interestingly, dynorphin can both inhibit NMDA receptor-
mediated currents, as well as potentiate responses in low glycine with an ECso value for
dynorphin A(1-13) of 2.8 uM (Zhang et al., 1997) (Table 1.1). Arachidonic acid can also

enhance native NMDA receptor responses, presumably through direct interactions with a
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fatty acid binding domain on the receptor (Miller et al., 1992). Furthermore, certain
neurosteroids potentiate NMDA receptor function with some subunit selectivity (Wu et
al., 1991). Pregnenolone sulfate (PS), for example, potentiates GIUN1/GIuN2A and
GIuN1/GIuN2B, but inhibits GIUN1/GIuN2C and GIUN1/GIuN2D (Malayev et al., 2002;
Horak et al., 2006) (Table 1.1). PS acts by increasing the peak open probability (Horak
et al., 2004) in a manner controlled by phosphorylation (Petrovic et al., 2009). Moreover,
portions of the S2 region between the M3 and M4 transmembrane helices are critical for
PS activity (Jang et al., 2004; Horak et al., 2006). Although some neurosteroids are
likely to have important roles in regulating receptor function in tissue, the neurosteroid
scaffold has yet to be exploited for the development of potent and highly subunit-
selective molecules that can discriminate between NMDA receptors containing different
GIuN2 subunits.

Recent evaluation of a series of tetrahydroisoquinoline analogues lead to the
identification of (3-chlorophenyl)(6,7-dimethoxy-1-((4-methoxyphenoxy)methyl)-3,4-
dihydroisoquinolin-2(1 H)-yl)methanone), or CIQ, which is a small drug-like molecule that
is a highly selective allosteric potentiator of recombinant and native NMDA receptors that
contain the GIuN2C or GIuN2D subunits (Mullasseril et al., 2010; Santangelo Freel et al.,
2013). This compound has no detectable potentiating activity on AMPA or kainate
receptors or on GIuUN2A- or GIuN2B-containing NMDA receptors, but can enhance by
over 2-fold the response amplitude of GIuN2C- and GluN2D-containing NMDA receptors
(Figure 1.4). Potentiation of GluN2D-containing receptors occurs with an ECsg value of 3
MM, whereas this compound is inactive at GIUN2A- and GIuN2B-containing receptors at
20 pM. CIQ has no agonist activity, does not alter agonist ECso values, and is
uninfluenced by agonist concentration (Mullasseril et al., 2010). Single channel analysis

demonstrates that CIQ enhances channel opening frequency without impacting lifetime
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Figure 1.4 CIQ Selectively Potentiates GIuN1/GIuN2C and GIuN1/GIuN2D
Shown are two-electrode voltage-clamp recordings from Xenopus oocytes

expressing GIuN1-1a/GIluN2A (A), GluN1-1a/GIuN2B (B), GIuN1-1a/GIuN2C (C),
or GIuN1-1a/GIuN2D (D). Currents were activated by 100 uM glutamate and 30
uM glycine (white bar above trace) and CIQ was co-applied (pale yellow bars) at

the indicated concentrations (in uM) with agonists.
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of the open state, suggesting that CIQ reduces the activation energy for channel
opening.

A chimeric strategy using GIUN2A and GIUN2D revealed that the structural
determinants of action involve membrane spanning elements as well as extracellular
linker regions, and ensuing site-directed mutagenesis identified a single residue residing
in the first transmembrane helix that can control CIQ function (Mullasseril et al., 2010).
This residue (Thr592 in GIuN2D) is conserved between GIuN2C and GIuN2D but
divergent in GIUN2A and GIuN2B, suggesting it may interact directly with CIQ, although
further experiments are needed to verify this (see Karakas et al., 2011 for an example
where a crystal structure revealed a ligand binding site that was not predicted by
chimera and mutagenesis data). Nevertheless, Thr592 and the nearby pre-M1 helix, a
short helix running almost parallel to the membrane and acting as a ‘cuff’ at the
extracellular region of the ion channel pore (Sobolevsky et al., 2009), are ideally
positioned to influence the gating process (Talukder et al., 2010) and an interaction
between CIQ and Thr592 would be consistent with the effects of CIQ at the single
channel level. It is noteworthy that this region of the NMDA receptor has not previously
been implicated in either gating or pharmacology, suggesting tetrahydroisoquinolines
such as CIQ influence function in a manner that involves novel structural elements.
Figure 1.5 illustrates the position of the residues that can control the actions of CIQ in
homology model of GIuUN1/GIuN2D. The discovery of a subunit-selective NMDA
receptor potentiator and identification of its molecular determinants of action provides
new opportunities to investigate mechanisms of NMDA receptor allosteric regulation as
well as to explore the nature of channel gating at the single channel level.

CIQ can enhance the response of native NMDA receptors to exogenous application of
NMDA in neurons in the subthalamic nuclei (Mullasseril et al., 2010), which has been

suggested to express GIuN2D (Standaert et al., 1994). By contrast, CIQ appears to
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Figure 1.5 Ligand Binding Sites on NMDA Receptors

Major ligand binding sites on the NMDA receptor are depicted on a
GIluN1/GIuN2D homology model based on X-ray structures of a GIuA2 tetramer (PDB
3KG2), GIluN1 amino terminal domain (PDB 3Q41), GluN1 ligand binding domain (PDB
2A5T), GIUN2B ATD (PDB 3JPY), and GIuN2D LBD (PDB 30EN) (Modeller 9.9).
Ifenprodil and related GluN2B-selective molecules bind to the amino terminal domain
(ATD) as do polyamines. Competitive antagonists of glycine and glutamate bind to the
agonist binding domain (ABD) of GIuN1 and GIluN2, respectively. Channel blockers bind
in the transmembrane domain (TMD). Residues critical for the activity of QNZ46,
DQP1105, or CIQ are shown in blue. Right, an individual GIuN2 subunit from a
tetrameric complex is shown with the sites for QNZ46, DQP-1105, and CIQ highlighted

in blue.
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have little effect on the response to NMDA of CA1 pyramidal cells, which have typically
been thought to express GIUN2A and GIuN2B. Thus, CIQ can be used to probe the
subunit composition of native NMDA receptors. Moreover, the existence of a small
molecule allosteric potentiation provides an opportunity to test a number of hypotheses
about the effects that enhancement of NMDA receptor function might have on circuits,
behaviors, and in disease models.

In addition to CIQ, several structurally unrelated molecules (e.g. UBP710 and
UBP646) have recently been reported to potentiate NMDA receptors (Costa et al., 2010)
without agonist activity. At concentrations above 30 uM, UBP646 potentiated responses
from GIuN2A, 2B, 2C, and 2D. By contrast, UBP710 only potentiated GIuN2A- and
GluN2B-containing receptors. Recordings from chimeras of GIUN2A and GIluN2C
suggest the entire S2 region between the M3 and M4 transmembrane helices is
important for potentiation by UBP710. The existence of at least two structurally unrelated
classes of subunit-selective NMDA receptor potentiators in addition to other potentiators
with intriguing patterns of subunit-selectivity (Costa et al., 2010) suggests that either
multiple potentiating sites exist or a single site can accommodate a variety of different

scaffolds.

Non-competitive antagonists target unigue modulatory sites with useful subunit-
selectivity

The structure-activity relationship of GIuN2B-selective antagonists that interact
with the amino terminal domain has been extensively studied (for reviews see Borza and
Domany, 2006; Beinat et al., 2010; Chenard and Menniti, 1999). An X-ray crystal
structure of the GIuN1/GIuN2B amino terminal domain dimer has revealed the binding
site for the GIuUN2B-selective antagonists ifenprodil and Ro 25-6891 (Karakas et al.,

2011), which will no doubt aid in development of a clinically well-tolerated GluN2B-
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selective antagonist as significant advances in medicinal chemistry continue to refine
and embellish existing classes of GIUN2B antagonists. In contrast to the abundant
GluN2B-selective antagonists, no other highly subunit-selective non-competitive
antagonists have been described. However, novel hon-competitive antagonists of both
GIluN2A and GIuUN2C/D have been recently reported. Bettini et al. (2010) described a
series of sulfonamides with high selectivity for GIuN2A-containing receptors. For
example, 3-chloro-4-fluoro-N-[(4-{[2-(phenylcarbonyl)hydrazino]
carbonyl}phenyl)methyllbenzenesulfonamide (compound 1, referred to as TCN 201) is
an apparent non-competitive antagonist whose actions cannot be surmounted by
glutamate. It does partially displace glutamate site antagonists in radioligand binding
assays in a manner similar to displacement of glutamate site ligands by glycine site
antagonists. In contrast to glutamate, glycine can surmount the inhibition by TCN 201 in
functional Ca?* imaging assays, even though TCN 201 is minimally effective in
displacing glycine site antagonists in radiolabelled binding studies. These data lead to
the hypothesis that TCN 201 acts at a site allosterically modulated by glycine as well as
the prediction that TCN 201 may act at the GIuUN1/GIuN2A ligand binding domain
interface (Bettini et al., 2010). A recent study by Costa et al. (Costa et al., 2010) has
identified several phenanthrene and naphthyl analogues that act as non-competitive
antagonists of GIuUN2C- and GIluN2D-containing receptors. UBP618 shows robust
inhibition with 1Cso values of 1.8-2.4 uM (Table 1) that are minimally influenced by
glutamate and glycine concentration (Costa et al., 2010). These compounds suggest a
new negative modulatory site exists that could be exploited for the development of novel
probes.

Another series of novel non-competitive antagonists were recently discovered
through medicinal chemistry efforts to increase the potency of a quinazolin-4-one that

was identified as an NMDA receptor inhibitor through a fluorescence-based multi-well
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screen (Mosley et al., 2010). These antagonists had ICsg values ranging from 600 nM to
3 uM. A gain-of-function chimeric strategy utilizing one analogue (QNZ46) with greater
than 50-fold selectivity for recombinant GIUN2D over GIuN2A identified unique structural
determinants of action of these compounds (Hansen and Traynelis, 2011). The
selectivity of QNZ46 for GIuN2D can be transferred to GIUN2A by residues within a loop
region on the lower lobe of the ligand-binding bilobed clamshell (Figure 1.5).
Subsequently, a handful of individual residues were identified that control the actions of
these compounds. Interestingly, this class of antagonist shows a uniqgue mechanism of
action, with an unusual use-dependence that involves a 20-fold enhancement of ICsg
when glutamate (but not glycine) binds to its recognition site. This enhancement
suggests a simple mechanism of action that leads to an inhibition of opening frequency
upon binding of inhibitors after glutamate binding. The dependence on glutamate (but
not glycine) binding is consistent with the modular nature of glutamate receptor
structure, as well as previous suggestions that different subunits may control
independent conformational changes (Banke and Traynelis, 2003).

In addition to quinazoline-4-ones, structurally unrelated compounds that possess
a pyrazoline scaffold appear to act at a similar site, as determined by the coordinated
study of GIuN2A-GIuN2D chimeric receptors together with site-directed mutagenesis
(Acker et al., 2011, 2013). These compounds, exemplified by DQP-1105, show an
unusual property in that their potencies at the GIuN2A subunit may be enhanced by
desensitization that occurs following dialysis of the intracellular solution. Thus, in
conventional patch mode, these antagonists do not appear as selective as they do in
perforated patch recording mode. The mechanistic basis of this observation remains to

be determined.
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Competitive antagonists and channel blockers target highly conserved regions with little
selectivity across NMDA receptor subtypes

The identification of D-APV as a competitive antagonist that is highly selective for
NMDA receptors over AMPA and kainate receptors led to significant advances in our
understanding of the role of NMDA receptors in numerous biological phenomena. D-
APV has for years been the definitive antagonist to show NMDA receptor involvement in
a neurological process or disease state (Herron et al., 1985; Morris et al., 1986; Hestrin
et al., 1990). However, D-APV shows K| values that vary less than ten-fold among
NMDA receptors comprised of different GIUN2 subunits, a level of selectivity generally
considered too low to provide trustworthy dissection of subunit contribution, particularly
in native tissue. Moreover, efforts to identify competitive antagonists with GIuN2
subunit-selectivity have yet to improve much on D-APV (e.g. see table 11 in Traynelis et
al., 2010). Considerable enthusiasm around NVP-AAMOQ077, a proposed GIUN2A-
selective competitive antagonist (Liu et al., 2004), was short-lived as estimates of K;
values from ICs values (Feng et al., 2004) and later determination of the K; values by
Schild analysis (Frizelle et al., 2006; Neyton and Paoletti, 2006) revealed that selectivity
was less than 10-fold. Similarly, a handful of phenanthrene derivatives show 7- to 10-
fold difference in estimated K; values (Costa et al., 2009), favoring inhibition of GIuUN2D
over GIuN2A.

Crystal structures of the ligand binding domain among glutamate receptors offer
an explanation for the difficulty in obtaining subunit-selective competitive antagonists.
The key agonist contact residues are conserved almost universally across the glutamate
receptor family and strongly conserved within the glutamate binding pocket across
GIluN2 subunits (Kinarsky et al., 2005; Mayer, 2006; Risgaard et al., 2010), although the
hinge region in the GIuN2 ligand binding domain shows agonist-dependent diversity

(Vance et al., 2011). Whereas the glutamate binding pockets show some differences
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(Erreger et al., 2007) that can be exploited to develop agonists with limited preference
for different GIUN2 subunits (Clausen et al., 2008), in general, the highly conserved
nature of the agonist binding domain diminishes the prospect that strong subunit
selectivity can be achieved through conventional modifications of competitive antagonist
structure.

Uncompetitive antagonists, which are typically channel blockers, target perhaps
the most highly conserved portion of the NMDA receptor, and thus there is little
selectivity (<10 fold) for various channel blockers across NMDA receptor subunits
(Dravid et al., 2007). The lone exception is a class of synthetic polyamines that contain a
long chain with various aromatic headgroups (lgarashi et al., 1997). Some of these
compounds can achieve up to 50-fold selectivity between GIUN2A and GIuN2D (with
intermediate 1Cs values at GIUN2B and GIuN2C), raising the possibility that these
scaffolds could be modified in a manner that allows interaction with less conserved
portions of the receptor. This may occur as the length of the blocker engages atomic
interactions beyond the conserved ion permeation pore, potentially sensing more
distinctive elements of the receptor. In addition, given the unusually large and diverse
collection of molecules that can act as NMDA receptor blockers, it seems possible that
some subunit selectivity might yet be encountered through extensive screening among

GIluN2 subunits; however, this awaits further study.

Conclusion

Our knowledge of NMDA receptor biology has been inextricably linked to the
diverse array of small molecules acting on the receptors. For example, identification of
NMDA receptors as a mediator of excitatory neurotransmission and some forms of
synaptic plasticity relied heavily upon agonists and antagonists that were selective for

NMDA over AMPA and kainate receptors. These pharmacological tools have been used
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extensively to test important hypotheses about the contribution of the NMDA receptor
family to neurological diseases including stroke, traumatic brain injury, dementia,
epilepsy, and neuropathic pain. However, the numerous roles of NMDA receptors in
normal brain function make it difficult to selectively target this receptor class in a disease
state while preserving normal function in patients, which has limited the utility of NMDA
receptor antagonists as therapeutics.

A promising approach to achieve the selective modulation of aberrant NMDA
receptor function is to target the specific GIUN2 subtypes, which are differentially
expressed in the CNS. Additionally, there has been a growing appreciation that various
NMDA receptor subtypes are likely to play unique roles in the neurophysiology of
different brain regions. However, apart from the GIuN2B subunit, it has been impossible
to assess contribution of specific NMDA receptor subtypes to brain function or evaluate
the potential therapeutic utility of targeting particular NMDA receptor subtypes because
potent, subunit-selective antagonists that distinguish between NMDA receptors
comprised of different GIUN2 subunits simply have been unavailable. This mismatch
finally is being resolved, as a handful of novel subunit-selective NMDA receptor
modulators have been described recently (Figure 1.6). It is no accident that the newly
discovered GIuN2 subunit-selective molecules are largely allosteric modulators. Linker
regions, the amino terminal domain, and portions of the ligand binding domain distal to
the residues that contact the agonist are not well conserved among NMDA receptor
subunits. Moreover, the highly modular arrangement of extracellular domains creates
numerous potential regulatory sites at various protein-protein interfaces, and provides an
opportunity to inhibit specific conformational changes that might take place within
individual subunits en route to channel opening. New subunit-selective compounds
acting at sites distinct from agonist binding pocket or the channel pore will likely continue

to be found for the NMDA receptor. Almost certainly, medicinal chemistry efforts applied
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Figure 1.6. GIuN2 Subunit-Selective Pharmacology

NMDA receptors are composed of two GIuN1 (labeled N1) subunits and two
GIuN2 subunits (2A, 2B, 2C, or 2D) perhaps in a 1-2-1-2 arrangement. Receptors
containing different GIuN1 splice variants and/or a GIuN3 subunit have distinct functional
properties. Additionally, much of the diversity among receptor subtypes arises from the
GIluN2 subunits, which are critical in determining biophysical and pharmacological
properties of the receptor. Representative compounds acting with greater than 50-fold
selectivity at individual GIuN2-containing receptors are shown below the receptor

subtypes.
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to the initial proof-of-concept molecules will improve the potency and selectivity of these
new families of modulators. Availability of the resulting new pharmacological tools will
stimulate experimental work that dissects the contribution of the different GIuUN2 subunits
to various neurological processes and disease states, with potential for addressing
unmet clinical need. Thus, our understanding of NMDA receptors seems poised again
for explosive growth, triggered by the discovery of pharmacological tools.

The goal of this study was to identify the molecular determinants of selectivity for
new NMDA receptor allosteric modulators and elucidate a detailed mechanistic
understanding of how these modulators alter function of NMDA receptors. In this thesis |
identified two unique, previously unrecognized modulatory regions of the NMDA
receptor, one that is critical for positive allosteric modulation by a newly discovered class
of GIuN2C- and GluN2D-selective potentiators and one that is important for negative
allosteric modulation by the GIuN2A-selective inhibitor TCN-201. Further, | studied how
modulators and mutations both impinge upon the function of a putative pre-M1 helix by

evaluating the contribution of this region to NMDA receptor gating.
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Chapter 2: Materials and Methods

DNA Constructs

cDNAs for recombinant rat NMDA receptor subunits were used. Table 2.1 gives
the GenBank accession numbers for each subunit. For experiments using human
embryonic kidney (HEK293) cells, cDNAs for GluN1-1a and GIuN2D were subcloned
into the pCl-neo mammalian expression vector (Promega catalog no. E1841; GenBank
accession no. U47120), whereas cDNA for GIUN2A was subcloned in the pcDNA1/Amp
vector (Invitrogen). For experiments using Xenopus laevis oocytes, cDNA for GIuN1-1a
was subcloned in the pGEMHE vector (Liman et al., 1992), cDNAs for GIUN2A, GIuN2B,
and GIluN2D were in the pCl-neo vector, and cDNA for GIuN2C was in the pRKW2
vector (GenBank accession no. DQ657243). cDNA for the green fluorescent protein
variant maxGFP (formerly Amaxa, currently Lonza) was subcloned in the vector
pmaxGFP. All plasmids contained a gene for ampicillin resistance, except for

pmaxGFP, which contained a kanamycin resistance gene.

General Molecular Biology Procedures

cDNAs were propagated by transformation into chemically competent E. coli.
Competent E. coli were prepared by inoculating a single colony of chemically competent
TOP10 cells (Invitrogen product no. C4040-10) into 10 mL of SOB media and incubating
at 37 °C overnight with shaking. The SOB media contained 2% (w/v) peptone, 0.5 %
(w/v) yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM MgClz, and 10 mM MgSO. at pH
7.0. The 10 mL of starter culture was then inoculated into 200 mL SOB mediaina 2 L
Erlenmeyer flask and incubated at 37 °C until the absorbance of 600 nm light by the
SOB media was 0.4-0.6, approximately 1.5 hours. The SOB media was then collected
in four 50 mL centrifuge tubes and chilled on ice for 15 minutes followed by

centrifugation at 1000 g for 15 minutes at 4 °C. The cell pellet in each of the four 50 mL



Table 2.1 GenBank Accession Numbers for Rat (Rattus norvegicus) NMDA
Receptor Subunits

Subunit Accession Number
GUNI1a i Uogoed (pChnet)
GluN1-1b u08263
GIuN2A D13211
GIluN2B U11419
GluN2C M91563

GIluN2D L31611




46

tubes was resuspended in 16.7 mL (one-third of the volume of SOB media collected)
RF1 solution that contained 100 mM RbCI, 50 mM MnCl,, 30 mM potassium acetate, 10
mM CacCl,, 15% (w/v) glycerol at pH 5.8 (adjusted with 0.2 M acetic acid) sterilized by
0.22 um membrane filtration. The cells were incubated on ice for 1 hour then
centrifuged as above. The cell pellet in each tube was resuspended in 4 mL RF2
solution and then combined into a single 50 mL tube and incubated on ice for 15
minutes. RF2 solution contained 10 mM MOPS, 10 mM RbCI, 75 mM CaCl,, 15% (w/v)
glycerol adjusted to pH 6.8 with NaOH and sterilized by 0.22 um membrane filtration. E.
coli were then distributed in 50 uL aliquots into 1.5 mL microcentrifuge tubes, flash
frozen in liquid nitrogen and stored at -80 °C.

For transformation of cDNA, competent E. coli were thawed on ice during which
time SOC media (Invitrogen catalog no. 15544-034) was heated to 37 °C in a water
bath. 1 uL cDNA (for retransformations) or 3.5 uL DNA (for Quikchange reactions or
ligations) was added to the 50 uL of E. coli, mixed, and incubated on ice for 10-15
minutes. Microcentrifuge tubes containing the E. coli-DNA mix were placed in a 42 °C
water bath for 45-60 s, placed on ice for 20 s, then set on the bench top. 250 pL of
preheated SOC media was immediately added to E. coli-DNA mix. Cells were incubated
at 37 °C for 45-60 minutes during which time an agar plate containing appropriate
antibiotic was warmed in a 37 °C incubator with the lid partially open to allow
condensation inside the plate to evaporate. For retransformations, 10 uL E. coli was
spread on the agar plates, whereas for Quikchange reactions or ligations, all of the E.
coli (about 300 uL) were plated. Plates were allowed to sit at room temperature for 5-15
minutes and then placed in a 37 °C incubator overnight.

For minipreparation of cDNA, individual colonies from transformations were

inoculated into 2 mL 2x YT media with antibiotic in a 14 mL round-bottom tube and
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incubated at 37 °C for 12-16 hours. Cells were collected in 2 mL microcentrifuge tubes
and centrifuged at 13000 rpm for 3 minutes. DNA was then isolated and purified from E.
coli using a QIAprep Spin Miniprep Kit (QIAGEN catalog no. 27104) according to the
manufacturer’s protocol, eluting the DNA with 50 pL Buffer EB. DNA was subsequently
used for sequencing, test digests, in vitro cRNA synthesis, or Quikchange reactions.

For medium-scale (midi) preparation of cDNA, individual colonies from
transformations were inoculated into 50 mL 2x YT media with antibiotic in a 500 mL
Erlenmeyer flask and incubated at 37 °C overnight. Cells were collected in 50 mL
centrifuge tubes and centrifuged at 6000 g for 15 minutes at 4 °C. DNA was then
isolated and purified from E. coli using a HiSpeed Plasmid Midi Kit (QIAGEN catalog no.
12643) according to the manufacturer’s protocol. The DNA was eluted with 0.5 mL TE
buffer and the concentration of DNA isolated was then measured using UV
spectrophotometry at 260 nm of a 1:100 dilution of DNA in TE buffer. Azso readings were
between 0.1 and 1.0. A sample of DNA (1 uL) was also tested for quality by digestion
with restriction enzymes and separation by 0.8% agarose gel electrophoresis. DNA of
sufficient yield (>0.1 ug/uL) and quality was subsequently used for transfection of HEK

cells, Quikchange reactions, or in vitro cRNA synthesis.

Quikchange Reactions

Site-directed mutagenesis was accomplished using Quikchange reactions. Each
reaction was carried out in a total volume of 50 uL composed of 39 uL ultrapure water
(Milli-Q), 5 uL 10x cloned Pfu reaction buffer (Agilent Technologies), 2 uL
deoxyribonucleoside triphosphates (ANTPs, 10 mM each; Promega catalog no. U1511),
2 uL forward and reverse primers (10 uM each), 1 uL DNA template (about 0.2 ug/ulL)
and 1 uL PfuTurbo DNA polymerase (2.5 U/uL; Agilent Technologies catalog no.

600254). All reagents were thawed and mixed prior to use by flicking and/or inverting
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the tube and were briefly spun down using a minicentrifuge then placed on ice during
assembly of the reaction. Master mixes for several reactions containing all components
except for the primers were made when convenient. Reactions were assembled at room
temperature and the PfuTurbo DNA polymerase was added last. Reactions were
thoroughly mixed by vigorously inverting the tubes 3-5 times and then placed in a
thermal cycler (MJ Research PTC 200). Thermal cycling for the reactions consisted of 1
minute at 96 °C followed by 14 cycles of 30 s at 96 °C, 1 minute at 53 °C, and 15
minutes at 72 °C. When the reaction completed, it was kept at 4 °C for 4-8 hours. 1.5
uL Dpnl was subsequently added to each reaction, the reactions were mixed and
incubated at 37 °C for 3 hours. Reactions were then kept at 4 °C for 0-4 hours before
transforming E. coli with 3.5 uL of the reaction mix.

If no colonies grew following transformation, reactions, which were kept at 4 °C
following the first transformation, were re-transformed using chemically-competent
TOP10 E. coli (Invitrogen). If colonies still did not grow, the primer sequences were
cross-checked with the template DNA sequence to verify they would give the desired
product and Quikchange reactions were re-run ensuring all the reagents were
completely thawed and dissolved. If the reaction failed the second time, new primers
were designed and ordered with higher purity and a new minipreparation of template
DNA was generated. If reactions failed after ordering a new set of primers, the thermal
cycling parameters were optimized according to recommendations from the PfuTurbo
manual. About 5% of reactions required ordering of new primers and all Quikchange
reactions were successful after ordering a new set of primers.

Oligodeoxynucleotide primers for Quikchange reactions were designed by
replacing the wild type codon with a codon for the desired amino acid change in such a

manner as to minimize the base pair mismatches. At least 9 bases were included
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upstream of the targeted mismatch and at least 12 bases downstream were included.
When feasible, primers were designed to start and end with GG, GC, CG, or CC. Primer
lengths were generally kept under 40 bases. Primers used to generate alanine scan
mutants of the GIuN1 M1 and M4 were designed in an automated fashion using an
algorithm written in ANSI C implementing these criteria (Ogden, unpublished) and

Quikchange reactions run using these primers had a greater than 95% success rate.

ATD Deletion Constructs

The GIuN2D ATD deletion construct (GIuUN2DAATD) was generated by removing
384 base pairs from the 5’ untranslated region (UTR) of a previously described GIuN2D
ATD deletion construct (Yuan et al., 2009). A restriction site for Nhel was introduced
into the previous ATD deletion construct 26 bp upstream of the initiating codon by
Quikchange reaction and the product DNA was digested with Nhel. The resulting 8241
bp band was isolated and self-ligated to generate the deletion construct. Removing the
384 base pairs from the 5° UTR dramatically improved expression of this construct in
Xenopus laevis oocytes. The GIuN2B ATD deletion construct was generated in a similar
manner from a previously published GIuN2B ATD deletion (Yuan et al., 2009). The
GIluN1 construct lacking the ATD (GIuUN1AATD) was generated by a modified
Quikchange reaction (Makarova et al., 2000). Briefly, a forward primer was designed
such that the 5’ region was complementary to DNA encoding the first 18 amino acids of
GIuN1, which are predicted to comprise the signal peptide. The 3’ region of the primer
was complementary to DNA encoding the first residues in the agonist binding domain
(i.e. M394, S395, etc.; see Furukawa and Gouaux, 2003). A successful reaction
occurred when the template DNA folded in such a way as to allow the primer to anneal
to both regions of the template simultaneously, which generated DNA products lacking

the intervening 1125 bp because the primer was incorporated into the product.
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DNA Ligations

DNA fragments for ligations were generated by digesting plasmid cDNAs with
restriction enzymes. 3-5 uL of DNA from a miniprep was digested in a total reaction
volume of 20 uL. Digested DNA was separated by 0.8% agarose gel electrophoresis.
GeneMate LE Agarose (BioExpress catalog no. E-3120) was used for gels. Bands of
interest in the gel were visualized under ultraviolet transillumination, minimizing the
amount of time the DNA was exposed to UV light, and cut out of the gel with a scalpel
blade and placed into a 1.5 mL microcentrifuge tube. DNA was isolated and purified
from the gel using the illustra GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare) according to the manufacturer’s protocol with the following modifications.
300 uL of Capture buffer type 3 was added regardless of the actual mass of the gel
band; samples were washed twice with 500 uL wash buffer and spun twice to remove
residual ethanol; DNA was eluted with 50 uL water. Following DNA recovery from the
agarose gel, ligation reactions were assembled and run overnight at 16 °C. Ligation
reactions consisted of 1 uL vector DNA, 3 puL insert DNA, 14 ulL ultrapure water (Milli-Q),
2 uL 10x T4 ligation buffer (New England Biolabs), and 1.5 uL T4 DNA ligase (New

England Biolabs). Ligation reaction product was then transformed into E. coli.

cRNA Synthesis

Plasmid cDNAs were linearized with restriction enzymes (Table 2.2) in a total
reaction volume of 200 uL. Restriction enzymes were selected to cut the DNA at least
200 base pairs downstream from the stop codon of the cDNA insert. The digest reaction
consisted of 20 uL 10x NEBuffer specific to the restriction enzyme, 20 uL 10x BSA if
required by the enzyme, 5 ug DNA (or 20 uL of DNA from a miniprep), 5 uL restriction
enzyme, and the volume of Milli-Q water needed to bring the final volume to 200 L.

