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MECHANISTIC BASES OF NMDA RECEPTOR CHANNEL PROPERTY
VARIATION

Beth Siegler Retchless, Ph.D.

University of Pittsburgh, 2010

Glutamate mediates the majority of fast excitatory neurotransmission in the vertebrate brain.
Glutamate receptors (GIuRs) transduce signals in two ways: metabotropic GluRs signal via
intracellular G proteins, whereas ionotropic GluRs (iGluRs) open intrinsic ion channels in
response to agonist binding.

NMDA receptors (NMDARSs) are glutamate- and glycine-gated iGluRs that play
critical roles in spatial learning, contextual fear memory acquisition, synapse elimination, and
chronic pain. Their particularly high calcium (Ca®") permeability and strongly voltage-
dependent channel block by external magnesium (Mg*") distinguish NMDARs from other
iGluRs. Mg®" channel block of NMDARSs inhibits current influx through the majority of agonist-
bound, open NMDARs at resting membrane potentials (Vs), but this block is relieved by
depolarization. Thus, significant current flow through NMDARs requires presynaptic activity
(glutamate release) and postsynaptic activity (depolarization to relieve Mg®" channel block),
conferring on NMDARs a coincidence-detection capability that is central to their physiological
importance. To mediate this and other important functions, NMDARs require tight regulation of
the voltage-dependent Mg®" block that provides crucial control of NMDAR-mediated current
flow and Ca”" influx.

NMDARs are typically composed of NR1 and NR2 subunits. The four NR2 subunits

(NR2A-D) contribute to four diheteromeric NMDAR subtypes (NR1/2A-NR1/2D), which differ
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in many respects, including the magnitudes of channel block by Mg*", Ca** permeability, and
single-channel conductance. Previously-gathered data from our lab demonstrates that the
subtype specificity of Mg®" block is principally conferred by a single amino acid site in the third
transmembrane region (M3) of NR2 subunits. This “NR2 S/L site” contains a serine in NR2A
and NR2B subunits and a leucine in NR2C and NR2D subunits.

Surprisingly, the NR2 S/L site does not line the pore. I created several structural
homology models of NMDARSs to generate hypotheses regarding how the NR2 S/L site conveys
its effects to the pore. I tested these hypotheses experimentally and found that the NR2 S/L site
interacts with an NR1 subunit tryptophan in the pore-loop to regulate Mg”" block properties. I
further determined that the NR2 S/L site greatly contributes to the subtype variation in single-

channel conductance, and likely plays a role in the subtype variation in Ca*" permeability.
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1.0 OVERVIEW

The nervous system controls most biological processes in the body. The central nervous system
(CNS), composed of the brain and spinal cord, is at the core of the nervous system; it integrates
information from the body and administrates outgoing commands to the body. The cells that
comprise the nervous system, neurons and glia, form circuits to coordinate nervous system
activity.

Neurons consist of a cell body, or soma, plus neurites that extend out of the soma to
contact other neurons. Dendrites are the primary locales of receiving information from other
neurons, whereas axons convey information to other neurons. Throughout the neuron, a voltage
gradient is maintained across the membrane. When neurons are at rest (inactive) this voltage is
often between -85 and -60 mV, depending on cell type. Ion channels in the membrane can open
to allow ions to flow in or out of the cell; this current flow can hyperpolarize the cell (making the
voltage more negative), depolarize the cell (making the voltage more positive), or participate in
maintaining the resting potential. When dendritic or somatic ion channels allow positively
charged ions to enter the cell and neurons become sufficiently depolarized, an action potential is
initiated. Starting near the junction of soma and axon, a self-propagating series of ion channel
openings and closings send a strong depolarizing impulse down the axon. The electrical activity
of the neuron is then communicated to other neurons at specialized structures called synapses.

The presynaptic cell conveys information about its activation to the postsynaptic cell in

one of two ways. At electrical synapses, an electrical signal travels from the presynaptic cell into
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the postsynaptic cell via small connecting pores. At chemical synapses, however, the
presynaptic and postsynaptic cells are not physically connected; instead, presynaptic activation is
signaled via a chemical signal released by the presynaptic cell and subsequently bound by
molecules on the postsynaptic cell. Most vertebrate synapses in the central nervous system use
the latter form of communication.

Neurotransmitters, a common class of chemical signal, are broadly categorized by their
effect on the postsynaptic cell. Excitatory neurotransmitters cause postsynaptic depolarization,
making the neuron more likely to become activated. Inhibitory neurotransmitters inhibit cell
activity, often by causing postsynaptic hyperpolarization. The neurotransmitter glutamate
mediates the majority of excitatory neurotransmission in the vertebrate brain. Glutamate
receptors (GluRs) transduce signals in two different ways: metabotropic GluRs initiate
intracellular signal cascades via G proteins, whereas ionotropic GluRs (iGluRs) open intrinsic
ion channels in response to neurotransmitter binding.

IGluRs are nearly ubiquitous in the central nervous system, with subtype expression
depending on many factors, including developmental stage and brain region. Regional and
temporal variation in subtype expression suggests that the unique properties of each iGluR
subtype confer to each subtype a unique physiological role. Indeed, several CNS disorders are
known to involve improper regulation of specific iGIuR subtypes (Bowie, 2008). Subtype-
specific iGluR functional properties emerge from divergent aspects of iGIuR structures.
Understanding the ways in which functional properties arise from structural variation among

1GluR subtypes will contribute to our conceptualization of human health and disease.



1.1  DIVERSITY OF IONOTROPIC GLUTAMATE RECEPTORS

Ionotropic glutamate receptors are commonly divided into three families: N-methyl-D-aspartate
receptors (NMDARs), a  -amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors
(AMPARs), and kainate receptors (KARs). Delta glutamate receptor subunits (0Glus) are likely
to form ionotropic glutamate receptors, as well, although no ligand that activates the putative
dGlu receptor channel has been identified. Originally defined by the synthetic agonists that
activate individual iGIluR subtypes, each iGIuR family is now known to comprise proteins that

share many more properties.

1.1.1 NMDA Receptors

NMDA receptors (NMDARSs) are unique among iGluRs in the co-requirement of both glutamate
and glycine binding for activation (Johnson and Ascher, 1987; Kleckner and Dingledine, 1988).
Strongly voltage-dependent channel block by external magnesium (Mg®") and particularly high
Ca®" permeability further distinguish NMDARs from other iGluRs (Dingledine et al., 1999). At
resting membrane potentials, Mg”" blocks the majority of open NMDAR channels and inhibits
current influx. Mg”" exits the channel to the extracellular solution more rapidly at depolarized
potentials. Permeation of Mg”" occurs at more hyperpolarized potentials, albeit with less
frequency than unblock to the external milieu. The voltage-dependent nature of channel block
by Mg”" allows NMDARs to act as coincidence detectors, in which significant current flow
through NMDARSs requires presynaptic activity (glutamate release) and postsynaptic activity
(depolarization to relieve Mg®" channel block). The coincidence-detector function of NMDARs

is central to their roles in processes such as NMDAR-dependent long-term potentiation (LTP), a



strengthening of synapses at which coincident pre- and postsynaptic activation occurs.
NMDAR-dependent LTP relies on Ca*" influx through NMDARs, and this influx is necessary
for many types of learning and memory (Lynch, 2004). Hence, Mg block and Ca*" permeation
play critical roles in healthy brain function.

NMDAR malfunction is implicated in a wide array of disorders, including epilepsy,
Alzheimer’s disease, and Huntington's disease (Muir, 2006). Due to their high degree of Ca**
permeability, NMDARs are particularly likely to contribute to excitotoxic cell death during
neurodegenerative processes. Furthermore, NMDAR subtype expression may be abnormal in
several mental illnesses, including schizophrenia, major depressive disorder, and bipolar disorder
(Machado-Vieira et al., 2009). NMDAR subtype expression is highly regulated and varies by
brain region (Ishii et al., 1993), developmental stage (Chen et al., 2000), experience (Tongiorgi
et al., 2003) and disease state (Clinton and Meador-Woodruff, 2004), suggesting that NMDAR
subtypes play distinct physiological roles.

Most NMDARs are composed of two NR1 (or GIuNIl) and two NR2 (or GluN2)
subunits. Both NRI and NR2 subunits are necessary to form functional glutamate-gated
NMDARs in mammalian systems (Fukaya et al., 2003). NR3 subunits can also participate in
NMDAR complexes. Eight NR1 variants are produced by alternative splicing of a single
mRNA transcript (Llansola et al., 2005), whereas the four NR2 subunits (NR2A-D) are encoded
by four genes (Ishii et al., 1993; Monyer et al., 1992) and the two NR3 subunits (NR3A-B) are
encoded by two genes (Ciabarra et al., 1995; Nishi et al., 2001). NR2 subunits share roughly
50% sequence identity, but are less homologous to NR1 subunits (Ishii et al., 1993) and NR3
subunits. Expression of the four principal NMDAR subtypes (NR1/2A — NR1/2D receptors) is

highly regulated and varies by brain region (Ishii et al., 1993), developmental stage (Chen et al.,



2000), experience (Tongiorgi et al., 2003) and disease state (Clinton and Meador-Woodruff,

2004), suggesting that NMDAR subtypes play distinct physiological roles.

1.1.2 AMPA Receptors

AMPARSs play a critical role in synaptic transmission at most glutamatergic synapses. The fast
component of glutamate-induced synaptic current is mediated by AMPARs at these synapses,
and AMPARs carry the majority of the total synaptic current near resting membrane potentials.
Subtype-specific AMPAR expression and membrane insertion is particularly important for
spatial working memory and the maintenance of potentiated synapses.

Proper AMPAR function is necessary for many processes in the healthy brain, and
malfunctioning AMPARSs contribute to wide-ranging disorders. For example, improper AMPAR
regulation has been implicated in Amyotrophic Lateral Sclerosis, glioblastoma cell proliferation,
and Fragile X mental retardation (Bowie, 2008). AMPARs also likely play a role in drug
addiction (Kessels and Malinow, 2009).

The mammalian AMPAR family includes four genes that encode subunits GluAl,
GluA2, GluA3, and GluA4 (also termed GluR1-4 or GluRA-D). These subunits share 54%
sequence identity (Traynelis et al., 2010). AMPARs can be homo- or heterotetramic, although
most AMPARSs in the brain are heterotetramers. GluA1/GluA2, GluA2/GluA3, or GluA2/GluA4
appear to be the most common AMPAR heteromers (Conti et al., 1994; Lu et al., 2009). Like
NMDARs, AMPAR subunit expression is regulated by both development and experience
(Traynelis et al., 2010).

Most AMPARs in the adult brain are permeable to monovalent cations only, although
some AMPARs are permeable to Ca®*, as well. Ca*'-permeable AMPARSs in the cerebellum are
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particularly important in Purkinje cell LTP, and those in the basal forebrain may play a key role

in neurodegeneration at this locale (Weiss and Sensi, 2000).

1.1.3 Kainate Receptors

KARs are expressed throughout the brain, and high expression is observed in several areas,
including the CA3 region of the hippocampus and the amygdala (Bailey et al., 2001). KARs
mediate fast synaptic currents in some areas of the brain, though most KARs are likely to be
presynaptic (Traynelis et al., 2010). Proper KAR function is critical to fear memory formation
and LTP at hippocampal mossy fiber synapses (Bortolotto et al., 2003; Ko et al., 2005).
Improper KAR function, however, is implicated in Huntington's disease, neuropathic pain
disorders and temporal lobe epilepsy (Bowie, 2008).

The mammalian KAR family includes five genes that encode GluK1-5 subunits (also
termed GIluR5-7, KA1, and KA2). Whereas GluK1-3 subunits can form either homo- or
heterotetrameric receptors, GluK4 and GIuK5 subunits participate only in heteromeric
complexes with GluK1-GluK3 subunits. GuKI1-GluK3 subunits are highly homologous, with
70% sequence identity. The sequence identity of these subunits with GluK4 and GIuKS5 is lower
at 29% (Traynelis et al., 2010).

Like AMPARs, KARs display a range of Ca®’-permeabilities, depending on subunit
composition and pre-mRNA editing (Kohler et al., 1993) (see Section 1.3.7). KAR subunit
expression is both regionally and temporally specific (Bernard and Khrestchatisky, 1994; Lohrke
and Friauf, 2002). Hippocampal CAl and cerebellar KARs, for example, are composed of
subunits that confer Caz+—impermeability (Lerma, 2006; Savidge and Bristow, 1998), whereas
KARs in the CA3 region of the hippocampus are composed of subunits that permit Ca®'
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permeation (Perrais et al., 2009) (albeit to a much lesser extent than NMDARSs). In the adult
brain, Ca*"-permeable KARs appear to be more common than Ca*"-permeable AMPARs (Kohler

etal., 1993).

1.2 IONOTROPIC GLUTAMATE RECEPTOR STRUCTURE

1.2.1 IGluR subunit transmembrane topology

Ionotropic glutamate receptors are tetrameric proteins consisting of one or more subunit subtypes
surrounding a pore (Laube et al., 1998; Rosenmund et al., 1998). Each subunit is comprised of
several components that act in a semi-modular fashion: an extracellular N-terminal domain
(NTD), an extracellular agonist binding domain (ABD), a transmembrane domain, and an
intracellular carboxy-terminal domain (CTD). The extracellular N-terminal sequence of each
1GluR subunit forms the clamshell-shaped NTD, composed of upper (R1) and lower (R2) lobes
(Figure 1). The NTD is followed by a sequence (S1) that forms much of the upper lobe (D1) of
the similarly clamshell-shaped ABD. D1 links to the first of three transmembrane domains (M1,
M3 and M4). A short intracellular linker connects M1 to a pore-lining reentrant loop (p-loop, or
M2), which forms the selectivity filter toward the intracellular aspect of the channel. Another
short linker connects the p-loop to M3. The longer sequence that connects M3 to M4 (S2)
comprises most of the lower lobe of the ABD (D2). The CTD, likely to be in an extended

conformation (Ryan et al., 2008), is formed by residues C-terminal to M4.



Figure 1 IGluR Topology

Cartoon diagram depicts an iGluR with front and back subunits removed for clarity. Each
iGluR subunit contains an extracellular N-terminal domain (NTD) and agonist binding
domain (ABD), three transmembrane domains (M1, M3, M4), a re-entrant loop (M2/p-loop)
and an intracellular C-terminal domain. The NTD and ABD domains are clamshell-shaped,
with upper lobes termed R1 and DI, respectively, and lower lobes termed R2 and D2,
respectively.



1.2.2 Extracellular region of iGluRs

The current conceptualization of iGluR structure stems from inferences based on biochemical
and electrophysiological studies, information provided by the many crystal structures of isolated
iGluR ABDs (Armstrong et al., 1998; Furukawa and Gouaux, 2003; Plested and Mayer, 2007),
and the recently-published crystal structure of the homomeric GIluA2 glutamate receptor
(Sobolevsky et al., 2009). The GluA2 receptor crystal structure verifies many of experimentally-
based inferences about iGluR structure and provides further detailed information. As was
predicted, the four GluA2 receptor NTDs are arranged as a dimer of dimers. Each two-NTD
dimer is composed of side-to-side NTDs, with clamshell clefts facing the front and back of the
receptor. The ABDs are also arranged in a dimer of dimers. ABD dimers, however, are
arranged as back-to-back clamshells. The short linker sequence connecting the NTD and ABD
of each subunit permits asymmetric dimerization of ABDs and NTDs, such that the NTDs of
subunits A and B form a dimer, but the ABD of subunit A forms a dimer with the ABD of
subunit D (Sobolevsky et al., 2009). Whereas the extracellular regions of KARs are likely to be
arranged in a similar manner (Das et al., 2010; Kumar et al., 2009), mounting evidence indicates

that NMDAR NTD arrangement is quite different (Karakas et al., 2009; Stroebel et al., 2010).

1.2.3 Transmembrane domain of iGluRs

Each iGluR subunit transmembrane domain contains three ca-helical transmembrane regions

(M1, M3, and M4) plus a p-loop; the p-loop contains an a-helical section followed by a pore-



lining segment (Figure 1). The GluA2 receptor further displays pre-M1 interfacial helices, which
may be a common feature of iGluRs (Sobolevsky et al., 2009).

The open iGIuR pore is shaped like an inverted tepee, with a wide external vestibule and
a narrow selectivity filter that runs from roughly halfway through the pore to the intracellular
aspect of the pore. M1, M3 and M4 residues participate in forming the external vestibule (Beck
et al., 1999; Sobolevsky et al., 2009), and p-loop residues line the selectivity filter. In closed
iGluRs, M3 domains cross to occlude the ion permeation pathway near the membrane-solvent
junction (Chang and Kuo, 2008; Sobolevsky et al., 2009). This crossing occurs along the most
highly-conserved motif among iGluRs, the SYTANLAAF motif (Chiu et al., 1999), and forms

the narrowest part of the closed pore in the GluA2 receptor (Sobolevsky et al., 2009).

1.2.4 Accessory subunits of iGluRs

AMPARs and KARs can associate with accessory subunits, which drastically affect channel
properties and likely impact iGluR structure (Kim et al., 2010; Tomita, 2010). The vast majority
of investigations into iGluR structure and function, however, have focused on receptors that lack,
or likely lack, accessory subunits. My dissertation research centers on NMDARs that do not
incorporate accessory subunits, and therefore I will limit the discussion in this document to

accessory subunit-lacking iGluRs.
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1.3 STRUCTURAL BASES OF FUNCTIONAL CONSERVATION AND

DIVERSITY AMONG IGLURS

1.3.1 Conservation of iGluR amino acid sequence

Sequence identity between iGluR subunits ranges from 5% to 81%. Some regions are more
highly conserved than others: the transmembrane domain of GIuR subunits share 14-87%
sequence identity, whereas the sequence identity of iGluR subunit CTDs is between 0% and 9%
(Gasic and Hollmann, 1992; Traynelis et al., 2010). Particularly in the transmembrane domains,
iGluR subunits have few insertions or deletions relative to one another; the conservation of
transmembrane residue sequence contributes to the structural similarities of 1GluR
transmembrane domains. Divergent iGluR properties often depend on regions of the protein
with low sequence identity, such as the NTD and CTD (Herin and Aizenman, 2004; Tikhonov
and Magazanik, 2009), whereas more conserved properties are found in regions with higher

sequence identity, such as the ABD and transmembrane domain (Traynelis et al., 2010).

1.3.2 Agonist ECsy in iGluRs

Whereas the endogenous agonist for NR1 and NR3 subunits is glycine, all other iGIuR subunits
are agonized by glutamate. Several conserved residues in the ABD core play consistent roles in
binding glutamate across iGluRs (Chen and Wyllie, 2006), but ECs, the concentration of agonist
that induces half of the maximum response (Erreger et al., 2007), varies widely according to
iGluR subtype. Among the iGIuR families, NMDARSs display the lowest ECsos (0.4 uM - 7.7

uM) , whereas AMPARs and KARs display higher ECsps (19 uM - 5900 uM) (Traynelis et al.,
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2010). The NR2 NTD is critical to the variation in ECsos among NMDAR subtypes (Yuan et al.,

2009); however, no such NTD control of ECsgs is known to occur in other iGluRs.

1.3.3 Mechanisms of iGluR gating

Gating kinetics determine the time course of iGluR responses to synaptic glutamate and regulate
the total amount of current that passes through an iGIuR under physiological conditions (Erreger
et al., 2005). The fast, high-amplitude AMPAR current responses to synaptic glutamate, for
instance, quickly decay as deactivation and desensitization set in, whereas the slower, smaller-
amplitude responses of NMDARs are less hindered by desensitization and less quickly
deactivated (Erreger et al., 2004).

The mechanisms by which agonist binding induces pore opening are not fully
understood, although an understanding of several of the critical components of channel
activation is emerging. Crystal structures of ABDs bound to agonists, partial agonists and
antagonists have been invaluable in dissecting the structural mechanisms of channel gating.
Combined with functional studies, these structures have led to the conclusion that agonists
stabilize a closed-cleft conformation of the ABD, whereas antagonists stabilize an open-cleft
conformation (Armstrong and Gouaux, 2000; Armstrong et al., 1998; Jin et al., 2002). Upon
agonist binding, the lower lobe of the ABD clamshell (D2) moves toward the upper lobe (D1) to
close the clamshell (Figure 1) (Armstrong and Gouaux, 2000). Many synthetic partial agonists
of iGluRs have been created, and the degree of ABD cleft closure around each agonist is
determined by the structure of the ligand (Jin et al., 2003). In AMPARSs and some KARs, the
degree of cleft closure correlates with extent of channel activation (Armstrong et al., 2003; Jin et
al., 2003; Mayer, 2005; Nanao et al., 2005). This and other observations have led to the
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hypothesis that D2 displacement creates strain on the activation gate, activating the channel to an
extent that varies with the extent of D2 displacement. The activation gate of iGluRs has long
been hypothesized to involve amino acid residues in M3 and those that connect M3 to D2 (Jones
et al., 2002; Qian et al., 2002; Wollmuth et al., 2000). Thus, agonist binding and subsequent D2
movement might overcome the steric occlusion of the pore at crossed M3 domains by creating
strain on the S2-M3 linker and promoting M3 domain rearrangements that open the pore (Erreger
et al., 2004; Mayer, 2006; Sobolevsky et al., 2009). Hence, the extent of M3 rearrangement
would depend on the degree of ABD cleft closure.

AMPARS can be activated by the binding of merely two agonist molecules and appear to
ratchet open the pore in a stepwise fashion corresponding to the number of agonist molecules
bound (2 - 4) (Laube et al., 1998; Rosenmund et al., 1998). In contrast, NMDA receptor
activation requires that all four ABDs be occupied (Clements and Westbrook, 1991; Schorge et
al., 2005)(see Section 1.3.7). Indeed, the extent of D2 displacement in crystallized NR1 subunits
does not correlate with channel activation quantified with electrophysiology (Furukawa and
Gouaux, 2003; Inanobe et al., 2005). Similarly, activation of KARs is likely to require the
binding of four agonist molecules (Gebhardt and Cull-Candy, 2006; Smith and Howe, 2000) (but
see Swanson et al., 2002).

The manner in which iGluR transmembrane domains rearrange to allow ion permeation
has been proposed to be similar to that of a related group of channels, the voltage-gated K"
channels. The bacterial KesA K channel, which has transmembrane regions similar in structure
to the M2-M3 regions of iGluRs (Doyle et al., 1998; Sobolevsky et al., 2009; Wood et al., 1995),
opens by M2 helix movement away from the center of the pore (Cuello et al., 2010a; Cuello et

al., 2010b) (M2 in KcsA channel subunits is homologous to M3 in NMDAR subunits). The M2
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helices of the KcsA channel splay apart to open the pore by bending at a hinge located roughly
halfway through the M2 domain (Cuello et al., 2010b). Furthermore, electron paramagnetic
resonance spectroscopy experiments suggest that M2 helices rotate counterclockwise (viewed
from the extracellular aspect of the channel) during gating (Perozo et al., 1999). Based on
electrophysiological studies, iGluR channel activation has been proposed to involve a similar
transmembrane domain rotation and movement away from the center of the pore (Sobolevsky et
al., 2009; Wollmuth and Sobolevsky, 2004). The M3 helices of iGluRs, however, are likely
more rigid than the M2 helices of K' channels, and are unlikely to bend at a hinge homologous
to the KcsA channel hinge (Sobolevsky et al., 2003). The GluA2 receptor has an interfacial pre-
M1 helix that may play a role in regulating ion channel opening and closing, similar to slide
helix regulation of the evolutionarily-related inward rectifier K channels (Enkvetchakul et al.,
2007; Sobolevsky et al., 2009).

IGIuR desensitization, a process in which agonist remains bound but the pore closes,
primarily stems from rearrangements of iGluR extracellular domains (Mayer and Armstrong,
2004; Traynelis et al., 2010). In AMPARs and KARs, desensitization involves disruption of the
ABD dimer interface (Armstrong et al., 2006; Horning and Mayer, 2004; Sun et al., 2002;
Weston et al., 2006b). This is proposed to decouple the activation gate from the open
transmembrane regions by relaxing the S2-M3 linker, leading to channel closure. The manner in
which ABD dimer stability in agonist-bound iGluRs is regulated varies by subtype. For instance,
Na“ and CI" ions bind and stabilize the ABD dimer interface to decrease the rate of
desensitization in KARs, but not other iGluRs (Chaudhry et al., 2009; Vijayan et al., 2009). In
contrast, the synthetic chemical cyclothiazide binds at the dimer interface of AMPARs, but no

other iGluRs, to stabilize the dimer interface (Partin et al., 1995; Sun et al., 2002), thus
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preventing desensitization. NMDAR desensitization is far less extensive than that of AMPARs
and KARs, and structural mechanisms by which NMDARs desensitize are unclear.

IGIuR deactivation occurs upon agonist unbinding and channel closure. Several
structural features of iGluRs are known to regulate the variation in deactivation rates among
subtypes, including interdomain interactions within an ABD (Weston et al., 2006a) and
interactions between ABDs at the dimer interface (Jin et al., 2005). Differences in interdomain
interactions are the predominant source of the variation in deactivation rates of GluA2 and
GluK?2 receptors (Traynelis et al., 2010; Weston et al., 2006a). In contrast, the vast differences
between the slow deactivation rate of NMDARSs and the faster deactivation rates observed in
other iGluRs may be mediated in part by an NR1 tyrosine residue at the NR1-NR2A ABD dimer
interface. This residue is proposed to slow agonist unbinding by stabilizing the ABD closed-
cleft conformation in a manner similar to the way in which aniracetam stabilizes the GluA2 ABD

(Furukawa et al., 2005; Jin et al., 2005).

1.3.4 Ca® permeability of iGluRs

The ion channel region of iGIuR subunits is among the most highly conserved iGIluR regions:
10% of the residues in the transmembrane domain are identical across all iGluR subunits
(Traynelis et al., 2010). Several individual residues in the transmembrane domain are critical to
imparting the channel properties that individuate iGluR families. The most prominent of these is
the asparagine (N), glutamine (Q), or arginine (R), residue at the Q/R/N site of almost every
iGluR subunit (Burnashev et al., 1992a; Burnashev et al., 1992b; Mori et al., 1992) (NR3
subunits, the sole exceptions, contain a glycine at this site). Located at the external tip of the
selectivity filter, the Q/R/N-site is an essential regulator of Ca®" permeability and Mg”" block
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(Burnashev et al., 1992b; Mishina et al., 1993; Mori et al., 1992; Sakurada et al., 1993;
Wollmuth et al., 1996). The asparagine at the Q/R/N site of NMDARs (the "N-site") imparts a
high selectivity for Ca®" over monovalent cations, whereas the presence of an arginine in one or
more subunits of an AMPAR confers Ca>" impermeability to the channel (Burnashev et al.,
1992a). Although all non-NMDAR iGluR subunit genes encode a glutamine at the Q/R/N site,
pre-mRNA editing alters the codon to encode arginine in virtually all GluA2 subunits and many
KAR subunits. Because the majority of AMPARs in the adult brain contain GluA2 subunits,
most adult AMPARs are impermeable to Ca>". Even GluA2-lacking AMPARs, however, are 2-4
times less permeable to Ca*" than are NMDARs (Burnashev, 1996; Burnashev et al., 1995;
Jatzke et al., 2002; Schneggenburger, 1996).

Replacement of the NR1 N-site asparagine with the glutamine encoded in AMPAR and
KAR subunits sharply attenuates Ca®* permeability and slightly decreases channel block by Mg**
(Burnashev et al., 1992b), and the converse mutation in GluA2 and GluA4 receptors increases
Ca*’ permeability (Burnashev et al., 1992a) (Wollmuth and Sakmann, 1998).

The influence of Q/R editing on Ca®" permeability of KARs is somewhat more
complicated, as two independently-edited M1 sites also influence Ca®" permeability (Dingledine
et al., 1999; Puchalski et al., 1994). In GIluK2 homomers with fully edited M1 domains, an
arginine at the Q/R/N site increases Ca®" permeability, though these KARs are less permeable to
Ca®" than NMDARs. In absence of pre-mRNA editing in the M1 region, however, the Q/R/N
site is less influential; these KARs display low permeability to Ca®", regardless of Q/R editing.
Thus, the identity of the residue at this site is important for, but not definitive of, iGluR Ca*"

permeability.
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The M3 SYTANLAAF motif also plays an important role in Ca*" permeation through
iGluRs; mutation of the asparagine in this motif reduces Ca" permeability of both NMDARs and
Ca2+—perrneable AMPARs (Jatzke et al., 2003; Watanabe et al., 2002). The nearby DRPEER
motif of NR1 subunits, C-terminal to M3, also contributes to the high Ca*" permeability of
NMDARs (Watanabe et al., 2002). The homologous residues in Ca*"-permeable GluA2 and
GluK2 receptors, however, do not appear to influence Ca®" permeability (Jatzke et al., 2003).

Thus, Ca*" permeability properties arise from both conserved and divergent features of iGluRs.

1.3.5 IGluR channel block by extracellular cations

Ca’"-permeable iGIuR channels are blocked by both extracellular Ca®* and extracellular
spermine, though block by extracellular spermine is quite weak (Bahring et al., 1997; McGurk et
al., 1990; Ransom and Stec, 1988; Washburn and Dingledine, 1996). Ca*" blocks these channels
more strongly, affecting ion permeation under physiological conditions (Gu and Huang, 1991;
Jatzke et al., 2002) This block is voltage-independent or weakly voltage-dependent in NMDARs,
but strongly voltage-dependent in AMPARs and weakly voltage-dependent in KARs (Gu and
Huang, 1991; Jatzke et al., 2002; Wollmuth and Sakmann, 1998 {Premkumar, 1996 #125)}.
Voltage dependence of ion interactions with pores often indicate that the interaction site is
located within the transmembrane electric field. Hence, Ca* likely blocks AMPAR currents, but
not NMDAR currents, at a transmembrane site in the extracellular vestibule.

Voltage-dependent channel block by extracellular Mg*" is unique to NMDARs, and
strongly influences NMDAR function (Dingledine et al., 1999). This block depends on the NR2
N-site and the neighboring N+1 site. Whereas mutation of the NR1 N-site to glutamine had
essentially no effect on Mg®" block, the same mutation at the NR2 N-site reduced Mg”" block
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and increased Mg®" permeation. A similar but greater effect was observed upon mutation of the
NR2 N+1 site (Wollmuth et al., 1998a). In AMPARs and KARs, however, the Q/R/N site does
not account for the lack of channel block by Mg”"; GluA2 and GluA4 receptors with Q-to-N

mutations, for instance, exhibited no Mg2+ block (Burnashev et al., 1992a).

1.3.6 IGluR channel block by intracellular cations

NMDAR channels are further distinguished by voltage-dependent intracellular Mg®* block
(Bowie and Mayer, 1995; Johnson and Ascher, 1990). This block is regulated by the NR1 N-site
and, to a lesser extent, the NR2A N+1 site (Wollmuth et al., 1998b). Polyamines are a more
common source of channel block by intracellular cations; Ca**-permeable AMPARs and KARs
both exhibit voltage-dependent block by intracellular polyamines. NMDARs are also blocked
by intracellular polyamines, though to a much lesser extent than is observed in AMPARs and
KARs (Benveniste and Mayer, 1993; Williams, 1997). Spermine likely mediates the majority of
polyamine block in vivo (Bowie and Mayer, 1995; Kamboj et al., 1995), and can also permeate
Ca’"-permeable iGluRs; permeation rate increases as Vi, becomes more positive (Bahring et al.,
1997; Bowie and Mayer, 1995; Donevan and Rogawski, 1995). The Q/R/N site strongly
contributes to iGIuR sensitivity to channel block by polyamines; in AMPARs and KARs, only
those receptors lacking an arginine at this site are blocked by intracellular polyamines (Perrais et
al., 2010). Because polyamines affect NMDARs in multiple ways, and because polyamine block
of NMDAR channels is quite weak, determining the structural mechanisms by which this block

arises in NMDARs is more difficult (Jin et al., 2008; Kashiwagi et al., 1997).
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1.3.7 Single-channel conductance of iGluRs

Single-channel conductance, a measure of the ease with which ions permeate the channel, varies
among iGluR families. The single-channel conductances of Ca*’-permeable AMPARs display
the most variation, ranging from 7 pS to 45 pS. Ca’"-permeable KAR single-channel
conductances are between 5 pS and 25 pS, and those of NMDARs are between 17 and 50 pS.
Not surprisingly, the Q/R/N site influences single-channel conductance in both AMPARs and
KARs.: editing the glutamine to an arginine at this site dramatically decreases single-channel
conductance, often to less than 1 pS (Swanson et al., 1996). Furthermore, replacement of the
NMDAR N-site arginine with glutamine results in the appearance of a sub state conductance that
is not observed in wild-type receptors (Premkumar and Auerbach, 1996; Premkumar et al.,
1997).

Whereas AMPARs display two or three subconductance states (in addition to the main
conductance state), KARs display two subconductance states and diheteromeric NMDARs
display only one. AMPARs may be unique among iGluRs in that sub state occupancy depends
on the number of bound agonist molecules. The four AMPAR conductance states are thought to
reflect the number of bound glutamate molecules, with the lowest conductance state
corresponding to receptors with one or two bound agonist molecules and the highest conductance
state corresponding to receptors with four bound agonist molecules (Gebhardt and Cull-Candy,

2006; Prieto and Wollmuth, 2010; Rosenmund et al., 1998).
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1.3.8 Allosteric modulation of iGluR channel properties

Numerous modulators of iGluR channel properties exert their effects through interactions with
the extracellular regions of iGluRs. For instance, extracellular protons inhibit nearly all iGluRs
in a voltage-independent manner (Mott et al., 2003; Traynelis et al., 1995). Several iGluR
subtypes are likely to be under tonic proton inhibition; the proton ICsps of NR1/2A, NR1/2B,
NR1/2D, and GluK2 receptors are particularly close to physiological pH (Gielen et al., 2009;
Traynelis et al., 1995; Traynelis et al., 2010). IGluR proton sensors are tightly coupled with
iGluR gating machinery, with several residues that are key to proton sensitivity located at the
ABD dimer interface (Gielen et al., 2008) and in the linker sequences that connect the ABD to
M3 and M4 (Kashiwagi et al., 1996; Low et al., 2003).

Perturbation of the ABD dimer strongly affects proton inhibition of both AMPARs and
NMDARs, and protons likely inhibit NR1/2A receptors by inducing rearrangement of the NR1-
NR2A ABD heterodimer in a manner similar to that which AMPARs undergo during
desensitization (Gielen et al., 2008; Sobolevsky et al., 2009; Sun et al., 2002). Although protons
affect channel gating in many iGluRs, the manner in which protons alter channel gating are
subtype-specific. For example, protons reduce channel open probability (Poen) and decrease
mean open time in some NMDARs (Banke et al., 2005; Dravid et al., 2007; Traynelis and Cull-
Candy, 1990). In contrast, AMPAR inhibition by protons is predominantly mediated by
enhanced desensitization (but also involves a slight decrease in maximum Pgye,) (Ihle and
Patneau, 2000; Lei et al., 2001).

Extracellular spermine interacts with the NTDs of several iGluRs to affect channel
activity. For instance, spermine potentiation of NR1/2A and NR1/2B receptors is in part

mediated by an increase in glycine affinity (Zhang et al., 1994). In contrast, studies indicate that
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spermine binding to the GIuK2 receptor NTD reduces proton inhibition (Masuko et al., 1999;
Mott et al., 2003). Proton inhibition of NR1/2B receptors is also reduced by spermine binding
(Masuko et al., 1999; Traynelis et al., 1995). The Q/R/N site plays a role in the conferring
subtype specificity to spermine potentiation, but the structural mechanisms by which this site

affects spermine potentiation are unknown (Kashiwagi et al., 1997; Panchenko et al., 1999).

1.4 STRUCTURAL BASES OF FUNCTIONAL CONSERVATION AND

DIVERSITY AMONG NMDAR SUBTYPES

1.4.1 Agonist ECsos of NMDARs

NMDAR glutamate ECsps range from 0.35 uM in NR1/2D receptors to 3.3 u M in NR1/2A
receptors (Erreger et al., 2007; Yuan et al., 2009). The NTD+L regions of NR2 subunits
dramatically influence the NMDAR subunit specificity; NR1/2A receptors in which the NR2A
receptor NTD has been replaced by the NR2D receptor NTD display a glutamate ECs, that is
remarkably similar to that of wild-type NR1/2D receptors. A similar phenomenon is observed in
NMDARSs containing the converse chimera (NR2D subunits with the NR2A NTD). Redundant
mechanisms of agonist potency regulation appear to have developed, however, as merely
deleting the NTD does not strongly affect the ECsos of NR1/2A and NR1/2D receptors, nor does
this manipulation appear to affect NR1/2B or NR1/2C receptor ECsps (Yuan et al., 2009).
Indeed, the NR2 ABD strongly influences agonist potency, as well: in NR1/2A receptors,
substituting the NR2D ABD for the NR2A ABD results in an ECsy equal to that of wild-type

NR1/2D receptors (Erreger et al., 2007).
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The NMDAR subtype specificity of glycine ECsg is also strongly affected by the NR2
NTD; in NMDARs with low glycine ECsos (NR1/2B, NR1/2C and NR1/2D receptors), removal
of the NR2 NTD markedly increases glycine ECso. NR1/2A receptors maintain a high glycine
ECso, however, even without the NR2A NTD (Yuan et al., 2009). Further evidence indicates
that the NR2 ABD is also involved regulating glycine ECso among NMDAR subtypes (O'Leary

and Wyllie, 2009) .

1.4.2 NMDAR gating

As described in 1.3.3, the M3 helices of iGluRs participate in the activation gate and form the
narrowest part of the closed channel near the extracellular side of the membrane (Beck et al.,
1999; Sobolevsky et al., 2002a; Sobolevsky et al., 2009). In the closed GluA2 receptor, the
narrowest section of the M3 helix crossing has a diameter of less than 1 A (Sobolevsky et al.,
2009). In closed NMDAR channels, this region is likely to be wider (Sobolevsky et al., 2002a).
Nevertheless, the activation gates move apart upon channel activation, opening to a diameter of
about 11 A (Sobolevsky et al., 1999).

NMDAR channel gating is strongly affected by the NR2 NTD (Krupp et al., 1998), and
several modulators of channel activity bind to this domain (Fayyazuddin et al., 2000; Gallagher
et al.,, 1996; Paoletti et al., 1995; Paoletti et al., 2000). This region is likely to be highly
dynamic, with oscillations between closed- and open-cleft conformations impacting NMDAR
channel behavior (Gielen et al., 2009). Closure of the NR2 NTD cleft (for example, due to Zn*"
binding), is proposed to destabilize the NR1-NR2 ABD heterodimer interface by placing strain
on the NTD-to-ABD linker. (Figure 1). A destabilized NRI1-NR2 ABD heterodimer may then
induce or allow rearrangement of the extracellular region and channel closure, similar to the
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rearrangement and channel closure that takes place during desensitization of AMPARs and
KARs (Gielen et al., 2008; Mayer, 2006).

Yuan et al. (2009) and Gielen et al. (2009)' demonstrated that the NMDAR subtype
dependence of several gating properties are principally conferred by the NTD and the NTD-to-
ABD linker (the "NTD+L region"). Maximum P,pe,, channel open duration and deactivation rate
are all strongly regulated by the NR2 NTD+L region. Furthermore, modulation of channel
gating by protons and Zn>" depends on the NTD+L region (Gielen et al., 2009) (see Section
1.4.6). These exciting discoveries demonstrate the highly modular nature of NMDARs, as well

as further illuminate the surprising range of allosteric interactions within the protein.

1.4.3 Ca’* permeability of NMDARs

Several structural features of NMDARs have been identified that promote or modulate Ca**
permeability. As discussed in Section 1.3.4, Ca*" permeability of iGluRs is regulated by the
Q/R/N site (Burnashev et al., 1992b; Sakurada et al., 1993). NMDAR permeability to Ca*" is
further modulated by a concentration-dependent, voltage-independent channel block by Ca**. To
account for this phenomenon, several groups have proposed that NMDARSs contain one or more
Ca”" binding sites in or near the external vestibule of the channel, but outside or nearly outside
the voltage field (Jahr and Stevens, 1993; Premkumar and Auerbach, 1996; Sharma and Stevens,
1996b).

The DRPEER peptide, C-terminal to the NR1 subunit M3 domain, may participate in an

external Ca*" binding site; substitution of any of the negatively charged DRPEER residues with a

"I contributed to this study (see Appendix A).
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positively charged residue sharply decreases both relative Ca®" permeability and fractional Ca**
current. Furthermore, the negatively charged residues of the DRPEER motif are all accessible to
modification by extracellular solvent reagents. Moreover, charge neutralization at these sites
decreases Ca”" permeability, but does not appear to affect Mg®" block in absence of Ca**
(Watanabe et al., 2002).

The extent of Ca®" permeability of NMDARs is strongly influenced by NR2 subunit
composition: NR1/2A and NR1/2B receptors allow a higher proportion of Ca®* ions to permeate,
compared to NR1/2C receptors (Burnashev et al., 1995; Schneggenburger, 1996). To my
knowledge, the permeability of Ca*" of NR1/2D receptors has not been reported. Structural
mechanisms by which the variation in Ca*" permeability among NMDAR subtypes arises are

also unknown.

1.4.4 Mg block of NMDAR channels

Mg" block of NMDARs is strongly dependent on membrane voltage. This voltage dependence
stems from at least two mechanisms: (1) the Mg®" binding site, located within the
transmembrane electric field of the channel, allows Mg ions to sense the membrane potential,
and (2) Mg2+ ions interact with other ions that bind NMDARs, some of which also bind in a
voltage-dependent manner. Two monovalent cation binding sites are present external to the
selectivity filter (likely in the extracellular vestibule beyond the electric field), and one or two
monovalent cation binding sites are present internal to the selectivity filter. Whereas the binding
of extracellular ions to the external sites is not voltage-dependent, the binding of intracellular
ions to these sites is heavily voltage-dependent (Antonov et al., 1998; Zhu and Auerbach, 2001a,
b). When either or both of the external binding sites are occupied, Mg*" occupying the channel
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cannot exit to the external solution. Likewise, when a monovalent cation binds the internal
site(s), Mg®" cannot permeate. Furthermore, when any of the monovalent cation binding sites
are occupied, Mg2+ cannot enter the channel (Antonov and Johnson, 1999; Zhu and Auerbach,
2001a, b).

NMDAR channel block by Mg®" varies across subtypes: NR1/2A and NR1/2B receptors
exhibit stronger block by Mg”", whereas NR1/2C and NR1/2D receptors exhibit weaker block.
In NR1/2A receptors that are blocked by Mg®", the binding of a monovalent cation to an external
site largely forces the Mg”" ion to remain in the channel. In NR1/2D receptors, however, Mg
can permeate the channel; this ability provides an "escape route” for Mg®" when one of the
external monovalent cation sites is occupied. Indeed, the difference in Mg*" permeabilities of
NR1/2A and NR1/2D receptors is likely contributes to the subtype specificity of Mg®" block
strength (Qian et al., 2005; Qian and Johnson, 2006).

Several NMDAR regions have been proposed to contribute to the NR2 subunit
dependence of Mg”" block, including the M1-M3 region (Kuner and Schoepfer, 1996; Wrighton
et al., 2008) and the ABD (Wrighton et al., 2008). Drs. Jon Johnson and Wei Gao recently
identified a single NR2 residue in the M3 domain that strongly regulates the NR2 subunit-
specificity of Mg®" block (see Section 2.3). This discovery instigated many of the experiments I

performed in my dissertation research.

1.4.5 Single-channel conductance of NMDARSs

NMDAR single-channel conductance appears to primarily depend on residues in or near the
transmembrane domain. Mutations in the DRPEER motif and at the N-site alter single-channel
conductance, for example (Premkumar et al., 1997; Schneggenburger and Ascher, 1997;
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Watanabe et al., 2002), whereas mutations in the NTD, ABD, and linkers to the transmembrane
domain do not appear to affect this property (Krupp et al., 1998; O'Leary and Wyllie, 2009;
Wyllie et al., 2006; Yuan et al., 2009).

The main state conductances of NMDARs ranges from roughly 35 pS in NR1/2C and
NR1/2D receptors to 50 pS in NR1/2A and NR1/2B receptors. Subconductance states are
similarly grouped: roughly 20 pS in NR1/2C and NR1/2D receptors, and 40 pS in NR1/2A and
NR1/2B receptors (Stern et al., 1992; Stern et al., 1994; Wyllie et al., 1996). To my knowledge,
no structural mechanisms have been proposed to explain the variation of single-channel

conductance among NMDAR subtypes.