Reactions were vortexed spun down, then incubated at 37 °C for 3 hours.



Table 2.2 Restriction Enzymes and RNA Promoters for cRNA Synthesis

Receptor Vector Enzyme RNA Promoter Kit
GluN1-1la pGEMHE Nhel T7
GluN1-1a pCl-neo Mfel-HF T7
GIluN2A pCl-neo Mfel-HF T7
GluN2B pCl-neo Mfel-HF T7
GluN2C pRKW2 Notl SP6
GIuN2D pCl-neo Mfel-HF T7
GIuN2D SP6 Notl SP6

51
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The QIAquick PCR Purification kit (QIAGEN) was used to purify the linearized template
DNA according to the manufacturer’s protocol, eluting the DNA in 100 uL Buffer EB.
Linearized cDNA was then purified using ethanol precipitation by adding 10 uL 3 M
sodium acetate to the eluted DNA, mixing, adding 250 uL 100% ethanol, mixing, and
then incubating on dry ice for 10 minutes or in the freezer at -80 °C for 30 minutes.
Precipitated DNA was centrifuged at 14000 rpm for 30 minutes at 4 °C. The supernatant
was removed and the pellet was washed with 200 uL 70% ethanol then re-centrifuged at
14000 rpm for 30 minutes at 4 °C. The supernatant was removed and the DNA pellet
was allowed to dry for 3-5 minutes at 37 °C. The pellet was resuspended in 10.5 pL
nuclease-free TE buffer by pipetting for 2-3 minutes until the pellet was no longer visible.
The quality and quantity of the DNA and the completeness of the linearization was
assessed by running 0.5 uL. DNA on a 0.8% agarose gel at 100 V for 40-45 minutes and
visualizing the DNA bands by ethidium bromide staining and UV transillumination.

cRNA was synthesized in vitro using the mMESSAGE mMACHINE Kit (Ambion)
according to the manufacturer’s protocol. All reagents were completely thawed at room
temperature, vortexed and then placed on ice before assembly, except the RNA
polymerase mix, which was simply placed on ice. The transcription reaction was
assembled in a sterile 1.5 mL microcentrifuge tube at room temperature. The reaction
was run in a total volume of 21 uL and reagents were added in the following order: 10 uL
2x NTP/CAP, the required amount of nuclease-free water to bring up to volume, 2 uL
10x reaction buffer, 3-6 pL linear DNA template (about 1 ng DNA), 1 uL GTP, and 2 uL
RNA polymerase mix. GTP was included in the reaction to improve the yield of longer
transcripts. The reaction was mixed by flicking the tube and then centrifuged briefly to
collect the mixture at the bottom of the tube. The reaction ran at 37 °C for 1.5-2 hours.

The template DNA was digested by addition of 1 uL TURBO DNase and incubating for
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15 minutes at 37 °C. The cRNA reaction was then stopped and the cRNA precipitated
by adding 30 uL LiCl Precipitation Solution and 30 uL nuclease-free water, mixing, and
chilling at -20 °C for at least 1 hour, but up to 12 hours. The mixture was centrifuged at
14000 rpm at 4 °C for 15 minutes to pellet the RNA. The pellet was washed once with
0.5 mL 70% ethanol and re-centrifuged to maximize removal of unincorporated
nucleotides. After removal of the supernatant, the pellet was dried at 37 °C for 5
minutes and resuspended in 20 uL nuclease-free water. The quality of the cRNA
transcript was assessed by agarose gel electrophoresis. 1 uL cRNA product, 5 pL
nuclease-free water, and 6 uL Gel Loading Buffer Il (Ambion) were mixed and heated for
1-3 minutes at 95 °C. cRNA samples were then loaded in a 0.8% agarose gel and run at
85 V for 40 minutes. 1 pL 0.5-10 Kb RNA ladder (Invitrogen catalog no. 15623200)
together with 5 uL nuclease-free water and 6 uL Gel Loading Buffer Il was run along with

the cRNA samples.

cRNA Injection of Xenopus laevis Oocytes

Healthy-looking, defolliculated stage V-VI Xenopus laevis oocytes (EcoCyte
Bioscience) were selected for injection based on size (about 1 mm in diameter), uniform
brown color of the animal pole, uniform light color of the vegetal pole with a lack of dark
pigmentation, and the appearance of a clear demarcation between the animal and
vegetal poles at the equator. cRNA for injection of oocytes was prepared by diluting the
cRNA encoding each NMDA receptor subunit with nuclease-free water and then mixing
the cRNA for GIuN1 and GIuN2 in a 1:2 ratio. cRNA was diluted so as to yield
glutamate-activated currents of about 200-1000 nA when recorded 2-7 days post-
injection. This was usually achieved with 1:3 to 1:10 dilutions of cRNA to water. 50 nL
of GIuUN1:GIuN2 cRNA mix was then injected into oocytes using a Nanoject Il automated

microinjection pipet (Drummond Scientific catalog no. 3-000-204) according to the
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manufacturer’s directions. Oocytes were lined up for injection on a Petri dish filled with
Sylgard silicone elastomer that had a crevice cut in it. At least 2 seconds were allowed
to elapse after injection of the cRNA before removing the pipet tip from the oocyte.
Following injection, oocytes were maintained at 15-19 °C in Barth’s culture medium
containing (in mM) 88 NaCl, 2.4 NaHCOs, 1 KClI, 0.33 Ca(NOs),, 0.41 CacCl,, 0.82
MgSQys, 5 Tris-HCI (pH 7.4 with NaOH), 1 U/mL penicillin, 0.1 mg/mL gentamicin sulfate,

and 1 pg/mL streptomycin.

Two-electrode Voltage-clamp Recordings

Recordings were performed on Xenopus laevis oocytes 2-7 days after injection.
The extracellular recording solution contained (in mM) 90 NaCl, 1 KCI, 10 HEPES, 1
BaCl,, 0.01 EDTA and was brought to pH 7.4 with 6 M NaOH. Stock solutions of
glutamate (10 mM) and glycine (100 mM) were prepared using recording solution and
brought to pH 7.4 using 6 M NaOH. Microelectrodes were fabricated from filamented
borosilicate glass (1.5 mm outside diameter, 1.12 mm inside diameter, 10 cm length;
World Precision Instruments catalog no. TW150F-4) in a two-step protocol using a
vertical puller (Narishige PC-10). Both current and voltage electrodes were filled with
saturated KCI (about 3 M) and had resistances of 0.3-1.0 MQ when measured in
recording solution. Silver wires for the current and voltage electrodes were coated with
AgCl by placing the silver wire into household bleach (Clorox) for 1-5 minutes. Oocytes
were placed in a custom chamber and continuously perfused at about 5 mL/min with
recording solution. Voltage clamp and current monitoring were achieved with a two-
electrode voltage clamp amplifier (Warner Instruments model no. OC-725C). Currents
were anti-aliased lowpass filtered at 10 Hz (-3 dB; 4 pole Bessel filter, Dagan
Corporation model no. FL4) and digitized at 20 Hz using a National Insturments PCI-

6025E multifunction data acquisition device that was connected to a custom enclosure
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with BNC interface panels (National Instruments model no. CA-1000) and controlled by
EasyOocyte custom acquisition software. Solutions were perfused by gravity and
solution exchange was regulated by an 8-port automated valve (Digital Modular Valve

Positioner, Hamilton Company) controlled by EasyOocyte.

HEK Cell Culture

Human embryonic kidney (HEK) cells (ATCC CRL-1573) were grown in 60 mm
tissue culture dishes in 5 mL Dulbecco’s Modified Eagle Medium (DMEM) with
GlutaMAX | (Gibco catalog no. 10569) supplemented with 10% dialyzed fetal bovine
serum (Gibco catalog no. 26400), 10 U/mL penicillin, and 10 ug/mL streptomycin. Cells
were split every 1-3 days when they reached 90-95% confluence by rinsing with Ca?*-
free Hank’s Balanced Salt Solution (Gibco catalog n. 14175), incubating with 0.5 mL
0.05% trypsin-EDTA (Gibco catalog no. 25300) at 37 °C for 1-2 minutes then adding 4.5
mL media and gently pipetting up and down several times. Cells were seeded into new

60 mm dishes at ratios of 1:5, 1:10, or 1:20.

Transfection

For transfection and subsequent patch-clamp recordings, cells were plated on
glass coverslips coated with poly-D-lysine (PDL) that had been placed into wells of a 24-
well plate. Coverslips were coated with PDL by soaking them in 70% ethanol for 15
minutes, rinsing twice with sterile water, soaking in 0.1 mg/mL PDL (dissolved in sterile
water) for 30 minutes, rinsing once with sterile water and allowing to dry for 24 hours at
room temperature.

One day after cells were plated onto coverslips, cells were transiently transfected
using the calcium phosphate precipitation method (Chen and Okayama, 1987) with
plasmid cDNAs encoding GIuN1, GIuN2, and GFP (0.2 g/L total cDNA) at a ratio of

1:1:1. To transfect 4 wells of a 24 well plate, 65 pL water, 25 uL 1 M CaCl,, and 10 uL
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cDNA were mixed, 100 uL 2xBES was added, mixed and the solution incubated for 3-5
minutes at room temperature. 50 pL of this solution was then added dropwise to each
well. 2xBES solution contained (in mM) 50 N,N-bis(2-hydroxyethyl)-2-
aminoethanesulfonic acid (BES), 280 NacCl, 1.5 Na;HPO, adjusted to pH 6.95 with
NaOH and sterile filtered with 0.22 um nylon filters. Cells incubated with cDNA mix for
4-6 hours at 37 °C then the media was changed and 200 uM D,L-2-amino-5-
phosphonovalerate and 200 uM 7-chlorokynurenic acid were added to prevent activation
of receptors by ambient glutamate and glycine present in the culture medium, which has
been shown to lead to excessive Ca?" influx and initiation of apoptosis (Hansen et al.,
2008). The cells were used for experiments approximately 18-24 hours following

transfection.

Whole-cell Patch-clamp Recordings

HEK cells transfected with NMDA receptors were transferred to a custom made
recording chamber on an inverted Olympus IX-71 microscope and continuously perfused
at 2 mL/min with recording solution containing (in mM) 150 NaCl, 3 KCI, 10 HEPES, 0.01
EDTA, 0.5 CaCl;, and 11 D-mannitol. pH was adjusted to 7.4 with NaOH and recording
solution was filtered (0.22 um) to prevent clogging of the application tubing and improve
pipette seal formation. Microelectrodes were fabricated using thin-walled filamented
borosilicate glass (1.5 mm outside diameter, 1.12 inside diameter; WPI catalog no.
TW150F-4) pulled using a Flaming/Brown horizontal puller (Sutter Instrument model no.
P-1000) according to guidelines in the Sutter Instrument Pipette Cookbook

(http://www.sutter.com/contact/fags/pipette _cookbook.pdf). Pipettes were fire-polished

by bringing the tip into proximity of a heated platinum-iridium wire (0.005” diameter; A-M
systems catalog no. 767700). The internal pipette solution contained (in mM) 110 D-

gluconic acid, 110 CsOH, 30 CsCl, 5 HEPES, 4 NacCl, 0.5 CaCl,, 2 MgCl., 5 BAPTA, 2


http://www.sutter.com/contact/faqs/pipette_cookbook.pdf
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Na,ATP, 0.3 NaGTP adjusted to pH 7.35 with CsOH; the osmolality was adjusted to
300-310 mOsmol/kg using CsClI or water to increase or decrease, respectively, the
osmolality. Pipette tips were filled with internal solution and had resistances of 3-4 MQ
when placed into recording solution. AgCl was deposited onto silver wire of the pipette
electrode by placing the silver wire in bleach for 1-5 minutes. The membrane potential
of HEK cells was clamped at -60 mV using an Axopatch 200B patch-clamp amplifier
(Molecular Devices) and current responses to external application of glutamate (100 uM)
and glycine (50 uM) were anti-alias filtered at 8 kHz (-3 dB, 8 pole Bessel filter,
Frequency Devices model no. 900L8L) and digitized at 20 kHz using a Digidata 1440A
data acquisition system (Molecular Devices) controlled by Clampex 10.3 (Molecular

Devices).

Single-channel Recordings

Excised outside-out or cell-attached patches were formed from HEK293 cells
transiently transfected with GIuN1, GIuN2, and GFP. The recording solution was the
same as for whole-cell recordings, except the pH was adjusted to 8.0. For outside-out
recordings, micropipettes were fabricated from filamented thick-walled borosilicate glass
(1.5 mm OD, 0.86 ID, length 100 mm, Warner Instruments cat. no. GC150F-10),
whereas for cell-attached patches, micropipettes were made using thin-walled glass as
for whole-cell recordings above. For both cell-attached and outside-out recordings,
pipettes were pulled using a Flaming/Brown horizontal puller (Sutter Instrument model
no. P-1000), and coated with Sylgard silicone elastomer (DuPont), prepared according
to the manufacturer’s instructions, and cured using a heat gun. Pipette tips were fire-
polished as for whole-cell recordings. For outside-out recordings, pipette tips were filled
with the same internal solution as for whole-cell recordings; for cell-attached recordings,

pipette tips were filled with recording solution supplemented with agonists. Tip
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resistances for outside-out patches were 7-9 MQ and for cell-attached patches were 4-6
MQ. 1 mM glutamate and 50 uM glycine were used to activate receptors for both cell-
attached and outside-out recordings. The holding potential was -80 mV for outside-out
patches and +80 mV for cell-attached patches, which corresponded to a Vi, of 100-120
mV as zero current was observed at -20 to -40 mV and the reversal potential for NMDA
receptors is 0 mV. Currents were anti-aliased lowpass filtered at 8 kHz (-3 dB Bessel 8-

pole; Frequency Devices) and digitized at 40 kHz.

Data Analysis
CIQ concentration-response data were analyzed using GraphPad Prism 5.2.
The Hill equation
Response = Max+(100-Max)/(1+(x/ECso)"™) (1)
where Max is the maximum current elicited by CIQ in the presence of glutamate and
glycine as a percentage of the current elicited by just glutamate and glycine, x is the
concentration of CIQ, ECsx is the concentration of CIQ that produces half-maximal
response, and nH is the Hill slope, was fit to data from individual oocytes. For graphical
presentation, data points from individual oocytes were normalized to the current
response to saturating glutamate plus glycine in the same recording and averaged. The
Hill equation was then fit to the average data points. For statistical testing, the logarithm
of ECso was used because ECs values have a lognormal distribution (Gaddum, 1945;
Christopoulos, 1998; Limpert et al., 2001).
Glutamate and glycine concentration-response data from each oocyte were
individually fit to the equation
Response = Max + (Min-Max)/(1+(x/ECso)"") 2
where Min and Max are the current responses elicited by no agonist and saturating

agonist concentrations, respectively, x is the experimentally-controlled concentration of
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agonist, ECs is the concentration of agonist that elicits a half-maximal response, and nH
is the Hill coefficient. For graphical presentations, current responses were normalized to
Min and Max, averaged, and displayed with a fit of the Hill equation to the averaged
data. Statistical tests were performed using the logarithm of the ECsq.

TCN-201 inhibition was evaluated using Schild plots (Arunlakshana and Schild,
1959). The agonist ECso was determined in the absence of TCN-201 and ECsg'
determined in the presence of increasing concentrations of TCN-201. The dose ratio
(DR = ECs0/ECs0) for each concentration of TCN-201 was then calculated and log (DR -
1) was plotted versus log (TCN-201 concentration). This plot was fitted with a straight
line with variable slope. The slope of the Schild plot (i.e. Schild slope) is predicted to be
1 for a competitive antagonist at equilibrium according to the Schild equation:

log (DR - 1) = pA2 + log [B], 3)
where [B] is the TCN-201 concentration and pA: is the negative logarithm of the TCN-
201 concentration that produces a 2-fold shift of the agonist ECsq.

The allosteric constant o and Ky for TCN-201 inhibition were determined using a
global nonlinear least squares fitting method. All the agonist concentration-response
data obtained at different TCN-201 concentrations were simultaneously fitted to the
following equations (see Christopoulos and Kenakin, 2002):

Response =1/ (1 + (ECso’ / [A])™) (4)
ECso’ = ECso (1 + [B] / Kp) / (1 + . [B] / Kp) (5)

where [A] is the agonist concentration, [B] is the TCN-201 concentration, ECs is for the
agonist alone in the absence of TCN-201, ECso’ values are for agonist in the presence of
different concentrations of TCN-201, nH is the Hill slope, o is the allosteric constant, and

Ky is the dissociation constant for TCN-201. This method will fit the data using ECsg in
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the absence of TCN-201, the allosteric constanta, and Ky as global parameters, whereas
the Hill slopes and ECso’ values are different for each concentration-response curve.
Current responses from whole-cell voltage-clamp recordings using HEK293 cells
were analyzed using MATLAB (MathWorks, Inc.). The deactivation time courses of the
current responses were fitted by two exponential components using:
liotal = ltast €XP (-time / Trast) + lsiow €XP (-time / Tsiow), (6)
where trast and tsiow are the deactivation time constants for the fast and slow
components, respectively. The weighted deactivation time constant was calculated
using:
Tweighted = (Tfast lfast + Tsiow Isiow) / (lfast + Isiow) (7)
Paired t-test (two-tailed), unpaired t-test (two-tailed) or analysis of variance (one-
way ANOVA with Tukey-Kramer post test) were used for statistical comparisons as
indicated (significance was set at the a=0.05 level). For Schild slopes, the 95%
confidence intervals are calculated using the number of data points and the standard

error for the best-fit value. All data are presented as mean + SEM.

Single-channel analysis

GluN1-1a/GIluN2A cell-attached patches with no observable double openings
were pre-processed for kinetic analyses with the use of Clampfit 10.3 (Molecular
Devices) by manually subtracting the baseline drift and eliminating occasional obvious
brief noise artifacts, usually spikes of high amplitude, by matching them to the baseline
level of adjacent events. Longer unusable stretches of noisy data (e.g. temporary patch
breakdown) were not used for analysis and the recording was essentially divided into
two recordings at that point. All patches analyzed had a probability <0.001 of containing
2 or more channels as estimated by the equation

E: = (2/Po2)(1 — 0.5P02 — 0.75Pc2?) (8)
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where E; is the mean number of consecutive single openings in a run of openings that
originated from two individual channels but in which no double openings were observed,
and P is the fraction of time for which a channel was open during the run, i.e. the open
probability during such a run (Colquhoun and Hawkes, 1990). For P, = 0.30, which is
similar to the observed open probability of 0.34 for wild type GIUN2A, E, is 5.2, so
patches with 36 openings or more in a run, i.e. 6.9*E,, had p<0.001 for containing 2 or
more active channels. In all GIuN2A patches analyzed, E; was greater than 94.

Kinetic analyses were performed using QuB software (available at

http://www.qub.buffalo.edu) with a general 5 step procedure: 1) idealize entire record, 2)

estimate transition rates to calculate a critical time, tcit, between the longest duration
shut state and the next longest shut state, 3) exclude prolonged shut durations longer
than tci from analysis, 4) re-idealize clusters of openings, and 5) re-estimate rate
constants using a model without desensitized states. Single-channel currents were first
idealized into open and closed durations using the segmental k-means algorithm (SKM;
Qin, 2004) with a linear C~C—C+0 model. The SKM algorithm relies on amplitudes of
the open and shut states as well as the transition rates between states in the model, so
care was taken to grab the amplitudes from clusters of openings that were
representative of the average channel behavior in a patch and amplitudes were not re-
estimated. Rate constants were then estimated using the maximum interval likelihood
(MIL) algorithm (Qin et al., 1996, 1997) using a dead time of 50 us (two sampling
intervals). A teit was calculated between the longest and second-longest duration shut
states so that there would be an equal number of misclassified events. Clusters of
channel openings were then isolated using the Chop Idl function to exclude shut
durations longer than tcir and clusters were extracted to a new file. Clusters of openings
were re-idealized using SKM with Scheme 1 and rate constants were re-estimated using

MIL.


http://www.qub.buffalo.edu/
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Simulations

Simulations of macroscopic current responses to concentration-jump waveforms
were performed in MATLAB using the odel5s ordinary differential equation solver using
the differential equations given by the Q matrix for each state in the activation
mechanism (Colquhoun and Hawkes, 1977). Concentration-response data were
simulated using the Q matrix to give the occupancy of each state in the activation

mechanism at equilibrium (Colguhoun and Hawkes, 1995).
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Abstract

N-methyl-D-aspartate (NMDA) receptors are glutamate-gated ion channels
whose function is critical for normal excitatory synaptic transmission in the brain and
whose dysfunction has been implicated in several neurological conditions. NMDA
receptor function is subject to extensive allosteric regulation both by endogenous
compounds and by exogenous small molecules. Elucidating the structural determinants
and mechanism of action by which allosteric regulators control gating will enhance our
understanding of NMDA receptor activation and facilitate the development of novel
therapeutics. Here, we investigated the structural determinants for CIQ, a GIuN2C/2D-
selective positive allosteric modulator. We show that CIQ does not bind to the amino-
terminal domain of the NMDA receptor and does not share structural determinants with
modulators acting at the agonist-binding domain dimer interface or ion channel pore.
Rather, we have identified critical determinants of CIQ modulation in the region near the
first transmembrane helix of GIUN2D, including in a putative pre-M1 cuff helix that may
influence channel gating. We also show that mutations within the GIuN2D pre-M1 region
alter open probability of the NMDA receptor. These results suggest a novel site of action
for potentiation of NMDA receptors by small molecules and implicate the pre-M1 region

in NMDA receptor gating.
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Introduction

N-methyl-D-aspartate (NMDA) receptors are ligand-gated ion channels that
mediate excitatory synaptic transmission in the central nervous system (Traynelis et al.,
2010). These non-selective cation channels are tetrameric complexes comprising
GIuN1, GIluN2, and GluN3 subunits with typical NMDA receptors containing two GIluN1
subunits and two GIuN2 subunits (Ulbrich and Isacoff, 2008). The GIuN1 subunit binds
the co-agonist glycine or D-serine and the GIuUN2 subunit binds the co-agonist
glutamate. There are four GIuUN2 subunits, GIuN2A, 2B, 2C, and 2D, each of which is
encoded by a separate gene (Hollmann and Heinemann, 1994). NMDA receptors
composed of different GIuN2 subunits exhibit markedly different biophysical and
pharmacological properties (Vicini et al., 1998), which enables NMDA receptor subtypes
to play distinct roles in brain physiology and development (Cull-Candy and Leszkiewicz,
2004).

NMDA receptor subunits are composed of three semi-autonomous domains: an
amino-terminal domain (ATD), an agonist-binding domain (ABD), and a transmembrane
domain (TMD). In addition, they contain a large intracellular region consisting of 100-
600 amino acids. The TMD consists of three transmembrane helices—M1, M3, and
M4—and a re-entrant pore loop, called M2. NMDA receptors have several allosteric
sites including the side-to-side GIuN1/GIluN2 dimer interface of the ATD (Mony et al.,
2011; Karakas et al., 2011), the back-to-back GIuN1/GIuN2 dimer interface of the ABD
(Gielen et al., 2008; Hansen et al., 2012) and the ion channel pore (Antonov and
Johnson, 1996; Kashiwagi et al., 2002; Blanpied et al., 2005).

NMDA receptors are potentiated by several endogenous molecules including
arachidonic acid (Miller et al., 1992), dynorphin A (Zhang et al., 1997), sulfated
neurosteroids (Wu et al., 1991), and polyamines (Ransom and Stec, 1988; Williams et

al., 1990; McGurk et al., 1990; Reynolds, 1990). Also, aminoglycosides potentiate
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NMDA receptors in a manner similar to potentiation by polyamines (Masuko et al.,
1999). These compounds show varying subunit-selectivity and structural determinants
of action. Additionally, the first class of positive allosteric modulators selective for
GIuN2C- and GluN2D-containing NMDA receptors was recently reported (Mullasseril et
al., 2010). This class of potentiators doubles the current response to maximally effective
concentrations of agonist for NMDA receptors containing GIUN2C or GIuN2D. These
modulators are not agonists and do not affect the potency of either glutamate or glycine.
Moreover, two regions of the GIuN2 subunit were previously found to be critical for the
selectivity of this class of potentiators: a 16 amino acid stretch linking the ATD with the
ABD and a point mutation in the M1 transmembrane helix.

To gain a better understanding of allosteric potentiation of NMDA receptors,
which could lead to therapeutics with novel selectivity and mechanisms of action, we
sought to determine which regions of the receptor might contribute to the binding site

and thereby control the actions of these allosteric potentiators.
Results

CIQ Does Not Act at Known Modulatory Sites

Previous work identified two distinct regions of GIUN1/GIuUN2D that were critical
for potentiation by CIQ and analogs: the ATD-ABD linker and the first transmembrane
helix, M1 (Mullasseril et al., 2010). These regions are seemingly independent of each
other based on homology to the GIUA2 tetrameric crystal structure, with the ATD-ABD
linker being about 65-70 A extracellular to the M1 helix (Sobolevsky et al., 2009). Thus,
it is unlikely that positive allosteric modulators could directly interact with both regions
simultaneously. Moreover, it is unclear whether these regions might be allosterically
coupled, as is the case for the ATD and the ABD in which ATD ligands such as Zn?* and

ifenprodil allosterically regulate glutamate binding (Kew et al., 1996; Paoletti et al., 1997,
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Zheng et al., 2001; Erreger and Traynelis, 2005). Therefore, we sought to reconcile the
contribution of these apparently discrete regions to potentiation by CIQ. To do so, we
systematically explored the importance of both well-established and emerging regulatory
sites on the NMDA receptor (Figure 3.1) for positive allosteric modulation of
GIuN1/GIuN2D receptors. These sites, shown in Figure 1, are the interface between the
GluN1 and GIuN2 amino-terminal domains (Site ), the ion channel pore (Site Il), the
lower lobe of the agonist-binding domain (Site Ill), and the agonist-binding domain dimer
interface (Site IV). These four modulatory sites are critical for the actions of GIUN2B-
selective antagonists (e.g. ifenprodil) and positive modulators (e.g. spermine), NMDA
receptor channel blockers (e.g. ketamine), GIuN2C/2D-selective antagonists (e.g.
QNZz46), and GIuN2A-selective antagonists (e.g. TCN-201), respectively.