1.4.6 Allosteric regulation of NMDARSs

A growing body of research provides insight into the critical role of the NR2 NTD in channel
modulation by allosteric inhibitors (Gielen et al., 2008; Gielen et al., 2009; Krupp et al., 1998;
Paoletti et al., 2000; Yuan et al., 2009). The NR2 subunit specificity of proton sensitivity, for
instance, was recently found to be strongly regulated by the NR2 NTD+L (Gielen et al., 2009).
Furthermore, the NR2 subunit NTD+L determines the NMDAR subtype specificity of allosteric
inhibition by Zn*" (Gielen et al., 2009). Zn*" binding to the NR2A subunit NTD is proposed to
induce NTD clamshell closure and subsequent destabilization of the ABD dimer interface,
promoting ABD heterodimer rearrangement and channel closure (Karakas et al., 2009; Paoletti et
al., 2000). This theory, and the observation that proton inhibition of NRI1/2A receptors is
enhanced by Zn>" binding to the NR2A subunit NTD (Choi and Lipton, 1999; Erreger and
Traynelis, 2008), has led to the hypothesis that Zn*" NTD cleft closure around Zn*" enhances
proton accessibility to the proton sensor (Gielen et al., 2009). The NR1/2B receptor inhibitor
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ifenprodil is proposed to affect proton inhibition in a similar manner (Mott et al., 1998; Pahk and
Williams, 1997). Proton inhibition of NMDARs is likely further regulated by NTD interactions

with extracellular Mg®" and polyamines (Paoletti et al., 1995; Williams, 1993).

1.5 DISSERTATION CONTENTS

My dissertation research has focused on identifying structural determinants of NR2 subunit-
specific open channel properties. [ present the results of this research in three chapters. The
initial chapter, Section 2.0 : Structural Determinants of Channel Property Variation Among
NMDAR Subtypes, first details background regarding the discovery of the NR2 S/L site, a single
residue in NR2 subunits that largely controls the subtype specificity of Mg>" block. I then
present my research, which identifies the NR2 S/L site as the principal determinant of the
subtype specificity of single-channel main- and subconductance states. I further describe my
research characterizing the variation of Ca®" permeability among wild-type NMDARs, and
present evidence suggesting that the NR2 S/L site strongly influences this property. In the
second results chapter of my dissertation, Section 3.0 : Structural Models of NMDARs, 1 present
three molecular homology models of the NMDAR ion channel. With these models, I generated
predictions regarding the mechanism by which the NR2 S/L site, which is not part of the pore
loop, conveys its effects to the pore. The third results chapter, Section 4.0 : Mechanistic basis of
NR2 S/L site effects, describes my discovery of an intersubunit interaction in the NMDAR
transmembrane domain. [ identified a tryptophan residue in the NRI subunit p-loop that
interacts with the NR2 S/L site to form the subtype specificity of Mg block that is described in

Section 2.0 .
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2.0

STRUCTURAL BASIS OF ION CHANNEL PROPERTY VARIATION AMONG

NMDAR SUBTYPES

2.1 INTRODUCTION

NR2 subunit composition shapes numerous NMDAR properties, which therefore vary among
NMDAR subtypes. Two recent studies (Gielen et al., 2009; Yuan et al., 2009) demonstrated that
the NMDAR subtype-dependence of several properties, including channel open probability and
agonist potency, are largely conferred by the NR2 subunit NTD+L. Less understood are the
structural bases of the NMDAR subtype-dependence of properties of the open channel, including
single-channel conductance, Mg*" block, and Ca®" permeability. Based on these properties,
NMDARSs can be divided into two groups with similar channels: NR1/2A and NR1/2B receptors
exhibit similarly high single-channel conductances, Mg affinities, and Ca®" permeabilities, and
NR1/2C or NR1/2D receptors exhibit similarly low single-channel conductances and Mg*"
affinities (Dingledine et al., 1999). Furthermore, NR1/2C receptors are less permeable to Ca*"
than NR1/2A and NR1/2B receptors (Burnashev et al., 1995; Schneggenburger, 1996) (to my
knowledge, the Ca®" permeability of NR1/2D receptors has not been assessed). The NMDAR
subtype variation in Mg>" block has been found to depend on three portions of the M1-M4

regions, as well as the agonist binding domain (Kuner and Schoepfer, 1996; Wrighton et al.,
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2008). To my knowledge, there is no information on the structural origin of the NMDAR
subtype dependence of single-channel conductance and Ca®" permeability.

In the M1-M4 regions, NR2A and NR2B subunits have more sequence identity with each
other than with NR2C or NR2D subunits; NR2C and NR2D subunits also share more sequence
identity with each other than with the other NR2 subunits (Figure 1). Members of the Johnson
lab took advantage of this difference in sequence identities to search for amino acid residues that
influence subtype specific NMDAR channel properties. An M3 residue in NR2 subunits was
found to regulate the subtype specificity of channel block by Mg>". My data indicate that this
residue additionally principally underlies the NMDAR subtype dependence single-channel main
state and sub state conductance. To determine whether the NR2 S/L site affects the NR2 subunit
specificity of Ca®" permeability and block, I quantified relative Ca*" permeabilities of NR1/2A-
2D receptors, as well as in NR1/2A(S632L) receptors. Initial results indicate that the
NR1/2A(S632L) site does indeed regulate subtype-specific Ca** permeability. Furthermore,
preliminary data suggest that the NR1/2D receptors may exhibit surprising variation in

permeability to Ca*".
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Figure 2 NMDAR transmembrane topology and NR2 subunit sequence
alignment

(a) NMDAR transmembrane topology (see text for details). For clarity, only two of the four subunits

are shown. This depiction does not indicate subunit arrangement around the pore.

(b) Alignment of the M1-M3 and M4 regions of NR2A-D subunits, with transmembrane regions

labeled. Slashes indicate discontinuity in amino acid sequences. Asterisks mark residues examined in

this study. Large asterisk marks the NR2 S/L site.
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2.2 METHODS

Cell culture and transfection. HEK 293T cell (ATCC, whole-cell experiments) and HEK
293 cells (ATCC, single-channel experiments) were maintained as previously described (Qian et
al., 2005). Calcium phosphate transfections or FuGENE transfections (Roche) were performed
with a cDNA ratio of 1 eGFP:1 NR1:2 NR2. NMDA receptors were transiently expressed in
HEK 293T cells after transfections using calcium phosphate (Clarke and Johnson, 2006),
FuGENE (Siegler Retchless et al., submitted) or Lipofectamine (Qian and Johnson, 2006).
Calcium phosphate and FuGENE transfections were performed with plasmids containing rattus
NR1-1a cDNA in the pcDMS8 vector and one NR2 subunit cDNA in the pcDNA 3.1 vector or the
pcDNA 1 vector. EGFP in pcDM8 was co-transfected as a marker for probable NMDAR
expression. For calcium phosphate transfections, the ratio of eGFP:NR1:NR2 subunit cDNA
was 1:2:4. Most Lipofectamine transfections were performed with an eGFP:NR1:NR2 subunit
cDNA ratio of 1:3:6, with each construct in a pcDM8 vector. For NR1/2C receptors, the cDNA
ratio was 1:3:12.

Mutagenesis and c¢DNA preparation. cDNAs encoding rattus NRI-la (GenBank
accession number (ACCN) X63255), NR2A (ACCN M91563), and NR2D (ACCN L31612)
NMDAR subunit genes in ampicillan resistance-encoding plasmids (pcDNA 3.1 or pcDNA 1)
were mutagenized with the Stratagene Quik-Change XL sited-directed mutagenesis kit. Wizard
MiniPrep kits and Qiagen MaxiPrep kits were used to amplify cDNAs. After mutagenesis,
NMDAR subunit cDNAs from isolated colonies were sequenced from 100-200 bases upstream
to 100-200 bases downstream of each mutation (University of Pittsburgh Genomics and
Proteomics Core Laboratories). In most cases, mutant-containing plasmids from at least two

colonies were expressed for electrophysiological experiments to ensure that experimental results
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did not arise from unintended mutations. Furthermore, the entire coding sequence of the mutant
subunit NR2A(S632L) from one colony was sequenced (GeneWIZ) to ensure that no unintended
mutations had occurred.

Electrophysiology. Experiments was performed 12-48 hours after transfection initiation.
Borosilicate micropipettes with resistances of 2-5 MQ (whole-cell recordings) or 5-11 MQ
(single-channel recordings) were pulled on a Sutter Instruments P-97 electrode puller.
Micropipettes used for single-channel experiments were coated with Sylgard 184.

Outside-out patch and whole-cell currents were amplified using an Axopatch 200B or Axopatch
200 patch-clamp amplifier (Molecular Devices) and recorded on video tape and/or a Dell
computer in pClamp version 9 or 10 format (Molecular Devices). Currents were filtered at 1
kHz (whole-cell recordings) or 2.5 kHz (single-channel recordings) with a Warner Instruments
low-pass bessel filter and sampled every 50 pus (whole-cell recordings) or 20 us (single-channel
recordings).

Mg*" ICsy experiments. Mg”" ICs experiments were performed in the whole-cell recording
configuration. Intracellular solution consisted of (in mM): CsCl (130), HEPES (10), EGTA
(10). CsOH (~22 mM) was added to arrive at pH 7.2 + .05 and 275 + 5 mosmol. Extracellular
solution ("Ringer's solution") consisted of (in mM): NaCl (140), KCI (2.8), CaCl, (1.0), HEPES
(10). NMDAR responses were elicited by 30 uM glycine plus 10 uM NMDA whole-cell
experiments, referred to as "agonists". Magnesium solutions were composed of the
aforementioned extracellular solution, agonists, and MgCl,; Mg*" concentrations are specified in
the text and figures. Because of their effects on Mg”" channel block, no compensatory

. . . . . 24 .. .
reductions in permeant ion concentrations were made in Mg” -containing solutions.
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To facilitate efficient data collection for data presented in Figure 5, Figure 6 and Figure
19, we developed a method for rapid measurement of Mg>" ICsgs at seven voltages. Mg*'-free
solution plus agonists was applied until a steady-state current was reached. Successively higher
[Mg”Js (0-10 mM in Ringer’s solution plus agonists) were applied to the cell for 5 seconds each
via a gravity-fed 10-barrel fast perfusion system (Figure 4). During the last 1.5 s of each
solution application, the command voltage was stepped from a holding potential of -65 mV
(corrected for a junction potential of 4 mV) through a series of voltages ranging from -115 mV to
-15mV, in 20 mV increments. Each stepped command voltage was maintained for 210 ms. The
current at each command voltage was averaged over a period of 150 msec, from 50 ms until 200
ms after the voltage was changed. Before and after application of agonists, baseline (0 agonists)
current at each command voltage was measured; the baseline currents were averaged and
subtracted from the agonist-activated currents in each [Mg>'] at each command voltage to
calculate the NMDAR-mediated current. Using this approach, current measurements in ten
[Mg2+]s at seven voltages each were made in 3-4 minutes. The ten [Mg%]s covered a wide
concentration range so that an accurate estimate of Mg2+ ICso could be made at each of the
voltages used, despite the powerful voltage dependence of Mg”" block. A complete data set for
one cell was gathered by repeating this protocol at least 3 times and averaging the NMDAR-
mediated current at each [Mg*'] and command voltage across trials.
For each cell, at each voltage, fractional current (Img/Icontrol) measured in each [Mg%] was plotted

to create a [Mg® J-inhibition curve, which was fit with Equation 1:

33



IMg = 1 Equation 1

IC(mtrol 1+([Mg2+])n

ICy,

where n is the Hill coefficient, Iy, is the amplitude of agonist-induced current in [Mg”], and
Leontror 1 the amplitude of NMDAR-mediated current in the absence of Mg2+ (Figure 3b and
Figure 4b).

I calculated the percent of the difference between NR1/2A and NR1/2D receptor Mg*"
ICsps that was accounted for by the NR2 S/L site for the NR2A(S632L) mutation (88%; see

Section 2.3) using Equation 2:

[1og<Mg2+ ICy,. NR1/2A(S632L)) - log{ Mg™* IC,., NR1/2A>]
log(Mg** ICy,, NR1/2D) -log(Mg** ICy,, NR1/2A)

100 x Equation 2

A related equation was used to calculate percent of the difference between NR1/2A and NR1/2D
receptor Mg”" ICsos accounted for by the NR2D(L654S) mutation (57%). Although use of log-
transformed ICso data is the more appropriate (Colquhoun, 1998), similar calculations were
performed arithmetically (without log-transformation), yielding 81% for the NR2A(S632L)
mutation and 73% for the NR2D(L654L) mutation.

Single-channel experiments. Single-channel experiments were performed in extracellular
Ringer's solution, with NMDAR-mediated currents elicited by 30 p M glycine plus 30 uM
NMDA. Intracellular composition for most single-channel experiments was (in mM): CsFl
(115), CsCl (10), HEPES (10), EGTA (10). For some experiments included in the kinetic
analyses, CsCl was substituted for CsF. CsOH (~ 40 mM) was added to both intracellular

solutions to arrive at pH 7.2 £ .05 and 275 + 5 mosmol.
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Single-channel data analysis. Analyses of single-channel currents were performed using

the DC analysis programs (http://www.ucl.ac.uk/Pharmacology/dcpr95.html). Conductances

were calculated as the slope of the best-fit linear regression to an i-V graph containing data
collected at four or more voltages. To determine single-channel current amplitude for each patch
at each voltage, one or two binomial curves were fit to single-channel current amplitude event
histograms using the maximum-likelihood method (Colquhoun and Sigworth, 1995). Kinetic
analyses were also performed with the DC analysis programs, using the maximum likelihood
method to fit multiple curves to shut time and open period distributions. For each distribution of
events, fits were generated using two to four components.

Statistical Analysis. Most statistical tests were performed using Origin 7 software
(OriginLab Corporation). T-tests for heterogeneity of slopes were performed in SAS 9.2 (SAS
Institute Inc.) In Figure 19, Mg®" ICso data are presented as mean Mg”" ICs value (averaged
across cells) + s.e.m.

Ca’" permeability experiments. Relative Ca’" permeability (Pc./Pcs) was assessed in
biionic conditions, using an intracellular Cs" solution and and extracellular solution containing
1.8 mM Ca%, 10mM Ca2+, or 146 mM Cs' as the sole permeant ions. Ca*" solutions consisted of
(in mM): 140 NMDG (an NMDAR-impermeant cation), 10 Hepes, 1.8 or 10 Ca*", pH adjusted
to 7.2 = 0.05 with HCl. Extracellular Cs" solution contained (in mM): 140 CsCl, 10 HEPES, pH
adjusted to 7.2 = 0.05 with CsOH. When necessary, sucrose was added to reach 290 + 10
mosmol. The intracellular Cs" solution was the same as that for Mg®" ICs experiments. Voltage
drift was measured at the end of each experiment; data from experiments in which the voltage

drift exceeded 2 mV were excluded from analysis.
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Before each recording, the pipette offset was zeroed in Ringer's solution. To minimize
voltage drift, and to avoid errors due to junction potential changes at the ground electrode, a 3M
KCI agarose cushion ground electrode was used. A stable whole-cell recording configuration
was then achieved in Ringer's Solution. Extracellular solution containing a single permeant ion
(Cs™ or Ca’") was then bath-applied via a gravity-fed perfusion system for several minutes, to
ensure complete solution exchange. 1 mM glutamate plus 50 uM glycine in the single permeant-
ion solution were bath-applied for 30 - 60 s, until desensitization was complete. In continued
presence of glutamate and glycine, the command voltage was stepped from a holding potential of
-65 mV through a series of voltages ranging from -95 mV to -55 mV, in 10 mV increments, then
stepped from -50 mV to 10 mV, in 2 mV increments, and finally from 15 mV to 55 mV, in 10
mV increments (see Figure 10). As with Mg*" ICsq experiments, the stepped command voltages
were maintained for 210 ms each. The current at each command voltage was averaged in the
same manner as that described for Mg2+ ICso determination. As with Mg2+ ICso experiments,
NMDAR-mediated current was calculated by subtracting the average of current recorded before
and after agonist application from current recorded in the presence of agonists. The NMDAR-
mediated current at each voltage was plotted as a function of voltage (corrected for a junction
potential of 8 mV in Ringer's solution) , and V,., was determined to be the voltage at which the
plotted function crossed the x-axis. The plotted linear function connected the smallest inward
current to the smallest outward current.

Inclusion criteria required that the whole-cell NMDAR-mediated Ca®" current exceeded
-6 pA at -65 mV, and that the baseline current at -65 mV (in absence of agonists) was no more

than 2 times the agonist-induced Ca®" current at that voltage. Experiments in which voltage drift
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was greater than 2.5 mV were excluded from analysis, as were experiments in which the baseline
current (in absence of agonists) changed by more than 10%.
Relative Ca®* permeability was calculated with a modified Lewis equation (Lewis, 1979;

Wollmuth and Sakmann, 1998)(Equation 3):

Pe, 2+
RTI 45-x[Ca™],
rev(Ca) ~ Y rev(Cs) = F Viev (Ca)

[Cs], x (1+ e®T/F)

Equation 3

Where [CS+]0 and [Ca%]0 are the extracellular concentrations of Cs" and Ca%, and Pc./Pcs is the
permeability ratio of Ca*" to Cs™. For results presented in Table 5.2, activity coefficients were
included in Pco/Pcs calculations: 0.72 (146 mM Cs*), 0.30 (1.8 mM Ca®"), and 0.31 (10 mM
Ca’"), as in Wollmuth & Sakmann (1998).

The percent decrease in Pca/Pcs of NR1/2A(S632L) receptors, from the NR1/2A receptor

Pca/Pcs to the NR1/2C or NRI1/2D receptor Pca/Pcs, was calculated using the following

equations:
PC 2+ PC 2+
(=%, NR1/2A, [Ca™"]) - (—**, NR1/2A(S632L), [Ca"])
100 x Fe, Fe,
Pc 2+ PC 24 Equation 4
(=%, NR1/2A, [Ca™"]) - (%, NR1/2C, [Ca""])
PCS PCs
Pc 2+ PC 2+
(==, NR1/2A, [Ca™"]) - (%%, NR1/2A(S632L), [Ca™™"])
100 x —€ Fe, Equation 5
Fee nNR12A. (€ - Eee . NRI2D. [Ca* )
PCS PCs
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where [Ca’"] = 1.8 mM or 10 mM extracellular Ca®*, and (Pca/Pcs, NR1/2A, [Ca®']) is the
Pca/Pcs of NR1/2A receptors in the specified [Ca2+].

The percent of Pca/Pcs that was accounted for by the NR2 S/L site (78%; see Section
2.5.2) was calculated by averaging the four values that arose from inserting Pc,/Pcs values into

Equation 4 and Equation 5.

2.3 FOUNDATIONAL STUDIES: STRUCTURAL DETERMINANTS OF

VARIATION IN MG>" ICs

To identify a structural basis for the NR2 subunit dependence of Mg”" block, members of the
Johnson lab compared the aligned amino acid sequences of the four NR2 subunits in or near
transmembrane domain. We took advantage of the pattern of variation in Mg®" channel block
properties among NMDAR subtypes: Mg”" blocks the channels of NR1/2A and NR1/2B
receptors with similarly high affinity, and the channels of NR1/2C and NR1/2D receptors with
similar, lower affinity (Dingledine et al., 1999). Sites that were targeted reflect this clustering of
NMDAR subtypes: sites at which NR2A and NR2B subunits contain the same residue, but at
which NR2C and NR2D subunits share a different residue (Figure 2b). In NR2A subunits, the
wild-type residue was replaced with the residue found in NR2C and NR2D subunits.

Dr. Wei Gao, a postdoctoral fellow in the Johnson lab, compared the Mg®" block
properties of receptors composed of NR1 combined with wild-type NR2A, wild-type NR2D, or
mutant NR2A subunits. For each NMDAR subunit combination, he quantified the Mg2+ 1Cso,

the concentration of Mg2+ ([Mg2+]) necessary to inhibit 50% of the NMDAR-mediated current
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(Equation 1) (Figure 3a and b). Because Mg*" block of NMDARs is strongly voltage-dependent,
data were often gathered at several voltages. Consistent with previous data (Ishii et al., 1993;
Kuner and Schoepfer, 1996; Monyer et al., 1992), NR1/2A receptors had higher Mg”" ICsos than
did NR1/2D receptors at each voltage tested (Figure 3d).

The M1-M4 region sites that were targeted are identified in Figure 2 and Figure 3c. At
one or more voltages, Dr. Gao measured the Mg2+ ICs9s of NMDARSs with the NR2C and NR2D
subunit residue substituted at the corresponding NR2A subunit site. For instance, the NR2A
subunit glutamine (Q) at position 620 was replaced with aspartate (E), the residue at the
homologous location in NR2C and NR2D subunits, creating NR2A(Q620E). Dr. Gao did not
examine sites that were previously demonstrated to not affect channel block by Mg*" (for
example, Kuner and Schoepfer (1996) found that several M2 residues do not influence Mg”" ICs
at -100 mV, nor did these residues influence Ky 5(0), a value extrapolated from a linear fit of
Mg2+ ICsos between -75 mV and -35 mV). Because external and internal permeant ions bind
near the extracellular and intracellular entrances of the pore to affect Mg”" block (Antonov et al.,
1998; Antonov and Johnson, 1999; Zhu and Auerbach, 2001a, b), residue sites near these
entrances were of particular interest. Transmembrane region residue sites were of interest, as
well. Seven NRI/2A receptors at which an NR2D subunit residue was substituted for the
homologous NR2A subunit residue were examined. Most mutant receptors, however, had Mg
ICsos that were similar to wild-type NR1/2A receptors (Figure 3e and f). When the NR2C and
NR2D leucine (L) was substituted for the NR2A and NR2B serine (S) at NR2A(S632) in M3,
however, we observed Mg>" ICsos that were strikingly similar to NR1/2D receptor Mg®" ICsos

(Figure 3g).
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To study the effects of mutations at NR2A(S632) more thoroughly and efficiently, a
method of rapidly characterizing NMDAR Mg”" ICsps at seven voltages, ranging from -115 mV
to -15 mV, was developed. This method is similar to that presented in Figure 3a, except that
each Mg”"-containing solution was applied for 5 s, and an I-V curve was measured quickly near
the end of each solution application (see Section 2.2 and Figure 4). I found that this protocol
yielded Mg®" ICs) measurements that were similar to those made with the protocol illustrated in
Figure 3 (Figure 5) With both protocols, Dr. Gao found that NR1/2A(S632L) receptor Mg*"
ICsos are very close to those of NR1/2D receptors (Figure 3g and Figure 5a). I later determined
that substitution of leucine for serine at this site (the “NR2 S/L site”) accounted for 88% of the
difference between NR1/2A and NR1/2D receptor Mg®" ICsos (averaged across voltages; see
Experimental Procedures). Furthermore, substitution of the NR2A serine for the homologous
NR2C and NR2D leucine at the NR2 S/L site resulted in NR1/2D(L654S) receptor Mg2+ I1Csps

that were decreased toward those of NR1/2A receptors by an average of 57% (Figure 5b).
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Figure 3 Search for residues that affect the NMDAR subtype specificity of Mg2+
block

(a) Example trace of NR1/2A receptor-mediated currents at -65 mV and current inhibition by addition of
Mg”" at concentrations from 1 M to 5 mM.