To evaluate the importance of Site | in positive allosteric modulation of
GIuN1/GIuN2D receptors, we recorded CIQ potentiation of receptors lacking the GIuUN2D
ATD and the ATD-ABD linker (GIuN2DAATD) and found that CIQ potentiation was
unaffected when then ATD was deleted from GIuN2D (Figure 3.2B). These results
suggest that CIQ does not bind solely to the ATD of GIuN2D. However, the GIuN2B-
selective antagonist ifenprodil was recently shown to bind NMDA receptors at the
interface of the GIuUN1/GIuN2 ATD dimer (Karakas et al., 2011), raising the possibility
that residues from the GIuN1 ATD could contribute to the CIQ binding site. Contrary to
this hypothesis, removal of the ATD and ATD-ABD linker from both GluN1 and GIuN2D
(GIUN1AATD/GIUN2DAATD) did not reduce potentiation by CIQ (Figure 3.2C). These
data eliminate the possibility that CIQ potentiates GIUN2C- and GIuN2D-containing

NMDA receptors by binding to the amino-terminal domain (Site I).
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Known Modulatory Sites

Site | - ATD
vk— ifenprodil
Site IV polyanzines
modulators of Zn
glycine binding
Site 1l
Site 1l channel
2C/2D blockers
noncompetitive
inhibitors

Figure 3.1. Known modulatory sites on the NMDA receptor are outlined on a volume
representation of the GluA2 AMPA receptor with subunits corresponding to GIuN1 shown in
silver and those corresponding to GIuN2 shown in orange. Site |, the amino-terminal
domain (ATD), is involved in modulation by GluN2B-selective inhibitors such as ifenprodil,
which bind to the GIuUN1-GIuN2 ATD dimer interface. In addition, Zn* ions bind the ATD at
the cleft of the GIuN2 clamshell-like domain. Site Il resides deep within the
transmembrane pore of the receptor and is critical for binding of channel blockers such as
Mg*, MK-801, ketamine, and memantine. Site Ill, located proximal to the membrane at the
lower lobe of the GIuN2 agonist-binding domain (ABD), is critical for block by
noncompetitive, glutamate-dependent inhibitors such as QNZ46 and DQP-1105. Site IV is
located at the GIuN1-GluN2 ABD dimer interface and is critical for allosteric inhibition of

glycine binding by TCN-201 and TCN-213.
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Figure 3.2. GIuN1/GIuN2D (A), GIuN1/GIuN2DAATD (B) or
GIuN1TAATD/GIUN2DAATD (C) receptors were expressed in Xenopus laevis
oocytes and current responses recorded using two-electrode voltage-clamp.
Currents were activated by 100 uM glutamate and 30 uM glycine and CIQ (1, 3,
10, 30, and 100 uM) was subsequently co-applied with agonists. (D) CIQ
potentiated GIUN1/GIuN2D, GIuN1/GIuN2DAATD (2DAATD), and
GIuN1AATD/GIuN2DAATD (N1AATD/2DAATD) with EC,, values of 8.9 uM, 8.4 uM,
and 7.0 uM, respectively. Currents were normalized to the glutamate- and glycine-

elicited currents. Data are shown as mean + SEM and are from 3-32 oocytes.
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We next assessed whether CIQ acts at the channel blocker site (Site Il, Figure
3.3A) on GIuN2C- and GluN2D-containing receptors by measuring concentration-
response curves for two structurally distinct channel blockers, Mg?* (Figure 3.3B) and
ketamine (Figure 3.3C), at a holding potential of -80 mV in the absence or presence of
10 uM CIQ. We predicted that if CIQ binds to or in some way perturbs the channel
blocker site, then the potency of channel blockers, the extent of inhibition, or both, would
be altered in the presence of CIQ. Yet, CIQ affected neither the degree of inhibition nor
the potency for both Mg?* and ketamine at GIUN1/GIuN2D (Table 3.1). These data
suggest CIQ does not compete for binding with channel blockers or dramatically alter the
nature of the conduction pathway. These data are consistent with no effect of CIQ on
the stability of the open channel, i.e. mean open time (Mullasseril et al., 2010), which is a
key determinant of channel block.

The agonist-binding domain harbors several ligand binding sites, and thus we
explored the potential interaction of CIQ with each of these sites. Agonists bind in the
cleft of the clamshell-shaped ABD; however CIQ is unlikely to bind within the agonist-
binding pockets for two reasons. First, CIQ neither activates nor inhibits the receptor, in
contrast to other molecules binding at these sites, which are either agonists or
competitive antagonists. Second, CIQ does not detectably alter glutamate or glycine
potency (Mullasseril et al., 2010), suggesting the nature of the agonist-binding pockets is
unchanged by CIQ. In addition to the agonist-binding sites, the ABD contains two
regulatory sites that are critical for the actions of subunit-selective inhibitors. One site is
located at the membrane-proximal lower lobe of the ABD (Site Il in Figure 1) and is
important for noncompetitive inhibition by quinazoline-4-ones (Hansen and Traynelis,
2011) and dihydroquinoline-pyrazolines (Acker et al., 2011). We tested whether this
region may also be critical for positive allosteric modulation of GIuN1/GIuN2D by

measuring CIQ potentiation of GIuN2D receptors containing point mutations that
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Figure 3.3. A, Modulatory sites Il, Ill, and 1V, are depicted on a homology model of

GIUN1/GIuN2D (Acker et al., 2011). The GIuN2 subunits are highlighted in yellow
and the predicted location of the plasma membrane is represented by gray lines
with the orientation indicated. For clarity, the ATD is not shown. B and C,
Interaction of CIQ with Site Il was assessed by measuring the potencies of two
channel blockers, Mg* and ketamine, in the absence (control) or presence of 10
uM CIQ. Concentration-response curves were evaluated from current responses
of GIUN1/GIuN2D receptors expressed in oocytes. Currents were normalized to a

percentage of the initial glutamate- and glycine-activated currents in the absence
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of inhibitor. Data are depicted as mean + SEM and are from 6 oocytes for each
condition. D, CIQ positive modulation was assessed at GIuN1/GIuUN2D receptors
containing point mutations at Site |ll that critically affected inhibition of GIuN2D by
QNZ46. E, ClQ potentiation was not affected by point mutations or chimeric
NMDA receptors that significantly affected inhibition by TCN-201 at Site IV in

GIuN1/GIuN2A receptors.
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Table 3.1. CIQ Does Not Interact With Site Il Modulators

Mg?* and ketamine concentration response curves were measured at GIuN1/GIuN2D
receptors expressed in oocytes and recorded using two-electrode voltage-clamp in the
absence (control) or presence of CIQ (10 uM). Receptors were activated by 100 uM
glutamate and 30 uM glycine at -80 mV. Mg?* data are from 10 oocytes for control and 7
oocytes for CIQ while ketamine data are from 6 oocytes for both control and CIQ. The
log ICso values were not significantly different between control and CIQ for both Mg?*
and ketamine (p>0.05, unpaired t-test).

Minimum Response

1Cs0 (M) (% glutamate)
Control ClQ Control ClQ
Mg?* 8010 66 £ 6 1.8+£0.8 1.6£0.6
Ketamine 1.58 + 0.08 141 +0.12 54+0.8 2.4 0.6




74

markedly impacted inhibition by quinazoline-4-ones (Hansen and Traynelis, 2011) and
dihydroquinoline-pyrazolines (Acker et al., 2011). CIQ potentiation, however, was
unaffected by mutations in this region that alter inhibition by both quinazoline-4-ones and
dihydroquinoline-pyrazolines (Figure 3.3C), suggesting the lower portion of the ABD
clamshell proximal to the membrane helices of the receptor does not contribute to the
molecular determinants for positive allosteric modulation of GIuUN1/GIUN2D receptors.

A second modulatory site for subunit-selective inhibitors resides at the dimer
interface between GIuN1 and GIuN2 ABDs (Site IV in Figure 3.1) and is critical for
glycine-dependent inhibition by TCN-201 and TCN-213 (Hansen et al., 2012; McKay et
al., 2012). Given the role of the ABD dimer interface in mediating allosteric coupling
between the ATD and the ion channel gate (Gielen et al., 2008, 2009), and the
importance of the ABD dimer interface of AMPA receptors for the activity of positive
modulators such as cyclothiazide (Sun et al., 2002), we asked if the ABD dimer interface
of NMDA receptors might contribute to potentiation by CIQ. Two residues in GluN1
contributing to the dimer interface, Phe754 and Arg755, were critical for inhibition of
GIuN1/GIuN2A receptors by TCN-201 (Hansen et al., 2012), and mutation of these
residues to alanine altered the binding of TCN-201. By contrast, CIQ potentiation was
not altered at GIUN1(F754A)/GIuN2D and GIuN1(R755A)/GIuN2D receptors (Figure
3.3D). The S2 segment of the GIluN2 ABD also contributes residues to the ABD dimer
interface and introducing this region of GIUN2A into GIuN2D conferred inhibition by TCN-
201 to GluN2D (Hansen et al., 2012). Yet, CIQ potentiation was not diminished in
GIuN2D chimeric receptors containing the entire ABD from GIuN2A, i.e. 2D(2A S1S2), or
just the S2 segment, as in the chimera 2D(2A S2) (Figure 3.3D). These data suggest
positive allosteric modulation of GIuUN2C- or GluN2D-containing receptors is not

mediated through the ABD dimer interface. These results are consistent with the
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molecular determinants for CIQ residing outside the ATD and being more membrane-

proximal than the ABD dimer interface.

Residues in the M1 helix affect CIQ potentiation

Previous studies identified a single amino acid residue in the M1 transmembrane helix of
GIluN2D, Thr592, that when mutated to the corresponding GIuN2A residue (isoleucine)
eliminated potentiation by CIQ (Mullasseril et al., 2010). To further explore the
importance of the M1 helix in mediating potentiation by CIQ, we utilized alanine scanning
mutagenesis of this region. A sequence alignment of the GIuN1 and GIuN2 NMDA
receptor subunits together with the GluA2 AMPA receptor (Figure 3.4A) was used as a
guide to individually mutate twenty-three residues in GIuN2D to alanine (or cysteine if
the wild type residue was alanine). These residues correspond to the residues
comprising the M1 transmembrane helix in the GIuA2 membrane-spanning crystal
structure (Sobolevsky et al., 2009) and are shown in a homology model of
GIuN1/GIuN2D in Figure 4B. We assessed the effects of 10 uM CIQ on these mutants
and found six residues in GIuN2D that when mutated to alanine reduced potentiation by
ClQ: Val582, Trp583, Phe5s87, Val588, Leu591, and Thr592 (Figure 3.4C). Additionally,
we found two residues that increased the potentiation by CIQ: Val584 and Met586
(Figure 3.4C). CIQ concentration-response curves (Figure 3.5, A and B) revealed
varying effects of these mutations on CIQ potency and efficacy. CIQ potency, but not
efficacy, was reduced at 2D(L591A) and 2D(T592A). By contrast, the efficacy of CIQ at
2D(V582A) and 2D(V588A) was significantly attenuated. CIQ caused no detectable
potentiation at 2D(F587A). CIQ efficacy increased at 2D(V584A) and 2D(M586A) with
little to no decrease in CIQ potency (Table 3.2). Currents elicited from 2D(W583A),
however, were small (< 50 nA) and showed linear run down with agonist application,

preventing reliable estimation of CIQ potency, consistent with previous studies
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Figure 3.4. A, A sequence alignment of NMDA receptor subunits with GIUAZ2 is
shown. The M1 helix of GIUA2 (Sobolevsky et al., 2009) is indicated as a cylinder
above the alignment. B, The position of the GIuN2D M1 helix is highlighted in a
side-on view of the transmembrane region of a homology model of GIuN1/GluN2D
(Acker et al., 2011). C, GIuN2D subunits with point mutations in the M1
transmembrane helix were co-expressed with GIuN1 in Xenopus laevis oocytes
and current responses recorded using two-electrode voltage clamp. Currents
were first activated by 100 uM glutamate and 30 uM glycine and then 10 uM CIQ
was co-applied with glutamate and glycine. * indicates a statistically significant
change from wild type GIuN1/GIuN2D (p<0.05 One-way ANOVA with Dunnett's
post-test) and those mutants are highlighted in gray. Responses were normalized

to the glutamate- and glycine-induced current. Data are from 4-52 oocytes.
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Figure 3.5. Currents were recorded under two-electrode voltage clamp in
response to increasing concentrations of ClIQ co-applied with glutamate (100 uM)
and glycine (30 uM) to oocytes expressing GIuUN2D point mutants that attenuated
CIQ potentiation (A) or enhanced CIQ potentiation (B). See Table Il for CIQ EC,,
values. Responses were normalized to the currents elicited by glutamate and
glycine in the absence of CIQ. Data are from 4-32 oocytes. C, Glutamate
concentration-response curves were measured using two-electrode voltage-clamp
recordings of oocytes expressing the GIuN2D point mutants from A and B. 30 uM
glycine was co-applied with all glutamate concentrations. Glutamate EC, values
(Table 1) measured for 2D(V582A) and 2D(M586A) were significantly different
from GIuN2D. Data are shown as mean + SEM from 6-9 oocytes. D, Residues
comprising the M1 helix are depicted as spheres on a generic protein a helix.
Residues with diminished CIQ potentiation are colored red and those with
increased ClQ potentiation are colored blue. The residues impacting modulation

by CIQ but not glutamate potency cluster on one side of the a helix.
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Table 3.2. CIQ, Glutamate, and Glycine ECso Values for GIuN2D Point Mutants

ECso values were determined from two-electrode voltage-clamp recordings of Xenopus

laevis oocytes expressing the indicated GIUN1/GIuN2D receptor. For CIQ ECso

determination, receptors were activated by 100 uM glutamate and 30 uM glycine at -40

mV; 5 mM 2-(hydroxypropyl)-p-cyclodextrin was present in all solutions. For glutamate

ECso measurements, glycine was 30 uM. For glycine ECsp measurements, glutamate

was 100 uM. Data are from 4-36 oocytes. NE indicates no effect and ND indicates not

determined
Mutant Region | CIQ ECso (UM) 1Iggsupl\élmcsleQ (ég:??;ﬁ()a E(éls?;c(iﬂl(\e/l)
(% glu/gly)

GIUN2D - 9.3+03 253+ 5 0.82+007 | 0.14%0.02
OD(F574A) | pre-M1 | 13.0+ 1.5+ 150+ 1 0.057 +0.003* | 0.060 + 0.001*
2D(L575A) | pre-M1 38+18 53+ 4 0.24+003* | 0.15%0.02
OD(E576A) | pre-M1 | 10.7+0.4 321+12 | 0.178+0.009* | 0.106 + 0.002
OD(P577A) | pre-M1 | 7.2+ 0.6* 12742 0.398+0.014 | 0.147 + 0.002
OD(Y578A) | pre-M1 | 4.5+ 0.4 320 + 30 g'_ggg;j 8288(1)1:—;
OD(VE824) | M1 6.6 + 0.6* 143+3 0.17+0.01* | 0.04+0.01*
OD(V584A) | M1 87+07 311+ 12 0.78+004 | 0.14+0.02
oD(M586A) | M1 15.3 + 1.1* 510 + 40 1.90+0.12% | 0.26+0.01*
oD(F587A) | M1 NE 86 + 3 0.80+005 | 0.25+0.02*
oD(V588A) | M1 11.3+1.2 123+3 0.93+009 | 0.12+0.02
oD(L591A) | M1 34.6 + 5.9* 218+ 9 0.99+006 | 0.18+0.01
2D(T5924) | M1 32.5 + 2.9* 210.+4 1.06+008 | 0.12+0.02
N1(M813A) | M4 11.0+07 337+19 | 0.168+0.008* | 0.082 + 0.003
N1(F817A) | M4 121406 430 + 30 ND ND

* p<0.05 vs. GIuN2D, one-way ANOVA with Dunnett’s post-hoc test

@ The lowest concentration of glutamate tested, 3 nM, elicited currents greater than 100

nA from GIuUN1/GluN2D(Y578A) receptors. Therefore, the ECso of glutamate was

calculated by fixing the minimum current to be 0 pA.
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(Kashiwagi et al., 2002; Thomas et al., 2006). In addition, mutation of this tryptophan to
phenylalanine, 2D(W583F), did not affect CIQ modulation (10 uM CIQ response (%
glu/gly) was 179 + 6 for 2D(W583F) vs. 201 + 7 for GIuN2D, p>0.05 unpaired t-test,
n=4). Hence, it is likely that this tryptophan residue is a critical structural element for the
M1 helix and not necessarily involved with modulation by CIQ.

To assess the effects of these GIuN2 M1 mutations on channel function, we
recorded glutamate and glycine concentration-response curves (Figure 3.5C and Figure
3.6). We found glutamate and glycine potencies were significantly increased at
2D(V582A) (Table 3.2). By contrast, glutamate potency was reduced at 2D(M586A)
(Table 3.2). No other M1 mutations affected glutamate or glycine potency. Although
agonist potency is determined by both the affinity and efficacy of the agonist at the
receptor, these residues do not comprise the agonist binding pocket (Furukawa et al.,
2005; Vance et al., 2011) and therefore we expect that the affinity of glutamate and
glycine remain unchanged at these mutants. Thus, we interpret the change in glutamate
potency at 2D(V582A) and 2D(M586A) to reflect a change in the efficacy of glutamate,
i.e. the ability of glutamate binding to cause the ion channel pore to open, and suggest
these mutations alter gating of the receptor.

Next we asked whether the residues in the M1 helix that when mutated affect
CIQ potentiation, but not glutamate potency, clustered in three-dimensional space. We
plotted the residues comprising the M1 helix as spheres on a generic protein alpha helix,
having 3.6 amino acids per turn and a 5.4 A translation per turn, and highlighted the
residues affecting CIQ potentiation (Figure 3.5D). Strikingly, the residues seemed to
reside on only one side of the helix, suggesting these residues could all potentially
interact directly with CIQ. It is also noteworthy that the equivalent residues in the GluA2

tetrameric crystal structure line “gaps” between the transmembrane domains that were
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Figure 3.6 Glycine concentration-response curves were measured at the indicated

GIuN2D point mutant, co-expressed with GIuN1, using two-electrode voltage-clamp
recordings of oocytes. Receptors were co-activated by 100 uM glutamate at -40 mV.
Individual curves were fit to the Hill equation, normalized to the fitted minimum and

maximum and averaged. Data are mean £ SEM from 5-8 oocytes.
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hypothesized to be occupied by amino acid residues from TARPs (Sobolevsky et al.,
2009).

If CIQ interacts with residues in the M1 transmembrane helix, there may be other
residues in this region of the receptor on either GIuN1 or GIuN2 that mediate potentiation
by CIQ. To explore this idea, we used a homology model of GIUN1/GIuN2D (Acker et
al., 2011) to identify residues located within 5 A of the GIuN2 M1 helix. The residues we
identified resided in the M4 transmembrane helix of GIuN1 and a short stretch of amino
acids immediately extracellular to the GIuN2 M1 helix. We mutated these residues and
assessed potentiation by 10 uM CIQ. Only two residues in the M4 helix of GIuN1
affected CIQ potentiation: GIuN1(M813A) and GIuN1(F817A) (Figure 3.7). While these
residues do not cluster in three-dimensional space with the amino acids from the GIuN2
M1 helix that affected CIQ modulation, they do occupy a provocative location in a
homology model of GIuUN1/GIuN2D. They are positioned on the GIuN1 M4 helix such
that their side chains protrude into a region between the M1 helix and the GIuN2 M3
gate helix. For example, Met813 of GIuNL1 is about 4.5 A from the serine in the
SYTANLAAF motif of GIuN2D. Thus, Met813 and Phe817 of the GIuN1 M4 helix may
be positioned to mediate interactions between the GIuN2D M1 helix and the GIuUN2D M3
gate helix.

Additionally, we identified four residues in the GIuN2D S1-M1 linker that influence
positive modulation by CIQ: Phe574, Leu575, Pro577, and Tyr578 (Figure 3.8). These
residues, which are immediately extracellular to the GIuN2 M1 helix, are of interest
because they form a purportedly crucial gating element for glutamate receptor ion
channels. The corresponding amino acids in the tetrameric crystal structure of a GIuUA2
AMPA receptor form a cuff helix that is parallel to the membrane and makes Van der
Waals contacts with the M3 helix that forms the gate (Sobolevsky et al., 2009).

Moreover, the pre-M1 cuff helices in AMPA receptors have been proposed to be a key
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Figure 3.7. Residues comprising the M4 helix of GIuN1 were individually mutated to
alanine and co-expressed with GIuN2D in oocytes. CIQ potentiation of glutamate-
and glycine-stimulated currents was then measured using two-electrode voltage-
clamp recordings. * indicates residues displaying significantly altered CIQ
potentiation, which are also highlighted in gray (p<0.05, one-way ANOVA with
Dunnett's post-hoc test). NR signifies that oocytes expressing the corresponding
GluN1 point mutant failed to generate agonist-evoked currents larger than 5 nAin at
least three separate injections of cRNA. Shown above the graph is an amino acid
sequence alignment of the M4 region of GIuN1 and GIuA2; the M4 helix from the
GIuA2 crystal structure (Sobolevsky et al., 2009) is depicted as a cylinder on top of

the alignment. Amino acids are numbered with the initiating methionine as 1.
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Figure 3.8. A, An amino acid sequence alignment of the preM1 region of NMDA
receptor subunits and the GIuA2 subunit is shown with the preM1 helix of the GIluA2
crystal structure depicted above as a cylinder. B, The position of the GIUN2D preM1
helix is illustrated in a homology model of GIuN1/GIuN2D viewed parallel to the
membrane. The ATD and ABD are omitted for clarity. C, Residues comprising the
GIuN2D preM1 region were mutated to alanine and potentiation by 10 uM CIQ was
measured using two-electrode voltage-clamp recordings of oocytes. Residues
highlighted in gray and marked with an asterisk exhibited CIQ potentiation that was
significantly different from GIuN2D (p<0.05, one-way ANOVA with Dunnett's post-hoc
test). D, ClQ concentration-response curves were evaluated on point mutants from C
with altered CIQ modulation. CIQ EC,, values are given in Table Il. The data from

GIuN2D is replicated from Figure 5A for comparison. Data are depicted as mean +
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SEM and are from 3-4 oocytes. E and F, Glutamate and glycine concentration-
response curves for the GIuN2D mutants in D were measured using two-electrode
voltage-clamp recordings (see Table Il for EC,, values). Individual curves were
normalized to fitted minimum and maximum currents for that curve except for
2D(Y578A). The lowest concentration of glutamate (3 nM) or glycine (1 nM) tested at
2D(Y578A) produced currents that were larger than 100 nA and were at least half of
the maximal agonist-evoked response. Hence, curves for 2D(Y578A) were fixed to a

minimum of zero. Data are presented as mean = SEM and are from 3-6 oocytes.
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determinant of receptor gating by restricting movement of the M3 helices in the closed
state of the ion channel, but mediating channel opening upon agonist binding
(Sobolevsky et al., 2009). The proposed role of the pre-M1 region in receptor gating is
guite interesting given that CIQ increases the channel opening frequency in a gating
step that precedes channel opening (Mullasseril et al., 2010). Consistent with the
proposed role of these pre-M1 residues in receptor gating, we observed profound
changes in both glutamate (Figure 3.8 and Table 3.2) and glycine (Figure 3.8 and Table

3.2) potencies for 2D(F574A) and 2D(Y578A).

Pre-M1 residues control channel open probability

We further explored the potential of these GIUN2D pre-M1 residues to contribute
to channel gating by estimating the open probability of the 2D pre-M1 alanine mutants
using the onset of MK-801 inhibition (Blanke and VanDongen, 2008; Gielen et al., 2009;
Vance et al., 2011). We expected that mutations at residues influencing gating would
accelerate or decelerate MK-801 binding depending on whether the mutations increased
or decreased gating efficiency, respectively. The time-course of MK-801 inhibition was
dramatically slowed for 2D(F574A), 2D(L575A), 2D(E576A), and 2D(Y578A) (Figure
3.9), suggesting these residues are involved in mediating ion channel opening following
agonist binding. Surprisingly, mutation of Pro577, which corresponds to an ‘elbow’ in the
pre-M1 helix of GIUA2 and is highly conserved across glutamate receptor ion channels
but absent from K* channels (Sobolevsky et al., 2009), caused only a modest increase in
the rate of onset of MK-801 inhibition. These results suggest that molecular
determinants of CIQ potentiation converge on key determinants of receptor gating and
imply an interesting mechanism of action whereby CIQ binding to the M1 helix of
GIluN2D increases the efficiency by which the pre-M1 region can promote channel

opening.
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Figure 3.9. A, Shown are two-electrode voltage-clamp recordings illustrating the rate
of block by MK-801 of GIuN1/GluN2D receptors containing point mutations in the
GIuN2D preM1 helix. Currents were activated by 100 uM glutamate and 30 uM
glycine at a holding potential of -60 mV followed by co-application of 200 nM (+)-MK-
801. Traces were normalized to the glutamate/glycine current. B, Open probability
(P...n) Of GIUN2D point mutations, calculated as the reciprocal of the time constant of
onset of MK-801 block (T, s0:s0e) @Nd normalized to the values for GIuN2D, are

shown. Bars represent mean = SEM for 3-10 oocytes.
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CIQ cannot reach its modulatory site by diffusion through the membrane

The location of multiple residues that impact the action of CIQ clustered in the
transmembrane region raised the possibility that CIQ was required to partition into the
plasma membrane to exert its effects. To determine if this was the case, we recorded
GIuN1/GIuN2D currents in the whole-cell configuration and included 10 uM CIQ in the
recording pipette. We waited for 10 minutes after achieving the whole cell configuration
to allow for dialysis of the cell and then co-applied 10 uM CIQ with glutamate and glycine
to the exterior of the cell. We reasoned that if CIQ must partition into the membrane,
then it could do so equally well from the intracellular or extracellular face. If CIQ
included in the patch pipette entered the plasma membrane to access its site, then the
receptors should pre-bind CIQ and no further potentiation would be observed when CIQ
is applied extracellularly. However, when CIQ was included in the pipette solution,
GIuN1/GIuN2D receptors were still potentiated by extracellular CIQ to the same extent
as control cells with normal internal solution (Figure 3.10; p>0.05 vs. control pipette
solution).

One possible caveat to this experiment is that CIQ could be a substrate for
transporters in the cell, degradative enzymes, or otherwise be moved into organelles
with a consequent decrease in its effective intracellular concentration. We therefore
repeated this experiment in excised outside-out patches that lack all organelles and
contain only about 1 um? of membrane and associated cytoskeletal components. We
selected patches containing multiple GIuN1/GIuN2D channels so as to avoid potential
complications of variable activity of a single channel throughout the duration of the
experiment and to maximize our ability to measure an increase in the average current
response of the patch. The potentiation of GIUN1/GIuN2D receptors by CIQ applied to
the exterior of the patch was comparable when the internal pipette solution contained no

CIQ (control) or contained 10 uM CIQ (Figure 3.10; p>0.05 CIQ pipette solution vs.
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Figure 3.10. A, Potential routes by which CIQ can access residues in the M1 helix
are illustrated in a schematic representation of GIuN1/GIuN2D receptors. For
simplicity, only one pair of GIuN1/GIuN2 subunits is shown. CIQ could access its site
directly from the extracellular solution, by first partitioning into the plasma membrane
and then laterally diffusing to its site, or by first crossing the plasma membrane and
then accessing the M1 helix from the cytosolic face of the receptor. B, A whole-cell
voltage-clamp recording of an HEK cell expressing GIuN1/GIuN2D receptors is
shown. Currents were activated by 100 uM glutamate and 50 uM glycine and then 10
uM CIQ was rapidly co-applied with glutamate and glycine. The pipette tip contained
control internal solution and currents were recorded at least 10 minutes after breaking
through the cell membrane. C, A whole-cell recording similar to B is shown, except
the pipette tip contained internal solution that included 10 uM CIQ. D, An outside-out
patch-clamp recording of GIuN1/GIuN2D receptors is shown at different times with the

applied extracellular solution indicated above. Channels were activated by 100 uM

glutamate and 50 uM glycine. Co-application of 10 uM CIQ with glutamate and
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glycine increased the current response to 170% that of glutamate/glycine. E, An
outside-out patch-clamp recording similar to D is shown except the pipette tip
contained internal solution plus 10 uM CIQ. CIQ applied in the extracellular solution
increased the current response to 220% that of glutamate/glycine. In both D and E,
channel openings were recorded at least 5 minutes after pulling the patch. F, The
results from experiments in B-E are summarized. Potentiation of GIuN2D receptors
by externally applied ClQ was not affected by pre-incubating the cytosolic face of the

receptor with CIQ. Bars represent mean + SEM from 5 cells or 3 patches.
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control). These results are similar to those obtained in the whole cell configuration, and
together suggest that CIQ cannot access its modulatory site from the intracellular side of
the receptor nor by diffusion into the plasma membrane. Rather, direct extracellular

agueous access to the receptor appears necessary for positive modulation by CIQ.

Discussion

The most important conclusion of this study is that CIQ, a positive allosteric
modulator of GIuN2C- and GluN2D-containing NMDA receptors, does not bind the ATD.
Rather, our data suggest that CIQ interacts with residues in the M1 transmembrane
helix, and that CIQ potentiation is mediated by residues in the GIuN2 pre-M1 region and
the GIuN1 M4 transmembrane helix. Moreover, we show for the first time that the GluN2
pre-M1 region may be a critical determinant of NMDA receptor gating. Mutations in this
region not only influence allosteric regulation by CIQ, but also alter receptor open

probability, assessed by the rate of onset of MK-801 channel block.

Structural determinants of CIQ potentiation reside in the transmembrane region
Although the linker between the ATD and ABD had been previously identified as
a molecular determinant of CIQ action (Mullasseril et al., 2010), CIQ does not bind this
region of the receptor because removal of the ATD and the ATD-ABD linker from both
GluN1 and GIuN2D did not affect CIQ potentiation. The actions of CIQ are in contrast to
positive modulation of GIuUN1/GIUN2B receptors by polyamines such as spermine, which
seems to involve positive charges located on the lower lobe of the GIuN2B ATD (Mony
et al., 2011) and alternatively-spliced GIuN1 ATD (Traynelis et al., 1995). Hence, the
structural determinants of positive allosteric modulation by CIQ are distinct from those of
polyamines. It remains to be determined whether the ATDs of GIUN2C and GluN2D
harbor binding sites for allosteric modulators and whether the downstream mechanisms

of GIuN2B potentiation by polyamines are conserved at GIuN2C and GIuN2D receptors.
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The majority of residues in the GIUN2D M1 helix critical for potentiation by CIQ
cluster on one side of the helix (Figure 3.5D). However two of those residues (Val582
and Met586) are located on the opposite side of the helix. Mutation of both of these
residues to alanine also changes glutamate potency, which likely reflects changes in
gating of these mutants because these residues are situated far outside the agonist
binding pocket. Perhaps mutation of these residues alters the conformation of the M1
helix thereby preventing CIQ from binding. Alternatively, these mutations change the
manner in which the M1 helix moves upon agonist binding and by extension disrupt the
changes that occur in gating when CIQ is present. In this context, it is interesting to note
that in a homology model of GIUN1/GIuN2D, Val582 and Met586 of GIuUN2D are
positioned within ~3 A of Met813 and Phe817 in the GIuN1 M4 helix, raising the
possibility that these residues interact during channel gating. Moreover, these residues
are also located adjacent to the M3 gate helix, in particular the serine in the conserved
SYTANLAAF gating motif and two phenylalanines that are one and two helical turns
below SYTANLAAF (Figure 3.11). Although further experiments would be needed to
confirm interaction of these residues, it is tempting to speculate that Val582 and Met586
of GIuN2D together with Met813 and Phe817 of GIluN1 couple movement of the M1 helix
upon agonist binding to movement of the M3 gate helix.

Of the five residues we identified in the GIuN2 M1 helix that appear critical
specifically to potentiation by CIQ (Val584, Phe587, Val588, Leu591, and Thr592; Figure
3.5D), only one of those residues, Thr592, differs between GIUN2A/2B and GIuUN2C/2D.
Indeed, CIQ did not potentiate GIUN2D(T592I) receptors, in which this residue had been
mutated to the homologous residue in GIuN2A/2B (Mullasseril et al., 2010). We have
further observed that mutation of this residue to valine also eliminates CIQ potentiation,
whereas mutation to serine has no effect on CIQ potentiation (data not shown). Hence,

hydrogen bond capabilities at this residue might be critical for the actions of CIQ and
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Figure 3.11. A, Amino acid residues at which mutations altered CIQ potentiation are
depicted in a homology model of GIuN1/GIuN2D. For clarity, only the transmembrane
region is shown. Left, The outside of the receptor viewed parallel with the membrane
is shown as a surface representation. GIuN1 is colored in green and GIuN2D is
colored in yellow. Residues affecting positive modulation by CIQ are highlighted in
blue. Right, A view from the extracellular side of the receptor down the pore axis is
shown. The preM1, M1, and M4 helices from all four subunits are colored (GIuN1 in
green and GIuN2D in yellow). Residues impacting CIQ activity are highlighted in
blue. B, The proximity of the GIuN2D pre-M1 region and M1 helix, GIluN1 M4 helix,
and M3 gate helix is shown in a side-on view of the receptor. Residues Tyr578,
Val582, and Met586 in GIuN2D and Met813 and Phe817 in GIuN1 are highlighted.
These residues impacted both CIQ potentiation and glutamate potency when mutated

to alanine. GluN1 is colored in green and GIuN2D is colored in yellow.
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may help explain the selectivity of CIQ for GIUN2C/2D over 2A/2B. For example, CIQ
may directly interact with the side chain of Thr592 and loss of the hydroxyl group, which
occurs with the isoleucine residue at this position in GIUN2A/2B, may prevent CIQ from
binding. Alternatively, the side chain of Thr592 may be critical for conformational
changes that occur downstream of CIQ binding and lead to increased channel openings.
Selectivity of CIQ for GIuUN2C/2D over GIuUN2A/2B could also arise from
differences in the arrangement of the transmembrane helices in GIUN2A/2B vs.
GIuN2C/2D. Perhaps the M1 helix of 2A/2B is rotated compared to the M1 helix in
2C/2D and thus the residues on the outside of the transmembrane region that could
potentially interact with modulators are different. It is also likely that movements of the
transmembrane helices upon agonist binding differs between 2A/2B and 2C/2D given
the markedly different open and closed times of these receptors (Traynelis et al., 2010).
Hence, functional rearrangements of the transmembrane helices may be differentially

sensitive to modulation by CIQ.

Role of pre-M1 region in gating

Several lines of evidence implicate the pre-ML1 region in gating of glutamate
receptors. In AMPA receptors, changes in receptor leak currents occur when amino
acids on the M3 helix facing the pre-M1 helix are mutated to cysteine and reacted with
MTS reagents, suggesting these residues are important for gating of AMPA receptors
(Sobolevsky et al., 2003). Additionally, residues at the interface of the pre-M1 and M4
helices were critical for noncompetitive inhibition of AMPA receptors by GYKI- 53655
and CP-465,022 (Balannik et al., 2005). In NMDA receptors, mutations in the pre-M1
region of GIuN1 (GIn556 and Pro557; (Kashiwagi et al., 2002)) and GIuN2C (Glu530 and
Ser533; (Sobolevsky et al., 2007)) result in either spontaneously active channels or

channels that become spontaneously active upon modification by MTS reagents.
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Moreover, introduction of cysteines at several residues in the preM1 region of GIuUN2A
resulted in channels with small or abnormal glutamate-activated currents (Thomas et al.,
2006). Mutations in the preM1 region giving rise to spontaneously active channels
(either alone or after reaction with MTS reagents) may reflect a shift in the gating
equilibrium towards the open state, that is, an increase in the gating efficiency, which
has been shown for several residues in the S1-M1 linker (Talukder et al., 2010). Ina
complementary way, mutations yielding receptors with small glutamate-activated
currents may be due to uncoupling of the ion channel pore from agonist binding.

In this study, mutations in the pre-M1 region of GIuUN2D at Phe574, Leu575, and
Pro577, disrupted positive modulation by CIQ. CIQ potentiates the receptor by
accelerating a pre-gating step, thereby increasing the opening frequency of the receptor
(Mullasseril et al., 2010). Hence, mutations at these pre-ML1 residues likely disrupt the
gating steps accelerated by CIQ. By contrast, mutation at Tyr578 enhanced both the
potency and maximum effect of CIQ potentiation. This effect may be explained by
increased space for CIQ to interact with the receptor as the larger side chain of tyrosine
was replaced with the smaller methyl group of alanine. However, the alanine also lacks
the hydrogen bond capabilities of the tyrosine, which may interact with the thioether of
Met813 on GIuN1 (Figure 3.11). It is worth noting that both 2D(Y578A) and N1(M813A)
receptors displayed large leak currents in the absence of glutamate. These leak
currents were blocked by 1 mM Mg?* and 1 uM (+)-MK-801 and could be potentiated by
10 pM CIQ (data not shown) suggesting these currents were mediated by NMDA
receptors.

While residues in pre-M1 region seem critical for potentiation of NMDA receptors
by CIQ, residues in a similar region of AMPA receptors mediate honcompetitive
inhibition (Balannik et al., 2005) and it remains an open question whether

noncompetitive inhibition of NMDA receptors may be achieved through the pre-M1
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region. We hypothesize that compounds exist that can act at this site to bring about
negative allosteric modulation, rendering it functionally analogous to the benzodiazepine

site on GABA receptors at which ligands can have positive, neutral, or negative actions.



Chapter 4: Subunit-Selective Allosteric Inhibition of Glycine Binding to NMDA

Receptors?

1This chapter has been published: Hansen KB, Ogden KK, and Traynelis SF (2012)
Subunit-Selective Allosteric Inhibition of Glycine Binding to NMDA Receptors. J.
Neurosci. 32:6197-6208
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Abstract

NMDA receptors are ligand-gated ion channels that mediate excitatory
neurotransmission in the brain, and are involved in numerous neuropathological
conditions. NMDA receptors are activated upon simultaneous binding of co-agonists
glycine and glutamate to the GIuN1 and GIluN2 subunits, respectively. Subunit-selective
modulation of NMDA receptor function by ligand binding to modulatory sites distinct from
the agonist binding sites could allow pharmacological intervention with therapeutically
beneficial mechanisms. Here, we show the mechanism of action for TCN-201, a new
GIuN1/GIluN2A-selective NMDA receptor antagonist whose inhibition can be surmounted
by glycine. Electrophysiological recordings from chimeric and mutant NMDA receptors
suggest that TCN-201 binds to a novel allosteric site located at the dimer interface
between the GIuN1 and GIuN2 agonist binding domains. Furthermore, we demonstrate
that occupancy of this site by TCN-201 inhibits NMDA receptor function by reducing

glycine potency. TCN-201 is therefore a negative allosteric modulator of glycine binding.
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Introduction

lonotropic glutamate receptors, which include N-methyl-D-aspartate (NMDA), a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), and kainate receptors, are
ligand-gated ion channels that mediate fast excitatory neurotransmission in the central
nervous system (Traynelis et al., 2010). NMDA receptors are involved in a myriad of
neurological processes, including neuronal development and experience-dependent
plasticity, but are also implicated in numerous neuropathological conditions, such as
stroke, traumatic brain injury, Alzheimer’s, and Parkinson’s diseases (Kalia et al., 2008;
Traynelis et al., 2010). NMDA receptors are tetramers comprising two GIuN1 and two
GIluN2 subunits (Ulbrich and Isacoff, 2007). The GIuN1 subunit is an obligate part of all
NMDA receptors and is widely expressed in the central hervous system. By contrast, the
different GIuN2 subunits (GIuN2A-D) have distinct temporal and spatial expression in the
brain (Watanabe et al., 1992; Ishii et al., 1993; Monyer et al., 1994). Furthermore, the
different GIuN2 subunits endow NMDA receptors with markedly different biophysical and
pharmacological properties (Monyer et al., 1992; Vicini et al., 1998; Gielen et al., 2009;
Yuan et al., 2009).

Since the discovery of ifenprodil as a non-competitive NMDA receptor antagonist
with over 500-fold selectivity for GIuN2B-containing NMDA receptors (Williams, 1993),
there has been considerable focus on the development of subunit-selective antagonists
for therapeutic gain (Kalia et al., 2008; Ogden and Traynelis, 2011). Ifenprodil and
related GIuN2B-selective antagonists have proven to be invaluable tools to dissect the
contribution of specific NMDA receptor subtypes to neurophysiological processes (Mony
et al., 2009; Hansen et al., 2010). Despite the utility of GIUN2B-selective antagonists,
there has been a lag in discovery of antagonists selective for other GIUN2 subunits.
However, several recent reports describe novel subunit-selective ligands for GIuN2C-

and GluN2D-containing receptors (Mosley et al., 2010; Costa et al., 2010; Mullasseril et
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al., 2010; Hansen and Traynelis, 2011; Acker et al., 2011). In addition, a new class of
antagonists selective for GIuN2A- over GluN2B-containing NMDA receptors was recently
described (Bettini et al., 2010; McKay et al., 2012). Inhibition of GIUN1/GIuN2A receptors
by a compound in this class, 3-chloro-4-fluoro-N-[(4-[(2-
(phenylcarbonyl)hydrazino)carbonyl]phenyl)methyl]-benzenesulfonamide (hereafter
referred to as TCN-201; see Figure 4.1A), was surmounted by glycine, but not
glutamate, suggestive of competitive inhibition at the glycine binding site. However, it
remains unclear how TCN-201 inhibition can discriminate between GIuN2 subunits and
yet, at the same time, be surmounted by agonist binding to the GIuUN1 subunit.

To facilitate development of therapeutic agents, it is important to identify
modulatory binding sites on the NMDA receptor. To this end, we investigated the
mechanism of action for TCN-201 inhibition. We show that TCN-201 binding reduces
potency of agonists at the GIUN1 subunit and vice versa. We identify residues located at
the dimer interface between the GIuN1 and GIuN2 agonist binding domains that control
the subunit-selectivity of TCN-201 inhibition. The results demonstrate that TCN-201 is a
negative allosteric modulator of glycine binding, and implicate the agonist binding
domain interface between GIuN1 and GIuN2 as a putative binding site for allosteric

modulators of NMDA receptors.
Results

Binding of TCN-201 reduces potency of glycine at the GIuN1 subunit

To assess the selectivity profile of TCN-201 across the different NMDA receptor
subtypes, we determined the concentration-effect relationship for TCN-201 at
recombinant GIuN1/GIuN2A, GIuN1/GIuN2B, GIuN1/GIuN2C, or GIuN1/GIuN2D

receptors expressed in Xenopus oocytes using two-electrode voltage-clamp recordings.
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Figure 4.1 TCN-201 Selectively Inhibits GIuN1/GIuN2A Receptors

(A) Chemical structure of 3-chloro-4-fluoro-N-[(4-[(2-
(phenylcarbonyl)hydrazino)carbonyl]phenyl)methyl]-benzenesulfonamide (TCN-201;
Bettini et al., 2010). (B) The effects of increasing concentrations of TCN-201 on
responses to 100 uM glutamate plus 3 uM glycine from recombinant NMDA receptors

expressed in Xenopus oocytes were measured using two-electrode voltage-clamp
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recordings. Data are from 4-25 oocytes. (C) Concentration-response data for TCN-201
inhibition of GIuN1/GIuN2A activated by 100 uM glutamate plus different concentrations
of glycine (1 - 300 uM). The data obtained in the presence of 300 uM glycine could not
be fitted to the Hill equation. Data are from 5-25 oocytes. (D) Glutamate concentration-
response data for GIUN1/GIuN2A co-activated by 30 uM glycine in the absence (control)
and presence of 3 uM TCN-201. Glutamate ECso was 3.6 + 0.2 uM (N = 8) in the
absence of TCN-201 and 2.5 £ 0.1 pM (N=7) in the presence of TCN-201. (E) Glycine
concentration-response data for GIUN1/GIuN2A co-activated by 100 uM glutamate in the
absence (0 uM) and presence of increasing concentrations of TCN-201. Data are from
5-7 oocytes. (F) A Schild plot of the glycine concentration-response data produced a pA;
value of 7.53 corresponding to 30 nM and a Schild slope of 0.87 (95% confidence
interval 0.83-0.92). (G) D-serine concentration-response data for GIUN1/GIuN2A in 100
UM glutamate. Data are from 6-8 oocytes. (H) A Schild plot of the D-serine
concentration-response data produced a pA; value of 7.39 corresponding to 41 nM and
a Schild slope of 0.79 (95% confidence interval 0.69-0.89). (I) D-cycloserine
concentration-response data for GIuUN1/GIuN2A in 100 uM glutamate. Data are from 5-7
oocytes for each condition. (J) A Schild plot of the D-cycloserine concentration-response
data produced a pA; value of 7.39 corresponding to 41 nM and a Schild slope of 0.90

(95% confidence interval 0.82-0.98).
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TCN-201 completely inhibited responses from GIuN1/GIuN2A receptors activated by 100
MM glutamate plus 3 uM glycine with an I1Cso value of 320 nM (Fig. 4.1B and Table 4.1).
In contrast to its effects on GIUN2A-containing receptors, TCN-201 did not inhibit
responses from GIuN2B-, GIuUN2C-, or GIuN2D- containing NMDA receptors (Fig. 4.1B
and Table 4.1). Moreover, TCN-201 inhibition was not affected by the presence of exon
5 in GIuN1, which encodes 21 amino acids in the amino terminal domain. GluN1-
1a/GluN2A receptors, which lack exon 5, were inhibited to 45 + 3% of control (N = 7),
and GIluN1-1b/GIuN2A receptors, which contain exon 5, were inhibited to 49 *+ 2% of
control (N = 6) by 3 yM TCN-201 in the presence of 30 uM glycine. In addition, 10 uM
TCN-201 did not affect responses activated by 100 uM glutamate from GluA1 AMPA
receptors (N = 8) or GIuK2 kainate receptors (N = 10) (data not shown). Thus, TCN-201
displays strong selectivity, estimated to be >1000-fold, for GIuN2A-containing NMDA
receptors at a glycine concentration of 3 uM.

Because TCN-201 inhibition was surmounted by high glycine concentrations
(Bettini et al., 2010), we evaluated the extent to which glycine shifts TCN-201 potency at
GIuN1/GIuN2A by generating TCN-201 concentration-inhibition data at different
concentrations of glycine (Fig. 4.1C and Table 4.1). In agreement with previously
published observations (Bettini et al., 2010), TCN-201 potency was reduced by
increasing concentrations of glycine. For example, the ICso of TCN-201 was increased
16-fold from 100 nM in the presence of 1 uM glycine to 1.6 uM in the presence of 30 uM
glycine. There was no detectable inhibition of GIUN1/GIUN2A by 10 uM TCN-201 in the
presence of 300 uM glycine. In a reciprocal manner, the potency of glycine at
GIluN1/GIuN2A was reduced in the presence of increasing TCN-201 concentrations with
no effects on the maximal response (Fig. 4.1E and Table 4.1). The ECs of glycine
increased 100-fold from 1.5 puM in the absence of TCN-201 to 150 puM in the presence of

10 uM TCN-201 (Table 4.1). By contrast, the ECso of glutamate at GIUN1/GIuN2A was
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Table 4.1. TCN-201 and glycine potencies for wild type and mutant NMDA receptors.

TCN-201 activity Glycine activity
NMDA receptor |[glycine] ICso N Max'. % N [TCN-201] ECso N
(GIUNL/GIUN2X) |  (uM) (UM) inhibition (UM) (UM)
GIuN2A 1 0.10+0.01 12 100+1 5 0 11+01 14
GIuN2A 3 032+0.04 15 81+1 25 10 150+10 09 6
GIuN2A 30 1.6+£0.2 22 73+2 12
GIluN2A 300 N.E. 6
2A-(2D S1) 3 0.23+0.02 15 97+1 8 N.D.
2A-(2D S2) 3 N.E. N.D.
GluN2B 3 N.E. 5 0 03+0.1 12 6
GIluN2B 10 06+02 11 4
GIuN2B F784V 3 6.8+0.4 12 N.D. 6 0 08+04 12 4
GIuN2B F784V 10 55+05 15 4
O - 44+02 13 ND. 5| 0  06+01 12 5
L7863:gl\::27%4v 10 95+05 15 6
GIuN2C 3 N.E. 4 N.D.
GIuN2D 3 N.E. 4 N.D.
GIuN2D L808V 3 72% control at 10 uM TCN-201 5 N.D.
2D-(2A S1) 3 N.E. N.D.
2D-(2A S2) 3 1.6+01 21 91+4 6 N.D.
GIuN2A V783L 3 70% control at 10 uM TCN-201 5 0 06+0.1 14 3
GIuN2A V783L 10 37+03 13 4
GIuN2A G786D 3 14+0.1 1.7 82+3 5 0 04+0.01 15 3
GIuN2A G786D 10 22+2 11 4
GIuN2A E790M 3 060+0.04 14 90+3 6 0 1.0+0.01 14 6
GIluN2A M788I 3 1.0+0.1 13 79+3 5 0 08+0.1 15 4
GIuN2A T793R 3 0.32+£0.03 22 94+2 6 0 24+04 15 6
GIuUN2A V783A 3 023+£0.02 11 91+2 5 0 24+0.1 10 4
GIuN2A V783F 3 1.9+0.1 18 80+2 4 0 05+0.1 13 5
GIuN2A V783W 3 0.036 £0.003 1.0 95+2 4 0 46+02 14 4
GIuN2A V783S 3 066+0.06 14 89+3 4 0 14+01 13 4
GIuN2A V783T 3 081+0.06 15 91+1 4 0 15+01 12 4
GIuN2A V783H 3 0.060+0.010 0.9 93+4 4 0 3.8+02 14 4
GIuN2A V783D 3 027+0.01 12 92+2 4 0 6.3+07 13 4
GIuN2A P527A 3 048+0.06 14 91+3 4 0 15401 12 6
GIUN2A L777A 3 0.072+0.017 1.2 98+1 4 0 20+0.1 13 6
GIUN2A L779A 3 052+0.07 13 88+5 4 0 1.1+01 13 6
GIuN2A L780A 3 67% control at 10 uM TCN-201 6 0 1.3+01 11 6
GIuN2A Q781A 3 0.78+0.03 19 94+2 4 0 0.6+0.07 1.1 6
GIuN2A G786A 3 1.1+0.1 18 87+3 5 0 0.4+0.03 10 6
GIuN2A M788A 3 062+0.02 14 90+3 4 0 1.1+0.1 13 6
GIuN2A E789A 3 0.15+0.01 14 96+1 4 0 46+04 13 6
GIuN1 I519A 3 1.1+0.1 19 80+2 8 0 15+0.1 13 4
GIuN1 F754A 3 0.048+£0.002 14 98+1 4 0 23+0.1 16 4
GIuN1 R755A 3 79% control at 10 uM TCN-201 4 0 44+02 11 4
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TCN-201 ICso + SEM and glycine ECso + SEM was determined using two-electrode
voltage-clamp recordings at wild type and mutant GIuN2 subunits co-expressed with
GIluN1 in Xenopus oocytes (GIUN1/GIuN2X). The receptors were activated by 100 uM
glutamate plus the indicated concentration of glycine in the presence of the indicated
concentration of TCN-201. Maximal inhibition (= SEM ) was calculated as control
response in the absence of TCN-201 minus residual current at saturating concentrations
of TCN-201 relative to control response. GIuN1 mutants were co-expressed with
GIuN2A. N.E. indicates no effect at 10 uM TCN-201. N.D. indicates not determined. N is

the number of oocytes used to generate the data, and ny is the Hill slope.
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only slightly reduced from 3.6 + 0.2 uM (N = 8) in the absence of TCN-201t0 2.5+ 0.1
UM (N=7) in the presence of 3 puM TCN-201 (Fig. 4.1D). One potential interpretation of
these results could be that TCN-201 is a competitive antagonist at the glycine binding
site of the GIUN1 subunit. However, a competitive mechanism at the GIuN1 subunit
would be unexpected, since TCN-201 displays a remarkable selectivity for
GIuN1/GIuN2A over other NMDA receptor subtypes that contain different GIuN2

subunits.

TCN-201 is not a competitive antagonist at the GIuN1 subunit

Schild analysis is a valuable approach to determine pA., an empirical measure of
potency defined as the negative logarithm of the antagonist concentration that produces
a 2-fold shift of the agonist concentration-response curves (i.e. agonist ECs)
(Arunlakshana and Schild, 1959; see also Wyllie and Chen, 2007). For competitive
antagonists, pA. can be considered a measure of the equilibrium constant for binding
(i.e. pA2 = -logKy), and a linear fit of the Schild plot should have unitary slope (see
Materials and Methods) (Arunlakshana and Schild, 1959). However, a slope that is
significantly different from 1 suggests a noncompetitive mechanism of action, such as
negative allosteric modulation of agonist binding (Kenakin, 2009).

We generated a Schild plot to evaluate the actions of TCN-201. Using the glycine
ECso at increasing concentrations of TCN-201, we calculated a dose-ratio (DR) for each
antagonist concentration. The linear fit to the data in the resulting Schild plot produced a
pA: value of 7.53 corresponding to 30 nM and a Schild slope of 0.87, which is
significantly different from 1 (95% confidence interval 0.83-0.92) (Fig. 4.1F). Since the
Schild slope is less than unity, the pA; value is only an estimate of -logK, for TCN-201.
We also evaluated the effects of TCN-201 on the potency of two other GIUN1 agonists,

D-serine and D-cycloserine (Figs. 4.1G-J). For both D-serine and D-cycloserine, Schild
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plots of the TCN-201 antagonism gave pA: values of 7.39 corresponding to 41 nM,
similar to the pA; value for TCN-201 shift of glycine potency. For D-serine the Schild
slope was 0.79 (95% confidence interval 0.69-0.89) and for D-cycloserine the slope was
0.90 (95% confidence interval 0.82-0.98); in both cases the slope was significantly
different from 1. Thus, Schild plots produced slopes significantly lower than 1 for all three
GluN1 agonists, suggesting that the mechanism of TCN-201 inhibition is not direct
competitive antagonism between TCN-201 and GluN1 agonist at the orthosteric agonist
binding site. One possible mechanism of action that can explain the observed results
could be that TCN-201 is a negative allosteric modulator of agonist binding to the GluN1

subunit.

Inhibition by TCN-201 is controlled by the agonist binding domain interface

To evaluate the structural determinants of TCN-201 inhibition, we used a
chimeric strategy exploiting the selectivity between GIUN2A and GIuN2D subunits. We
first replaced the GIUN2A amino-terminal domain, agonist binding domain, and
transmembrane domain with homologous regions of the GIuN2D subunit and evaluated
inhibition by 3 uM TCN-201 of the chimeric receptors activated by 100 uM glutamate
plus 30 uM glycine (Figs. 4.2A and B). Replacing the GIuUN2A amino-terminal domain or
transmembrane region with those of GIuUN2D did not reduce inhibition by TCN-201.
Similarly, deleting the entire amino-terminal domain of GIuN2A also did not reduce
inhibition by TCN-201. By contrast, TCN-201 inhibition was abolished when the entire
agonist binding domain of GIUN2A was replaced with that of GIuUN2D. We further divided
the agonist binding domain into segments S1 and S2 (Hansen and Traynelis, 2011).
Replacing S1 of GIUN2A with that of GIuN2D did not affect TCN-201 sensitivity, whereas
no inhibition was observed upon replacement of S2 (Fig. 4.2C and Table 4.1).

Consistent with this results, replacing S2 in GIuN2D with that of GIuUN2A resulted in
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Figure 4.2. Structural determinants for TCN-201 activity are located in the

S2 segment of the agonist binding domain. (A) Linear representations of the

polypeptide chains of GIUN2A (blue) and GIUN2D (grey), as well as chimeric GIuUN2A-

GIluN2D subunits (see Materials and Methods for chimeric junctions) show the amino

terminal domain (ATD), S1 and S2 segments of the agonist binding domain,

transmembrane helices (M1, M3, and M4), and the re-entrant pore loop (M2). (B) Bar

graph summarizing inhibition by 3uM TCN-201 of responses to 100 uM glutamate plus

30 uM glycine for wild type and chimeric GIuN2 subunits co-expressed with GIuN1. Data
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are from 4-9 oocytes. * indicates significantly different from GIuN1/GIuN2A (blue bar) or
GIuN1/GIuN2D (white bar) (P < 0.05; one-way ANOVA with Tukey-Kramer post test).
TCN-201 concentration-response data for inhibition of responses to 100 uM glutamate
plus 3 uM glycine were generated for (C) 2A-(2D S1) and 2A-(2D S2) chimeras, as well
as for (D) 2D-(2D S1) and 2D-(2A S2) chimeras co-expressed with GIuN1 in Xenopus
oocytes. Dashed lines are data for wild type NMDA receptors as shown in Figure 4.1B.
Data are from 4-25 oocytes. (E) Amino acid sequence alignment of the last residues of
the S2 segment from GIuUN2A-D, which contains the structural determinants for TCN-201
inhibition. + below the sequences indicates that TCN-201 sensitivity was significantly
changed when the residue in GIuN2A was mutated. (F) Inhibition by 3 uM TCN-201 of
responses to 100 uM glutamate plus 30 uM glycine from wild type and mutant GIuN2A
subunits co-expressed with GIuN1. Data are from 4-7 oocytes. * indicates significantly
different from GIUN1/GIuN2A (blue bar) (P < 0.05; one-way ANOVA with Tukey-Kramer
post test). (G) Concentration-response data for TCN-201 inhibition of NMDA receptors
activated by 100 uM glutamate plus 3 uM glycine. Data are from 5-10 oocytes. (H) TCN-
201 ICso values plotted versus glycine ECsp values for mutant GIUN2A subunits. Data for
GIluN2A V783L is excluded from this analysis, since the TCN-201 ICso could not be
determined for this mutant. There is a significant correlation between glycine ECso
values and TCN-201 ICsq values for the depicted GIUN2A mutants (Pearson test for

correlation, r> = 0.79, P < 0.05). See Table 4.1 for ICso values and EC50 values.
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TCN-201 inhibition with an 1Cso of 1.6 £ 0.1 uM (N = 6), whereas replacing S1 of GIuN2D
with that of GIuN2A did not introduce TCN-201 sensitivity (Fig. 4.2D and Table 4.1).