(b) [Mg2+]-inhibiti0n curves constructed from the NR1/2A trace in (a) (black circles) and similar data
from NR1/2D receptors (blue triangles).

(¢) Transmembrane topology of NR2 subunits and predicted locations of targeted residues.

(d-g) Plots of average Mg®" ICses at -115, -65, and -15 mV in wild-type receptors and receptors
containing amino acid residue substitutions (point mutants in which a residue in the NR2A subunit was
replaced with the homologous residue in NR2C and NR2D subunits). The mutant subunit represented by
each symbol is defined in (¢) (right).

(d) Mg®" ICsos of wild-type NR1/2A and NR1/2D receptors.

(e) Mg2+ ICs0s of NR1/2A(Q620E), NR1/2A(K632R), NR1/2A(Q811K) and wild-type receptors.

) Mngr ICs0s of NR1/2A(F553Y), NR1/2A(AS555P), NR1/2A(1567T) and wild-type receptors.

(g) Mg*" 1Cs0s of NR1/2A(S632L) and wild-type receptors. n = 2-24 cells per point. Wild-type NMDAR
data presented in (d) are replotted in (e-g).

Data in this figure were gathered by Dr. Wei Gao.
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Figure 4 A novel approach for measuring Mg2+ ICsos at seven

(a) Whole-cell recording current trace of NR1/2A receptor current during rapid measurement of Mg?**
ICss at seven voltages. Large scale bars, 300 pA and 5 s. Inset, -V curves in each [Mg®] were
measured by quickly stepping the command voltage from -115 to -15 mV in 20 mV increments. Scale
bars in inset, 100 pA and 500 ms. See Section 2.2 for a detailed description of the protocol.

(b) Left, Mg2+ concentration-inhibition curves derived from data in (a). NMDAR-mediated current in
each [Mg®'] divided by NMDAR-mediated current in 0 Mg”" is plotted against [Mg*']. Right, plot of
the voltage-dependence of Mg®" ICs,, based on the single concentration-inhibition curves to the left.
At least 3 sets of curves were measured and averaged per cell.
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Figure 5 Comparison of Mngr ICsos determined by two protocols

At -15, -65 and -115 mV, the protocols for gathering Mg*" ICs, data yielded similar results for: (a)
NR1/2A receptors, (b) NR1/2D receptors and (¢) NR1/2A(S632L) receptors. Results from the slower
protocol (illustrated in Figure 3a and b) are plotted with grey symbols and lines, and results from the
rapid protocol (illustrated in Figure 4) are plotted with black (a), blue (b), or red (¢) symbols and lines.

See Section 2.2 and Figure 3 for protocol details.

Data in this figure were gathered by Dr. Wei Gao.
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Figure 6 The NR2 S/L site determines the NMDAR subtype specificity of Mg2+

IC

(a)SI'\)IRl/2A(S632L) receptor Mg”" ICsos are similar to NR1/2D receptor ICsos across a wide range of voltages.
Plot of the voltage-dependence of Mg2+ ICs0s of NR1/2A, NR1/2D, and NR1/2A(S632L) receptors. ICsps in this
figure and in Figure 19 were determined using a rapid measurement protocol (Figure 4).

(b) NR1/2D(L654S) receptor Mg>" ICsos approach those of NR1/2A receptors across a wide range of voltages.

Data in this figure were gathered by Dr. Wei Gao.
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2.4 STRUCTURAL DETERMINANTS OF VARIATION IN SINGLE-

CHANNEL PROPERTIES

2.4.1 Single-channel conductance

After the surprising discovery that a single residue in NR2 subunits drastically affects the NR2
subtype specificity of Mg>" ICso, I asked whether this residue contributes to another fundamental
NR2 subtype-dependent property, single-channel conductance. Single-channel conductance,
along with reversal potential, defines the amount of current that passes through an open channel
at any voltage. It is a hallmark difference between NMDAR subtypes, and determination of
single-channel conductance is an important tool for identifying NMDAR subunit composition of
native channels in the central nervous system (Cull-Candy et al., 1998; Farrant et al., 1994).

I recorded single-channel currents in NR1/2A and NR1/2A(S632L) receptors (Figure 7a)
to determine single-channel current amplitudes (Figure 7b) and conductance (Figure 7c), and
compared them to NR1/2D receptor single-channel data gathered previously in Dr. Johnson's lab
(Qian et al., 2005). Across voltages, the single-channel current amplitudes of NR1/2A(S632L)
receptors were noticeably smaller than those of NR1/2A receptors (Figure 7a). NR1/2C and
NR1/2D receptors display similarly small single-channel amplitudes (Cull-Candy et al., 1998;
Qian et al., 2005; Stern et al., 1992). The main state conductance of wild-type NR1/2A receptors
was 54.6 = 2.1 pS, similar to other reported values (Stern et al., 1992; Stern et al., 1994). The

main state conductance of NR1/2A(S632L) receptors was 34.8 + 1.4 pS, significantly different
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from the NR1/2A main state conductance (t-test for heterogeneity of slopes, p < 0.0001), but
indistinguishable from that of NR1/2D receptors (37.4 + 1.3 pS, measured previously in the
Johnson lab (Qian et al., 2005), p = 0.2522) and consistent with other reported values (Wyllie et
al., 1998; Wyllie et al., 1996).

Another single-channel property that strongly distinguishes NMDAR subtypes is a
prominent subconductance state of ~20 pS that is exhibited by NR1/2C and NR1/2D receptors,
but not by NR1/2A or NR1/2B receptors. I observed that NR1/2A(S632L) receptors exhibit a
remarkably similar subconductance state of 17.0 + 0.7 pS (Figure 7c). This conductance is not
significantly different from the subconductance state of NR1/2D receptors previously measured
in our lab under the same conditions (Qian et al., 2005) (20.2 £ 1.3 pS; p = 0.051); these data
agree with prior reports of the NR1/2D subconductance state (Wyllie et al., 1998; Wyllie et al.,
1996).

I could not consistently resolve a subconductance state in NR1/2A receptors, although in
some patches I observed infrequent occupancy of a 40 pS subconductance state (Figure 8), as has
been previously reported (Stern et al., 1992; Stern et al., 1994). NR1/2A(S632L) receptors

evidenced no similar subconductance state.
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Figure 7 The NR2 S/L site controls the subtype specificity of NMDAR single

channel conductance

(a) Representative single-channel current traces of NR1/2A (left), NR1/2A(S632L) (center) and NR1/2D (right)
receptors recorded in outside-out patch configuration at -75 mV.
(b) Representative single-channel current amplitude histograms and fits of NRI1/2A receptors (left),
NR1/2A(S632L) receptors (center), and NR1/2D receptors (right) at -75 mV.
(¢) i-V plots of single-channel currents and linear regression fits. The slope of the linear fit to each i-V plot

(single-channel conductance) is shown next to each fit.

Left, NR1/2A receptors, (n = 4 patches) center,

NR1/2A(S632L) receptors (n = 4 patches), right, NR1/2D receptors. NR1/2D receptor data are from Qian et al.

(2005).
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Figure 8 Single-channel conductance of NR1/2A receptors

(a) Single-channel current trace demonstrating NR1/2A receptor main- and subconductance states
recorded in an outside-out patch recording configuration at -55 mV
(b) Single-channel current amplitude histogram corresponding to the patch from which traces in (a) were

sampled. The histogram was best fit by two Gaussian distributions, corresponding to mean amplitudes of
-2.4 pA and -2.7 pA.
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2.4.2 Channel Kkinetics

As discussed in Section 1.4.2, NMDAR channel kinetics are subtype-specific. NR2 subunit
NTDs strongly regulate the variation among NMDAR subtypes of a number of kinetic
parameters, including Poyen and channel open duration (Gielen et al., 2009; Yuan et al., 2009).
Although the NTD+L is clearly the primary determinant of subtype-specific variation in these
channel properties, other structural influences on NMDAR kinetics must exist. Substitution of
the NR2A NTD for the NR2B NTD, for example, does not fully change the open-time phenotype
of NR1/2B receptors to that of NR1/2A receptors.

To determine whether the NR2 S/L site affects channel kinetics, I evaluated open periods
(the length of time during which the channel is open, regardless of main or sub state occupation)
and shut times of NRI1/2A and NR1/2A(S632L) receptors, and compared them to those of
NR1/2D receptors (Qian et al., 2005). Open period distributions were reliably and adequately fit
by two components (t's) (Figure 9). The mean durations of each NR1/2A receptor open period
component were similar to those of NR1/2A(S632L) receptors, but were different from those of
NR1/2D receptors (Table 2.1). Moreover, the duration of the largest open period component of
NR1/2A(S632L) receptors, 1.72 s, was more similar to the duration of the largest open period
component of NR1/2A receptors (2.26 ms) than to that of NR1/2D receptors (0.52 ms).

Examples of shut time distributions are presented in Figure 9. Each shut time distribution
was fit with three or four components. As with the open periods, mean NR1/2A(S632L) receptor

shut time t's were more similar to NR1/2A receptors than they were to NR1/2D receptors (Table
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2.2) . Thus, the NR2 S/L site appears to affect channel permeation properties more than it affects

channel kinetics.
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Figure 9 The NR2 S/L site does not strongly affect single-channel

Kinetics

(a) Representative open period distribution histograms derived from outside-out patch
recordings of NR1/2A receptors (top, black fits), NR1/2A(S632L) receptors (middle, red fits),

and NR2D receptors (bottom, blue fits).

(b) Representative shut time distribution histograms derived from the same recordings as in (a).

NR1/2D receptor data from Qian et al. (2006)



Table 2.1 Effects of the NR2 S/L site on open period distributions

t1, ms (%) 12, ms (%) Mean of t's, ms n
NR1/2A 0.11 (31%) 2.26 (69%) 0.80 3
NR1/2A(S632L) 0.13 (29%) 1.72 (71%) 0.63 3
NR1/2D* 0.58 (87%) 1.22 (13%) 0.33 4

Table 2.2 Effects of the NR2 S/L site on shut time distributions

t1, ms (%) 12, ms (%) 13, ms (%) 4, ms (%) n
NR1/2A 0.21 (23%) 4.9 (33%) 48.1 (39% 537 (4%) 3
NR1/2A(S632L) 0.15 (32%) 2.6 (23%) 36.7 (35%) 233 (10%) 3
NR1/2D? 0.14 (18%) 0.85 (5%) 10.1 (37%) 140 (38%) 4

2.5 STRUCTURAL DETERMINANTS OF CALCIUM PERMEABILITY

2.5.1 Variation in Ca* permeability among NMDAR subtypes

NR1/2A receptors and NR1/2B receptors display similarly high permeabilities to Ca®'
(Schneggenburger, 1996), whereas NR1/2C receptors display lower Ca*" permeability than
NR1/2A receptors (Burnashev et al., 1992b; Burnashev et al., 1995). There has been no report of
NR1/2D receptor Ca®" permeability, and there has been no report of a systematic comparison of
Ca”" permeabilities across NMDAR subtypes. Furthermore, the wide variation among studies in

the magnitudes of Ca*" permeability of the same NMDAR subtype makes comparison across

2NR1/2D receptor data from Qian et al. (2005)
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studies challenging. For instance, values of NR1/2A receptor fractional Ca®* current (P;, the
fraction of total current carried by Ca®") vary from 11% (Burnashev et al., 1995) to 18.5%
(Schneggenburger, 1996).  Therefore, my goal has been to quantify the relative Ca*"
permeabilities of each wild-type diheteromeric NMDAR subtype, as well to test for a role of the
NR2 S/L site in determining the subtype specificity of Ca*" permeability.

To assess the relative Ca>" permeabilities of wild-type NMDARSs, I measured the Vs of
each NMDAR subtype in biionic conditions, with 152 mM intracellular Cs" and either 146 mM
extracellular Cs', 1.8 mM extracellular Ca2+, or 10 mM extracellular Ca**. F igure 10a illustrates
the voltage-clamp step protocol used to determine V,.s and the resulting current through
NR1/2A receptors in 1.8 mM Ca*". NMDAR-mediated current was quantified by subtracting the
averaged baseline current (before and after agonist application) at each voltage from current
recorded at each voltage during application of 1 mM glutamate plus 50 p M glycine. The
NMDAR-mediated current was then plotted against voltage (Figure 10b), and V., was

determined to be the point at which the fitted I-V function crossed the x-axis (see Section 2.2).
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Figure 10 Protocol for V,, determination under biionic
conditions
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Figure 10 (continued)

(a) Voltage command (black trace, top) and resulting current traces (black traces, bottom) from a cell
expressing NR1/2A receptors in 1.8 mM extracellular Ca2+. In absence of agonists, the command voltage
was held at -73 mV, and then was stepped through a series of voltages from -103 mV to 47 mV). Agonists
(glutamate + glycine) were applied for 60 seconds to allow for desensitization, and again the commanded
voltage was stepped from -103 mV to 47 mV. The steps were once again commanded after agonist washout.
Grey insets, voltage command step protocol (top inset) and currents recorded during this protocol (bottom
inset). Outward current larger than 150 pA in the presence of agonists is not shown in the bottom current
trace (black), but is depicted in the inset. Note the lack of voltage dependence of current at voltages more
negative than -73 mV (plotted in (b)).

(b) 1-V plot of Ca**-mediated current through NR1/2A receptors, from data presented in (a), as well as
outward current larger than 150 pA.
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Average Vs in the presence of 146 mM extracellular Cs" were similar across NMDAR
subtypes (Table 2.3). In both 1.8 mM and 10 mM extracellular Ca**, however, NR1/2A and
NR1/2B receptor Vs diverged from those of NR1/C and NR1/2D receptors (Table 2.4 and
Table 2.5).

NMDAR subtypes displayed a narrow distribution of Vis derived from individual
experiments in 1.8 mM Ca®’ (Table 2.4). As expected, the V,.,s of NR1/2A and NR1/2B
receptors (n = 3 per subtype) were more depolarized than those of NR1/2C receptors (n = 2) and
NR1/2D receptors (n = 1). Using averaged Vies, I determined Pc,/Pcs for each NMDAR subtype
in each [Ca’'] with a modified Lewis equation (Equation 3) (Lewis, 1979). Pca/Pcs values of
NR1/2A and NR1/2B receptors in 1.8 mM Ca’" were similar, and each was higher the Pc,/Pcs of
NR1/2C receptors (Table 2.6). Based on a sample of one V., value in 1.8 mM Ca2+, the
NR1/2D receptor Pca/Pcs was also smaller than those of NR1/2A and NR1/2B receptors (Figure
11 and Table 2.1). Pc/Pcs values were also calculated with ionic activities, rather than
concentrations (Table 5.2).

Results in 10 mM extracellular Ca®" revealed a largely similar pattern: NR1/2A receptors
and NR1/2B receptors displayed more depolarized V,eys than did NR1/2C receptors (n = 3 per
subtype). These results are similar to those of previous reports (Burnashev et al., 1992b;
Schneggenburger, 1996; Wollmuth and Sakmann, 1998). Like the distributions of Vs in 1.8
mM Ca®", those in 10 mM Ca®" were tightly clustered by NMDAR subtype for NR1/2A,
NR1/2B, and NR1/2C receptors. Surprisingly, however, the distribution of Vs for NR1/2D

receptors in 10 mM Ca®’ (n = 5) appeared to be bimodal, with two values near the V,es of
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NR1/2C receptors and three values that were even more depolarized than the V,.,s of NR1/2A

and NR1/2B receptors (Table 2.5).

Table 2.3 NMDA receptor reversal potentials in 146 mM Cs”

NMDAR

Subtype Mean Viey Range n
NR1/2A -6.0 mV (-6.4 mV) - (-5.7 mV) 2
NR1/2B -4.6 mV (-4.6 mV) 1
NR1/2C -6.0 mV (-6.0 mV) 1
NR1/2D -53 mV (-6.5 mV) - (4.5 mV) 5
NR1/2A(S632L) -4.4 mV (-5.5mV) - (-3.7mV) 3

Table 2.4 NMDA receptor reversal potentials in 1.8 mM Ca**

NMDAR

Subtype Mean Ve Range n
NR1/2A -35.1 mV (-37.9 mV) - (-32.6 mV) 3
NR1/2B -35.2mV (-35.9mV) - (-34.0 mV) 3
NR1/2C -42.0 mV (-42.4mV) - (-41.5 mV) 2
NR1/2D -47.7 mV (-47.7 mV) 1
NR1/2A(S632L) -40.4 mV (-41.5mV) - (-39.3 mV) 2

Table 2.5 NMDA receptor reversal potentials in 10 mM Ca**

NMDAR

Subtype Mean Viey Range n
NR1/2A -12.6 mV (-13.7mV) - (-11.7 mV) 3
NR1/2B -9.7mV (-12.0 mV) - (-8.5 mV) 3
NR1/2C -20.0 mV (-21.7mV) - (-18.2 mV) 3
NR1/2D (low) -15.6 mV (-18.3 mV) - (-12.9 mV) 2
NR1/2D (high) -2.5mV (-3.7mV) - (-1.5 mV) 3
NR1/2A(S632L) -15.7mV (-16.7mV) - (-14.5 mV) 3
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Table 2.6 NMDAR subtype dependence of PCa/PCs

NMDAR Subtype [Ca®] (mM) Pca/Pes
NR1/2A 1.8 7.7
NR1/2B 1.8 7.3
NR1/2C 1.8 5.6
NR1/2D 1.8 4.2
NR1/2A(S632L) 1.8 59
NR1/2A 10 4.5
NR1/2B 10 5.0
NR1/2C 10 3.1
NR1/2D ("low permeability") 10 3.7
NR1/2D ("high permeability") 10 7.8
NR1/2A(S632L) 10 3.6

Pc./Pcs values were calculated using ion concentrations, rather than activities
(see Appendix C, Table 5.2 for values calculated using ion activities).
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Figure 11 NMDAR subtype-dependence of Pc./Pcs and influence of the NR2
S/L site on Ca*" permeability

Graph of P¢,/P¢, versus NMDAR subtype in 1.8 mM and 10 mM Ca®". NR1/2D receptor data are split
into two groups: “low-permeability” NR1/2D receptors and “high-permeability” NR1/2D receptors (see
text). More data are required to determine whether actual distribution of NR1/2D receptor Vs is
bimodal.
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Consistent with a previous study (Wollmuth and Sakmann, 1998), the Pc,/Pcs value of
each NMDAR subtype in 10 mM Ca®" was lower than the Pca/Pcs value in 1.8 mM Ca®".
NR1/2A and NR1/2B receptor Pc,/Pcs values were similar to each other, whereas the NR1/2C
receptor Pca/Pcs was lower (Figure 11 and Table 2.6). I calculated two provisional Pc,/Pcs
values for NR1/2D receptors in 10 mM Ca*", due to the apparent bimodal nature of the NR1/2D
receptor Ve, distribution (Table 2.5 and Table 2.6). The Pc,/Pcs of "low-permeability" NR1/2D
receptors was similar to that of NR1/2C receptors, whereas the Pc,/Pcs of "high-permeability
NR1/2D receptors" was higher even than those of NR1/2A or NR1/2B receptors (Figure 11 and
Table 2.6). These surprising results indicates that, under certain conditions, NR1/2D receptors
might be far more permeable to Ca®" than any other NMDAR subtype. Due to small sample
sizes (Table 2.5), however, no firm conclusions regarding the relative permeability to Ca*" of

NR1/2D receptors can be drawn.

2.5.2 Influence of the NR2 S/L Site on Ca*" permeability of NMDARs

Because the NR2 S/L site regulates the subtype specificity of other channel permeability
properties (see Sections 2.4 and 2.4), I hypothesized that it also influences the subtype
specificity of Ca*" permeability. Therefore, I assessed Pco/Pcs of NR1/2A(S632L) receptors in
the same manner as that described for the evaluation of wild-type receptor Pc,/Pcs's.

As with NR1/2A, NR1/2B, and NR1/2C receptors, measured NR1/2A(S632L) receptor
Vievs were tightly distributed. NR1/2A(S632L) receptor Vieys in 1.8 mM Ca*’ (n = 2) were
strikingly similar to NR1/2C receptor Vs, but more depolarized than that of NR1/2D receptors

(Table 2.4). Pca/Pcs of NR1/2A(S632L) receptors was 5.9 (Figure 11), decreased 86% from the
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Pca/Pcs of NR1/2A receptors toward that of NR1/2C receptors (Equation 4) and 51% toward that
of NR1/2D receptors (Equation 5).

In 10 mM Ca”™", NR1/2A(S632L) receptor Vs (n = 3) were again tightly clustered, with
an average value similar to the "low-permeability" NR1/2D receptor average V.., and roughly
halfway between the NR1/2C receptor average V., and those of NR1/2A and NR1/2B receptors
(Table 2.5). Like wild-type NMDARs, NR2(S632L) receptor relative permeability to Ca**
decreased when [Ca2+] increased; Pc,/Pcs of NR1/2A(S632L) receptors in 10 mM Ca’" was 3.6
(Figure 11). This value reflects a 64% decrease, from the NR1/2A receptor Pc,/Pcs toward the
NR1/2C receptor Pca/Pcs (Equation 4) and a 112% decrease from the NR1/2A receptor Pca/Pcs
toward the Pc,/Pcs of the putative "low-permeability" NR1/2D receptors (Equation 5). Based on
the these provisional calculations, the NR2 S/L site may therefore account for 88% of the
subtype specificity of relative Ca®" permeability among NMDARs (averaged percent decrease of
NR1/2A(S632L) receptor Pc./Pcs, from the N1/2A receptor Pc./Pcs toward the NR1/2C or the

"low-permeability" NR1/2D receptor Pc./Pcs (see Methods, Section 2.2)).