We subsequently divided the agonist binding domain into the upper D1 lobe of
the clamshell-like structure and the lower D2 lobe (Furukawa et al., 2005). Replacing the
D1 lobe of GIuN2A with that of GIuN2D eliminated TCN-201 inhibition, but some TCN-
201 activity was retained upon replacement of the D2 lobe (Fig. 4.2B). In these chimeric
GIuN2 subunits, replacement of the D1 lobe is equivalent to the combined replacement
of the entire segment S1, which has no effect on TCN-201 inhibition, as well as a smaller
portion of segment S2 (Fig. 4.2A). The molecular determinants of TCN-201 action could
therefore be located in this smaller portion of S2, since these residues are sufficient to
eliminate TCN-201 activity.

The portion of S2 that comprises the determinants of TCN-201 action differs by
only nine amino acids between GIUN2A and GIuN2D (Fig. 4.2E). We individually
mutated these nine residues in GIuN2A to the corresponding residues in GIuN2D and
found that five of these mutations (GIuN2A V783L, G786D, M788I, E790M, and T793R)
significantly affected the inhibition by 3 uM TCN-201 (Fig. 4.2F). TCN-201 concentration-
inhibition data of responses activated by 100 uM glutamate plus 3 UM glycine confirmed
effects of these five mutations on TCN-201 potency (Fig. 4.2G and Table 4.1). The most
prominent reduction in TCN-201 potency was observed for GIuN2A V783L, which was
only inhibited to 70% of control by 10 uM TCN-201. To evaluate potential interactions
between glycine binding and TCN-201 activity on NMDA receptors containing mutant
GIuN2A subunits, we determined glycine ECso values in the absence of TCN-201.
Interestingly, all of the GIuUN2A mutations identified by the chimeric approach affected
glycine potency (Table 4.1). There was significant correlation between glycine ECso
values and TCN-201 ICso values for four of the GIuN2A mutants (Fig. 4.2H). Since it was

not possible to reliably determine TCN-201 ICso for GIUN2A V783L given the limits of
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TCN-201 solubility (see Materials and Methods), data for this mutant was not included in
the test for correlation. Glycine ECs for NMDA receptors containing GIuN2A V783L was
0.6 UM, which is 1.8-fold lower than the ECso of 1.1 uM for wild type GIUN1/GIuN2A
(Table 4.1). Because inhibition of GIUN2A V783L could not be accounted for by a shift in
glycine potency, we speculate that GIUN2A Val783 could be directly involved in TCN-201
binding. By contrast, the effects of the other GIUN2A mutations on TCN-201 activity are

primarily mediated through changes in glycine potency.

Residue Val783 in GIuN2A influences binding of TCN-201

To evaluate the idea that the GIuN2A V783L mutation directly affects binding of
TCN-201, we used Schild plots to estimate a pA. value for TCN-201 potency. According
to the correlation shown in Figure 4.2H, only a minor change in TCN-201 binding affinity
would be expected for GIuN2A G786D, since the reduction of TCN-201 potency is
primarily caused by an increase in glycine potency for this mutation. The Schild plot of
TCN-201 antagonism on GIuUN2A G786D produced a pA; value of 7.40 corresponding to
40 nM (Figs. 4.3A and B), which is close to the 30 nM derived from the pA: value for wild
type GIUN1/GIuN2A. By contrast, the Schild plot for GIuN2A V783L produced a pA:
value of 5.67 corresponding to 2.1 uM, which is 70-fold higher compared to wild type
GIuN1/GIuN2A (Figs. 4.3C and D). These results are consistent with the idea that
residue Val783 of GIUN2A participates in TCN-201 binding.

If the residue in GIUNZ2 subunits at the same position as GIUN2A Val783 is an
important determinant of TCN-201 binding, we predict that TCN-201 will gain some
activity on GIuN2B with the mutation F784V, as Phe784 in GIuUN2B corresponds to
GIluN2A Val783 (Fig. 4.2E). Indeed, TCN-201 had a pronounced effect on glycine
potency of mutant GIuN1/GIuN2B F784V receptors and the Schild plot gave a pA: value

of 5.86 corresponding to 1.4 uM (Figs. 4.3E and F). By contrast, glycine potency at wild
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concentration-response data for (A) GIUN1/GIuN2A G786D, (C) GIUN1/GIuN2A V783L,

(E) GIuN1/GIuN2B F784V, and (G) GIuN1/GIuN2B L783F+F784V in the absence (0 uM)

and presence of increasing concentrations of TCN-201. Data are from 4-6 oocytes.

Schild plots for (B) GIuN1/GIuN2A G786D, (D) GIuN1/GIuN2A V783L, (F)

GIuN1/GIuN2B F784V, and (H) GIuN1/GIuN2B L783F+F784V yield pA> values of 7.40,

5.67, 5.86, and 6.36 corresponding to 40 nM, 2.1 uM, 1.4 pM, and 440 nM, respectively.

For all experiments, responses were activated by increasing concentrations of glycine

plus 100 pM glutamate.
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type GIuUN1/GIluN2B was only marginally reduced in the presence of 10 yM TCN-201,
preventing determination of pA. from the Schild plot (Table 4.1). Glycine ECs, values for
wild type GIUN1/GIuN2B in the absence of TCN-201 and in the presence 10uM TCN-201
were 0.3+ 0.1 uM (N =6) and 0.6 £ 0.2 uM (N = 4), respectively (P < 0.05; unpaired
two-tailed t-test). Glycine ECso values for mutant GIuN1/GIuN2B F784V in the absence
of TCN-201 and in the presence 10uM TCN-201 were 0.8 £ 0.4 uM (N=4) and 5.5+ 0.5
UM (N = 4), respectively (P < 0.05; unpaired two-tailed t-test). The residue immediately
before GIUN2A Val783 is also not conserved between GIUN2A and GIuN2B (Fig. 4.2E).
The double mutant GIuN2B L783F+F784V, in which both of these residues are
converted to the corresponding residues in GIUN2A, exhibited even greater antagonism
by TCN-201. The Schild plot produced a pA: value of 6.36 corresponding to 440 nM
(Figs. 4.3G and H). Glycine ECs values for mutant GIuN1/GIuN2B L783F+F784V in the
absence of TCN-201 and in the presence 10uM TCN-201 were 0.6 + 0.1 uM (N = 5) and
9.5 1+ 0.5 uM (N = 6), respectively (P < 0.05; unpaired two-tailed t-test). TCN-201
concentration-response data for GIuUN1/GIuN2B F784V and GIuN1/GluN2B
L783F+F784V in the presence of 3 uM glycine produced ICso values of 6.8 £ 0.4 uM (N =
6) and 4.4 £ 0.2 uM (N = 5), respectively (Table 4.1). In addition, TCN-201 sensitivity
could also be introduced to GIuN2D by a single point mutation (GIluN2D L808V) at the
residue corresponding to Val783 in GIuUN2A (72% of control at 10 uM TCN-201; Table
4.1).

To further evaluate the role of residue Val783 in TCN-201 binding to GIuUN2A, we
mutated this position to residues with charged, polar, and non-polar side-chains and
determined TCN-201 ICso and glycine ECsp values (Table 4.1). GIuN2A V783A resulted
in a 2.2-fold increase in glycine ECso and a 1.4-fold reduction in TCN-201 I1Cso compared
to wild type GIuN2A. By contrast, GIUN2A V783F resulted in a 2.2-fold reduction in

glycine ECsp and a 5.9-fold increase in TCN-201 ICso. Comparison of TCN-201 activities
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at GIuN2A V783A and GIuN2A V783F with the marked decrease in TCN-201 ICs, for
GIuN2A V783L (See Table 4.1) suggests that the effect of mutating residue V783 to
leucine is not solely due to steric occlusion of TCN-201 binding. Additional substitutions
yielded no significant correlation between glycine ECso values and TCN-201 ICso values
for the GIUN2A V783 mutants (Pearson test for correlation, r? = 0.40, P > 0.05; GIuN2A
V783L not included in the test) and did not show a clear relationship between the size or
hydrophobicity of the side chain and TCN-201 potency (see Table 4.1). This result
suggests the Val783 substitutions likely have multiple effects on receptor structure in
addition to potentially changing the nature of the hypothetical binding pocket.
Nonetheless, Schild analysis of GIUN1/GIuN2A V783L inhibition by TCN-201

demonstrated that the V783L mutation directly impacts TCN-201 binding (Fig. 4.3).

TCN-201 inhibition is mediated by residues from both GIuN1 and GIuN2A

To identify additional residues that mediate TCN-201 inhibition, we mutated residues in
both GluN1 and GIuN2A that are located within 8 angstrom of residue Val783 in GIuN2A
and have side chains protruding into the dimer interface according to the crystal
structure of the isolated agonist binding domains from GIuN1/GIuN2A (Furukawa et al.,
2005) (Fig. 4.4A). In GIuN1, 7 residues were mutated and 3 of these mutations affected
inhibition by 3 uM TCN-201 of responses to 100 uM glutamate plus 30 uM glycine TCN-
201 inhibition (Fig. 4.4B). In GIuN2A, 15 residues were mutated to alanine and 8 of
these mutations affected TCN-201 inhibition (Fig. 4.4C).To assess whether changes in
TCN-201 sensitivity could be influenced by changes in glycine potency, we also
determined TCN-201 ICso and glycine ECso values for the mutants (Table 4.1). There
was no significant correlation between glycine ECsy values and TCN-201 ICso values for
the GIUN2A or the GIuN1 mutants (Pearson test for correlation, P > 0.05; GIUN2A L780A

and GIuN1 R755A not included in the test). Interestingly, the GIuUN2A L777A and
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Figure 4.4. TCN-201 inhibition is mediated by residues from both GIuN1 and
GIuN2A. (A) Residues that are located within 8 angstrom of residue V783 in GIuN2A
and have side chains protruding into the dimer interface are highlighted as blue spheres
in the structure of the isolated agonist binding domains from GIuN1/GIuN2A with bound
glutamate and glycine (PDB ID 2A5T; Furukawa et al., 2005). GIuUN2A is shown in yellow
and GIluN1 is shown in orange. The highlighted residues were mutated to alanine in
order to identify additional residues implicated in TCN-201 inhibition. Inhibition by 3 uM
TCN-201 of responses to 100 uM glutamate plus 30 uM glycine from (B) mutant GIuN1
subunits co-expressed with GIuN2A or (C) mutant GIuUN2A subunits co-expressed with
GluNL1. Data are from 4-12 oocytes. * indicates significantly different from wild type
GIuN1/GIuN2A (blue bar) (P < 0.05; one-way ANOVA with Tukey-Kramer post test). nr
indicates that responses to 100 pM glutamate plus 30 uM glycine were not detected (N
= 10-12), suggesting that these mutations have pronounced effects on subunit
biosynthesis or receptor function. (D) TCN-201 concentration-response data are shown
for GIuN1 and GIuN2A mutants with marked changes in TCN-201 inhibition. Responses

to 100 uM glutamate plus 3 pM glycine were measured from receptors expressed in
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Xenopus oocytes using two-electrode voltage-clamp recordings. Dashed line is data for
wild type GIuN1/GIuN2A as shown in Figure 4.1B. Data are from 4-25 oocytes. See

Table 4.1 for ICsp values.
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GIluN2A L780A mutations markedly affected TCN-201 potency without any noticeably
change in glycine potency (Fig. 4.4D and Table 4.1), suggesting that these residues are
involved in TCN-201 binding. Residues Leu777 and Leu780 in GIuUN2A are located two
and one helical turns away from residue Val783 (Fig. 4.5), and a previous study has
implicated Leu780 in the arrangement of the agonist binding domain dimer interface, as
well as in inhibition by proton and zinc (Gielen et al., 2008). In GIuN1, the F754A
mutation resulted in a 6.7-fold reduction in TCN-201 ICso and a 2.1-fold increase in
glycine ECso compared to wild type GIuUN1/GIUN2A, whereas the R755A mutation almost
completely abolished TCN-201 inhibition (79% of control at 10 uM TCN-201; Fig. 4.4D
and Table 4.1). The GIuN1 R755A mutation increased both glycine ECsq (4.0-fold) and
TCN-201 ICso, (> 30-fold), suggesting a role for this residue in TCN-201 binding.
Residues Phe754 and Arg755 in GIuN1 are located directly opposite from Val783 in
GIuN2A in the dimer interface (Fig. 4.5). In summary, the expanded mutagenesis
identified several residues in both GIluN1 and GIuN2A that affect inhibition by TCN-201.
Based on evaluation of changes in TCN-201 and glycine potencies caused by
the mutations, we suggest that residues Phe754 and Arg755 in GIuN1, as well as
Leu777, Leu780, and Val783 in GIUN2A are important structural determinants of
inhibition by TCN-201. These residues are located at the subunit dimer interface in the
structure of the isolated agonist binding domains of heteromeric agonist-bound
GIuN1/GIuN2A (Furukawa et al., 2005) (Fig. 4.5). The side chain of GIuN2A Val783 is
directly facing the hinge region of the bilobed GluN1 agonist binding domain. Upon
agonist binding, the hinge region of the agonist binding domain undergoes a
conformational change that allows closure of the clamshell-like agonist binding domain
around the agonist. In the GIUN1/GIUN2A agonist binding domain structure, GIUN2A
Val783 and the glycine agonist in GIuN1 are separated by 16 A (Ca-Ca distance).

However, three residues in the GIuN1 hinge region (GIluN1 Phe754 and Arg755, and
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A

Figure 4.5. TCN-201 sensitivity is controlled by the agonist binding domain
dimer interface between GIuN1 and GIuN2. (A) Residues Leu777, Leu780 and Val783
of GIuN2A, as well as F754 and R755 of GIuN1, which substantially influence TCN-201
sensitivity, are located at the dimer interface in the crystal structure of the isolated
agonist binding domains from GIuUN1/GIuN2A with bound glutamate and glycine (PDB ID
2A5T; Furukawa et al., 2005). These residues are highlighted as blue spheres. GIUN2A
is shown in yellow and GIluN1 is shown in orange. (B) The residues that influence TCN-

201 sensitivity are lining part of a large water-filled cavity (~5200 A3) in the dimer
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interface that can accommodate a modulatory binding site. The cavity was identified
using the CASTp server (Dundas et al., 2006 p.200) and the surface of the cavity is
highlighted in grey. (C) The side chain of GIuN2A Val783 (shown as blue sticks with
transparent blue spheres) is directly facing the hinge region of the bilobed GIuN1 agonist
binding domain. The path between GIuN2A Val783 and the glycine agonist is blocked by
Phe754 and Arg755 in the GIuN1 hinge region. GIUN2A Leu777 and Leu780 are located
two and one helical turns away from Val783 in the dimer interface. The distance (Coa-Ca)
between GIuN2A Val783 and the glycine agonist in GIuN1 is 16 A. Selected residues
important for glycine binding are shown as grey sticks and interactions with glycine are

indicated by black dashed lines.
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Ser756; Fig. 4.5) lie directly between GIuN2A Val783 and the agonist glycine.
Interestingly, residues Phe754 and Arg755 in GIluN1, as well as Leu777, Leu780 and
Val783 are lining part of a large water-filled cavity (~5200 A3) in the dimer interface that
can accommodate a modulatory binding site (Fig. 4.5B). A binding site for TCN-201 at
the subunit dimer interface would be ideally positioned to allosterically couple to binding
of GIuN1 agonists by influencing the conformation of the agonist binding pocket and, at

the same time, discriminate between GIuN2 subunits by contacting GIuN2 residues.

TCN-201 inhibition is mediated by a multi-step mechanism

To further investigate the mechanism of action for TCN-201, we recorded whole-
cell current responses under voltage-clamp from recombinant GIuN1/GIUN2A receptors
expressed in HEK293 cells. We evaluated the time course and concentration-
dependence of TCN-201 inhibition of steady-state responses to saturating concentration
of glutamate (50 uM) and glycine (10 uM) (Fig. 4.6). The onset and offset of TCN-201
inhibition were adequately described by single exponential functions. Interestingly, both
the time constants for inhibition (Tinnibiion) and recovery from inhibition (trecovery) Were
dependent on the TCN-201 concentration (Figs. 4.6B and C). Furthermore, Tinhibition and
Trecovery WETeE inversely correlated in that higher concentrations of TCN-201 that produced
faster onset of inhibition also yielded a slower recovery from inhibition. The dependence
of Trecovery ON the TCN-201 concentration used to inhibit the receptor as well as the
inverse correlation between Tinnibiion aNd Trecovery are distinct from previously described
properties of competitive NMDA receptor antagonists (Benveniste et al., 1990), as well
as other subunit-selective non-competitive antagonists (e.g. Ro 8-4304, QNZ46, and
DQP-1105; Kew et al., 1998; Hansen and Traynelis, 2011; Acker et al., 2011). Moreover,
the changes in Tinhiviion @aNd Trecovery With TCN-201 concentration differ from those

predicted by a bimolecular interaction for which 1/tinnisition iS linearly related to the
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Figure 4.6. Time course of the onset and recovery of TCN-201 inhibition. (A)
Representative whole-cell current responses recorded under voltage-clamp from
recombinant GIuN1/GIuN2A receptors expressed in an HEK293 cell using rapid solution
exchange. Fitted single exponential functions are superimposed as white lines. Vertical
and horizontal scale bars are 100 pA and 5 seconds, respectively. (B) The rates for the
onset of inhibition (1/tinnibiion) @and recovery from inhibition (1/trecovery) are plotted versus
TCN-201 concentration. Both the time constants for inhibition (tinnibiton) @nd recovery from
inhibition (trecovery) are dependent on the TCN-201 concentration. Data are averaged
from 3-7 cells for each condition. (C) Trecovery IS plotted versus tinniiion fOr the indicated

concentrations of TCN-201.
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concentration of antagonist, whereas 1/trecovery IS independent of antagonist
concentration. Thus, the time course of action for TCN-201 modulation is incompatible

with competitive inhibition, and suggests a more complex mechanism of action.

TCN-201 binding is differentially modulated by glutamate and glycine binding

To determine if binding of TCN-201 is influenced by glutamate binding or
receptor activation, we performed experiments in which the receptors were pre-
incubated with 3 uM TCN-201 in the presence of either no agonist, glutamate alone (50
KM), or glycine alone (10 uM) immediately prior to activation by 50 uM glutamate plus 10
UM glycine. We compared responses following increasing periods of TCN-201 pre-
incubation to control responses in the same recording prior to TCN-201 pre-incubation
(Fig. 4.7A). This protocol allowed us to monitor the time course of TCN-201 binding in
the presence or absence of agonist. Minimal binding of TCN-201 was observed in the
presence of glycine alone and tinniviion COUld Not be reliably determined (Fig. 4.7B). In the
absence of any agonists, the time constant for TCN-201 binding (Tinhibition) Was 3.5 + 0.3
seconds (N = 4) (Figs. 4.7B and C), and was not significantly different than the Tinnibition
value of 3.4 +£ 0.2 seconds (N = 7) observed in the presence of both glutamate and
glycine (P > 0.05; one-way ANOVA with Tukey-Kramer post-test; Fig. 4.6). Interestingly,
binding of TCN-201 was markedly accelerated (tinnibiion = 1.1 £ 0.1 seconds; N = 4) when
TCN-201 was pre-incubated in the presence of glutamate alone (Figs. 4.7B and C).
These results show that TCN-201 binding is differentially modulated by glutamate and
glycine binding. Glutamate binding alone appears to shift the receptor into a
conformation with increased rate of TCN-201 binding, whereas binding of glycine alone
promotes a conformation with low rate of TCN-201 binding (Fig. 4.7D). Receptors in the
apo-state (i.e. absence of agonist binding) and activated receptors (i.e. with both

glutamate and glycine bound) have similar time courses of TCN-201 inhibition with
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Figure 4.7. TCN-201 binding is differentially modulated by glutamate and
glycine binding. (A) Representative overlay of 10 paired-pulse whole-cell current
recordings from one HEK293 cell expressing recombinant GIUN1/GIuN2A receptors. The
cell was initially stepped into glutamate (50 uM) plus glycine (10 uM) to obtain the
control response amplitude before pre-incubation with TCN-201. Subsequent to this
control response, the cell was stepped into TCN-201 without agonists (indicated as time
zero, t = 0). The cell was then stepped back into glutamate plus glycine at different time
intervals (At) on subsequent sweeps. TCN-201 was pre-incubated either with no agonist,
with glutamate alone (50 uM), or with glycine alone (10 uM). TCN-201 binding occurred
from t = 0 to At, and the time constant for TCN-201 inhibition (tinnibiion) Was obtained by a
mono-exponential fit to the response amplitudes at At as percent of control amplitude.
The recording shown here is with TCN-201 plus glutamate in the pre-incubation and the
mono-exponential fit is shown as a green line. Scale bar is 1 second. (B) Time course of
TCN-201 inhibition in the presence of either no agonist (white), with glutamate alone (50

H1M; green), or with glycine alone (10 pM; red). The dashed line is the time course of
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TCN-201 inhibition observed in the continuous presence of both glutamate (50 uM) plus
glycine (10 pM) as depicted in Figure 4.6. In the presence of glycine alone, the time
course of inhibition could not be reliably determined. Data are averaged from 3-7 cells
for each condition. (C) Mean tinmiviion Values obtained from individual cells for different
conditions. * indicates significantly different (P < 0.05) and ns indicates not significantly
different (P > 0.05) (one-way ANOVA with Tukey-Kramer post-test). (D) Cartoon scheme
depicting differences in TCN-201 binding to the different conformations of the NMDA

receptor.
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Tinhibiton Values intermediate of those in the presence of either glutamate or glycine alone.
The similarity of binding rates in these two conditions suggests that TCN-201 binding
does not require receptor activation per se. Furthermore, the indistinguishable Tinnibition
values obtained for activated receptors and receptors in the apo-state indicate that the
TCN-201 binding site or the accessibility of this site is similar for these two receptor

conformations (Fig. 4.7D).

TCN-201 binding accelerates glycine deactivation

These results suggest a working hypothesis in which a negative allosteric
interaction exists between TCN-201 and glycine binding. To test this hypothesis, we
evaluated the effects of TCN-201 on the time course of deactivation following rapid
removal of glycine for recombinant GIUN1/GIuN2A receptors expressed in HEK293 cells.
We compared deactivation with or without TCN-201 for responses to brief (10 ms) and
long (5 seconds) applications of a high concentration of glycine (1 mM) in the continuous
presence of glutamate (50 uM) (Fig. 4.8). In the case of negative allosteric interaction, a
brief glycine application in the presence of TCN-201 could show accelerated glycine
deactivation time course compared to control, since bound TCN-201 reduces glycine
potency presumably in part by increasing the microscopic dissociation rate constant.
Furthermore, prolonged glycine application should result in dissociation of bound TCN-
201 as glycine binding reduces TCN-201 affinity. In this scenario, the deactivation time
course following prolonged agonist application will become indistinguishable from control
as TCN-201 unbinds from the receptor. As predicted from this hypothesis, the weighted
time constant for glycine deactivation (tweighted) Of responses to a brief glycine application
was significantly reduced (i.e. glycine deactivation is accelerated by TCN-201) from 123
+ 11 ms (N = 6) in the absence of TCN-201 to 27 + 2 ms (N = 6) in the presence of 1 uM

TCN-201 (P < 0.05; one-way ANOVA with Tukey-Kramer post-test) (Figs. 4.8D and J;



A Brief glycine application (10 ms)

| N | |

A = =

v 'S
' control +0.3 uM DCKA  + 1 pM TCN-201

Long glycine application (5 sec)
I |
1 /
|
| |
W
control + 0.3 pM DCKA  + 1 uM TCN-201
140+ 200+
0 s 1297 _ 160
2 g 100 g
(=} 1 -~ -
§§ 80j - 120
; E 607, _'% 80*
@ 0
e ¥ ¢ 401
20+
0

125

+ DCKA

control

200 ms

O

+ TCN-201
+ DCKA

control

200 ms

T brief activation (10 ms)

1 == Iong activation (5 s)

*

1l

control O 3
DCKA

(uM) TCN 201 (pM)

control 0.3 0.1 0.3 1
DCKA
TCN-201 (M
(M) (HM)

Figure 4.8. TCN-201 binding accelerates glycine deactivation. (A)

Representative whole-cell current responses recorded under voltage-clamp from

recombinant GIuN1/GIuN2A receptors expressed in HEK293 cells using rapid solution

exchange. The receptors were activated by brief application of 1 mM glycine in the

continuous presence of 50 uM glutamate and either no antagonist, 0.3 uM 5-7-

dichlorokynurenic acid (DCKA), or 1 yM TCN-201. Vertical and horizontal scale bars are

200 pA and 200 ms, respectively. (B) Overlay of normalized responses from panel A. (C)

Representative whole-cell current responses from recombinant GIuN1/GIuN2A receptors

activated by long application of 1 mM glycine in the continuous presence of 50 uM

glutamate and either no antagonist, 0.3 yM 5-7-dichlorokynurenic acid (DCKA), or 1 uM

TCN-201. Vertical and horizontal scale bars are 200 pA and 1 second, respectively. (D)
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Overlay of normalized responses from panel C. (E) Mean peak responses from brief
applications of glycine as percent of steady-state responses from long applications of
glycine. Data are from 6 cells. * indicates significantly different from control (white bar; P
< 0.05; one-way ANOVA with Tukey-Kramer post-test). (F) Summary of tweigthed fOr
glycine deactivation of responses to brief and long glycine applications. Data are from 6
cells. See Table 4.2 for tast and tsiow Values. * indicates significantly different from control

(P < 0.05; one-way ANOVA with Tukey-Kramer post-test).
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Table 4.2. Time constants for deactivation of GIuUN1/GIuN2A NMDA receptors.

Concentration

Antagonist (M) N (Trﬁ;‘) (T;;‘)S"S % fast
Brief application (10 ms)
control - 6 74 + 20 171 +18 41 + 17
7CKA 0.3 6 46 +7 158 £ 10 34+6
TCN-201 0.1 6 20+ 1 131+7 74+ 2
TCN-201 0.3 6 18+1 123 +11 82+1
TCN-201 1 6 16 +2 116 £ 19 89+2
Long application (5 seconds)
control - 6 122 +12
7CKA 0.3 6 128 + 14
TCN-201 0.1 6 127 +13
TCN-201 0.3 6 124 + 12
TCN-201 1 6 132 +13

The deactivation time courses of current responses following removal of 1000 uM

glycine in the continuous presence of 50 uM glutamate plus either TCN-201 or 7-

chlorokynurenic acid (7CKA) (as shown in Figure 4.8). The deactivation time courses for

brief (10 ms) glycine applications were best described using dual-exponential fits and

two time constants are listed (trast and tsiow), Whereas the deactivation time courses for

long (5 second) glycine applications were best described using mono-exponential fits

and only one time constant is listed (tsow). All values are mean + SEM.
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see Table 4.2 for trastand tsiow Values). Acceleration of glycine deactivation by TCN-201
demonstrates that activated NMDA receptors can simultaneously bind glycine and TCN-
201, and again is incompatible with a competitive mechanism of action for TCN-201.
For prolonged application of glycine in the presence of TCN-201, we observed a rapidly
rising current response followed by a slower increase to steady-state that reflects
additional glycine binding and resulting TCN-201 dissociation subsequent to a reduction
of TCN-201 affinity (Fig. 4.8G). Since prolonged application of glycine results in
complete unbinding of TCN-201 under these experimental conditions, there was no
significant difference between tweighted fOr glycine deactivation of responses to a long
glycine application in the presence or absence of TCN-201 (Figs. 4.8H and J).

In contrast to negative allosteric modulation of glycine binding, the time course of
glycine deactivation should be unaffected by a glycine-site competitive antagonists,
since it is not possible for glycine and the competitive antagonist to simultaneously bind
to activated NMDA receptors. As expected, the competitive glycine-site antagonist 7,5-
dichlorokynurenic acid (DCKA; 0.3 uM) did not alter the deactivation time course for
either brief (10 ms) or long (5 seconds) applications of 1 mM glycine in the continuous
presence of 50 UM glutamate compared to control in the absence of DCKA (Figs. 4.8D,
H, J). DCKA inhibited the peak response to a brief glycine application to 43 + 13% of

control (N = 6) (Figs. 4.8B and ).