2.6 DISCUSSION

Based on the results of this study and recent previous work, the spectrum of NMDAR
subtype-dependent properties can be divided into two clusters. One cluster of properties is
related to channel gating and binding of ligands that control gating, and includes maximal
channel open probability, pH sensitivity, Zn>" inhibition, agonist potency, and deactivation
kinetics. The NMDAR subtype dependence of this gating property cluster depends principally

on a large region distant from the NR2 S/L site: the NTD+L region (Gielen et al., 2009; Yuan et
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al., 2009). We demonstrate here that the NMDAR subtype dependence of a second cluster,
properties of the open channel, depends, in contrast, on a single amino acid difference in the M3
transmembrane region. Together, differences in and near the NTD and at the NR2 S/L site
underlie the great majority of functional variation among NMDAR subtypes.

The NR2 S/L site powerfully regulates ion permeation of the NMDAR channel, as
demonstrated by its effects on single-channel conductance states and Ca*" permeability. The
influence of the NR2 S/L site on Mg”" block also may be mediated by an effect on ion
permeation; the single greatest difference between the kinetics of Mg”" block of NR1/2A and
NR1/2D receptors is an enhanced rate of Mg”" permeation through NR1/2D receptors (Qian et
al., 2005; Qian and Johnson, 2006). The NR2 S/L site, situated near the intracellular end of the
pore (Figure 3), appears to be well-located to affect ion permeation. The extent to which the
NR2 S/L site affects Mg®" ICsy, however, decreases as voltage becomes more negative, in both
NR1/2D(L654S) and NR1/2A(S632L) receptors (Figure 6). Furthermore, the interactions
between the NR2 S/L site and NR1(W608) that shape Mg®" ICsy appear to become less
pronounced as voltage becomes more negative (Figure 19). Because Mg®" permeates the pore
more frequently at hyperpolarized voltages, these observations suggest that the NR2 S/L site may
affect Mg”" ICso in a manner that does not involve changes in Mg*" permeation. One possibility
is that the NR2 S/L site contributes to subtype-specific properties of an internal permeant ion
binding site, which is known to affect channel block by Mg”" in a subtype-specific manner
(Antonov et al., 1998; Antonov and Johnson, 1999; Qian et al., 2002; Qian and Johnson, 2006;
Zhu and Auerbach, 2001a).

The subtype dependence of channel block by Mg”" is not solely determined by the NR2

S/L site. This is clear from Mg2+ ICso measurements of NR1/2D(L654S) receptors, in which
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mutation of the NR2 S/L site accounted for most, but not all, of the difference in Mg2+ I1Csps
between NR1/2A and NR1/2D receptors (Figure 6). Furthermore, previous studies have
implicated both other transmembrane regions and the ABD in regulating the NMDAR subtype
dependence of Mg”" block (Kuner and Schoepfer, 1996; Wrighton et al., 2008). In a series of
experiments related to those presented here, Kuner and Schoepfer (1996) assayed Mg** block of
NR1/2C receptors in which the NR2C subunit was modified to contain parts of the NR2B
subunit. They found that sections of NR2 subunits in or near the transmembrane domain,
including M3, strongly influenced the NR2 subtype dependence of Mg** ICso. The authors noted
that receptors containing an NR2C subunit with a leucine-to-serine substitution at the NR2 S/L
site exhibited increased voltage dependence of Mg”" block, similar to that of NR1/2B receptors,
but no change in Mg”" ICso at -100 mV. In contrast, our experiments showed that the
NR1/2D(L654S) receptor Mg”" ICs at a similar voltage (-95 mV) was significantly higher than
the wild-type Mg”" ICso. Furthermore, we noted no change in the voltage dependence of channel
block by Mg*" between NR1/2D and NR1/2D(L654S) receptors. Indeed, the voltage dependence
of Mg*" ICso did not differ among the wild-type receptors we examined. The apparent discord
with our findings may stem from the different preparations used: Kuner and Schoepfer (1996)
recorded from Xenopus oocytes, which resulted in multiple differences in experimental
conditions compared to those of the study presented here, including permeant ion concentrations,
which can strongly affect Mg”" block (Antonov and Johnson, 1999; Qian et al., 2002; Schoepfer
et al., 1994; Zhu and Auerbach, 2001a, b). Hence, differences between the internal solution of
oocytes and the intracellular solutions used for whole-cell recordings in HEK cells may

contribute to disparities between results presented here and those in Kuner and Schoepfer (1996).
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Variation in Ca®" permeability among NMDAR subtypes has been less well-characterized
than variation in channel block by Mg®". Results presented here represent preliminary results of
the first systematic study of Ca®" permeability across all four diheteromeric NMDAR subtypes,
as well as the first report of NR1/2D receptor permeability to Ca*". Although sample sizes must
be increased before statistical analyses of Pca/Pcs's can be performed, the emerging results
suggest both expected and unexpected scenarios. As predicted based on prior studies (Burnashev
et al.,, 1992b; Burnashev et al., 1995; Schneggenburger, 1996, 1998; Wollmuth and Sakmann,
1998), NR1/2A and NR1/2B receptor relative permeabilities of Ca®" were found to be quite
similar to each other, and higher than the relative permeability of Ca*" to NR1/2C receptors.
Due to the grouping of open-channel properties into similar NR1/2A and NR1/2B receptor
properties, versus similar NR1/2C and NR1/2D receptors, I hypothesized that NR1/2D receptors
would evidence a Ca>" permeability similar to that of NR1/2C receptors. Results of this study
support this hypothesis: in 1.8 mM Ca>", Pca/Pcs of NR1/2D receptors is similar to that of
NR1/2C receptors, and in 10 mM Ca*’, the "low-permeability" NR1/2D receptor cluster of Vyes
yields a Pca/Pcs value that is very close to that of NR1/2C receptors. Surprisingly, a second
apparent cluster of NR1/2D Vs emerged in 10 mM Ca2+, which led to a Pc./Pcs value that far
exceeded those of NR1/2A and NR1/2B receptors. Because of the low sample size of NR1/2D
Vievs in 1.8 mM (n = 1), [ was unable to explore the distribution of NR1/2D receptor Vies in 1.8
mM Ca”". More data must be gathered before any conclusions are formed about the permeability
to Ca*" of NR1/2D receptors.

Neuronal NMDARs display a wide range of Ca’" permeabilities, even within one
subtype. The Ps of NMDARSs in individual spines of hippocampal pyramidal neurons were

demonstrated to vary by a factor of 10; half of this variation was due to variation in Ca*"
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permeation through NR1/2B receptors (Sobczyk et al., 2005). This variation may be due to
modifications at a number of phosphorylation and glycosylation sites (Traynelis et al., 2010).
For example, phosphorylation of the NMDAR CTD by protein kinase A has been reported to
increase the Ca’" permeability of NMDARs (Skeberdis et al., 2006). Variation in the
phosphorylation state of NR1/2D receptors may contribute to the variation in NR1/2D Vs
reported here. Alternatively, the apparent bimodal nature of the NR1/2D V.., distribution (Table
2.5) may be artifactual, arising from variation in experimental conditions. I believe that this is
unlikely, however, because two of the divergent NR1/2D V,ys in 10 mM Ca’" were derived from
experiments conducted less than two hours apart (Viey = -2.5 mV and Vi, = -13.2 mV). These
cells derived from the same split of cells and were therefore plated at the same time. They had
undergone the same transfection and were bathed in the same solutions during whole-cell
recording. The sole disparity that [ observed was that the coverslips onto which the two cells had
been plated rested in different petri dishes during cell growth and transfection.

Research presented in Section 2.5 permit a preliminary comparison of relative Ca*"
permeabilities across diheteromeric NMDAR subtypes. The Pc./Pcs values reported here are
higher than have previously been reported. For instance, Pc./Pcs of NR1/2A receptors has been
measured at about 5.7 and 6.4 in similar experiments (under biionic conditions, in 1.8 mM
extracellular Ca2+, at 21° C - 23° C, calculated without activity coefficients) (Jatzke et al., 2002;
Watanabe et al., 2002), whereas my preliminary measurement is higher (7.7, Figure 11). My
sample sizes are small, however, so more data are needed to make a fair comparison of my
results to those of other groups. Furthermore, the variation between the Pc,/Pcs of NR1/2A
receptors reported here and values reported elsewhere is well within the variation between

studies in NMDAR Ca”" permeability values quantified in another manner (P;, fractional Ca*"
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current; discussed below). The NR1/2A receptor Pc./Pcs value here, compared to the most
different Pc,/Pcs value reported in other studies (Wollmuth and Sakmann, 1998), varies a
factor of 1.4, whereas NR1/2A P, values vary by factors of 1.2 - 1.7 (Jatzke et al., 2002;
Schneggenburger, 1996; Wollmuth and Sakmann, 1998).

The calcium permeability of NMDARs has been assessed in several manners, each of
which has unique advantages. To determine the percent of NMDAR-mediated current that is
carried by Ca*" ions (Py), some groups have quantified Ca®" influx with an indicator dye while
voltage-clamping the cell to measure total current influx (Jatzke et al., 2002; Schneggenburger,
1996). Prmeasurements are made in the presence of both mono- and divalent cations, and thus
assess Ca”" permeability under more physiological conditions than Pc./Pc; measurements in
biionic conditions. Because interactions of permeant ions with NMDARs at one binding site can
modulate the interactions of permeant ions with NMDARSs at a different binding site (Antonov
and Johnson, 1999; Zhu and Auerbach, 2001a, b), assessing Ca*" permeability in the presence of
several ion species provides useful information (Burnashev et al., 1995). Indeed, the relative
permeability of Ca®" to NMDARs is strongly affected by the presence or absence of other ion
species (Jatzke et al., 2002). Pc,/Pcs measurements performed in biionic conditions convey
different information, assessing the relative ease with which ions permeate the pore in absence of
NMDAR interactions with other ion species (Schneggenburger, 1996; Wollmuth and Sakmann,
1998). Pca/Pcs measurements performed in the presence of mono- and divalent cations convey
yet another type of information.

Jatzke et al. (2002) argued that Py measurements provide the most useful information, and
that Pc,/Pcs measurements made in the presence of both mono- and divalent cations contain more

useful information than measurements made under biionic conditions (Jatzke et al., 2002). The
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presence of multiple permeant ion species in the external solution, however, can obscure some
channel interactions with ions. For example, the concentration dependence of relative Ca**
permeability, likely due to channel block by Ca®*, was noted in biionic experiments conducted
by Jatzke et al. (2003), but this phenomenon was not observed in similar experiments when
monovalent ions were included in the extracellular solution. Hence, each method of quantifying
Ca®" permeation through NMDARs is likely to yield interesting information.

To my knowledge, this study is the first to identify a structural basis of NMDAR subtype-
dependent variation in single-channel conductance, as well as the first study to examine
structural determinants of subtype-specific Ca®" permeability.  Results presented here
demonstrate the critical role of the NR2 S/L site in forming the subtype specificity of these

fundamental open-channel properties.
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3.0 STRUCTURAL MODELS OF NMDARS

3.1 INTRODUCTION

Although biochemical and electrophysiological experiments provide a wealth of information
regarding protein structure, the level of detail that can be discerned from these type of studies is
limited. More extensive structural information can be gleaned from examination of the crystal
structures of a protein. Furthermore, predictions based on crystallized protein structures, coupled
with experimental testing of these predictions, often provide insight into structural mechanisms
of protein function (Doyle et al., 1998; Sobolevsky et al., 2009).

Creating iGIuR crystals and solving their structures has proven difficult. In the
absence of an iGluR crystal structure, previous studies have relied on molecular models to
generate hypotheses regarding iGluR structure and function (Tikhonov et al., 1999; Wood et al.,
1995). Several lines of evidence suggest that mammalian iGluRs are evolutionarily related to
prokaryotic ion channels, on which many iGIuR models are based. Like iGluRs, bacterial cyclic
nucleotide-gated (CNG) and voltage-gated Na', K*, and Ca>" channels are tetrameric or pseudo-
tetrameric and contain a reentrant loop that forms the selectivity filter of channel (Heinemann et
al., 1992; MacKinnon, 1995; Rosenmund et al., 1998; Wood et al., 1995).

The structure of the iGluR M2-M3 region is similar to homologous sections of

prokaryotic CNG- and voltage--gated channels, while iGluR ABDs and NTDs are structurally
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similar to prokaryotic amino acid binding proteins (Jan and Jan, 1992; Mayer et al., 2001;
Panchenko et al., 2001; Tikhonov, 2007). Perhaps the strongest evidence for an evolutionary
relationship between mammalian iGluRs and K' channels stems from studies on GIuRO, a
bacterial glutamate receptor with a K'-selective ion channel. The GIuRO ABD shares roughly
20% sequence identity with mammalian iGluRs, and 20% sequence identity with GInBP, the
prokaryotic glutamine binding protein (though sequence identity between all three is merely 4%
(Mayer et al., 2001)). Furthermore, the crystal structure of the GluR0 ABD is strikingly similar
to the structures of the GluA2 and bacterial periplasmatic amino acid binding proteins (Mayer et
al., 2001). The GIuRO pore loop and subsequent transmembrane a-helix share 41% sequence
identity with the homologous region of the tetrameric KcsA channel and 44% homology with the
homologous region of the rattus GluA2 subunit (Chen et al., 1999). The high conservation
among these proteins of both sequence and structure provides strong support for the hypothesis
that iGluRs are derived from the ancient insertion of DNA encoding a K™ channel into DNA
encoding a periplasmatic amino acid binding protein (Tikhonov and Magazanik, 2009). Thus, a
wealth of evidence indicates that mammalian iGluRs are evolutionarily related to bacterial K
channels (and, by extension, bacterial CNG channels, which are related to K" channels (Jan and
Jan, 1990)).

The structural homology of iGluRs and voltage- and CNG-gated ion channels, as
well as their evolutionary link, make prokaryotic ion channels good candidates for templates
with which structural models of iGIluRs can be created. Structural homology modeling has been
used successfully by several groups to predict iGluR structure and its functional implications

(Panchenko et al., 2001; Tikhonov, 2007; Wood et al., 1995).
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I used structural homology modeling to predict ways in which the NR2 S/L site
might influence the pore. The NR2 S/L site is unlikely to interact with permeant and blocking
ions directly, due to its location at the base of the M3 region (Figure 3c). [ therefore
hypothesized that the NR2 S/L site exerts its influence over Mg®" block, single-channel
conductance, and Ca>" permeability through interactions with amino acid residues that are closer
to the pore. Models were created based on the crystal structures of three channels: the
prokaryotic KcsA channel, the prokaryotic NaK channel, and the eukaryotic GluA2 AMPAR
channel. KcsA and NaK channel-based models yielded similar predictions regarding which
residues might interact with the NR2 S/L site, whereas the GluA2 receptor-based model yielded

a different prediction.

3.2 METHODS

Structural modeling. Templates on which to base models were selected to represent a
variety of tetrameric ion channel structures that NMDARs might resemble. For KcsA channel-
and NaK channel-based models, sequence alignments were performed by hand, first by aligning
the selectivity filters, and then by placing emphasis on aligning: (a) predicted NMDAR
transmembrane domains (Beck et al., 1999; Kuner et al., 1996; Sobolevsky et al., 2002a;
Wollmuth and Sobolevsky, 2004) with the transmembrane domains of the templates, and (b)
conserved residues (Chiu et al., 1999; Chiu et al., 2002) with each other (Figure 13¢ and Figure
15c). The sequence alignment for the GluA2 receptor-based model is from Sobolevsky et al.

(2009) (Figure 17b).
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The structural homology modeling program Modeller (Eswar et al., 2007) (versions 8.2
and 9.7) was used to create 200 energetically-plausible conformations of the M2-M3 region of
the NMDA receptor, based on homologous regions of: (a) the crystalized NaK channel bound
with K™ and Ca®" ions (PBD ID 2AHZ), and (b) the crystalized KcsA channel bound with K
ions (PDB ID 1BLS). The same method was used to create 50 models of the entire NMDA
receptor minus the C-terminal domain, based on the crystalized GluA2 receptor (PDB ID 3KG2).
For each template, the five models with the lowest DOPE (discrete optimized protein energy)
scores were viewed. Predictions and hypotheses were based on the most commonly-observed
configuration among the five lowest-energy models of the interface between the NR2 S/L site
and NR1 subunit residues. The molecular visualization programs RasTop (version 2.1) and
VMD (version 1.8.7) were used to view wild-type and mutant NMDAR models and to generate

Figure 14, Figure 16 and Figure 18.

3.3 NMDAR CHANNEL MODEL BASED ON THE KCSA CHANNEL

Each KcsA channel subunit is composed of 160 residues that form an intracellular
carboxy terminal, two transmembrane domains, a re-entrant loop located toward the extracellular
aspect, and an intracellular amino terminal (Gulbis and Doyle, 2004) (Figure 13a). As with
iGluRs, the reentrant loops of four subunits form the narrow selectivity filter. Each subunit
contributes to the filter a five amino-acid motif, with the backbone carbonyl oxygens of each
residue facing into the pore (Zhou et al., 2001). These carbonyl oxygens replace the waters of
hydration surrounding K ions to coordinate ion movement through the selectivity filter (Doyle

et al., 1998). Smaller Na" ions do not bind the all of the carbonyl oxygens of the KcsA
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selectivity filter; indeed, rather than binding Na™ in a low [K']/high [Na'] solution, the KcsA
channel will instead enter a non-conductive state in which the filter is collapsed (Lockless et al.,
2007). K ions pass through the selectivity filter of the KcsA channel in a single-file manner
(Doyle et al., 1998), similar to predicted ion movement through NMDAR channels (Jahr and
Stevens, 1993; Zarei and Dani, 1994).

The NR1/2A receptor channel model presented here is limited to the M2-M3 region of
the protein, as this region displays the highest structural homology to K" channels (Panchenko et
al., 2001; Tikhonov et al., 2002; Wood et al., 1995) I arranged the NMDAR subunits in an NR1-
2A-1-2A assembly around the pore, due to the known propensity of oligomers for structural
symmetry and simplicity (Goodsell and Olson, 2000): whereas an NRI1-2A-1-2A subunit
assembly requires just one type of interface between NR1 and NR2 subunits, an NR1-1-2A-2A
subunit assembly would require two different interfaces (Figure 12). Moreover, recent evidence
indicates that recombinant NMDARs adopt this arrangement (Sobolevsky et al., 2009).

The KcsA channel-based NMDAR model is presented in Figure 13b and Figure 14.
Visualization of space-filling residues near the NR2 S/L site suggests that the NR2 S/L site
might interact directly with two NR1 tryptophans in the p-loop helix: NR1(W608) and
NR1(W611) (Figure 14c-e). Both of these tryptophans are near the selectivity filter; thus, a
putative interaction between the NR2 S/L site and an NR1 residue in the p-loop might affect the

pore-lining region in a manner that influences open channel properties.
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Figure 12 NMDA receptor subunit arrangement around the pore

Green circles, NR1 subunits; blue circles, NR2 subunits. Perimeters of each subunit are colored to aid in
orienting each subunit. Red segments, p-loop regions.

(a) In an NR1-1-2-2 conformation around the pore, two types of NR1-NR2 subunit interfaces exist: the
light blue segment of NR1 interfaces with the dark yellow segment of NR2 (left), and the light yellow
segment of NR1 interacts with the dark blue segment of NR2 (right).

(b) In an NR1-2A-1-2A arrangement around the pore, the dark blue segment of both NR1 subunits interacts
with the light yellow segment of both NR2 subunits.
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Figure 13 Transmembrane topologies and sequence alignments of KcsA
channel and NMDAR subunits

(a) Depiction of the transmembrane topology of the crystallized KcsA channel. The structure of the inner helix,
TM2, and adjacent p-loop (black lines and outlines) was used as a template on which to base a homology model of
the NMDAR channel. The outer helix (TM1, grey outline) was not included in the template. Residues lining the
selectivity filter are labeled.

(a) Depiction of the transmembrane topology of the NMDAR model based on the KcsA channel. For clarity, only
two subunits in the tetramer are depicted; this does not represent subunit arrangement around the pore. The model
included the M2-M3 region (black outlines, dark green (NR1) lines and dark blue (NR2A) lines), whereas M1 and
M4 regions (grey outlines) were excluded from the model due to lack of homology to the KcsA channel. Residues
lining the NR1 and NR2 subunit selectivity filters are labeled.

(¢) Amino acid sequence alignment of NR1 and NR2A subunit M2-M3 regions, and the homologous region of the
KcsA channel subunit. No gaps were inserted into the alignment. Highlighted segments, selectivity filter residues.
The NR2 S/L site, NR1(W608), and NR1(W611) are in red font. Asterisks denote residue conservation among all
subunits (black) and between NR1 and KcsA subunits (green). None of the residues in this region are unique to
KcsA and NR2A subunits.
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Figure 14 Homology model of the M2-M3 regions of the NR1/2A receptor
based on the crystal structure of the KcsA channel

(a) Ribbon diagram depiction of the M2-M3 region of the NMDAR homology model, looking from the
extracellular surface into the pore. Green ribbons, NR1 subunits; blue ribbons, NR2A subunits.

(b) Stereo view ribbon diagram depiction of the M2-M3 regions of the NMDAR model, viewed from outside
the channel, looking inward. The NR1 and NR2A subunits on the far side of the channel have been removed
for clarity. Green ribbon, NR1 subunit; blue ribbon, NR2A subunit. Red space-filling residue,
NR2A(S632). Box, area enlarged and rotated in (¢) and (d).

(c and d) Depiction of intersubunit residue-residue interactions in the NMDAR model. The M2 a-helix from
the NR1 subunit and the adjacent a-helical section of M3 from the NR2A subunit are shown as ribbons.
Space-filling residues: red, NR2 S/L site serine; orange, NR1(W608) in (¢); cyan, NR1(W611) in (d).