TCN-201 is a negative allosteric modulator of glycine binding

A straight-forward model for allosteric modulation of agonist binding without any
change in agonist efficacy is shown in Figure 4.9A. In this model, the dissociation
constant for agonist binding (Ka) is changed by a factor of 1/a upon binding of the
allosteric modulator, where a is the allosteric constant (Ehlert, 1988; Christopoulos and

Kenakin, 2002). Similarly, the dissociation constant for modulator binding (Ky) is



129

A B B C
+ Ks + E 1004
A+R ——* AR «———* AR"
@©
open £ 80
2
Ky Kyfct & 601 =
=N
Kyt E T 401 B 05
A+RB ¢ P ARB ¥ ARBT o] o]
closed open i
EC:_O’ (1+ [BI/K,) Oimu. T -1.0 T T T
DR = ———— 0.1 1 10 100 1000 0.01 0.1 1 10
ECy,  (1+a[B)/K,) [glycine] (HM) [allosteric modulator] {uM)

Figure 4.9. TCN-201 is a negative allosteric modulator of glycine binding.
(A) Proposed model for TCN-201 inhibition, where TCN-201 allosterically modulates
agonist binding without changing agonist efficacy. A is the agonist glycine, B is the
inhibitor TCN-201, and R is the receptor. The dissociation constant for agonist binding
(Ka) is changed by an allosteric constant o upon binding of the allosteric modulator.
Similarly, the dissociation constant for modulator binding (Ksp) is changed by o upon
agonist binding. In this model, the agonist efficacy E is not changed upon modulator
binding. Positive allosteric modulation is achieved if a > 1 and negative modulation is
achieved if a < 1. The relationship describing the dose ratio DR (ECs0/ECso, the ratio of
agonist ECso values in presence and absence of modulator) is shown below. DR is a
function of the modulator concentration [B], modulator binding affinity Ky, and the
allosteric constant a. (B) Analysis of the glycine concentration-response data shown in
Figure 4.1E by directly fitting to the relationship for the dose ratio DR shown in panel A
using a global nonlinear regression method (see Materials and Methods). The
regression gave a Ky value of 45 nM and an allosteric constant a of 0.0025 for TCN-201
inhibition of GIuUN1/GIuN2A activated by glutamate and glycine. (C) The Schild plots
illustrating of the effects of changing the allosteric constant o with constant Ky (45 nM).
Low allosteric constants produce Schild plot with only small deviations from the line

dictated by the Schild equation (a = 0).
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changed by a factor 1/a. upon agonist binding. We assume that agonist efficacy E is not
changed by modulator binding, which renders the inhibition fully surmountable by
increased concentrations of agonist. Positive allosteric modulation is achieved if a > 1
and negative modulation is achieved if o < 1. Figure 4.9A also shows the relationship
describing the dose ratio DR (i.e. the ratio of agonist ECs, values in presence and
absence of modulator ECs0/ECsp) as a function of the modulator concentration [B],
modulator binding affinity Ky, and the allosteric constant o (Ehlert, 1988; Christopoulos
and Kenakin, 2002). From this it can be seen that this type of allosteric modulation is
saturable, meaning that an infinite concentration of modulator B will maximally shift the
agonist ECso’ value to ECso/a.. In addition, it can be seen that if a. = 0, the model in
Figure 4.9A reduces to a competitive mechanism and the relationship becomes the
Schild equation. In the case of negative allosteric modulation by TCN-201, we predict
that the allosteric constant o will be close to 0 and that binding affinity will be close to the
pA: value obtained in the Schild plot shown in Figure 4.1F.

In order to determine o and K, for TCN-201 inhibition of GIuN1/GIuN2A, we re-
analyzed the glycine concentration-response data shown in Figure 4.1E by
simultaneously fitting the relationship shown in Figure 4.9A to all of the data using a
global nonlinear regression method (see Christopoulos and Kenakin, 2002). This
analysis gave a Ky value of 45 nM and an allosteric constant o of 0.0025 (Fig. 4.9B). The
allosteric constant a = 0.0025 implies that TCN-201 can maximally cause a 400-fold (i.e.
1/a) increase in glycine ECso. Since glycine ECso is 1.5 uM in the absence of TCN-201,
an infinite concentration of TCN-201 will increase glycine ECso to 600 uM. However,
TCN-201 concentrations well above the limit of solubility, estimated to be 18 uM, would
be required to maximally shift the glycine ECso. In fact, the K, of 45 nM for TCN-201 in

the absence of glycine is predicted to increase 400-fold to 18 uM in the presence of an
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infinite concentration of glycine. Figure 4.9C illustrates the effect of different values for
the allosteric constant a on the Schild plot for negative allosteric modulators with K, = 45

nM.

Discussion

The results from this study suggest that a binding site for allosteric modulators of
NMDA receptor exists at the dimer interface between the GIuN1 and GIuN2 agonist
binding domains. The dimer interface between agonist binding domains of AMPA
receptor subunits is a well-described binding site for allosteric modulation (Sun et al.,
2002; Jin et al., 2005; Hald et al., 2009; Ptak et al., 2009; Ahmed et al., 2010), and
positive allosteric modulators of AMPA receptor function are currently being evaluated
for the treatment of depression and attention-deficit hyperactivity disorder (ADHD), as
well as for the improvement of cognitive deficits in Alzheimer’s disease (Ward et al.,
2010). Allosteric AMPA receptor modulators enhance receptor function by reducing
desensitization and/or by slowing deactivation of the receptor response. Similarly, it has
been shown that Na*™ and CI ions bind and stabilize the dimer interface in kainate
receptors to attenuate desensitization (Wong et al., 2006, 2007; Plested and Mayer,
2007; Plested et al., 2008), and that Ca?* ions stabilize the dimer interface of the
structurally related glutamate-like receptor GluD2 (Naur et al., 2007; Hansen et al.,
2009). By contrast, modulators that bind the dimer interface between the agonist binding
domains of GIUN1 and GIuN2 in NMDA receptors have not been described prior to this
study. This GIuN1-GIuN2 dimer interface buries ~2600 A of solvent-accessible surface
area and harbors a large water-filled pocket that can accommodate a modulatory binding
site (Furukawa et al., 2005) (Fig. 4.5).

The data presented here provide multiple lines of evidence to suggest that TCN-

201 is a negative allosteric modulator of glycine binding to the GIuN1 subunit of NMDA
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receptors. First, TCN-201 binding reduces glycine potency and vice versa (Figs. 4.1C
and E). Second, the Schild slope was significantly lower than unity, indicating TCN-201
is not a competitive antagonist (Fig. 4.1F). Third, the rates of inhibition and recovery
depended on the TCN-201 concentration in a manner that is incompatible with a
competitive mechanism of action (Fig. 4.6). Finally, TCN-201 and glycine can
simultaneously bind activated NMDA receptors, resulting in acceleration of glycine
deactivation (Fig. 4.8). This mechanism of TCN-201 action is strikingly different from
those of compounds or ions that bind to and stabilize the agonist binding domain
interface of AMPA and kainate receptors.

The allosteric constant o has been used to describe the effectiveness of
allosteric modulators of G protein-coupled receptors (Lazareno and Birdsall, 1995;
Schetz and Sibley, 1997; Hedlund et al., 1999). We estimated the allosteric constant o
for TCN-201 to be 0.0025, which results in inhibition that is difficult to distinguish from a
competitive mechanism of action. The small allosteric constant o prevented us from
observing saturation of the increase in glycine EC50 at the TCN-201 concentrations
evaluated here. It was therefore not possible to determine whether TCN-201 modulates
agonist efficacy (i.e. NMDA receptor gating) in addition to its effects on glycine binding.
This distinction would require functional data at saturating concentrations of both glycine
and TCN-201 to eliminate allosteric effects on binding, however, the solubility of TCN-
201 precludes this determination. For comparison, the allosteric GIuN2B subunit-
selective modulator ifenprodil increases potency of GIuN2 agonists, such as NMDA and
glutamate, but at the same time reduces agonist efficacy (Kew et al., 1996; Zhang et al.,
2000). Since allosteric interactions are reciprocal, the GIUN2 agonists also increase

potency of ifenprodil as NMDA receptor antagonist.
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Studies that seek to understand the structure-activity relationship of allosteric
modulators at the TCN-201 binding site could potentially identify ligands with different
subunit-selectivity and mechanism of action (e.g. allosteric modulation of glutamate
binding). Moreover, compounds acting at the TCN-201 binding site seem capable of
achieving considerable subunit-selectivity, as demonstrated by the >1000-fold selectivity
of TCN-201 for GIuUN1/GIuN2A over other NMDA receptor subtypes. The
characterization of TCN-201 inhibition described here reveals previously unrecognized
features of NMDA receptor structure and function, and provides compelling data
suggesting that novel allosteric regulators of NMDA receptor function exist with high
subunit-selectivity. Such compounds could provide an opportunity for the development of
new pharmacological tools and therapeutic agents with novel mechanisms underlying

their subunit-selectivity.
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Chapter 5: The pre-M1 region is a critical gating element in NMDA receptors

Abstract

Glutamate receptor ion channels, which include AMPA receptors, kainate
receptors, and NMDA receptors, mediate the majority of excitatory synaptic transmission
in the central nervous system. A fundamental question is how these ligand-gated ion
channels transduce binding of the amino acid glutamate into opening of the ion channel
pore. X-ray crystallographic data from a tetrameric AMPA receptor revealed a short 7
residue "cuff" helix in the pre-M1 region of the receptor that is situated parallel to the lipid
bilayer and may act a critical structural determinant of channel gating by restricting
movement of pore-forming transmembrane helices until agonist binds. Whether a
similar element exists in NMDA receptors and what its role in gating is remains
unknown. Using cell-attached patch clamp, we recorded single-channel currents from
NMDA receptors containing mutations in the pre-M1 region of GIUN2A. Mutations at
several residues in the pre-M1 region to alanine or to the homologous residue in the
GIluN2D subunit reduced channel open probability. The most dramatic changes
occurred with 2A(L550A), which reduced open probability from 0.12 + 0.05 (control, n=7)
to 0.0012 + 0.0003 (n=7). Open durations were described by a mixture of two
exponential distributions with 11=1.54 ms (area = 74%) and t.= 0.12 ms for control. The
fitted time constants were markedly shorter in 2A(L550A), with 1:=0.55 ms (area=66%)
and 1=0.10 ms. These data suggest the pre-M1 region of GIUN2A is critical for normal
gating of NMDA receptors. The pre-M1 region of GIuN2D was recently implicated in the
actions of the GIuN2C/2D-selective positive allosteric modulator CIQ. Thus,
understanding how the pre-M1 region impacts gating of NMDA receptors may reveal
new mechanisms for regulation of the receptor by endogenous and exogenous

modulators and interacting proteins.
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Introduction

The majority of synaptic transmission occurs by activation of post-synaptic
membrane proteins upon binding of neurotransmitter. In the case of ligand-gated ion
channels, conformational changes induced by neurotransmitter binding rapidly transduce
the free energy of binding into opening of the ion channel pore in a process called
gating. Glutamate receptor ion channels, which include AMPA, kainate, and NMDA
receptors, are tetrameric complexes that mediate fast excitatory neurotransmission in
the central nervous system (Traynelis et al., 2010). Each subunit in the tetramer is
made of three semiautonomous domains, an amino-terminal domain (ATD), an agonist-
binding domain (ABD), and a transmembrane domain (TMD), together with a cytosolic
carboxy-terminal region. The ABDs of all glutamate receptor ion channels fold into a bi-
lobed clamshell-shaped structure (Figure 6.1), with an upper lobe called D1 and a lower
lobe called D2. Crystal structures of isolated ABDs of glutamate receptor ion channels
revealed that upon agonist binding, atomic contacts between the agonist and both the
D1 and D2 lobes promote a closed-cleft conformation of the ABD (Armstrong et al.,
1998; Sun et al., 2002; Jin et al., 2003; Inanobe et al., 2005; Furukawa et al., 2005;
Mayer, 2011a). For AMPA receptors there is strong evidence that the degree of cleft
closure correlates with activation of the receptor (for review see Hansen et al., 2007;
Mayer, 2011a; Kumar and Mayer, 2013) and it has been speculated that this closure
leads to translation of the M3 transmembrane helices away from the central axis of the
pore, creating a path for ions to traverse the lipid bilayer. However, direct functional
evidence for the conformational changes that occur after ABD cleft closure and that
couple this closure to opening of the ion channel pore are lacking and the structural
elements involved are not well understood.

An X-ray crystal structure of a tetrameric, membrane-spanning AMPA receptor

revealed novel structural features perfectly positioned to transduce agonist binding into



A pre-M1 M1

GluNl-la 550 TLDSFMQPFQSTLWLLVGLSVHVVAVMLYLLD 581
GLuN2A 545 SPSAFLEPFSASVWVMMFVMLLIVSAIAVFVF 576
GLuN2B 546 SPSAFLEPFSADVWVMMFVMLLIVSAVAVFVF 577
GLuN2C 556 SPSAFLEPYSPAVWVMMFVMCLTVVAITVFMF 587
GLuN2D 570 SPSAFLEPYSPAVWVMMFVMCLTVVAVTVFIF 601

closed open

Figure 5.1 The pre-M1 helix

A, An amino acid sequence alignment of the pre-M1 and M1 region of NMDA
receptor subunits is shown. Conserved residues are highlighted in blue and
identical residues are in red. B, The position of the pre-M1 helix is shown in two
side-on views of the X-ray structure of a GluA2 AMPA receptor tetramer (PDB
code 3KG2, Sobolevsky et al., 2009). The ATD is omitted for clarity. The pre-M1
helix is boxed in two of the four subunits, which are colored blue, red, orange, and
gray. C, Atop-down view of the pore region from the GluA2 membrane-spanning

crystal structure. The structure was solved in the presence of a competitive
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antagonist and therefore represents the closed state of the pore. Upon agonist
binding, conformational changes lead to opening of the ion channel pore,
represented on the right by the open NaK structure (PDB code 3E83, Alam and
Jiang 2009). The pre-M1 helices are indicated by arrows. Note that NaK channels
lack a region homologous to the pre-M1 helix. Also note the large displacement of
the M3 helix compared with the closed state. Individual subunits are colored blue,

red, orange, and gray.
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channel opening (Sobolevsky et al., 2009). The pre-M1 region of the receptor between
the ABD and first transmembrane helix forms a short “cuff’ helix that is parallel to the
lipid bilayer and may act to constrain movement of the M3 gate helices (Figure 6.1). In
NMDA receptors, several lines of evidence suggest the pre-M1 region may be involved
in gating. First, mutation of individual residues in this region to cysteine caused
receptors to have small currents with abnormal kinetics (Beck et al., 1999; Kashiwagi et
al., 2002; Thomas et al., 2006). Second, MTS modification of cysteine substituted
residues in this region caused significant changes in leak current (Sobolevsky et al.,
2007). Third, mutation of residues in this region to alanine generated spontaneously
active receptors (Chang and Kuo, 2008).

It is important to understand the role of the pre-M1 region in glutamate receptor
gating because several allosteric modulators have structural determinants of action in
this region. In AMPA receptors, inhibition by the noncompetitive antagonists CP-
465,022 and GYKI-53655 was greatly diminished by chimeric receptors in which the S1-
M1 and S2-M4 linkers were exchanged with homologous regions of the non-sensitive
kainate receptor, GluK1 (Balannik et al., 2005). Further, inhibition was also reduced by
point mutations in these linkers and sensitivity to these inhibitors could be transferred to
GluK1 by substituting GluK1 pre-M1 residues with GIUA3 pre-M1 residues (Balannik et
al., 2005). In NMDA receptors, the positive allosteric modulator CIQ interacts with the
pre-M1 and M1 region to increase the opening frequency of the ion channel (Ogden and
Traynelis, 2013). Thus the pre-M1 region might be an important modulatory site that
could be exploited for design of new therapeutics. Interestingly, recent genomics studies
have identified mutations in the pre-M1 region of GIuUN2A and GIuN2B in patients with
neurological disorders, however direct effects of those mutations on channel function

were not reported (de Ligt et al., 2012; O’'Roak et al., 2012a, 2012b; Epi4K Consortium
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et al., 2013). Hence, mutations in this region may lead to disease states so it is
important to determine what role the pre-M1 region plays in NMDA receptor function.
Here, we explored the contribution of the pre-M1 region of NMDA receptors to
channel gating. We used single channel recordings of receptor currents to directly
monitor the gating isomerization and to infer the proportion of other states of the
receptor, such as agonist-bound closed states and desensitized states. We chose to
study the pre-M1 region of GIuUN1/GIuN2A receptors because the gating mechanism of
this channel has been well studied (Wyllie et al., 1998; Popescu and Auerbach, 2003;
Erreger et al., 2005; Auerbach and Zhou, 2005; Schorge et al., 2005; Kussius and
Popescu, 2009; Yuan et al., 2009; Talukder and Wollmuth, 2011) and because the open
probability of this receptor is about 0.5, which should easily allow us to identify both
increases or decreases in gating efficiency. To explore the importance of the pre-M1
region to gating, we introduced mutations into specific residues within the pre-M1 region.
We chose a mutagenesis strategy because the residues in the pre-M1 region are highly
conserved across the GIuN2 subunits (Figure 5.1A) suggesting that the side chain of
each residue is critical for either direct interaction with other regions of the receptor or for
indirectly positioning the main chain backbone atoms. Thus, we introduced alanine
residues to remove most side chain interactions without introducing excessive flexibility,
as would occur with glycine for example. We found that the pre-M1 region generally
contributes to the slow conformational change that has been associated with GIuUN2
subunits. In addition, the pre-M1 region may also determine the mean open time
(stability of the open state) as mutation at two residues in this region caused a profound

reduction of mean open time.
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Results

Single-channel activity of GIuUN1/GIuN2A NMDA Receptors

To determine how the pre-M1 region of NMDA receptors contributes to gating,
we recorded single-channel NMDA receptor currents from cell-attached patches (Vpipette
= +80 mV) of HEK cells expressing GIuN1-1a with wild type GIUN2A or with GIuN2A pre-
M1 point mutants (Figure 5.1). We mutated residues individually to alanine to probe the
importance of side chain interactions made by this region of the protein during gating,
which are likely to be important given the high percentage identity of pre-M1 residues
across GIuN2 subunits (Figure 5.1). Additionally, we sought to take advantage of the
approximately 50-fold difference in open probability between GIUN2A-containing
receptors and GIuN2D-containing receptors by mutating divergent residues in GIUN2A to
the homologous residue in GIuN2D. Currents were recorded at pH 8.0 to minimize the
effects of by protons, which inhibit GIuN1-1a/GIuN2A receptors with an 1Cso that
corresponds to pH 6.9-7.2 (Traynelis et al., 1995; Low et al., 2003). Additionally,
saturating concentrations of glutamate (1 mM) and glycine (50 uM) were used to ensure
receptors were bound by agonists and thereby focus analysis mainly to effects of the
pre-M1 region on gating rather than binding of agonists. EDTA (10 uM) was included in
the pipette solution to chelate contaminating Zn?*.

Single channel activity occurred in bursts separated by long periods of inactivity,
which reflect desensitization of the receptor, as previously described (Popescu and
Auerbach, 2003; Erreger et al., 2005; Auerbach and Zhou, 2005; Schorge et al., 2005).
Figure 5.2 illustrates the protocol that was used to isolate bursts of activity for analysis.
Single-channel activity was idealized into a sequence of openings and closings and the
components of the shut time histogram were determined by maximum likelihood

estimates of the rate constants in the gating model D«>C1+>C2-01-0:.
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Figure 5.2 Protocol for analyzing bursts of openings
A, An example single-channel recording from a cell-attached patch
illustrates clusters of channel openings separated by prolonged closed periods.

Clusters, or bursts, of openings separated by a critical shut time, ¢, are boxed and

» Lo
shaded in blue. B, Channel activity was idealized into a sequence of open and
shut periods using the SKM algorithm in QuB software with the model shown in the
inset. The model includes three closed states, C,, C,, and D (the desensitized
state) and two open states, O, and O,. A histogram of shut time durations is
shown and the probability density functions of each closed state, is overlaid
(dashed lines). C, The boxed clusters of openings shown in panel A were
concatenated into one trace for analysis of gating rate constants. D, The shut time
histogram after excluding the desensitized states is shown. The gating rate

constants of the model (inset) were estimated by maximum likelihood fitting.
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Conceptually, this model incorporates a desensitized state, D, a pregating step, C1—Co,
a gating step, C>—03, and a coupled open state, 0103, and is the minimum activation
scheme needed to fit the prolonged closed (i.e. desensitized) states and explain the two
components observed in the open time distribution. Overall channel properties were
measured from this idealization and subsequently the longest closed events (i.e.
desensitized states) were excluded using a critical shut time (tcrit) that was chosen to
give an equal number of misclassified events between the desensitized state and the
next slowest shut state (Jackson et al., 1983; Magleby and Pallotta, 1983; Colquhoun
and Sigworth, 1995). Bursts of activity were then used for kinetic modeling by re-
idealizing the openings using the model in Scheme 1 and estimating the rate constants

using a maximum likelihood approach.
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Effects of pre-M1 Mutations

Single-channel activity of pre-M1 mutants occurred in patterns similar to wild type
GIuN1/GIuN2A (Figures 5.3 to 5.8) with bursts of openings separated by long durations
in non-conducting, desensitized states. Both wild type GIuUN2A and pre-M1 mutants
displayed only a single prominent peak in histograms of the current amplitude, with no
obvious subconductance levels (data not shown). Moreover, unitary current amplitudes
were comparable between mutants and wild type, suggesting pre-M1 mutations did not
cause a change in the single-channel conductance. By contrast, mutations at every

position in the pre-M1 region of GIUN2A, except Ala555, considerably altered overall
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Figure 5.3 Steady-state activation of GIuN1/GIuN2A in cell-attached patches
A, Single channel currents from a representative cell-attached patch
activated by saturating concentrations of glutamate (1 mM) and glycine (50 uM).
Openings are upward in this and subsequent traces (V,, = +80 mV). A 360 ms
segment of the recording (the boxed region) is shown below on an expanded time
scale. B, The open time distribution of clusters of openings is shown together with
the probability density functions of the two open states in Scheme 1 (solid line). C,
A stability plot of mean open times for the recording in A is shown. Clusters of
openings were concatenated and then analyzed in one second increments, called
active time. D, The shut duration histogram for clusters of single-channel activity
is shown. The probability density function predicted from maximum likelihood fits

to Scheme 1 is overlaid (solid line).
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Figure 5.4 Single-channel currents from GIuN2A(L550A)
A, Single channel openings from a representative cell-attached patch

containing a single active GIuUN1/GIuUN2A(L550A) receptor are shown. 1 mM
glutamate and 50 uM glycine were included in the patch pipette and the V., was

+80 mV. The boxed region is shown below on an expanded time scale. B, The
open duration histogram for the clusters of openings from the patch shown in A is
depicted along with the predicted open time distribution from maximum likelihood
estimation of the rates in the mechanism from Scheme 1. C, The mean open time
was stable throughout the recording as illustrated by the stability plot of 1 s active
time periods. D, The closed duration histogram for bursts of activity from the patch
in A is shown. The black line is the predicted shut time distribution from maximum

likelihood estimation of the rates in Scheme 1 for this patch.
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Figure 5.5 Activation of GIUN2A(E551A)
A representative cell-attached patch recording containing a single active
GIuN1/GIuN2A(E551A) receptor is shown in A. The boxed region is displayed on

an expanded time scale in the last line. Saturating glutamate (1 mM) and glycine

(50 uM) were included in the pipette tip and the holding potential was +80 mV. B,
The open time histogram for clusters of openings from the patch shown in A is
plotted together with the predicted distribution from maximum likelihood fitting of
the rates in Scheme 1 to the idealized list of open and shut times. C, Stability plot
of the mean open time in the patch from A. D, Shut time histogram and probability
density function predicted by maximum likelihood fitting of rates in Scheme 1 for

the patch in A.
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Figure 5.6 Single-channel recording of GIuN2A(P552A)

A, GIUN1/GIuN2A(P552A) single channel currents from a representative
cell-attached patch are shown. B, D, Dwell time histograms and probability density
functions predicted by fitting Scheme 1 for the patch shown in A. C, Stability plot
of the mean open time for each second of active time in the recording shown in

panel A.
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Figure 5.7 Steady-state GIUN2A(F553Y) currents in cell-attached patches

A, steady-state recording of a patch with a single GIuN1/GIuN2A(F553Y)
channel displayed on two different time scales (V... = +80 mV, digitized at 40
kHz, filtered at 8 kHz). The box highlights the region shown in detail in the bottom
trace. The open time histogram (B) and shut duration histogram (D) for this patch
are shown. The solid lines are probability density functions calculated from the
rate constants of Scheme 1 obtained by maximum likelihood estimation. The open

times were stable throughout this recording (C).
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Figure 5.8 GIuUN2A(A555P) single-channel activity

A, representative single-channel traces (36 s, shown filtered at 8 kHz with
openings upward; V... = +80 mV) recorded with saturating concentrations of
glutamate and glycine. The boxed region (120 ms) is shown in the bottom trace.
B, D Histograms of open and closed durations for the record shown in A
superimposed with the probability density functions (solid lines) estimated from fits
of Scheme 1 to the idealized data. C, Mean open durations are shown for each

second of active time.
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open probability (Table 5.1). The most dramatic changes in single channel properties
occurred with GIuN2A(F549A). Single-channel openings of this receptor were very brief,
roughly one-third as long as openings of wild type GIUN2A, and were separated by
exceptionally prolonged durations in non-conducting states (Table 5.1). In addition, it is
noteworthy that mutation of Phe553 to homologous residue in GIuN2D, tyrosine, did not
change the overall open probability while mutation of this residue to alanine dramatically
reduced open probability, suggesting that hydrophobic and/or aromatic properties of the
side chain at residue 553 are important for gating.

We hypothesized that some of the differences in gating between GIUN2A and
GIluN2D might result from divergent residues between these two subunits in the pre-M1
region. GIUN2A Ala555 was a particularly intriguing residue in this context because the
homologous residue in GIuN2D is a proline, which has exceptional conformational
rigidity and could uniquely contribute to the secondary structure of the pre-M1 region of
GIluN2D. However, the overall open probability, mean open time, and mean shut time of
GIuN2A(A555P) did not differ from GIuN2A (Table 5.1), suggesting that the amino acid

in this position is not an essential structural determinant of channel gating.

Gating Impairments in the GIUN2 pre-M1 Region Disrupt the Slow Gating Isomerization
of NMDA Receptors

To examine in more detail the effects of pre-M1 mutations and define the specific
kinetically distinct conformational transitions in the NMDA receptor gating mechanism
affected by the pre-M1 region we fit a previously described model of NMDA receptor
activation (Scheme 1) (Banke and Traynelis, 2003; Erreger et al., 2005; Schorge et al.,
2005) to the idealized sequence of openings and closings in bursts of activity in single-
channel records using maximum likelihood estimation of the rate constants.

Conceptually, Scheme 1 postulates that two independent conformational changes must
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Table 5.1 Overall single-channel properties of GIUN2 pre-M1 mutants

n Events Overall P, Overall MOT (ms) Overall MST (ms)

GIuN2A 6 311314 0.09+0.03 1.49+0.11 29+12
2A(F549A) 3 546  0.00030 + 0.00006* 0.53 £0.07* 1650 + 180*
2A(L550A) 7 7126 0.0012 + 0.0004* 0.66 £ 0.05* 900 + 300*
2A(E551A) 3 307463 0.26 £ 0.07* 1.30+0.11 42+11
2A(P552A) 7 18899 0.011 £ 0.003* 1.25+0.06 160 + 40
2A(F553Y) 3 67738 0.03 £0.02 1.38+0.09 70+ 30
2A(F553A) 3 4448 0.0012 + 0.0003* 0.199 + 0.003* 180 + 40
2A(A555P) 3 82659 0.05 £ 0.04 1.67 £ 0.05 100 + 50

* indicates p<0.05 vs. GIUN2A (one-way ANOVA with Dunnett’s post-test)
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occur before the channel can open. The two transitions are distinguished kinetically
based on the microscopic rate constants, with one relatively fast transition, f, and one
slow transition, s. Moreover, the conformational changes can occur in either order. At
least two lines of evidence support the notion that the faster rate reflects GluN1-specific
conformational changes and the slower rate reflects GluN2-specific transitions. First,
partial agonists at the glycine binding site only affected a fast component of the shut time
distribution, while glutamate site partial agonists only affected the slow component of the
shut time distribution (Banke and Traynelis, 2003). Second, only the rate constant for
the slow transition differed between GIUN2A and GIuN2B receptors (Erreger et al.,
2005). Scheme 1 additionally contains two coupled open states that account for the two
components in the open time distribution of wild type GIuN1/GIuN2A channels (Popescu
and Auerbach, 2003; Auerbach and Zhou, 2005; Schorge et al., 2005; Erreger and
Traynelis, 2008).