(e) Depiction of intersubunit interactions in the NMDAR model between the NR2 S/L site, NR1(W608) and
NRI(W611).
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3.4 NMDAR CHANNEL MODEL BASED ON THE NAK CHANNEL

Whereas crystallized K” channels have often served as structures on which NMDARs have been
modeled, the model presented in this section is based on the crystal structure of the Bacillus
cereus NaK channel (Shi et al., 2006). The NaK channel is a member of the cyclic nucleotide-
gated (CNG) channel family, a group of non-selective tetrameric cation channels. The NaK
channel shares high sequence homology with K channels, is probably evolutionarily related to
both K" channels and NMDARs (Shi et al., 2006; Wood et al., 1995), and, like NMDARSs, is
permeable to Na’, K', and Ca*" (Alam and Jiang, 2009; Alam et al., 2007; Shi et al., 2006).

The NaK channel consists of an intracellular carboxy terminus, an interfacial
helix (MO) running parallel to the membrane, and two transmembrane regions (M1 and M?2)
separated by a reentrant p-loop (Figure 15a). Like an upside-down NMDAR channel, the NaK
channel p-loop extends from near the extracellular surface of the membrane to approximately
halfway through the channel. The selectivity filter is composed of three p-loop residues that
form two permeant ion binding sites along the narrowest section of the open channel plus two
residues that participate in forming an extracellular vestibule. These five residues are
homologous to the residues that comprise the KcsA channel selectivity filter (Shi et al., 2006).
The external vestibule of the NaK channel selectivity filter is wider than the homologous region
of the KcsA channel selectivity filter, and it can accomodate a larger number of water molecules.
These water molecules are critical to the coordination of ion movement through the narrowest

section of the selectivity filter, allowing Na’, K, and Ca”" ions to remain in contact with a
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sufficient number of ligands throughout pore passage (Alam et al., 2007; Noskov and Roux,
2007). The KcsA channel, on the other hand, limits channel permeation to ions that are large
enough to interact with the carbonyl oxygens that ring the selectivity filter (namely, K" ions) plus
one or two water molecules (Noskov and Roux, 2007; Zhou et al., 2001).

Several studies have demonstrated the structural conservation of glutamate receptor M2-
M3 regions and the homologous regions of proteins that are related to the NaK channel (Chen et
al., 1999; Panchenko et al., 2001); I therefore limited the homology model to these regions. This
model has an NR1-2A-1-2A subunit arrangement (Sobolevsky et al., 2009) (Figure 16b) (see
Section 3.3.) As in the model that I created based on the KcsA channel, the NR2 S/L site in the
NaK channel-based model interfaces with the p-loop helix of the NR1 subunit. When viewed as
a space-filling residue, NR2A(S632) appears to be very close to two NR1 tryptophan residues in
the p-loop helix which are separated by one a-helical rotation: NR1(W608) and NR1(W611)
(Figure 16c-e). Hence, the NaK channel-based NMDAR model yields predictions that are

similar to those derived from the KcsA channel-based model.
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Figure 15 Transmembrane topologies and sequence alignments of NaK channel
and NMDAR subunits

(a) Depiction of the transmembrane topology of the crystallized NaK channel. The structure of the inner helix,
M2, and adjacent p-loop (black lines and outlines) was used as a template on which to base a homology model of
the NMDAR channel. MO and M1 (grey outlines) were not included in the template. Residues lining the
selectivity filter are labeled.

(b) Depiction of the transmembrane topology of the NMDAR model based on the NaK channel. For clarity, only
two subunits in the tetramer are depicted; this does not represent subunit arrangement around the pore. The model
included the M2-M3 region (black outlines, dark green (NR1) lines and dark blue (NR2A) lines), whereas M1 and
M4 regions (grey outlines) were excluded from the model due to lack of homology to the NaK channel. Residues
lining the NR1 and NR2 subunit selectivity filters are labeled.

(¢) Amino acid sequence alignment used for the NMDAR homology model, showing the M2-M3 region of NR1
and NR2A subunits and homologous region of the NaK channel subunit. No gaps were required in the alignment.
Residues along the selectivity filter are highlighted in yellow. The NR2 S/L site, NR1(W608), and NR1(W611)
are in red font. Black asterisks mark residues that are the same in NaK channel, NR1 and NR2A subunits. Green
asterisks, residues that are the same in NaK channel and NR1 subunits. Blue asterisks, residues that are the same
in NaK channel and the NR2A subunit.
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Figure 16 Homology model of the M2-M3 regions of the NMDA
receptor based on the crystal structure of the NaK channel

(a) Ribbon diagram depiction of the M2-M3 region of the NMDAR homology model, looking from
the extracellular surface into the pore. Green ribbons, NR1 subunits; blue ribbons, NR2A subunits.
(b) Stereo view ribbon diagram depiction of the M2-M3 regions of the NMDAR model, viewed
from outside the channel, looking inward. The NR1 and NR2A subunits on the far side of the
channel have been removed for clarity. Green ribbon, NR1 subunit; blue ribbon, NR2A subunit.
Red space-filling residue, NR2A(S632). Box, area enlarged and rotated in (c¢) and (d).

(c and d) Depiction of intersubunit residue-residue interactions in the NMDAR model. The M2 a-
helix from the NR1 subunit and the adjacent a-helical section of M3 from the NR2A subunit are
shown as ribbons. Space-filling residues: red, NR2 S/L site serine; orange, NR1(W608) in (¢); cyan,
NR1(W611) in (d).

e) Depiction of intersubunit interactions in the NMDAR model between the NR2 S/L site,
NR1(W608) and NRI(W611).
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3.5 NMDAR MODEL BASED ON THE GLUA2 AMPA RECEPTOR

The first nearly-complete iGluR crystal structure, that of the homomeric GluA2 AMPA receptor,
was published in 2009 (Sobolevsky et al., 2009). Several unexpected structural features of the
ion channel were observed. For instance, the GIuA2 receptor includes a pre-M1 interfacial helix,
similar to the NaK channel interfacial helix and those of inwardly rectifying K channels
(Nishida et al., 2007; Shi et al., 2006). The location of the pre-M1 helix, adjacent to M3 and M4
residues near the activation gate, suggests that it may influence GluA2 receptor gating. The
position of GluA2 receptor p-loop helices was also unexpected: compared to inverted NaK and
K" channels, GluA2 receptor p-loop helices are shifted toward the intracellular aspect of the
pore, along the axis perpendicular to the membrane (Figure 17a). Disappointingly, the region
that connects the p-loop helix to M3, including the selectivity filter, was not resolved. This may
be a consequence of inherent instability in a region of the protein that is likely to exist in an
extended conformation, or it may be due to crystallization conditions.

AMPARs are closely related to NMDARs (Dingledine et al., 1999), and the
GluA2 receptor structure provides valuable insights into NMDARs (Traynelis et al., 2010). I
created a model of the NR1/2A receptor based on the GluA2 receptor, again with a subunit
assembly of NR1-2A-1-2A around the pore (Figure 18b) (see Section 3.3). The GluA2-based
NMDAR model did not suggest a direct interaction between the NR2 S/L site and NR1(W608)
or NR1(W611) (Figure 18d). Rather, the NR2 S/L site is closest to the R group of NR1(L614),

which is near the N-terminal apex of the p-loop helix (Figure 18e). Interpretation of this
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predicted interaction is complicated by the poor resolution of the p-loop helix in the GuA2

receptor crystal structure and the lack of a resolved selectivity filter (Sobolevsky et al., 2009).

81



a GIuA2 GIuA2

Out "’~ _L

v

M4 M4
a o=
ol
A A
In \"_q_’ W\ :l
NR1 NR2
22,

Out J~ L

M4 [M4

b

NR1 DALTLSSAMWFSWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLAAFLV
NR2A PSFTIGKAIWLLWGLVENNSVPVONPKGTTSKIMVSVWAFFAVIFLASYTANLAAFMI

GluA2 NEFGIFNSLWFSLGAFMQOGA-DISPRSLSGRIVGGVWWFFTLIIISSYTANLAAFLT
* * kkx * kkk Kk kk Kk kk kk  kk  kkkkkkkkokk

Figure 17 Transmembrane topologies and sequence alignments of GluA2 and
NMD AR subunits

(a) Depiction of the transmembrane topology of the crystallized GluA2 channel. The structure of the three
transmembrane helices plus the helical section of the p-loop (black lines and outlines) was used as a template on
which to base a homology model of the NMDAR channel. The residues connecting M1 to M2 and the residues
connecting M2 to M3 including the selectivity filter) were not resolved in the crystal structure (grey dashed lines).
Residues lining the selectivity filter are labeled in predicted locations.

(b) Amino acid sequence alignment used for the NMDAR homology model, showing the M2-M3 region of NR1
and NR2A subunits and homologous region of the GIuA2 subunit. Residues in grey font were not resolved in the
GluA2 crystal structure. Selectivity filter residues are highlighted in yellow. The NR2 S/L site, NR1(W608), and
NRI1(W611) are in red font. Black asterisks mark residues that are the same in GluA2, NR1 and NR2A subunits.
Black asterisks mark residues that are the same in GluA2, NR1 and NR2A subunits. Green asterisks, residues that
are the same in GluA2 and NR1 subunits. Blue asterisks, residues that are the same in GluA2 and NR2A subunits.
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Figure 18 Homology model of the NMDA receptor based on the crystal structure
of the GluA2 receptor
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(a) Ribbon diagram depiction of the NMDAR model based on the structure of the GluA2 receptor, viewed
from a perspective orthogonal to the membrane. For clarity, each subunit is portrayed in a different color.
Red and yellow ribbons, NR1 subunits; dark green and blue ribbons, NR2A subunits.

(b) Ribbon diagram depiction of the transmembrane region plus extended M3 helices of the NMDAR
homology model, looking from the extracellular surface into the pore. Green ribbons, NR1 subunits; blue
ribbons, NR2A subunits

(¢) Ribbon diagram depiction of the transmembrane region of the NMDAR model, viewed from outside the
channel, looking inward. The NR1 and NR2A subunits on the far side of the channel have been removed for
clarity. Green ribbon, NR1 subunit; blue ribbon, NR2A subunit. Red space-filling residue, NR2A(S632).
Box, area enlarged and rotated in (d) and (e).

(d and e) Depiction of intersubunit residue-residue interactions in the NMDAR model. The M2 a-helix from
the NR1 subunit and the adjacent a-helical section of M3 from the NR2A subunit are shown as ribbons.
Space-filling residues: red, NR2 S/L site serine; orange, NR1(W608); cyan, NR1(W611) in (d); pink,
NR1(L614) in (e).
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3.6 DISCUSSION

Insight into the mechanisms responsible for the relative nonselectivity of NMDAR
channels may be gained by examining the selectivity filters of homologous channels with known
structures. Previous studies have demonstrated structural similarities between NMDARs and K
channels (Jones et al., 2002; Wood et al., 1995). The NaK channel is structurally similar to
NMDARSs as well, but is cation-nonselective (Alam et al., 2007; Shi et al., 2006). Whereas in K"
channels, four K* binding sites are formed along the selectivity filter by four rings of carbonyl
oxygens projecting into the channel (Doyle et al., 1998; Jiang et al., 2002; Long et al., 2005), the
NaK channel selectivity filter contains only two rings of carbonyl oxygens (Shi et al., 2006).
NaK channel residues along the pore-lining section of the p-loop that do not contribute to these
carbonyl oxygen rings form an external vestibule that is wider than the perimeter delineated by
the carbonyl oxygen rings; this vestibule appears to contribute to non-specific cation
permeability (Alam et al., 2007). NMDAR cation non-specificity may similarly depend on a
relatively short selectivity filter and wide vestibule.

It is not surprising to me that the NMDAR homology models presented in this section
provide divergent predictions; as templates, each of the known structures on which NMDAR
channels have been modeled contain weaknesses . Notably, all the crystal structures on which
NMDAR homology models have been based display four-fold symmetry, whereas NMDARSs do
not, and the asymmetry may be significant in the channel region (Sobolevsky et al., 2002b). The

GluA2 receptor has the advantage of sharing many structural similarities and a close

85



evolutionary relation to NMDARs, but the pore region was not fully resolved in the GluA2
receptor crystal structure, providing weaker constraints on the homology model I created.
Furthermore, unlike NMDARs, the GluA2 channel is Ca2+—imperrneable (Dingledine et al.,
1999). The NaK channel has the advantage of Ca®" permeability and a well-resolved pore, but
the disadvantage of a far more distant evolutionary relation to NMDARs. In past studies, K
channels have proven useful as iGluR model templates, but these channels are far more selective
than iGluRs. Thus, experimental testing of predictions based on any currently available

homology model will be important for model validation.
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4.0 MECHANISTIC BASIS OF NR2 S/L SITE EFFECTS

4.1 INTRODUCTION

As discussed in Section 2.6, the NR2 S/L site is unlikely to interact directly with ions in the
solvent. Both the KcsA-based and the NaK-based models presented in Sections 3.3 and 3.4
suggest possible interactions between the NR2 S/L site and two NR1 subunit residues: W611 and
W608. To determine whether either of these NR1 residues couples with the NR2 S/L site to
influence NR2 subunit-dependent channel properties, I performed mutant cycle analyses
(Corradi et al., 2007; Hidalgo and MacKinnon, 1995). In a mutant cycle analysis, the effects of
two or more point mutations are evaluated to probe for functional evidence of an interaction
between residues at these sites. Chang and Kuo (2008) performed mutant cycle analyses to show
that the NR1 and NR2B subunit alanine residues at position A7 in the SYTANLAAF motif of
M3 interact at the activation gate, and that the small sidechains of these residues are necessary
for gate closure. Thus, mutant cycles have provided insight into NMDAR structure and function.
Although mutant cycle analyses are traditionally performed with free energy measurements, I

performed these analyses with Mg*" ICsy measurements.
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4.2 METHODS

Electrophysiology. Mg>" ICs, data at seven voltages were gathered in the whole-cell
recording configuration, using the rapid measurement protocol described in Section 2.2 (Figure
4) Solutions, recording instruments, and ICs, calculations are also described in Section 2.2.

Mutant cycle analyses. For each mutant cycle, we measured the Mg>" ICsos of four
NMDAR subunit combinations: wild-type (wt) NR1 and wt NR2A subunits (wt/wt receptors); wt
NR1 and mutant NR2A subunits (wt/mut receptors); mut NR1 and wt NR2A subunits (mut/wt
receptors); and mut NR1 and mut NR2A subunits (mut/mut receptors). If there is no interaction
between the NR1 and NR2 subunit residues, then inclusion of a mutant NR1 subunit in an
NMDAR should result in the same degree of functional change, regardless of whether that
mutant NR1 subunit is expressed with a wild-type or mutant NR2A subunit. That is, if the
mutated residues do not interact, then the magnitude of change in Mg>" ICso from wt/wt to
mut/wt should be equal to the magnitude of change from wt/mut to mut/mut. Likewise, the
magnitude of change in Mg*" ICsy from wt/wt to wt/mut should be the same as that from mut/wt
to mut/mut. Mutant cycle analyses are commonly quantified by calculation of a coupling
coefficient Q (Corradi et al., 2007; Hidalgo and MacKinnon, 1995; Ranganathan et al., 1996). In
my experiments, an interaction between residues was assessed indirectly by measuring the Mg

ICsos of each subunit combination, resulting in the following equation for €2:

(Mg2+ IC,,, wt/mut) x (Mg2+ IC,, mut/wt)
(Mg2+ IC,, wt/wt) X (Mg2+ IC,, mut/mut)

Equation 6
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When Q = 1, there is no evidence for interaction between two residues; € > 1 or Q < 1 argues
for an interaction between the residues of interest (Hidalgo and MacKinnon, 1995; Kizelsztein et
al., 2000; Ranganathan et al., 1996).

Several point mutants at each NR1 and NR2 subunit site of interest were created. Mutant
cycle measurements were performed if whole-cell recordings from HEK293T cells expressing
each mutant receptor necessary for the cycle typically yielded NMDAR current amplitudes more
negative than -100 pA at -65 mV in 0 Mg*". Cells with smaller current amplitudes could not be
used to reliably measure [Mg”'J-inhibition curves, especially at less negative voltages. Thus, we
performed a mutant cycle using NR1(W611A) and NR2A(S632L) subunits (Figure 19a), rather
than using the mutant subunits that we initially created, NR1(W611S) and NR2A(S632W);
NR1(W611S)/2A(S632W) receptors did not pass sufficiently large currents. Furthermore, I
attempted to supplement the mutant cycle experiment that used the mutant subunits
NR1(W608S) and NR2A(S632W) (Figure 19b) with a mutant cycle experiment that paralleled
the NRI(W611A)-NR2A(S632L) experiments. [ observed no NMDAR-mediated current,
however, in NRI(W608A)/2A(S632L) receptors. In each mutant cycle presented here, data at -
15 mV were excluded because some mutants did not pass enough current to accurately estimate
Mg2+ ICsos at that voltage.

Statistical analysis. Mg”" ICs) data are presented as mean Mg>" ICs value (averaged across
cells) = s.e.m. Two-way ANOVA interaction tests of log-transformed Mg*" ICsy data were
performed on mutant cycle data (Figure 19). These tests assess the independence of two factors
(in this case, Factor 1 is the effect of the mutation at the NR2 S/L site and Factor 2 is the effect
of the mutation at a site in the NR1 subunit). Whereas untransformed ICsy measurement data do

not follow a normal distribution, log-transformed ICs, data are normally distributed (Fleming et
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al., 1972). Because ANOVA tests assume normal distributions of data, the log transformation

was used. Interactions were considered significant at P < 0.05.

4.3 NR1(W611) - NR2A(S632) MUTANT CYCLE

I first probed for an interaction between NR1(W611) and NR2A(S632). Initially, I attempted to
perform experiments with the mutant subunits NR1(W611S) and NR2A(S632W). 1 predicted
that mutating the NR1 tryptophan to serine might partially compensate for the effects of mutating
the NR2A serine to tryptophan. Currents through NR1(W611S)/2A(S632W) receptors, however,
were too small to measure Mg”" ICsos accurately. I constructed several more NR1(W611) point
mutants, but observed that a number of the mutant subunits did not appear to form functional
channels when co-expressed with wild-type or mutant NR2A subunits. NR1(W611A), however,
produced currents large enough to permit Mg*" ICs) measurements when coexpressed with
NR2A and when coexpressed with NR2A(S632L). Mutating NRI1(W611) to A had little effect
on Mg2+ ICsos when coexpressed with NR2A, and little effect on Mg2+ ICsos when coexpressed
with NR2A(S632L) (Figure 19a). I tested for statistical evidence of an interaction between
NR1(W611) and the NR2 S/L site at each voltage; at no voltage was there evidence for an
interaction between NR1(W611) and NR2A(S632) (at-115mV, p=0.51; -95 mV, p =0.38; -75
mV, p = 0.53; -65 mV, p = 0.09; -55 mV, p = 0.26; -35 mV, p = 0.06). Thus, my data do not

provide evidence for an interaction between NR1(W611) and NR2A(S632).
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Figure 19 Mutant cycle determination of intersubunit interactions that
control the NMDAR subtype specificity of Mngr block

(a and b) Mutant cycle results and schematics. Left, plot of the voltage-dependence of wild-type and mutant
NMDAR Mg2+ 1Cs0s (n = 4 for each NMDAR subunit combination). Data at -15 mV were excluded because some
mutants did not pass enough current to accurately estimate Mg®" ICss at that voltage. Statistical significance of the
mutant cycle was tested with a two-way ANOVA interaction test at each voltage (see Section 4.2). *p < 0.05; ** p
<0.01; ***p < 0.001.

Right, mutant cycle schematic and representative mutant cycle results at a single voltage (-65 mV). Above each
NMDAR subunit combination label is the Mg2+ ICso. Adjacent to each arrow is the fold-change of Mngr I1Csps,
comparing the mean Mg*" ICso of NMDARs containing a wild-type subunit to the mean Mg*" ICsy of NMDARs
containing a mutant subunit. NRI1m and 2Am represent mutant subunits. If an NR1 residue does not interact with
the NR2 S/L site, the identity of the NR2 subunit (wild-type or mutant) in an NMDAR should not impact the
magnitude of difference (fold-change) in Mg>" ICs, between NMDARs with a wild-type NR1 subunit and
NMDARSs with a mutant NR1 subunit. The coupling coefficient Q (Equation 6) at -65 mV is in the center of the
schematic.

(a) NR1(W611)-NR2A(S632) mutant cycle. Q = 1.6, averaged across voltages.

(b) NR1(W608)-NR2A(S632) mutant cycle. Q = 3.5, averaged across voltages.
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4.4 NR1(W608) - NR2A(S632W) MUTANT CYCLE

To determine whether NRI1(W608) interacts with the NR2 S/L site, I attempted to perform
mutant cycle experiments that paralleled the NR1(W611A)-NR2A(S632L) experiments, using
NR1(W608A) and NR2A(S632L). I observed no NMDAR-mediated current, however, in
NR1(W608A)/2A(S632L) receptors (for functional outcomes of other mutant NMDAR
transfections, see Appendix B). Next, I replaced NR1(W608) with a serine, creating
NR1(W608S), and replaced the NR2A serine with a tryptophan, creating NR2A(S632W).
NR1(W608S) formed functional channels with NR2A, as well as with NR2A(S632W).
Expression of NR1(W608S) with wild-type NR2A slightly increased the Mg*" ICs, values from
those of NR1/2A receptors (Figure 19b). If there is no interaction between NR1(W608) and
NR2A(S632), I would expect that coexpressing the NR1(W608S) and NR2A(S632W) would
yield a similar small increase in Mg®" ICsos, compared to those of NR1/2A(S632W) receptors.
Mutating NR2A(S632) to W, however, markedly decreased Mg>" ICsps of NMDARs when
coexpressed with NR1(W608S) subunits. Statistically significant interactions were found at
every voltage (at -115 mV, p = 0.03; -95 mV, p = 0.01; -75 mV, p = 0.00001; -65 mV, p <
0.00001; -55 mV, p = 0.00004; -35 mV, p = 0.001). Thus, mutating NR1(W608) to serine
partially compensates for the effects of mutating NR2A(S632) to tryptophan. These data unveil
a critical intersubunit interaction that regulates the subtype specificity of NMDAR channel block

by Mg*".
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4.5 DISCUSSION

The NMDAR homology models in Section 3.0 and the results presented in this section suggest
that the NR2 S/L site regulates NR2 subtype specificity of Mg”" block through interactions with
NR1(W608). The mechanism by which NR1(W608) affects the pore, however, is unknown. A
cysteine accessibility study showed that NR1(W608) is solvent-accessible from the intracellular
aspect of the membrane (Kuner et al., 1996), suggesting that the residue is situated close to the
pore. Jin et al. (2007) showed that mutation of NR1(W608) to leucine does not affect channel
block by Mg*", though NRI1(W608L)/2B receptors exhibit weaker channel block by some
permeant polyamine derivatives. Modification of the homologous residue in NR2B subunits,
also a tryptophan, strongly affects Mg”" block and permeation (Williams et al., 1998).