Open times for all mutants except 2A(F553A) and 2A(E551A) appeared to be
mixtures of two exponential components (Figure 5.9). By contrast, only a single
exponential component was observed for open times of 2A(E551A) and 2A(F553A),
leading to significant differences in the relative areas (Figure 5.9B). Table 5.3 gives the
values (in ms) and relative areas of each open time component as estimated from
maximum likelihood fitting of Scheme 1 to idealized dwell times from clusters of single
channel activity. The mean open times of 2A(L550A) and 2A(F553A) were significantly
shorter than for GIuN2A (Table 5.2), whereas mean open times for other pre-M1 mutants
were similar to GIuN2A.

The distribution of shut times from clusters of single-channel openings were fit
reasonably well by Scheme 1. Compared to wild type GIUN2A, there were no changes
in any shut time component or the relative proportions from single-channel currents of

2A(P552A), 2A(F553Y), or 2A(A555P). Conversely, shut times for 2A(L550A) and
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Figure 5.9 Leu550 and Phe553 of GIUN2A contribute to stability of the open state

A, Mean (x SEM) fold change in the two open time components as calculated

from maximum likelihood estimation of the rate constants in Scheme 1 using idealized

dwell times from clusters of single channel activity. For GIuN2A, the short duration

component, t,, was 0.058 + 0.018 ms and the long duration component, t,, was 1.51

1+ 0.13 ms. B, The effect of pre-M1 mutation on mean (+ SEM) relative areas of each

open time component is summarized. For 2A(E551A) and 2A(F553A), only a single

component was detected. For 2A(E551A), the open durations were similar to t, for

GIluN2A whereas for 2A(F553A), open durations were similar to t, of GIuN2A.
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Table 5.2 Single-channel properties of bursts of activity from GIUN2 pre-M1 mutants

Events Burst P, Burst MOT (ms) Burst MST (ms)

GIuN2A
2A(L550A)
2A(E551A)
2A(P552A)
2A(F553Y)
2A(F553A)
2A(A555P)

w W W N W N o] o

315130 0.342 +0.008 1.52+0.11 29+0.2
6519 0.033+0.006*  0.66 +0.05* 22+ 3*
307463 0.38+0.04 1.33+0.13 2.3+0.3
17623 0.34+0.02 1.29 £ 0.06 2.51+0.16
67723 0.23 £ 0.02* 1.35+0.15 4.58 +0.07
3484  0.020 +0.005* 0.211 +0.007* 12 £ 3*
74905 0.39+£0.06 1.73+0.10 28+05

Clusters of activity were not analyzed for 2A(F549A) receptors because there was not a clear

desensitized state that could be excluded based on a critical shut time, tcrit.

* indicates p<0.05 vs. GIUN2A (one-way ANOVA with Dunnett’s post-test)
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2A(F553A) were significantly prolonged. The briefest shut time component, which often
reflects the opening rate of terminal steps in the gating mechanism as receptors close
briefly then reopen, was not detectable in 2A(L550A) receptors; in contrast, the longest
shut time was increased 6.5 fold (Figure 5.10A and Table 5.3). For 2A(F553A)
receptors, the two longest shut times were each prolonged about 3 fold and the longest
shut times comprised a larger proportion of openings (Figure 5.10).

2A(E551A) receptors had interesting patterns of activation. Compared to wild
type GIUN2A, they displayed a substantial decrease in the number of desensitized
periods as demonstrated by the elevated overall Pqoyen (Table 5.1) and the smaller
increase in Popen When excluding desensitized periods (Table 5.2). However, the briefest
shut time component was prolonged while its proportion was increased (Figure 5.10).
Hence, the burst Pqpen Was not decreased even though one of the shut times was
increased because there was a decrease in the proportion of longer duration closings.

Table 5.3 compares the rate constants of the NMDA receptor gating mechanism
in Scheme 1 for the GIuN2 pre-M1 mutants. Rate constants for both the fast and slow
transitions were affected by pre-M1 mutants. By contrast, rate constants governing the
transition between open states were unaffected by pre-M1 mutants. Figure 5.11 shows
free energy plots of the two activation routes from the initial closed state, Ci, to the open
state, O1, and the transition between open states, O1—0O,. In Figure 5.11A, the fast
conformational change occurs first whereas for Figure 5.11B the slow conformational
change occurring first. Except for 2A(E551A), all pre-M1 mutations increased the
energy barrier for both the slow and fast gating transitions without much effect on the
transition between open states. By contrast, 2A(E551A) lowered the energy barrier for
the slow gating transition (C.—0O, and C;—Cs3) and caused the overall energy change
from C; to O to be downhill, consistent with the increased burst open probability of

2A(E551A).
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Figure 5.10 Mutations in the pre-M1 region alter the distribution of channel
shut times.

A, Fold changes relative to wild type GIUN1/GIuN2A in the three components
of the closed time distributions as determined by MIL fitting of idealized single-
channel data. See Table 5.2 for the values of each component. B, Relative areas of

the closed time components. Data are mean + SEM.
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Table 5.3 Rates predicted by maximum likelihood fitting of Scheme 1 to idealized data

kf+ (s1) kf- (s1) ks+ (s ks- (s1) ko+ (s ko- (s1)

GIuN2A 15000 £ 9000 38000 + 14000 420+30 1200+200 8200+1700 1090 +40
2A(L550A) 7300+ 1000 60000 + 5000 103+£9* 1700+200 11000 +2000 2250 + 140
2A(E551A) 2300 = 200 510 + 80* 1000 £700 410 +20* — —
2A(P552A) 5100 = 900 17000 + 8000 440 £40 1240 +130 12000 £ 3000 2200 <500
2A(F553Y) 9000 +£3000 28000 + 8000 390 +£30 2800 +400* 9000+ 700 1040+ 150
2A(F553A) 600 £ 100* 7940+ 70 260 + 30 600 + 200 — —
2A(A555P) 5000 £2000 27000 +13000 400+110 650+140 10000 +2000 1100+ 200

* indicates p<0.05 vs. GIUN2A (one-way ANOVA)
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Table 5.4 Open dwell times predicted by fitting of Scheme 1 to idealized data

To1 (MS) To2 (MS) Areao; (%)  Areaos (%)

GIuN2A 0.058 + 0.018 151 +0.13 18+2 822
2A(L550A) 0.019 + 0.003 0.58 £ 0.04* 14+3 86+3
2A(E551A) — 1.19+0.12 — 100*
2A(P552A) 0.052 +0.015 1.25 +0.07 12+3 88+3
2A(F553Y) 0.035 + 0.006 1.5+0.2 26 +4 74+4
2A(F553A)  0.120 + 0.002* — 100* —
2A(A555P) 0.05 +0.02 1.66 + 0.04 13+5 875

* indicates p<0.05 vs. GIUN2A (one-way ANOVA)
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Table 5.5 Shut dwell times predicted by fitting of Scheme 1 to idealized data

Tc1 (Ms) Tc2 (Ms) Tcs (Ms) Areac1(%)  Areacs (%) Areacs (%)

GIuN2A 0.041 +0.014 0.32+0.05 43+£04 0.07+£0.04 416+14 583+14
2A(L550A) — 0.34+£0.04 26 + 2* — 334 67+3

2A(E551A) 0.27+0.04* 0.41+0.03 3.1+0.3 8+ 2* 31+3 609+1.2

2A(P552A) 0.10+£0.03 0.28 £0.03 35+0.3 19+13 38+3 59.6+1.8

2A(F553Y) 0.034+0.014 0.16+0.03 538+0.07 0.03+0.03 29.7+19 70.3%19
2A(F553A) 0.113+0.002 0.9+0.2* 11.0+18* 0.10+0.04 26 + 6* 74 + 6*
2A(A555P) 0.07 £0.05 0.46 +0.08 4.3+0.9 02+0.2 49+4 51+3

* indicates p<0.05 vs. GIUN2A (one-way ANOVA)
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Figure 5.11 Effects of pre-M1 mutations on NMDA rececptor gating mechanism

Free energy landscapes of the GIuN1/GIuN2A gating mechanism with respect
to C,. Two pathways can lead from state C, to state O,. In the first pathway, the fast
gating step associated with GIuN1 occurs first (A). The slow gating step occurs first
in the second pathway (B). The relative free energy landscape of the transition

between open states is shown, aligned to the first open state, O,.
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Discussion

The conformational transitions that underlie coupling of agonist binding to pore
opening in ligand-gated ion channels are fundamental to their physiological roles in
synaptic signaling. Structural studies of isolated agonist-binding domains (ABDs) of
NMDA receptors have revealed much information about some of the conformational
changes that occur upon agonist binding (Inanobe et al., 2005; Furukawa et al., 2005;
Vance et al., 2011; Hansen et al., 2013), but how these changes are transduced into
opening of the ion channel pore remains an open question. We have sought to address
this question by exploring the importance of the pre-M1 region to NMDA receptor gating.
This region, together with the M3-S2 and S2-M4 linkers, connects the ABD to the
channel pore. Using single-channel recordings of GIuUN1/GIuUN2A receptors we have
shown that point mutations at several residues in the GIuN2 pre-M1 region lead to
reduced channel activation due to increased energetic barriers for both the slow and fast
gating transition as well as increased durations of desensitized states. Additionally, one
mutation, 2A(E551A), increased receptor activation by lowering the energy barrier of the
slow, GIuN2-specific transition rate as well as the energy of the open state.

The pre-M1 region of GIUN2A has previously been implicated in desensitization
of NMDA receptors (Thomas et al., 2006). Our work supports these findings because
the equilibrium open probability of several pre-M1 mutants was significantly lower than
the Peq for wild type GIUN2A, but excluding the longest-lived shut state, which is
commonly referred to as the desensitized state, eliminated differences in open
probability (compare overall Popen from Table 5.1 to the burst Popen in Table 5.2). In
addition, we extend the role of the pre-M1 region to contributing to pre-open gating
transitions. Although the phenomenon of desensitization in NMDA receptors is complex
and not as well understood as for AMPA receptors, it is generally thought that NMDA

receptor desensitization is similar to AMPA receptor desensitization, in which the ABD
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dimer interface breaks down leading to a relaxation of the lower lobe of the ABD to a
more apo-like position. It is therefore plausible that residues in the pre-M1 region of
NMDA receptors, which is located between the lower lobe of the ABD and the ion
channel pore, make interactions (or structurally position the M1 helix to make
interactions) that are important for transitions to the desensitized state.

Interestingly, the role of pre-M1 region in channel gating seems to differ from that
of the M3-S2 and S2-M4 linkers. Whereas pre-M1 mutations mainly affected the early
gating transitions but not the O;—O; transition, a previous study found that constraining
the M3-S2 and S2-M4 linkers with engineered intrasubunit disulfide bonds dramatically
impaired entry into the long-lived open state, but largely did not affect early gating
transitions, e.g. C;—C; (Talukder and Wollmuth, 2011). Moreover, constraints in the
linkers of both GIuN1 and GIuN2 seemed to impair receptor gating to the same extent
(Talukder and Wollmuth, 2011). Whether the pre-M1 regions of GIuN1 and GIuN2 also
contribute equally to receptor gating is an open question that will require future studies to
address.

In the crystal structure of a membrane-spanning tetrameric GIuA2 AMPA
receptor, the pre-M1 region formed a short “cuff’ helix perpendicular to the membrane
and immediately adjacent to the it on the extracellular side (Sobolevsky et al., 2009).
The four pre-M1 helices, one from each subunit, were directly flanking the central M3
helices and associated M3-S2 linkers, which are thought to be central gating elements in
NMDA receptors (Kohda et al., 2000; Jones et al., 2002; Yuan et al., 2005; Chang and
Kuo, 2008). Although the secondary structure of the pre-M1 region of NMDA receptors
remains unknown, it is worth noting that the two residues at which mutations most
dramatically impacted open probability, Leu550 and Phe553, are roughly one helical turn

apart, consistent with the predicted alpha-helical secondary structure.
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Although structural data of the pore-forming region of NMDA receptors are
lacking, much information about NMDA receptor structure and function has been inferred
from the sequence and structural homology between glutamate receptor ion channels
and K* channels (Wo and Oswald, 1995; Wood et al., 1995; Kuner et al., 2003;
Sobolevsky et al., 2003, 2009). In the context of gating, two observations between K*
channels and NMDA receptors are worth noting. First, NMDA receptors lack a glycine in
the critical M3 gate helix, which was a critical structural element for K+ channel gating
(Doyle et al., 1998; Jiang et al., 2002a, 2002b). Second, the space occupied by the pre-
M1 helix in the GIuA2 membrane-spanning structure overlaps with the critical S4
voltage-sensing helix in KvAP voltage-dependent K* channels (Jiang et al., 2003) when
the pore regions are aligned. Similarly, the pre-ML1 region also overlaps with two gate-
forming inner helices, which may underlie mechanosensitivity, in a human TRAAK
channel (Brohawn et al., 2012). Although there are clearly differences between K*
channels and glutamate receptor ion channels, the observation that critical gating
elements in other ion channels occupy a space similar to that of the pre-M1 helix in
GIluA2 AMPA receptors suggests this region of the receptor could play an important
regulatory role in glutamate receptor gating.

Some studies have described distinct “modes” of GIuN1/GIuN2A receptor gating,
characterized by shifts in the mean open times and open probability occurring on the
order of seconds (Popescu and Auerbach, 2003; Popescu et al., 2004; Zhang et al.,
2008; Kussius and Popescu, 2009; Talukder and Wollmuth, 2011), however several
other studies have not observed such shifts in GIuUN1/GIuN2A mean open times (Erreger
et al., 2005; Auerbach and Zhou, 2005; Schorge et al., 2005; Yuan et al., 2009). To test
for modal gating in our recordings, we concatenated all isolated bursts into a continuous
“active time” record, and divided this active time record into 1 second segments to

calculate the mean open time, mean shut time, and open probability for each segment.
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In our experiments, we never observed shifts in the mean open time characteristic of
“modal gating” of NMDA receptors (see Figure 5.3C) even in recordings lasting longer
than 1 hour. Similarly, we did not observe modal gating in any of the pre-M1 mutants.
Modal gating has previously been attributed to intracellular binding of proteins
and second messengers (Popescu and Auerbach, 2003), Zn?* (Schorge et al., 2005),
and transfection system (Auerbach and Zhou, 2005). One possibility that may explain
why modal gating was not observed in these studies is that there are differences in the
sequences of the recombinant GIUN2A subunits used in these experiments and those in
which modal gating was reported. In particular GIuUN2A Thr758 used here is a serine in
the subunits used by others. This threonine residue is situated at the ABD dimer
interface (Site Ill from Furukawa et al., 2005), which has been shown to impact NMDA
receptor properties (Furukawa et al., 2005; Gielen et al., 2008; Borschel et al., 2011;
Hansen et al., 2012). Additionally, GIuN2A Phe246 used here is a leucine in other
studies. This residue is located in the ATD and seems to be located on a solvent-
exposed loop (Karakas et al., 2009), although the functional importance of this residue
has not been explored. Moreover, depending on the quaternary arrangement of NMDA
receptor ATDs, this residue could be located at an interface between ATD dimers.
Future studies are necessary to determine the effect of these two sequence differences

on NMDA receptor gating.
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Chapter 6: Discussion

The findings presented in this dissertation broadly advance our understanding of
allosteric regulation of ion channel function by small molecules. The studies here
focused on regulation of the NMDA receptor because it is a critical signaling protein in
the brain, important for numerous CNS functions including learning, memory, synapse
formation and development, and has been implicated in myriad neurological and
psychiatric disorders. The results will likely have implications for the other members of
the glutamate receptor ion channel family, and the new mechanisms of allosteric
regulation | defined could transfer to other ligand-gated ion channels. My work sheds
significant light on allosteric modulators for which no mechanisms of action were
understood: a new hon-competitive NMDA receptor antagonist and an emerging class of
NMDA receptor potentiators. The structural and functional detail of NMDA receptor
allosteric regulation that emerged from these studies will most likely carry over to future
drugs acting with the same mechanism and together with emerging NMDA receptor
crystal structures could allow for rational design of modulators targeting these sites.

Together, these findings embellish the sophisticated mechanisms by which
NMDA receptors can be modulated. Although all of the modulators described in this
work are exogenous, the possibility exists that endogenous molecules or yet unidentified
interacting partners of NMDA receptors also utilize the mechanisms described here.
Further, understanding the modulatory sites on the receptor and how molecules interact
with the receptor should allow development of therapeutic agents with improved clinical

properties and could allow design of subunit-selective modulators

TCN-201: a new non-competitive GIuN2A-selective antagonist
| report that TCN-201 is the first antagonist discovered with over 100-fold

selectivity for GIuUN2A-containing NMDA receptors versus GIuN2B-, GIuN2C-, or
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GluN2D-containing receptors. My work demonstrates that TCN-201 inhibits NMDA
receptors in an allosteric mechanism by decreasing the affinity of the receptor for the
glycine-site agonist. Further, | show that TCN-201 likely binds to a new modulatory site

on NMDA receptors located at the GIuUN1/GIluN2 ABD dimer interface.

GIuN2A-Selective Antagonism

The discovery of multiple subunits comprising NMDA receptor subtypes in the
early 1990s shed light upon the vast molecular and functional diversity that NMDA
receptors possess (Moriyoshi et al., 1991; Monyer et al., 1992; Ishii et al., 1993). These
findings set the stage for each brain region, neuron type, and synapse in the CNS to
express their own repertoire of NMDA receptor subtypes, with varying biophysical
properties that could allow each subtype to fulfill diverse roles in CNS physiology (Cull-
Candy and Leszkiewicz, 2004; Wyllie et al., 2013; Paoletti et al., 2013). In a similar
manner, this diversity could also give rise to particular subtypes being dysfunctional in
specific diseases, which would allow therapeutic agents targeting individual NMDA
receptor subtypes to restore normal function while avoiding side effects caused by
modulating all NMDA receptor subtypes. Elucidation of the mechanism and site of
action of TCN-201 should aid in achieving this goal.

There is considerable interest in deciphering which NMDA receptor subunits are
involved in excitatory synaptic transmission, neuronal development, and other central
nervous system processes (see, for example, Liu et al., 2004; Weitlauf et al., 2005;
Bartlett et al., 2007; Gray et al., 2011; Delaney et al., 2012; Volianskis et al., 2012) as
individual NMDA receptors subtypes vary considerably in biophysical and
pharmacological properties (Monyer et al., 1992; Vicini et al., 1998; Erreger et al., 2007;
Yuan et al., 2009) as well as spatiotemporal CNS expression (Monyer et al., 1994;

Sheng et al., 1994; Akazawa et al., 1994). Moreover, the subunit combinations are



166

plastic (Philpot et al., 2001; Bellone and Nicoll, 2007; Matta et al., 2011; Hunt and
Castillo, 2012), changing with development and experience. Indeed, NMDA receptor
plasticity at mature synapses may shape NMDA receptor function in physiology and
disease (Kwon and Castillo, 2008; Rebola et al., 2008, 2011; Hunt et al., 2013).

Perhaps the two most important tools available to neuroscientists to demonstrate
unique roles of each NMDA receptor subtype are 1) genetic manipulations to
knockdown, knockout, or overexpression specific subunits with cellular and temporal
precision in whole animals and isolated tissue, and 2) specific pharmacological tools with
sufficient selectivity to rapidly and reversibly modulate individual NMDA receptor
subtypes. Since the introduction of Cre-Lox technology to neuroscience by Tonegawa’s
group in 1996 (Tsien et al., 1996a, 1996b), genetic manipulation of NMDA receptors has
continued to improve in the cellular and temporal precision, with recent studies reporting
ablation of GIuN1 subunits only in interneurons of adolescent mice (Belforte et al., 2010;
Korotkova et al., 2010). Unfortunately pharmacological tools with greater than 100-fold
selectivity for any NMDA receptor subunit have only been available for the GIuN2B
subunit. Consequently, many studies have been able to draw strong conclusions about
the role of this subunit in CNS physiology and disease. Meanwhile, understanding of the
roles of GIuUN2A, 2C, 2D, and GIuN3 in CNS function has lagged behind GIuN2B, in part
because of the lack of selective pharmacological tools.

Due to the prominent and widespread expression of GIUN2A, along with GIUN2B,
the adult forebrain, GIuN2A-selective antagonists have long been sought after to dissect
the role of this subunit in normal brain physiology and neurological and psychiatric
disorders. While highly-selective GIuN2B antagonists have been known since 1993, no
antagonists that block GIuN2A versus GIuN2B with more than 5-fold selectivity were
reported until NVP-AAMO77 (Auberson et al., 2002; Liu et al., 2004). This competitive

antagonist was initially reported to be >100 fold selective for GIUN2A over GIuN2B



167

receptors. However, those estimates did not account for the agonist concentration used
to activate the receptor. Subsequently, detailed analysis of NVP-AAMO77 antagonism at
GIluN2A and GIuN2B receptors using Schild analysis revealed that the K; at GIuN2A and
GIuN2B varied less than 5-fold (Frizelle et al., 2006). The competitive nature of NVP
antagonism together with the 5-fold difference in affinity between GIuUN2A and GIluN2B
means that there is no concentration of NVP-AAMO77 that can be used to inhibit
synaptic GIuN2A receptors without also substantially inhibiting synaptic GIuN2B
receptors (Frizelle et al., 2006). It is interesting to note that D-AP7, an analog of the
widely used NMDA receptor antagonist D-APS5, is actually more selective for GIUN2A
over GIuN2B than NVP, having K; values varying about 8 fold between the two receptors
(Table 1.1).

In contrast to NVP-AAMO77, my work in chapter 3 shows that TCN-201 displays
no measurable inhibition on GIUN2B receptors up to its solubility limit, rendering TCN-
201 completely selective for GIuN2A over not only GIuN2B but also GluN2C and
GIuN2D receptors. Furthermore, my work shows that TCN-201 inhibits NMDA receptors
in an allosteric mechanism by decreasing the affinity of the receptors for the GIuN1 co-
agonist (e.g. glycine or D-serine). Concomitantly, binding of the GIUN1 co-agonist
decreases the affinity of the receptor for glycine. This mechanism of TCN-201 inhibition
creates an important caveat: the degree of inhibition is dependent on the concentration
of GIuN1 co-agonist. Hence, while TCN-201 will not inhibit GIuN2B, even at low glycine
concentrations, its inhibition of GIUN2A receptors may be less than maximal at higher
glycine concentrations. Despite this important caveat to TCN-201 inhibition, TCN-201
will most likely prove useful for inhibiting synaptic GIuUN2A receptors because glycine
concentrations in the synapse appear to be subsaturating at NMDA receptors (Berger et
al., 1998; Kalbaugh et al., 2009; Rosenberg et al., 2013 and see “NMDA Receptor

Function” section in Introduction).
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TCN-201 Site of Action — ABD Dimer Interface

TCN-201 clearly does not act at the GIuN2 ATD because it inhibited receptors
lacking the GIuUN2 ATD. As the only highly subunit-selective antagonists known to date
(ifenprodil and related GIuN2B-selective antagonists) act at the ATD (Perin-Dureau et
al., 2002; Karakas et al., 2011; Burger et al., 2012), this finding suggests that TCN-201
represents a class of modulators acting at a new site that could have rich pharmacology
and allow development of potent and selective inhibitors of GIUN2A. However, it is
possible that TCN-201 binds to the ATD of GIuN1. | could not rule this out as a
possibility because receptors lacking the ATD of both GIuN1 and GIuN2 are difficult to
express in heterologous expression systems due to the fact that the ATD serves as a
key interacting domain for assembly of intact, functional receptors (Mayer, 2011b;
Herguedas et al., 2013) and formation of ATD dimers is a critical checkpoint for
assembly (Meddows et al., 2001; Papadakis et al., 2004; Qiu et al., 2005; Farina et al.,
2011).

Nonetheless, the chimeric and mutant data from Chapter 3 suggest that TCN
binds to a previously unrecognized modulatory site on the NMDA receptor: the ABD
dimer interface. In particular, TCN-201 sensitivity could be transferred to both GIuN2B
and GIuN2D by introducing a single point mutation, GIuN2B(F784V) and
GIluN2D(L808V), that converted divergent residues to the homologous residue in
GIuN2A, Val783. Additionally, residues that controlled TCN-201 inhibition on both
GIluN1 and GIuN2A resided in the ABD dimer interface.

The ABD dimer interface was first recognized as a critical subunit interface in
GluA2 AMPA receptors from crystallographic studies of isolated ABD dimers (Sun et al.,
2002). In those studies, mutations that prevented desensitization of the receptor were
found to stabilize formation of ABD dimers and were located in the dimer interface in

crystal structures. Additionally, positive AMPA receptor modulators, such as
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cyclothiazide, that block desensitization were also found to stabilize dimer formation.
Moreover, crystal structures revealed a binding site for these modulators in the dimer
interface. A mechanism of activation was therefore proposed in which the ABD closes
and traps the agonist in the cleft between the upper and lower lobes. Upon activation,
the stability of the dimer interface allows the conformational strain caused by domain
closure to then transfer to the ion channel gate, opening the pore. On desensitization,
however, the dimer interface rearranges, which decouples domain closure from the
channel gate. Because the energy barrier for activation is lower than that for
desensitization, the ion channel opens faster than it desensitizes.

Subsequently, other positive AMPA receptor modulators were shown to act at the
ABD dimer interface (Jin et al., 2005; Ahmed and Oswald, 2010) and desensitization of
GluK1, GluK2, and GluK3 kainate receptors also involves rearrangement of the dimer
interface (Weston et al., 2006; Nayeem et al., 2009). Furthermore, the ABD dimer
interface of kainate receptors and GluD2 receptors, as in AMPA receptors, is a site for
allosteric modulation. In GluK1 and GluK2, binding of sodium and chloride ions at
discrete sites in the dimer interface are required to maintain kainate receptors in an
active conformation by stabilizing the ABD dimer (Plested et al., 2008). Similarly, in
GluD2 receptors, Ca?* binding stabilized the ABD dimer interface (Hansen et al., 2009).

My finding that TCN-201 acts at the GIuN1-GluN2 ABD dimer interface is the first
to demonstrate a site for allosteric modulators at the ABD dimer interface of NMDA
receptors. This is in agreement with studies suggesting the NMDA receptor ABD dimer
interface couples allosteric modulation by ATD ligands to the channel gate (Gielen et al.,
2008). In those studies, several mutations that purportedly disrupt atomic contacts
between ABD dimers were shown to increase sensitivity of the receptor to allosteric
antagonists that bind the ATD, such as Zn?*. Because of the importance of the ABD

dimer interface for allosteric modulation, my experiments showing affinity, and not simply
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efficacy, of TCN-201 decreased at GIUN2A(V783L) were particularly important to show

that TCN-201 directly interacts with the ABD dimer interface.

Effects of TCN-201 on Triheteromeric NMDA Receptors

Many, if not all, neuronal NMDA receptors are thought to be triheteromeric
complexes composed of GIuN1 and two different GIuN2 subunits, or possibly a GluN2
and a GIuN3 subunit (Henson et al., 2010; Rauner and Kéhr, 2011; Gray et al., 2011;
Delaney et al., 2012; Tovar et al., 2013) . Therefore, it is important to know how
modulators acting on NMDA receptors will affect the function of triheteromeric receptors.

Will TCN-201 inhibit triheteromeric receptors? Antagonists such as Zn?* and
ifenpradil inhibit triheteromeric receptors with similar potency as diheteromeric receptors,
albeit with reduced efficacy (Hatton and Paoletti, 2005), so it is possible that TCN-201
could inhibit triheteromeric receptors. However, the mechanisms by which Zn?* and
ifenprodil inhibit the receptor are quite different from the mechanism of TCN-201. Zn?*
and ifenprodil also act at the ATD, a site distinct from that of TCN-201. Yet, if the
binding site for TCN-201 is at the ABD dimer interface as suggested by experiments
from Chapter 4, then its binding site will be present in a triheteromeric NMDA receptor
because the ABDs are locally arranged as a pair of GIuUN1/GIuUN2 dimers (Sobolevsky et
al., 2009; Salussolia et al., 2011b; Riou et al., 2012). Therefore it is likely that TCN-201
will inhibit triheteromeric receptors with similar potency. Whether binding of TCN-201 to
one ABD dimer could influence the conformation (and therefore the glycine affinity) of
the other ABD dimer is unclear and could affect TCN-201 potency or the extent to which
glycine potency is shifted by TCN-201.

With what efficacy might TCN-201 inhibit triheteromeric receptors? If NMDA
receptors require fully occupied binding sites at all four subunits (two glycines on the two

GIluN1 subunits, and two glutamates on the two GIuN2 subunits) as proposed
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(Benveniste and Mayer, 1991; Clements and Westbrook, 1991; Schorge et al., 2005),
then reducing the affinity of glycine for only one subunit should be just as efficacious as
reducing it at both GIuN1 subunits, because there is little cooperativity between glycine
binding sites, as suggested by the Hill slope of glycine concentration response curve of
1.2 (Chen et al., 2008b) and as explicitly modeled in NMDA receptor activation

mechanisms (Schorge et al., 2005).