Mutant cycles test for functional, but not structural, interactions between residues.
Hence, it is possible that the NR2 S/L site and NR1(W608) interact in an allosteric manner.
Though theories abound, little is known about the structure of the NMDAR selectivity filter.
Electrophysiological studies indicate that the narrowest part of the open NR1/2A receptor pore
has a mean diameter of 5.5 A (Villarroel et al., 1995), and suggest that the NR1 N-site and
NR2A N+1 site are near or included in this narrowest section (Wollmuth et al., 1996). Further
elucidation of the effects of interactions between the NR2 /L site and NR1(W608) may provide
insight into the structure of NMDAR selectivity filters.

Two of the three NMDAR models I created argue for a direct interaction between the
NR2 S/L site and NR1(W608) (the models based on the KcsA and NaK channels). The GluA2
receptor-based NMDAR model, however, argues against a direct interaction. The argument
against a direct interaction is strengthened by the close evolutionary relationship between

NMDARs and AMPARs. A mutant cycle analysis testing the predictions of the GluA2-based

93



model would provide useful information not only on the relationship between the NR2 S/L site
and NR1(L614), but also on the utility of NMDAR channel models based on AMPAR structures.
I did not perform this experiment, however, because the structure of the GluA2 receptor was not
available when I performed mutant cycle experiments. At that time, I had created only the KcsA
channel- and NaK channel-based models, and therefore based my mutant cycle experiments on
the predictions that these models generated. Results presented in this chapter demonstrate both
the usefulness of homology models and the importance of testing predictions based on homology
models.

Intriguingly, the p-loop tryptophan at NRI(W608) is highly conserved. All known
mammalian iGluR subunits contain a tryptophan at the position homologous to NR1(W608),
with the exception of the NR3A and NR3B subunits. In fact, this tryptophan is present at the
homologous sites of nematode (Caenorhabditis elegans) and insect (Drosophila melanogaster)
iGluRs, as well as in predicted iGluR subunits and glutamate binding proteins of the plant
Arabidopsis (Chiu et al., 2002; Sprengel et al., 2001). Furthermore, the tryptophan at this site is
conserved in the prokaryotic GIuR0 channel and in some prokaryotic and eukaryotic potassium
channels (Sprengel et al., 2001). Thus, NR1(W608) and the tryptophans at equivalent sites in
NMDAR subunit homologs are likely to play a critical role in the function of these proteins.

It is possible that the high conservation of this residue has been driven by a functional
role beyond its effects on channel properties. For instance, the p-loop tryptophan may serve a
critical role in protein folding, translocation, or membrane insertion. If so, then the effects of
NR1(W608) on NMDAR pore properties may have diverged from the effects of tryptophans at
homologous sites in other ion channels. Just as the highly-conserved asparagine in the

SYTANLAAF motif has developed to contribute to Ca** permeability in NMDARs (Jatzke et al.,
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2003; Watanabe et al., 2002), but not in Ca’’-permeable AMPARs, the tryptophans at
NR1(W608) and in related channels may have developed to differentially contribute to pore
properties.

Alternatively, conservation of the p-loop tryptophan may be driven by a fundamental role
in pore function. In this case, studies on the role of this conserved tryptophan in the KcsA
channel, KcsA(W67), may provide insight into the role of NR1(W608). KcsA(W67) participates
in a hydrogen bond network that strongly influences the KcsA channel selectivity filter
(Cordero-Morales et al., 2006; Cuello et al., 2010a; Cuello et al., 2010b). In wild-type receptors,
KcsA(W67) appears to bond with nearby residues in a way that promotes selectivity filter
instability. This instability is proposed to cause frequent channel inactivation, in which the
selectivity filter collapses.

Two KcsA channel p-loop helix residues, KcsA(W67) and KcsA(E71), and three
selectivity filter region residues, KcsA(Y78), KcsA(G79), and KesA(D80), participate in the
hydrogen bond network. In wild-type channels, KcsA(W67) faces the selectivity filter and forms
bonds with both KcsA(E71) and KcsA(D80) to promote selectivity filter destabilization and
inactivation. When KcsA(E71) is mutated to an alanine, however, creating KcsA(E71A), the
hydrogen bond network is disrupted and inactivation becomes far less frequent. KcsA(W67)
sidechain position is more variable in crystallized channels containing KcsA(E71A): KcsA(W67)
can either face the selectivity filter, or it can face the transmembrane domain homologous to M3
in NMDAR subunits (Cordero-Morales et al., 2006; Cuello et al., 2010a). The two p-loop
conformations created by two KcsA(W67) sidechain locations have been proposed to underlie

different conductance states (Cordero-Morales et al., 2006).
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The residues involved in the KcsA channel hydrogen bond network have similar
counterparts at homologous sites in the NR1 subunit. For example, the residue properties of
NR1(E621), the NR1 subunit residue homologous to KecsA(D80), are similar to the residue
properties of aspartate. Furthermore, the glycine at KcsA(G79) in the KcsA channel is
conserved in NR1 subunits. Finally, NR1(G612), the NR1 subunit residue homologous to the
residue mutated to alanine in the KesA(E71A) channel, is similar in size and polarity to alanine.
Given the importance of these KcsA channel residues in creating variation in KcsA(W67)
sidechain position, the homologous residues of NR1 subunits may contribute to a similar variable
positioning of the NR1(W608) sidechain. If so, the NR2 S/L site (which is likely to be adjacent
to NR1(W608)) might exert its effects on the pore by influencing NR1(W608) sidechain
position, which may influence selectivity filter stability. It would be interesting to compare
models of NR1/2A and NR1/2D receptor channels based on the structure of the crystallized
KcsA(E71A) channel; this modeling must wait, however, until the structure is published later

this year.
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5.0 GENERAL DISCUSSION

5.1 RELATIONSHIPS BETWEEN NMDAR OPEN CHANNEL PROPERTIES

The open-channel NMDAR properties that are regulated by the NR2 S/L site are intricately
linked. For instance, both Ca*" permeability and channel block by Mg*" primarily depend on
asparagine residues in the selectivity filter (Burnashev et al., 1992b; Sharma and Stevens, 1996a;
Wollmuth et al., 1998a; Wollmuth et al., 1996) (see Sections 1.3.4 and 1.3.5). Furthermore, the
dissimilarity between NR1/2A receptor and NR1/2D receptor Mg”" ICsos likely stems in part
from different Mg®" permeation rates, which are proposed to arise from variations in the energy
barrier to permeation at or near the selectivity filter (Qian and Johnson, 2006). The interaction
between the NR2 S/L site and the p-loop residue NR1(W608) (Section 4.4) provides further
evidence that Mg®" block variation among NMDAR subtypes arises from dissimilarities at the
level of the selectivity filter. Hence, the NR2 S/L site may influence both Mg** ICs and relative
Ca®" permeability by affecting the selectivity filter.

The mechanism by which the NR2 S/L site regulates single-channel conductance may
similarly overlap with mechanism by which this site regulates relative Ca®" permeability. Like
Ca" permeability, single-channel conductance of NMDARs is highly dependent on internal and
external permeant ion concentrations (Ascher and Nowak, 1988; Premkumar and Auerbach,

1996). Both main- and subconductance states are strongly regulated by the concentration of
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external Ca*" ([Ca’]): as [Ca’'] decreases, single-channel conductance increases (Ascher and
Nowak, 1988; Gibb and Colquhoun, 1992; Jahr and Stevens, 1993; Wyllie et al., 1996). It is
possible, therefore, that the effects of the NR2 S/L site on single-channel conductance reflect an
effect of the NR2 S/L site on channel block by Ca*". One way to separate the influence of the
NR2 S/L site on single-channel conductance from the influence of this site on relative Ca*"
permeability would be to assess the single-channel conductances of wild-type and
NR1/2A(S632L) receptors in a Ca®'-free external solution. If, in absence of external Ca’",
NR1/2A(S632L) receptor single-channel conductance is shifted from that of NR1/2A receptors
toward that of NRI1/2D receptors, then the effects of the NR2 S/L site on single-channel
conductance could not be due to an effect on Ca** block.

The structural origins of main- and subconductance states in NMDARs are unclear. One
hypothesis is that the two states reflect structural differences in or near the external vestibule,
which may affect Ca®" binding in or near this location. Observations of weakly voltage-
dependent NMDAR channel block by Ca*" led to the proposal that Ca®" binding in or near the
external vestibule slows monovalent cation permeation (Premkumar and Auerbach, 1996;
Wollmuth and Sakmann, 1998) (Jahr and Stevens, 1993; Premkumar et al., 1997); NMDARs in
subconductance state conformations may have a higher affinity for Ca®" at this external site
(Premkumar and Auerbach, 1996). Thus, the increased Ca”" affinity of the external Ca*" binding
site in a subconductance state conformation (compared to Ca>" affinity of the site in a main state
conformation) may create the subconductance state by reducing both divalent and monovalent
cation permeation when Ca’" is bound. Varying external [Ca®]s, however, does not alter
NR1/2D receptor transition rates between main- and subconductance states (Wyllie et al., 1996).

Furthermore, NMDARs adopt subconductance state conformations in the absence of divalent
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cations (Gibb and Colquhoun, 1992; Wyllie et al., 1996). Thus, it is likely that other structural
difference between main- and subconductance states exist, in addition to potential structural
differences in the external vestibule.

Another hypothesis regarding the structural origin of main- and subconductance states is
that the permeation barrier formed by the selectivity filter can adopt two configurations with
different ion permeation energetics, each representing a conductance state (Premkumar et al.,
1997). Indeed, an NR2A subunit point mutation at the N+1 site in the selectivity filter appears to
eliminate the subconductance state (Wollmuth et al., 1998b). Further supporting the hypothesis
that main- and subconductance states involve different energy barriers at the selectivity filter,
mutations at the apex of the selectivity filter (the Q/R/N site) dramatically alter both main- and
subconductance states (Premkumar and Auerbach, 1996), as well as sub state occupancy
(Premkumar et al., 1997; Schneggenburger and Ascher, 1997). Finally, additional support that
the selectivity filter permeation barrier differs between main- and subconductance states is
provided by the NR2 S/L site research presented in this document. The NR2 S/L site, which
strongly regulates both main- and sub conductance states, is adjacent to the selectivity filter-
forming p-loop; hence, it is well-located to affect the permeation barrier formed by the

selectivity filter.

5.2 COMPARISONS WITH PREVIOUS STUDIES

The subtype dependence of many NMDAR channel properties has been extensively
studied (Traynelis et al., 2010). Comparison across studies of some properties, however, is

complicated by large variations in experimental conditions between studies. Variation in
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permeant ion concentrations of intracellular and extracellular solutions, for instance, affects all of
the open channel NMDAR properties characterized in this document (Section 2.0 ). The single-
channel conductances and kinetics of wild-type NMDARs that are reported in this document are
consistent with values from several other studies, in part because the solutions in which these
measurements are made are similar (Cull-Candy et al., 1998; Stern et al., 1992; Wyllie et al.,
1996).

In contrast, measures of Mg2+ I1Cso and Pco/Pcs are more variable (Antonov and Johnson,
1999; Ascher and Nowak, 1988; Jatzke et al., 2002; Kuner and Schoepfer, 1996; Mayer and
Westbrook, 1987; Schneggenburger, 1996; Zarei and Dani, 1994). For instance, Kuner and
Schoepfer (1996) noted less voltage dependence of NR1/2C and NR1/2D receptor Mg*" ICsps,
compared to those of NR1/2A and NR1/2B receptors, at voltages between -80 and -30 mV; this
phenomenon that was not observed in the study presented here (we observed, on average, an e-
fold change in Mg®" ICsy per 14 mV for both NR1/2A and NR1/2D receptors between -75 and
-35 mV, similar to previously published values for NMDARs of indeterminate subunit
composition (Ascher and Nowak, 1988; Jahr and Stevens, 1990; Kleckner and Dingledine,
1991)) (Table 5.2). It is possible that disparities between results presented in this document and
those presented by Kuner and Schoepfer (1996) stem from different recording conditions:
whereas we performed experiments in HEK cells, Kuner and Schoepfer (1996) used oocytes,
which have a different intracellular solution than our CsCl intracellular solution. Like Kuner and
Schoepfer (1996), however, Kleckner and Dingledine (1991) expressed NMDARs in oocytes -
but noted no variation in the voltage dependence of Mg”" ICsos in NMDARs derived from
hippocampal mRNA gathered at several developmental stages. Indeed, I could find no other

study that noted NMDAR subtype-specific voltage dependence of Mg”" ICsos. Several groups
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have measured the voltage dependence of Mg”" ICss in spinal neurons (likely containing NR2C
subunits, but possibly also containing NR2A subunits) or hippocampal neurons (likely
containing NR2A and/or NR2B subunits), but I could find no single study that compared these
measures in two populations of neurons. Nevertheless, it is noteworthy that the voltage
dependence of Mg>" block of NMDARs in spinal neurons is lower than that of hippocampal
neurons, when comparing across studies (Ascher and Nowak, 1988; Jahr and Stevens, 1990;
Mayer and Westbrook, 1985).

For similar reasons, comparison of the relative Ca>" permeabilities presented in this
document with previously published relative Ca®" permeabilities is challenging. As discussed in
Section 2.6, several measures of Ca®" permeability have been used. Even among studies that
performed relative Ca>" permeability measurements under biionic conditions, comparisons are
complicated by the use of different monovalent cation species (Burnashev et al., 1995; Jatzke et
al., 2002), different means of determining relative permeability (Iino et al., 1990; Tsuzuki et al.,
1994; Wollmuth and Sakmann, 1998), and different concentrations of Ca*" (Burnashev et al.,
1995; Watanabe et al., 2002). For instance, Iino et al. (1990) calculated the Pc,/Pcs of NMDARS
in cultured hippocampal neurons based on whole-cell recording determination of the reversal
potential in a single biionic solution containing internal Cs" and external Ca®*, whereas Tsuzuki
et al. (1994) calculated the Pc./Pna of NR1/2B receptors in oocytes based on single-channel
recording determination of the reversal potential in multiple biionic solutions, containing internal
K" and external Ca*", Na', or K*. Previously published NMDAR relative Ca®" permeabilities are
enumerated in Table 5.2. When possible, data that I gathered are compared to data from
previously published studies. For instance, using the equation presented in lino et al. (1990) and

inserting ion concentrations, rather than activities, I find a Pca/Pcs of 3.7 for NR1/2A receptors
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and 4.4 for NR1/2B receptors in 10 mM Ca2+; in contrast, Iino et al. (1990) found a Pc,/Pcs of 6.2
in 10 mM Ca*" for hippocampal neurons (likely containing NR2A and/or NR2B subunits). Iino
et al. (1990) also calculated Pc./Pcs using ion activities, yielding a value of 14.3 (Table 5.2); I
performed similar calculations, which yielded lower values compared to Iino et al. (1990) (Table
5.2).

For comparison to the Pc,/Pcs data presented in this document, three studies are most
relevant (in that each assessed NR1/2A receptor Pc,/Pcs in HEK cells, under conditions similar to
those presented here and using similar calculations). In these studies, Pc,/Pcs in 1.8 mM Ca®’
was 5.7 (Jatzke et al., 2002), 6.1 (Wollmuth and Sakmann, 1998), and 6.4 (Watanabe et al.,
2002). The NR1/2A receptor Pc,/Pcs value in 1.8 mM Ca’' that I report, 7.7, is higher than
previously published values (Table 5.2). In contrast, my measurement of the NR1/2A receptor
Pca/Pcs in 10 mM Ca*’ (4.5) is similar to previously reported values under similar conditions
(4.2, Wollmuth and Sakmann (1998); 4.0°, Jatzke et al. (2002)) (Table 5.2). I could find no
reports of NR1/2B, NRI1/2C, or NRI1/2D receptor Pc./Pcs measured under comparable
conditions. Across methodologically-different studies, however, the consistent trend was
NR1/2A and NR1/2B receptor Ca** permeabilities are higher than those of NR1/2C and NR1/2D
receptors (Burnashev et al., 1995; Monyer et al., 1994; Monyer et al., 1992; Schneggenburger,

1996). In this aspect, my research is consistent with previously published research.

3 Estimate based on a graph of Pc,/Pcs values in 1.8 mM, 10 mM and 110 mM Ca®’
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5.3 PHYSIOLOGICAL IMPLICATIONS OF THE NR2 S/L SITE

In physiological concentrations of divalent cations (I mM Mg”" and 1.8 mM Ca®"), NR1/2A
receptor Pss peak at -20 mV, whereas NR1/2C receptor Pss peak at -40 mV (Burnashev et al.,
1995). Thus, the range of voltages at which NMDARs effectively conduct Ca®" is subtype-
specific, and therefore the range of voltages at which NMDARs can act as coincidence detectors
is subtype-specific. The NR2 S/L site, which strongly regulates the subtype specificity of Mg**
block and probably regulates the subtype specificity of relative Ca*" permeability, is likely be an
important determinant of the conditions under which each NMDAR subtype detects coincident
activity.

The NR2 S/L site may also indirectly regulate subtype-specific NMDAR interactions
with the clinically beneficial channel blocker memantine, which slows the cognitive decline
associated with Alzheimer's disease (Muir, 2006). Memantine binds near the apex of the
selectivity filter, at a site that overlaps with the Mg®" binding site (Chen and Lipton, 2005;
Kashiwagi et al., 2002); the two channel blockers exhibit competitive binding (Kotermanski and
Johnson, 2009). Most of the research on memantine block of NMDARSs has demonstrated little
subtype selectivity (Dravid et al., 2007; Parsons et al., 2007). Recently, however, memantine
was shown to be selective for NR1/2C and NR1/2D receptors in the presence of a physiological
concentration of Mg*" (Kotermanski and Johnson, 2009). The weaker channel block by Mg** of
NR1/2C and NR1/2D receptors allows lower concentrations of memantine to inhibit these
receptors, compared to the concentrations of memantine necessary to exert similar effects on
NR1/2A and NR1/2B receptors, in the presence of Mg”". Because memantine does not permeate
the NMDAR channel, I would predict that the NR2 S/L site does not directly influence

memantine block. In the presence of Mg®*, however, the NR2 S/L site may affect memantine
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inhibition of NMDARs by regulating the extent to which Mg®" competes with memantine for
binding in the pore. To test this, memantine ICsos of wild-type NMDARs and NR1/2A(S632L)
receptors at several voltages would be determined in the presence and absence of 1 mM Mg”". If
the ratio of NMDAR memantine 1Csy in absence of Mg2+ to memantine 1Csy in 1 mM Mg2+ 18
lower in NR1/2A(S632L) receptors than in NR1/2A receptors, there would be evidence to
support the hypothesis that the NR2 S/L site indirectly influences subtype-specific NMDAR

channel block by memantine.

5.4 FUTURE DIRECTIONS

Many NMDAR properties are now known to be strongly regulated by the NR2 NTD+L
region or the NR2 S/L site. The modular control of NMDAR properties by these two regions of
the NMDAR protein might be exploited to tease apart the roles of different subtype-specific
channel properties in physiological processes. For instance, NMDARs containing NR2D
subunits are likely primarily expressed at extrasynaptic locations in some cerebellar neurons
(Misra et al., 2000; Momiyama et al., 1996; Vicini and Rumbaugh, 2000); the high affinity for
glutamate of NR1/2D receptors may create a unique opportunity for activation by synaptic
glutamate spillover. One way of assessing the role of extrasynaptic NR1/2D receptors in sensing
glutamate spillover would be to examine neurons that express extrasynaptic NR1/2D receptors
with lower sensitivity to glutamate. To examine such neurons, a mouse could be created that
conditionally expresses NR2D subunits with a substituted NR2A NTD+L region. Alternatively,
cultured neurons from wild-type or NR2D knockout mice could be transfected with NR2D

subunits containing the substituted NR2A NTD+L region.
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Hypotheses regarding the roles of NMDARSs in pathological processes might be tested in
a similar manner. For instance, if the NR2 S/L site impacts the subtype-selectivity of memantine
in the presence of Mg®", the hypothesis that the neuroprotective effects of memantine are
mediated by interactions with NR1/2C or NR1/2D receptors (Kotermanski and Johnson, 2009)
could be addressed. If the clinical utility of memantine relies on subtype-specificity, then
memantine might be less neuroprotective in neurons with serine substitutions at the NR2 S/L
sites of NR1/2C or NR1/2D receptors. In experiments designed to address this hypothesis,
cultured neurons could be transfected with NR2C or NR2D subunits containing a serine at the
NR2 S/L site. Assays of NMDA-induced excitotoxicity in the presence and absence of
memantine, and in the presence and absence of Mg*", could be performed in these cultures, as
well as in cultures transfected with wild-type NR2C or NR2D receptors. Alternatively,
transgenic mice could be created that conditionally express the mutant NR2C or NR2D subunits,
and in vivo experiments could be performed on the effects of the NR2 S/L site on
neuroprotection by memantine. Hence, investigations into structural bases of NMDAR channel
properties may yield powerful tools for evaluating hypotheses regarding the roles of NMDARs

in both normal and pathological physiology.
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APPENDIX A

Mechanism of differential control of NMDA receptor activity by NR2 subunits

106



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1d!JOSI’]U1’-2V\| Joyiny vd-HIN

gég

HEP&

NIH Public Access

Author Manuscript

Published in final edited form as:
Nature. 2009 June 4; 459(7247): 703—707. doi:10.1038/nature07993.