Does TCN-201 Change the Gating Equilibrium?

Although Chapter 4 demonstrates that TCN-201 can shift the potency of glycine
at GIuN1/GIuN2A receptors, TCN-201 could additionally change the efficiency of gating.
However, the observation that 300 uM glycine completely eliminated any TCN-201
inhibition (see Figure 4.1C) strongly suggests that TCN-201 did not change the gating
efficiency; if it did, then some degree of TCN-201 inhibition would still be observed, even
at very high glycine concentrations. Nonetheless, one way to test this directly is by
recording single-channel currents in the presence of TCN-201. It would be difficult to
determine in a strictly quantitative manner the effect of TCN-201 on the gating
equilibrium, however, because the solubility limit of TCN-201 (~18 uM) prevents
saturation of the shift in glycine potency, a key feature of allosteric antagonists that
would occur at >200 uM TCN-201. Thus, it could not be assumed that TCN-201 is
always bound to a receptor during such experiments. Still, the simple allosteric
mechanism from Figure 4.9 would suggest that with 10 uM TCN-201 and 3 uM glycine
about 85% of the openings would be with TCN-201 bound, so it might be possible to get

a qualitative answer to whether TCN-201 changes the gating equilibrium.

Clinical Utility of a GIuN2A-Selective Antagonist
In general, overactivation of NMDA receptors has been implicated in neuronal

loss that occurs in diseases with either acutely elevated glutamate, such as stroke and
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traumatic brain injury, or chronically elevated glutamate, such as degenerative disorders
(Muir, 2006). The mechanism proposed for all these cases is that overactivation of
NMDA receptors allows excessive entry of Ca?* into the neuron, triggering excitotoxicity.
Many general NMDA receptor antagonists, which are not selective for a particular
subtype, have been neuroprotective in preclinical animal models and pursued in clinical
trials (Gladstone et al., 2002; Muir, 2006; Kalia et al., 2008). Investigations of the NMDA
receptor subtype or subtypes that might underlie neuronal loss in these diseases have
largely focused on GIuN2B-containing NMDA receptors, in large part because of the
availability of highly-selective GIuN2B antagonists. These studies have revealed
significant neuroprotective effects of GIuN2B-specific antagonists (for review see Mony
et al., 2009). By contrast, activation of GIUN2A-containing receptors has been shown to
promote survival of neurons (Liu et al., 2007; Chen et al., 2008a), although the pro-
survival role of GIUN2A remains contested (Martel et al., 2012). Some of the ambiguity
of these studies undoubtedly stems from the use of NVP-AAMO77 in attempts to
selectively-block GIUN2A receptors. Because NVP-AAMOQ77 is, in fact, rather non-
selective, a questions arises whether some of the effects observed with NVP treatment
are due to off-target effects. In contrast to NVP-AAMO77, TCN-201 is completely
selective for GIUN2A receptors across the glutamate receptor ion channel family.

Hence, TCN-201 or future related GluN2A-selective antagonists will surely help to clarify
how GIuN2A-containing receptors contribute to these disease states.

In animal models of Parkinson’s disease, overactivation of glutamate projections
to the striatum and basal ganglia occurs upon loss of nigral dopaminergic neurons
(Sgambato-Faure and Cenci, 2012) and upregulation of synaptic GIUN2A receptors in
the striatum occurs (Hallett et al., 2005). Further, disrupting GIuUN2A synaptic
localization concomitant with L-DOPA treatment decreased the percentage of

parkinsonian rats that developed dyskinesias (Gardoni et al., 2012). Given that non-
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selective NMDA receptor antagonists showed anti-parkinsonian effects (Hallett and
Standaert, 2004) further studies with GluN2A-selective antagonists such as TCN-201
seem warranted.

Alteration of NMDA receptor signaling has also been implicated in mood
disorders such as anxiety and depression (Paul and Skolnick, 2003; Sanacora et al.,
2012; Riaza Bermudo-Soriano et al., 2012). GIuN2A knock-out mice showed decreased
anxiety-related phenotypes and antidepressant-like profiles in multiple behavioral
paradigms (Boyce-Rustay and Holmes, 2006). The effects of GIUN2A knock-out
appeared to be somewhat specific to emotional behaviors because no deficits in
locomotion, sensory reflexes, or prepulse inhibition were observed. However, intra-
amygdala infusions of NVP-AAMO77 suggested that GIUN2A was more broadly involved
in amygdalar synaptic transmission and not necessarily in fear-specific synaptic plasticity
(Walker and Davis, 2008). Yet, GIUN2A could participate in synaptic plasticity in the
lateral amygdala depending on the pattern of synaptic activation (Mdiller et al., 2009).
Hence, GIuN2A-selective antagonists may prove useful for treating some anxiety-related
disorders, depending on what circuits are dysregulated in the specific disorder.

A strong theoretical framework exists for NMDA receptors in neuronal circuits
important in chronic pain. Chronic pain, either inflammatory or neuropathic, involves
neuronal plasticity at one or several sites within the pain transmission pathway that leads
to hypersensitivity in nociceptive systems (Woolf and Salter, 2000). As NMDA receptors
are critical for induction and expression of synaptic plasticity throughout the brain, it is
not surprising that they play similar roles in the spinal cord. NMDA receptors are
expressed in the spinal cord (in fact some of the earliest studies demonstrating the
existence of NMDA receptors utilized spinal cords neurons (Evans et al., 1978b, 1982;
Mayer et al., 1984)), and, importantly, are localized to synapses (Nagy et al., 2004).

Interest in NMDA receptor antagonists for the relief of chronic pain was first generated
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when ketamine and AP5 were shown to inhibit the hyperexcitability of spinal cord
nociceptive neurons caused by excessive stimulation of C fibres in the late 1980s
(Dickenson and Sullivan, 1987; Davies and Lodge, 1987). Subsequently, GIuUN2B-
selective antagonists received considerable attention as efficacious antinociceptive
agents (Chizh et al., 2001; Petrenko et al., 2003; Wu and Zhuo, 2009).

In addition to GIuN2B, inhibition of other NMDA receptor subtypes may also have
analgesic properties. Deletion of GIuN1 in the spinal cord reduced formalin-induced pain
without altering heat or cold paw-withdrawal latencies, suggesting NMDA receptors are
important specifically for injury-induced pain (South et al., 2003). PSD-93 knockout mice
had reduced surface expression of GIuN2A and GIUN2B and exhibited decreased NMDA
receptor-dependent pain responses in inflammatory and neuropathic pain models (Tao
et al., 2003). Preventing enhancement of NMDA receptor currents by disrupting their
interaction with the tyrosine kinase Src suppressed pain hypersensitivity by peripheral
nerve injury without affecting normal sensory thresholds or acute nociception (Liu et al.,
2008). Furthermore, GIuUN2A knock-in mice that were insensitive to inhibition by Zn?*
showed enhanced allodynia in models of inflammatory and neuropathic pain (Nozaki et
al., 2011). Thus GluN2A-containing receptors represent an intriguing, but underexplored

therapeutic target for inflammatory and chronic pain.

ClQ: anovel GIuN2C- and GIuN2D-selective positive allosteric modulator

CIQ is the first small molecule NMDA receptor positive allosteric modulator.
Interestingly, it is selective for GIuN2C- and GluN2D-containing NMDA receptors, having
no activity at GIuN2A-, or GIuN2B-containing receptors. Previous work by myself and
others has shown that CIQ potentiates NMDA receptors by increasing the channel
opening frequency without changing glutamate deactivation time course (Mullasseril et

al., 2010). In studies presented here, | have extended these findings to demonstrate
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that CIQ acts a previously unrecognized modulatory site in the region of the M1

transmembrane helix.

Effects of CIQ on Triheteromeric NMDA Receptors

To determine how CIQ affects triheteromeric receptors, Mullasseril et al (2010)
co-applied CIQ with agonists on oocytes injected with cRNA for GIuN1, GIuN2A, and
GIuN2C (or GIuN2D). In these oocytes, three populations of receptors should form, two
of which are diheteromeric—GIuN1/GIuN2A and GluN1/GluN2C—and one of which is
trineteromeric—GIUN1/GIUN2A/GIUN2C (Hatton and Paoletti, 2005; Ulbrich and Isacoff,
2008). The GIuN2A subunit in these experiments had two point mutations; one mutation
reduced the block by Mg?* and one mutation reduced glutamate potency by over 1000-
fold. These mutations thus allowed isolation of responses from trineteromeric receptors
by recording currents in 1 mM Mg?*, which would block GIUN2C, but not GIuUN2A or
GIuN2A/GIuN2C, and eliciting responses with 10 mM glutamate, which would activate
GIluN2C and GIuN2A/GIuN2C, but not GIuUN2A. When CIQ was co-applied with agonists
under these conditions, an increase in current amplitude was observed that could not be
explained by potentiation of GIUN1/GIuUN2C alone. Since CIQ has no activity on
GIuN1/GIuN2A receptors, the increased current above what was accounted for by
potentiation of GIuUN1/GIuN2C must have arisen from potentiation of trineteromeric
GIuN1/GIuN2A/GIUN2C receptors. Therefore, CIQ likely potentiates triheteromeric
receptors to a similar extent as diheteromeric receptors.

The ability of CIQ is significant because, in wild type mice, GIluN2C and GIuN2D
have only been identified in neurons that also express GIuUN2A and/or GIuN2B
(Momiyama et al., 1996; Misra et al., 2000; Brickley et al., 2003; Jones and Gibb, 2005;
Brothwell et al., 2008). Moreover, GIuN2C and GIuN2D subunits often coassemble with

GluN2A and GIuN2B, respectively, as evidenced by single-channel recordings of
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somatic NMDA receptors in which currents from a single ion channel containing
openings that exhibited amplitudes and durations characteristic of two different GIuN2
subunits (Cathala et al., 2000; Brickley et al., 2003; Jones and Gibb, 2005). The ability
of CIQ to potentiate triheteromerics likely explains its ability to potentiate NMDA-evoked
responses from neurons of the subthalamic neurons, which express both GIuN2B and
GIluN2D (Standaert et al., 1994; Mullasseril et al., 2010).

Given the site of action of CIQ in the pre-M1/M1 region, its ability to potentiate
trineteromeric receptors containing two different GIuUN2 subunits suggests that the M1
region of GIUN2D has a negative regulatory role on channel gating, similar to the
GIuN2D ATD (Gielen et al., 2009; Yuan et al., 2009), because CIQ binding to this
subunit alone was sufficient to increase channel function. It is tempting to speculate,
then, that triheteromeric receptors containing e.g. GIuN2B and GIuN2D will have
reduced function compared to diheteromeric GIUN2B receptors, however further

investigations are needed to establish this.

Effect of CIQ on Glutamate Potency

CIQ causes an approximate doubling of currents from GIuN2C- and GluN2D-
containing receptors (see Figure 1.1), but has minimal effects on the potency of either
glutamate or glycine (Mullasseril et al., 2010). The increased current response caused
by CIQ could be due to 1) an increase in the single-channel conductance, 2) an increase
in the gating equilibrium (i.e. an increase in open probability), 3) an increase in the
number of functional receptors expressed at the cell surface, or 4) a decrease in
receptor desensitization. Case 4 is unlikely because GIuUN1/GIUN2C and GIuN1/GIuN2D
receptors exhibit very little observable desensitization (Dravid et al., 2008; Vance et al.,
2011, 2012). Although case 3 cannot be ruled out without an independent measure of

total number of receptors on the cell surface (see for example Chang and Weiss, 1999),
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it most certainly would not be due to an increase in trafficking of the receptor, because
the time course of potentiation occurs on the order of seconds (Mullasseril et al., 2010),
much too quickly for CIQ to cross the cell membrane and initiate biochemical events
leading to increased insertion of receptors in the cell membrane. An increase in
“functional” receptors could arise, then, from a change in some “nonfunctional” receptors
that are already expressed at the cell surface, but then we are simply referring to an
increase in the efficacy of gating, which is 0 in the case of nonfunctional receptors.
Fortunately, analysis of single-channel recordings allowed observation of the effects of
CIQ on channel conductance, which, if anything, decreased with CIQ (Mullasseril et al.,
2010) and therefore cannot explain the potentiation.

Hence, a reasonable assertion is that CIQ increases the gating equilibrium. It
has been well established that an increase in gating efficiency will cause an increase in
the ECso for agonists (Colquhoun, 1998). It is therefore surprising, at least at first, that
CIQ does not increase the potency of glutamate given that it increases the gating
equilibrium. The reason for this discrepancy is likely that GIuN1/GIuUN2C and
GIuN1/GIuN2D receptors have such a low open probability: 0.01 for 2C (Dravid et al.,
2008) and 0.02 for 2D (Vance et al., 2012), which correspond to gating equilibrium
constants (E in Scheme 1) of 0.0101 for 2C and 0.0204 for 2D. Previous discussions of
effects of gating changes on current responses (e.g. Colguhoun, 1998), did not consider
such low values of E. Extending those discussions to E values around 0.01 reveal that
doubling the value of E (e.g. from 0.01 to 0.02), which would result in an approximate
doubling of the maximum response (i.e. Popen Would increase from 0.0099 to 0.0196),
has absolutely no change in the agonist potency or the Hill slope. In a more general
case, marked changes in the agonist potency would not be observed until the value of E
increased to about 1, which for GIUN1/GIuN2D would correspond to an approximate 50-

fold increase in the maximum current response to a Pgpen Of 0.5.
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The potentiation of current responses by CIQ is entirely consistent with an
increase in the gating equilibrium. Moreover, a change in only the binding equilibrium
(i.e. Ky or K2) and not the gating equilibrium cannot account for the increase in maximum
current response caused by CIQ because the maximum response is only a function of
the efficiency of gating, specifically, E / (E+1). Therefore, CIQ must affect the gating
equilibrium. Can an effect of CIQ on the binding equilibrium, and thus the agonist
potency, be ruled out, though? Two potential lines of evidence to address this are
whether CIQ affects the agonist activation and deactivation rates and whether the
increase in current response caused by CIQ is dependent on the concentration of
agonist used. While CIQ did not affect the glutamate activation rate (10-90% rise time at
GIluN2D was 13 + 1 ms for control and 15 + 2 ms for CIQ) and had minimal effects on
the glutamate deactivation time course (for GIUN2D tfast = 2.1 £ 0.15 s and tsiow = 5.7
0.5 s (53%) for control and trst = 2.0 £ 0.3 s and tsow = 5.8 £ 0.6 s (60%) for CIQ), this
information alone is insufficient to settle the question for two reasons. First, for NMDA
receptors, the relationship between potency and deactivation time course is non-linear
such that approximately 10-fold changes in ECso have been observed with only about 2-
fold changes in the deactivation time course (Vance et al., 2011). Hence, minor
changes in the ECsq (e.g. 2-fold) may not produce detectable changes in the
deactivation time course. Second, the recent description of a gating mechanism for
GIuN1/GIuN2D had 14 states (Vance et al., 2012), and therefore the tgeactivaion Should be
a mixture of 13 exponentials (Colquhoun and Hawkes, 1977). However tgeactivation fOr

GluN2D can be well-described by a mixture of two exponentials (Vance et al., 2012).
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Thus, the ability to infer changes in the gating mechanism based on macroscopic
properties such as tgeactvation IS iNadequate. Actually, Tgeactivaion Femains poorly
understood. The best gating mechanism described for GIuN1/GluN2D (among more
than 50 mechanisms tested) explains many of the properties of GIUN2D activation,
including the low open probability, rapid response time, and mean open time, but did not
produce a dual exponential deactivation time course (Vance et al., 2012).

In contrast to effects of CIQ on agonist activation and deactivation rates, the
dependence of maximal CIQ potentiation on agonist concentration is potentially more
revealing. Figure 6.1 shows glutamate-concentration response curves from
GIuN1/GIuN2D receptors expressed in oocytes in the absence and presence of 10 uM
ClQ. The glutamate current response was increased in the presence of CIQ (Figure
6.1A) with a small, but significant increase in the glutamate potency (Figure 6.1B).
Although the current response at every concentration of glutamate was increased in the
presence of CIQ, the degree of CIQ potentiation was greater at low glutamate
concentrations (Figure 6.1C). A simple sequential mechanism of activation (Scheme in
Figure 6.1) in which both glutamate binding sites are equivalent (i.e. K, = 4K;) and have
to be occupied for the channel to open provides a nice conceptual framework for
understanding how changes in both binding and gating equilibria give rise to the
increased CIQ potentiation at low glutamate concentrations. Figure 6.1D shows a
simulated control glutamate concentration-response curve with a binding equilibrium
constant of 0.1128 uM and a gating equilibrium constant of 0.01 (blue curve). If CIQ
caused a doubling of the gating efficiency and a small decrease in the binding
equilibrium constant, the glutamate curve would look like that shown in red. When
normalized to the maximum current response for each condition, these two curves would

be almost indistinguishable (Figure 6.1E), although a slight increase in glutamate
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Figure 6.1 ClQ Affects Glutamate Binding Equilibrium

The effect of CIQ on glutamate concentration-response curves was measured
using two-electrode voltage-clamp recordings of GIUN1/GIuN2D receptors
expressed in oocytes. Currents were activated by 30 uM glycine and increasing
concentrations of glutamate at -40 mV. A, Glutamate concentration-response

curves were measured on each oocyte in the absence (control) and subsequently
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in the presence of 10 uM CIQ. B, The same glutamate curves from panel A are
shown normalized to the maximum current for each condition. Individual curves

from each oocytes were fit to the Hill equation. The glutamate EC,, (mean £+ sem)

in the absence of ClIQ was 0.54 + 0.03 uM while in the presence of CIQ it was 0.40
1+ 0.02 uM. The logarithm of the EC,values was significantly different in the
presence of CIQ compared to control (t,,,=4.012, df=3, p=0.03; paired t-test). C,
The glutamate curves from panel A in the presence of CIQ are shown normalized
to the glutamate curves in the absence of CIQ. CIQ increased the current
response at every concentration of glutamate, but the extent of potentiation was
greater at lower concentrations of glutamate. To understand why CIQ caused
larger potentiation at low glutamate concentrations, GIUN2D current responses
were simulated using the gating mechanism shown at the top. For these
simulations, K2 was fixed to be 4*K7 because the two glutamate binding sites on
NMDA receptors have been modeled as equivalent (Lester and Jahr, 1992;
Schorge and Colquhoun 2005; Erreger et al., 2005; Dravid et al., 2008; Vance et
al., 2012). The value of E was also fixed to match the open probability from single

channel recordings: E= P, / (1-P,,,,). For GIuN2D, P,,, is about 0.01,

corresponding to an E value of 0.01. With E = 0.01, an observed glutamate EC,,

for control of 0.54 uM implies that K7 = 0.1128 uM (blue curves). To simulate the
effects of CIQ (red curve), the value of E was doubled, which would lead to an

approximate doubling of the maximum current. The glutamate EC,, observed in the

presence of CIQ (10 uM) was 0.40 uM, implying K7 decreased to 0.0843 uM (red
curves). For comparison, a simulation was done in which only the value of E
changed (gray curves). D, Simulated glutamate curves are shown as the fraction

of open receptors (P,,..), which corresponds to the maximum current response. E,

open
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The simulated curves from panel D are shown normalized to the maximum P for
each curve. Note that the gray and blue curves are indistinguishable. F, The red
and gray curves from panel A are shown normalized to the blue curve also in panel
A. This is the degree of potentiation that occurs when the binding and gating
equilibriums are affected (red) or only the gating equilibrium changes (gray). Only
when both the binding and gating equilibriums are changed is the extent of
potentiation at low glutamate concentrations greater than at high glutamate

concentrations.
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potency would occur. In fact, this is what was observed with CIQ (Mullasseril et al.,
2010) although the change in glutamate potency was not statistically significant, perhaps
due to insufficient power of the experiment, which is estimated to be 0.43 to detect a 1.3-
fold change in glutamate ECso with n=6 using an independent two-sample t-test.
Nevertheless, this small shift in glutamate potency would lead to quite dramatic changes
in the maximum degree of potentiation by CIQ when control current responses are
activated by low concentrations of agonist, e.g. EC1o. This is illustrated in Figure 6.1F,
which shows the CIQ potentiation normalized to the current elicited by glutamate alone
(i.e. the red, and gray curves divided by the blue curve in Figure 6.1D). For the case
when only the gating equilibrium changes (gray), CIQ potentiation would be (almost) the
same at every concentration of glutamate, only varying from 2 at concentrations less
than 0.03 uM to 1.98 at concentrations greater than 3 uM. However, if the binding
equilibrium also changes (red curve), CIQ potentiation should be much greater at lower
concentrations of glutamate. This increased potentiation could be quite remarkable;
even if CIQ only caused a 2-fold increase in glutamate potency, it would still quadruple
the response to an EC1p concentration of glutamate. Indeed, CIQ potentiation is greater
at lower glutamate concentrations (Figure 6.1C), suggesting that CIQ enhances both
binding of glutamate and the subsequent gating conformational change.

An intriguing possibility raised by the effects of CIQ on both binding of agonist
and gating is that these effects arise from two different CIQ binding sites on the receptor,
perhaps even one site in GIuN1 and one site in GIuN2. While it is certainly not
necessary that this must be the case to explain the actions of CIQ (e.g. mutations at a
single site, tyrosine 190, in the o subunit of mouse nicotinic receptors affected both
binding and gating (Chen et al., 1995)), there are several reasons to investigate this

possibility. First, conferring CIQ potentiation onto GIuN2A using chimeras required
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transferring two disparate regions of GIuUN2D into GIuN2A. Second, modifying the
chemical structure of CIQ yielded some analogues that seemed to primarily affect
potency and some that primarily affected the maximum potentiation (Santangelo Freel et
al., 2013). Third, the M1 helix is highly conserved across the GIuN2 subunits, yet CIQ
only potentiates GIuUN2C and GIuN2D, with no detectable potentiation at GIuN2A or
GIuN2B. Fourth, analogs of CIQ with modest changes to the chemical scaffold
potentiate GIuN2B (Santangelo-Freel, Strong, Ogden, and Traynelis, unpublished
observations), which already has an isoleucine at the homologous M1 residue that when
mutated in GIuN2D to isoleucine abolished CIQ potentiation. Moreover, one of these
analogs, 1180-55, potentiates, albeit modestly, GIuN2D(T592V) receptors that are
insensitive to CIQ (Ogden and Traynelis, unpublished observations). Fifth, chimeric
receptors of GIUN2D that had the ATD and its linker to the ABD swapped for those
regions of GIUN2A—GIuN2D(2A ATD+L)—showed a pronounced decrease in CIQ
potentiation whereas chimeras only having the linker swapped—GIuN2D(2A L)—showed
no change in CIQ potentiation (Mullasseril et al., 2010). Knowing whether there are two
binding sites for CIQ and whether the effects of CIQ on binding and gating are separable
could allow design of modulators that affect only binding or only gating and could allow

selectivity to be directed toward any of the four subunits.

Effects of CIQ on fear/emotional conditioned learning

Fear is a normal emotional response that results in a heightened state of arousal
in response to an immediate threat or aversive situation. The acquisition of fear is
thought to share some of the same molecular underpinnings as cognitive processes
such as learning and memory (for review, see Johansen et al., 2011). Given the central

role of NMDA receptors in mediating plasticity, such as LTP, their involvement has been
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explored in the context of fear learning and in particular the GIuN2C subtype may be
critical for modulating emotional learning.

Amygdala infusions of the competitive NMDA receptor antagonist AP5 blocked
NMDA receptors and prevented acquisition of learned fear (Miserendino et al., 1990).
Subsequently, studies using the GIuN2B-selective antagonists ifenprodil or CP-101,606
suggested that GIuN2B-containing NMDA receptors may mediate fear memory formation
and the underlying synaptic plasticity (Rodrigues et al., 2001; Walker and Davis, 2008).
In addition to fear acquisition, NMDA receptors are also critical for the extinction of fear.
NMDA receptor antagonists blocked extinction (Falls et al., 1992; Baker and Azorlosa,
1996; Lee and Kim, 1998; Santini et al., 2001; Lin et al., 2003; Suzuki et al., 2004) and
D-cycloserine (DCS), an agonist at the GIuN1 subunit, enhanced fear extinction (Walker
et al., 2002). Interestingly, DCS is a partial agonist at GIUN2A, 2B, and 2D receptors but
elicits greater currents than saturating concentrations of glycine from GIUN2C receptors
(Sheinin et al., 2001; Dravid et al., 2010). This finding creates the possibility that DCS
increases retention of fear extinction by at least two mechanisms. First, when
endogenous glycine concentrations are submaximal DCS can augment the activity of all
NMDA receptors by increasing occupancy of the glycine site. Second, DCS can
selectively enhance the response of GIUN2C receptors when it replaces glycine as the
co-agonist bound to GIUN1/GIuN2C receptors. The idea that the effects of DCS on fear
extinction are mediated by GIUN1/GIuN2C receptors is consistent with a recent finding
that acquisition of fear learning is impaired in GIUN2C knockout mice (Hillman et al.,
2011). The deficit in fear learning was observed for both cued and contextual
conditioned fear and was observed with either a tone or a light as the conditioned
stimulus. Further, these mice did not exhibit plasticity at thalamo-amygdala synapses

normally induced by fear conditioning.
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Given the effects of GIuN2C knockout and DCS on the acquisition and extinction
of learned fear, we hypothesized that GIuN2C-containing NMDA receptors play an
important role in the acquisition, retention, and extinction of fear. To further evaluate the
role of GIUN2C receptors in fear acquisition and extinction, we therefore initiated a
collaboration with Drs. Scott Heldt and Kerry Ressler to infuse CIQ bilaterally into the
basolateral amygdala (3, 10 or 30 pg/side) immediately following either fear conditioning
or fear extinction training (Ogden et al., submitted).

In the first experiment to test whether CIQ would affect fear response, mice were
given one session of conditioned fear training followed immediately by injection of CIQ
via a cannula implanted into the basolateral amygdala. When mice were tested one day
later without drug, mice that received CIQ injections exhibit a dose-dependent increase
the conditioned freezing response, suggesting CIQ enhanced the retention of fear when
assessed 24 hr after training. In a second set of experiments to assess the effects of
CIQ on fear extinction, a new cohort of mice were given fear training. Two days later,
mice were given an extinction session and immediately following the session mice
received injections of CIQ. When mice were tested for fear responses one day after the
extinction session, mice that received CIQ injections showed significant differences in
levels of conditioned freezing, indicating that post-extinction training intra-amygdala
infusions of CIQ dose-dependently enhanced the retention of fear extinction when
assessed 24 hr after training.

These results support a critical role for GIuN2C receptors in the amygdala in the
consolidation of learned fear responses and suggest that increased activity of GIUN2C
receptors may underlie the therapeutic actions of D-cycloserine. Moreover, these
findings hold several important implications for learning. First, they show that positive
allosteric modulation of NMDA receptors by small molecules can enhance learning in

vivo. Second, they suggest the GIuUN2C subunit, a subunit about which little is known,
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plays a central role in plasticity of certain brain circuits. More broadly, our findings raise
the possibility that enhancement of learning involving specific brain regions can be
selectively achieved through targeted allosteric potentiation of the receptors expressed
in those regions. Hence, CIQ and other selective NMDA receptor allosteric modulators
(Monaghan et al., 2012) may be useful pharmacological tools for dissecting which
receptors may underlie learning and memory. Moreover, as human anxiety disorders
likely result from disruptions in some of the same neuronal circuitry that underlies fear
learning in animal models (Cryan and Sweeney, 2011; Graham et al., 2011), potentiation
of GIuN2C-containing receptors may be an attractive strategy to treat a wide range of
neurological diseases with altered fear learning, including post-traumatic stress disorder

and anxiety disorders.

Conclusion

The unique biophysical properties of NMDA receptors place them at the center of
many physiological phenomenon in the central nervous system and also implicate them
in many neurological and psychiatric disorders. The discovery of multiple subunits
comprising several NMDA receptor subtypes each with unique biophysical and
pharmacological properties as well as region-specific expression profiles expanded the
repertoire of potential roles NMDA receptors might play in normal brain function.
However, dissection of the unique contribution of each NMDA receptor subtype to
physiology and disease has been hindered by the lack of subunit-selective
pharmacological tools. The work in this dissertation helps to fill this gap by describing
the mechanism of action of two new subunit-selective NMDA receptor modulators, TCN-
201 and CIQ. Coupled with future elucidation of NMDA receptor structure may allow
further embellishment of the structure-activity relationship of NMDA receptor modulators

and a more complete understanding of how this intricate molecular machine works.
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