Mechanism of differential control of NMDA receptor activity by
NR2 subunits

Marc Giflenl, Beth Siegler Retchlessz, Laetitia Monyl, Jon W. Johnsonz, and Pierre
Paoletti

ILaboratoire de Neurobiologie, Ecole Normale Supérieure, CNRS 46 rue d’Ulm, 75005 Paris,
France

2Department of Neuroscience, University of Pittsburgh, A210 Langely Hall, Pittsburgh, PA 15260,
USA

Abstract

NMDA receptors (NMDARs) are a major class of excitatory neurotransmitter receptors in the central
nervous system. They form glutamate-gated ion channels highly permeable to calcium that mediate
activity-dependent synaptic plasticityl. NMDAR dysfunction is implicated in multiple brain
disorders, including stroke, chronic pain and schizophrenia2 NMDARs exist as multiple subtypes
with distinct pharmacological and biophysical properties largely determined b 3y the type of NR2
subunit (NR2A-NR2D) incorporated in the heteromeric NR1/NR2 complex 3.4 A fundamental
difference between NMDAR subtypes is their channel maximal open probability (Po), which spans
a 50-fold range from ~0.5 for NR2 A-containing receptors to ~0.01 for NR2C- and NR2D-containing
receptors; NR2B-containing receptors having an intermediate value (~0. 1)5 9 These differences in
Po confer unique charge transfer capacities and signaling properties on each receptor subtype4’6’
10,11 The molecular basis for this profound difference in activity between NMDAR subtypes is
unknown. Here we demonstrate that the subunit-specific gating of NMDARSs is controlled by the
region formed by the NR2 N-terminal domain (NTD), an extracellular clamshell-like domain
previously shown to bind allosteric inhibitors 1213 , and the short linker connecting the NTD to the
agonist-binding domain (ABD). Subtype specificity of NMDAR Po largely reflects differences in
the spontaneous (ligand-independent) equilibrium between open-cleft and closed-cleft
conformations of the NR2-NTD. This NTD-driven gating control also impacts pharmacological
properties, by setting the sensitivity to the endogenous inhibitors zinc and protons. Our results provide
a proof-of-concept for a drug-based bidirectional control of NMDAR activity using molecules acting
either as NR2-NTD “closers” or “openers” promoting receptor inhibition or potentiation,
respectively.

Keywords

glutamate receptors; NMDA; gating; channel; synapse; allosteric modulation

We first explored the role of the NR2-NTD in the difference of Po between NR1/NR2A and
NR1/NR2B receptors by evaluating the effect of deleting the entire NR2-NTD on receptor
activity. We estimated Po using a method based on the covalent modification of a cystelne
introduced in the NR1 subunit (NR1-A652C), which locks open the NMDAR channel 16,
Although this method does not give access to the absolute Po of receptors containing the wild-
type (wt) NR1 subunit, it can report relative differences in channel activity1 7 Indeed, the extent

Correspondence and requests for materials should be addressed to P.P. (E-mail: paoletti@biologie.ens.fr).
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to which the sulthydryl-modifying reagent MTSEA potentiates NMDAR currents is inversely
related to the channel Po!7. MTSEA potentiated currents carried by NR1-A652C/NR2B
receptors to a much greater extent than currents of NR1-A652C/NR2A receptors (Fig. 1la&d),
consistent with the much lower Po of NR2B-containing receptors compared to NR2A-
containing receptors5 6,17 1n contrast, MTSEA-induced potentiations of NR1-A652C/NR2A-
ANTD and NR1-A652C/NR2B-ANTD receptors were indistinguishable (Fig. 1b&d)
indicating equal receptor activities. However, receptors incorporating chimeric NR2A-(2B
NTD) or NR2B-(2A NTD) subunits displayed MTSEA-induced potentiations similar to those
of the parental NR2 subunits, indicating that swapping the NTDs alone did not exchange the
Po (Fig. 1d). We therefore swapped both the NTD and the highly divergent short (14 residues)
linker segment that connects the NTD to the ABD (Fig. S1). Remarkably, NR1-A652C/NR2A-
(2B NTD+L) and NR1-A652C/NR2B-(2A NTD+L) responses supported levels of MTSEA
potentiation closer to those of NR2Bwt-containing and NR2Awt-containing receptors,
respectively (Fig. 1c&d). Direct measurement of channel activity using single-channel
recordings confirmed this exchange of Po (Fig. 1e and Fig S2).

We next extended the analysis to the NR2D subunit. MTSEA-induced potentiations of NR2D-
containing receptors were considerable (~300-fold), reflecting the very low Po of NR1/NR2D
receptors (Fig. 1d). Deleting the NR2D-NTD resulted in a 4-fold decrease in MTSEA
potentiation, indicative of a markedly increased Po (Fig. 1d). This gain-of-function phenotype
could be reinforced by grafting on NR2D-ANTD the NTD+linker region of the high-Po subunit
NR2A. Reversibly, receptors containing the chimeric NR2A-(2D NTD+L) subunit displayed
17-fold higher MTSEA-potentiation than NR2 Awt-containing receptors, suggestive of a much
lower Po (Fig. 1d). Thus, the low Po of the NR2D-containing receptors is also set by the NR2-
NTD.

Since Po estimation using MTSEA relies on a mutated NR 1 subunit (NR1-A652C), we checked
that the effects observed did not depend on this mutation. We used the time constant of
inhibition by MK-801, an NMDAR open-channel blocker, as an alternative method to assess
Po>:18. Consistent with the higher Po of NR2A- vs NR2B-containing receptors, MK-801
inhibited wt NR1/NR2A receptors significantly faster than wt NR1/NR2B receptors (Fig.
S3a&b). Deleting the NR2-NTDs abolished this difference (Fig. S3b). While swapping the
NR2-NTD alone did not exchange MK-801 time constants, incorporating the NTD-ABD linker
achieved almost complete transfer (Fig. S3a&b). As expected, the onset of MK-801 inhibition
at wt NR1/NR2D receptors was much slower than at NR2A- or NR2B-containing receptors.
Deleting the NR2D-NTD or replacing the NTD+linker region of NR2D by that of NR2A
strongly accelerated MK-801 inhibition, indicative of a much increased Po (Fig. 1f and Fig
S3c). Conversely, MK-801 inhibition of receptors incorporating NR2A-(2D NTD+L) was 15-
fold slower than at NR2 Awt-containing receptors (Fig. S3b). Together with the MTSEA
experiments, these results demonstrate that the NR2-NTD+linker region is a major determinant
of the NR2 subunit-specific activity of NMDARSs.

We next investigated the mechanism by which a distal domain, the NR2-NTD, influences
channel activity. Previous studies on allosteric inhibition of NMDARs by NR2-NTD ligands,
such as zinc and ifenprodil, suggested that these ligands bind the NTD cleft and promote its
closure!2:15:19_ This in turn leads to receptor inhibition through disruption of the NR1/NR2
ABD dimer interface, resembling the mechanism underlying AMPAR desensitization20—22
Since the NTD can adopt at least two conformations, a ligand-free open state and a ligand-
bound closed state, we hypothesized that the NTD-driven control of Po might result from
spontaneous oscillations of the NR2-NTD between an open-cleft conformation, favoring
channel opening, and a closed-cleft conformation, favoring pore closure. Such ligand-
independent oscillations have been observed in several clamshell-like groteins, including the
bacterial rnaltose—binding—protein23 (MBP) and the GABA-B receptor 4. To test this
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hypothesis, we introduced cysteines in the NR2-NTD cleft to lock open the NR2-NTDs using
thiol-reactive MTS reagents. Based on 3D models, we first introduced a cysteine deep in the
cleft of the NR2B-NTD by mutating the hinge residue NR2B-Y282, whose side chain points
toward the cleft entrance (Fig. 2a and ref2> ). Application of the positively charged MTSEA
potentiated NR1wt/NR2B-Y282C receptors but not control NR1wt/NR2B-Y282S receptors
(Fig. 2b). Strikingly, using MTS compounds of same valence but different sizes, we observed
that the larger the M TS, the greater the potentiation (Fig. 2b&c). Comparison of the rates of
MK-801 inhibition before and after MTS treatment together with direct measurement of single-
channel activity revealed that current potentiations reflected an increase in Po (Fig. S4 and S5).
Sensitivity to glycine (binding the NR1-ABD) was unaltered by MTS treatment, while
sensitivity to glutamate (binding the NR2-ABD) was slightly decreased (Fig. S6), as expected
from the known allosteric interaction between the NR2 NTD and ABD29. Interestingly, MTS
action was significantly faster on resting than activated receptors (Fig. S7), further arguing for
a facilitated opening of the NR2-NTD when the ABD is open. Altogether, these results show
that trapping open the NR2-NTD enhances receptor activity. They also indicate that the NTD
of NR2B-Y282C is not permanently open (since there was a potentiating effect of the MTS
compounds) nor closed (since the introduced cysteine was accessible to MTS), but rather
alternates between open and closed conformations, the latter favoring pore closure.

Because NR2B-Y282 is a large residue, we considered the possibility that its mutation into a
small residue (cysteine or serine) may have artificially increased the flexibility of the NTD
hinge, favoring NTD closure. Indeed, such mutations strongly reduced receptor activity (Fig.
S8). This effect highlights the unsuspected role of the NR2-NTD hinge in shaping NMDAR
Po, reminiscent of the critical role of the MBP hinge in controlling the apparent maltose
afﬁnity27. To extend our conclusion of spontaneous NR2-NTD oscillations to receptors with
unaltered gating properties, we targeted NR2B-NTD H127, since its mutation into cysteine
minimally affects receptor activity (Fig. S8). MTS compounds still potentiated NR 1wt/NR2B-
H127C receptors (but not control NR1wt/NR2B-H127A receptors) in a size-dependent
manner. However, potentiations were considerably smaller than with NR1wt/NR2B-Y282C
receptors (Fig. 2c and Fig S9a). Two reasons may explain this difference: higher basal Po of
NR1wt/NR2B-H127C receptors, and wider opening of the NTD at MTS-modified NR2B-
Y282C subunits because of the deeper location in the cleft of Y282. Overall, these results
provide the important new information that spontaneous oscillations of the NR2B-NTD
contribute to the low Po of wt NR1/NR2B receptors.

We then tested the prediction that the high Po of NR2A-containing receptors results from the
NR2A-NTD preferring the open conformation. As for NR2B, we found the Po of NR2A-
containing receptors to be significantly reduced by the mutation of NR2A-Y281 into small
residues (Fig. S8). A potentiating component was also observed at receptors containing NR2A-
Y281C during treatment by MTS compounds, but not at control NR2A-Y281A receptors.
However, MTS-induced potentiations were much smaller than at NR2B-Y282C receptors and
were independent of MTS size (Fig. 2¢ and Fig S9b), suggesting that the NR2A-NTD is much
less sensitive to steric hindrance than the NR2B-NTD. In addition, no potentiation was
observed at NR2A-H128C receptors even with the large MTS-PtrEA (Fig. 2¢ and Fig S9b).
This is consistent with the NR2A-NTD spending most of its time in an open-cleft conformation,
thus contributing to the relatively high Po of NR2A-containing receptors.

Our results on chimeric NR2 subunits, showing that the NTD-ABD linker is required for the
differential influence of the NR2-NTD on receptor Po, raised the possibility that this element
is also crucial during allosteric modulation of NMDARs by NTD-ligands. NR2A-NTD forms
a high affinity zinc inhibitory sitelz_m; accordingly, NR1wt/NR2D-(2A NTD+L) receptors
were highly sensitive to zinc (Fig. 3a). NR1wt/NR2B-(2A NTD) receptors are also highly
sensitive to zinc. Surprisingly, zinc appears much more potent at these receptors than at wt
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NR1/NR2A receptors (Fig. 3a), suggesting that the NR2B NTD-ABD linker facilitates NTD-
cleft closure. Increasing the chimera length to incorporate the NR2A NTD-ABD linker almost
completely restored NR2Awt-like zinc sensitivity (Fig. 3a). This highlights again the
importance of the NTD-ABD linker for the communication between the NTD and the gating
machinery.

Proton is another allosteric modulator that differentially inhibits NMDAR subtypesl. In
contrast with the zinc sensor, the proton sensor is thought to be closely associated with the
channel gatezg. Unexpectedly, deleting the NR2-NTDs fully abolished the difference in pH
sensitivity between wt NR1/NR2A and NR1/NR2B receptors (Fig. 3b). Moreover, swapping
the NTD+linker region between NR2A and NR2B reversed their pH sensitivities, while
grafting the NR2A NTD-linker region onto NR2D decreased its proton sensitivity close to
that of NR2Awt-containing receptors (Fig. 3b). Proton sensitivity was also decreased when
locking open the NR2B-Y282C NTD with MTS-PtrEA (Fig. 3c). Hence, the NR2 dependence
of pH sensitivity is unlikely to result from an intrinsic difference in the proton sensor between
NR1/NR2 receptor subtypes, but rather from differential access to the proton binding-site
owing to the NR2-NTD influence on channel activity.

Our study reveals that the large differences in channel activity conferred by the various NR2
NMDAR subunits originate from a region remote from the agonist-binding/channel gating
core. This region comprises the large NR2-NTD and the short linker connecting the NR2-NTD
to the ABD. The bilobate NR2-NTD oscillates spontaneously between open-cleft and closed-
cleft conformations (Fig. 4), the latter triggering disruption of the ABD dimer interface and
subsequent channel closure?0. The NTD-ABD linker could exert its key influence by tuning
the equilibrium between the different conformations of the NR2-NTD. The identity of the NR2-
NTD-linker region also determines the sensitivity to zinc and protons, two endogenous
allosteric inhibitors of NMDARSs that are likely to be critical in the regulation of NMDAR
activity under physiological and pathological conditions!»3. Through its dynamic
conformational equilibrium, the NR2-NTD could serve as a target for either negative or positive
subunit-specific allosteric modulators (Fig. 4). Compounds like ifenprodil, which bind the
NTD cleft and promote its closure (NTD “closers”), behave as subunit-specific NMDAR
inhibitors and show good efficacy as neuroprotectantsz. We propose that molecules that bind
the same cleft but impede its closure (NTD “openers”) would behave as NMDAR potentiators
(Fig. 4). Such molecules may prove of significant therapeutic benefit, given the accumulating
evidence that major human psychoses, including schizophrenia, are associated with a deficit
of NMDAR activity2’29.

METHODS SUMMARY

cDNA constructs and site-directed mutagenesis

The pcDNA3-based expression plasmids, mutagenesis and sequencing procedure have been
described previously19. Chimeras were obtained by classical PCR amplification and
subsequent subcloning into the parental clone.

Electrophysiology

Recombinant NMDARSs were expressed in Xenopus laevi oocytes after co-injection of cDNAs
(at 10 ng/pul; nuclear injection) coding for the various NR1 and NR2 subunits (ratio 1:1).
Oocytes were prepared, injected, voltage-clamped and superfused as described previouslyl .
Single-channels were recorded from HEK cell outside-out patches.
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Methods

Two electrode voltage-clamp recordings and analysis

For all experiments, except for those aimed at measuring pH sensitivity, the standard external
solution contained (in mM): 100 NaCl, 2.5 KCl, 0.3 BaCl,, 5 HEPES (pH 7.3). To chelate
trace amounts of contaminant zinc, DTPA (10 uM) was added in all the “0” zinc
solutions3 L. For free zinc concentrations in the 1 nM-1 UM range, tricine (10 mM) was used
to buffer zinc, while ADA (1 mM) was used to buffer zinc in the 0.1-100 nM range20 For the
pH sensitivity experlments an enriched HEPES external solution was used to insure proper
pH bufferlng2 Currents were elicited by co-application of saturating concentrations of
glutamate and glycine (100 uM each), and measured at a holding potential of =60 mV. MTS
compounds were used at 0.2 mM (except for Fig. S7). Experiments were done at room
temperature. Data collection and analysis of pH and zinc dose-response curves were performed
according to ref20. MK-801 time constants of inhibition were obtained by fitting currents with
a monoexponential component within a window corresponding to 10%—90% of the maximal
inhibition. Data points used for statistical tests were supposed log-normally distributed prior
to a Student’s t-test (unless otherwise indicated).

Single-channel recordings and analysis

HEK cells were transfected with 2 pg of cDNAs mixed at a ratio of 1 NR1:3 NR2:3 GFP using
calcium phosphate precipitation or FuGENE Transfection Reagent (Roche). Positive cells were
visualized by GFP epi-fluorescence. Patch pipettes of 5—10 MQ were filled with a solution
containing (inmM): 115 CsF, 10 CsCl, 10 HEPES, 10 EGTA (pH 7.15 with CsOH). Osmolality
was 270 mosm/kg. The standard external solution contained (in mM): 140 NaCl, 2.8 KCl, 0.5
CaCl,, 10 HEPES, 0.01 EDTA (pH 7.3 with NaOH). Osmolality was adjusted to 290 mosm/
kg with sucrose. EDTA was added to chelate trace amounts of contaminant zinc31. Channel
openings were activated by 100 uM glycine, with 0.05 or 0.01 uM glutamate in most
experiments, or with 100 uM glutamate in some patches (included only if no double openings
were observed). The holding potential (after correction for junction potential) was —80 to —90
mV. Experiments were performed at room temperature. Currents were recorded with an
Axopatch 200B amplifier (Molecular Devices), sampled at 20 to 50 kHz, low-pass filtered (8-
pole Bessel) at 5 to 10 kHz. Prior to analysis of Po within a burst, data were digitally refiltered
to give a cascaded low-pass filter cutoff frequency of 2 kHz. pClamp 9 or 10 (Molecular
Devices) was used to acquire and analyze the data.

The principal goal of single-channel analysis was to measure the open probability (Popen)
within bursts of channel o;j)enmgs which provides a good estimate of the Pype, within an
NMDAR activation®3 To idealize single-channel data, transitions were detected using a
50% threshold criterion34. Events of <200 us duration were excluded from analysis. Missing
and ignoring brief events can significantly influence dwell-time histograms. However, such
brief events contribute only a tiny fraction of the total time that a channel spends open or closed.
Thus, missed events should not have s1gn1ﬁcant1y affected measurements of P e, Histograms
are presented as square root vs. log time plots3 Shut-time histograms were fitted with 3 or 4
exponential components. A burst was defined as a series of openings separated by closures of
duration less than a critical duration, Tcrit. Bursts with two levels of openings were discarded.
We calculated Tecrit between the two longest components of the shut-time histograms so that
total number of event misclassifications is minimized3%-30. For NR1wt/NR2Awt and NR 1wt/
NR2B-(2A NTD+L) receptors, the two longest components of the shut-time distribution
differed by a mean factor > 390, while these components were less separated for NR 1wt/
NR2Bwt and NR1wt/NR2A-(2B NTD-+L) (23-fold and 54-fold separation, respectively). For
the latter two constructs, the separation between shut time components results in a greater than
desired number of misclassification of shut times34. This may have lead to an overestimation
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of the Pype, within a burst. However, for wild-type receptors, our data are overall consistent
with previous results®33 , suggesting that our Ppe,, estimates are reliable.

HEPES, L-glutamate, glycine, DTPA, EDTA, tricine and ADA were obtained from Sigma, D-
APV from Ascent Scientific, 2-aminoethylmethanethiosulfonatehydrobromide (MTSEA), [2-
(trimethylammonium)ethyl]methanethiosulfonatebromide (MTSET) and 3-
(triethylammonium)propylmethanethiosulfonatebromide (MTS-PtrEA) from Toronto
Research Chemicals, (+)MK-801 from Tocris. MTS compounds were prepared as 40 mM stock
solutions in bi-distilled water, aliquoted in small volumes (50 pL) and stored at —20°C; aliquots
were thawed just before use.

Construction of Figure 4

The molecular architecture shown in figure 4a was illustrated by the crystal structure of the
mGluR1 ligand-binding domain dimer (pdb lewv, ref3 7) at the level of the NTD, the NMDAR
NR1/NR2A agonist-binding domain dimer (pdb 2a5T, ref30) and two subunits of the KcsA
tetramer (pdb 1bl8, ref38) as the transmembrane region of the receptor. The fourth
transmembrane segment and the C-terminal cytoplasmic region are lacking in this structural
depiction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The NR2 NTD+linker region controls NMDAR Po

a—c Potentiation by MTSEA of receptors incorporating NR1-A652C and the indicated NR2
subunits. NTD, N-terminal domain; ABD, agonist-binding domain. d Pooled data (mean +/—
s.d.), from top to bottom: 3.2 +/— 0.3 (n=12), 30 +/— 4 (n=14), 25 +/— 6 (n=6), 25 +/— 7 (n=5),
4.0 +/— 0.3 (n=3), 32 +/— 4 (n=3), 17 +/— 2 (n=6), 6.9 +/— 0.5 (n=5), 53 +/— 7 (n=9), 270 +/—
60 (n=7), 68 +/— 12 (n=6) and 23 +/— 2 (n=5) (**p<0.001). e Po within bursts of openings for
receptors incorporating NR1wt and the indicated NR2 subunit. Left: representative traces of
bursts. Right (from top to bottom): 0.78 +/— 0.06 (n=3), 0.24 +/— 0.07 (n=3), 0.43 +/— 0.02
(n=3) and 0.61 +/— 0.04 (n=3) (*p<0.05, Student’s t-test). f Kinetics of inhibition by MK-801
at receptors incorporating NR1wt and NR2Dwt (T, = 32 s), NR2D-ANTD (5.7 s) or NR2D-
(2A NTD+L) (1.6 s). Error bars represent s.d.
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Figure 2. Locking open the NR2-NTD increases NMDAR activity

a 3D model of NR2B-NTD. b Top: chemical formula of the transferable moiety of MTSEA,
MTSET and MTS-PtrEA. Middle: Recordings from NR1wt/NR2B-Y282C and control
NRI1wt/NR2B-Y282S receptors during MTS treatment. The potentiation upon MTS wash
likely reflects the washout of a reversible pore-blocking effect of the positively charged MTS.
Bottom: Schematic representations of the NTD-ABD tandem of NR2B-Y282C after MTS-
modification (MTS head group in yellow). ¢ Relative currents after application of MTSEA,
MTSET and MTS-PtrEA to receptors incorporating NR1wt and the indicated NR2 subunit.

See Table S1 for values.
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Figure 3. The NR2 NTD+linker region controls zinc and proton sensitivities of NMIDARs

a Zinc sensitivity of receptors incorporating NR1wt and (Inhibyy,ax, ICs0): NR2Awt (81%, 7.5
nM [n=6]), NR2Bwt (98%, 720 nM [n = 13]), NR2Dwt (100%, 7.8 uM [n=3]), NR2B-(2A
NTD) (83%, 0.20 nM [n=4]), NR2B-(2A NTD+L) (86%, 5.4 nM [n=4]) or NR2D-(2A NTD
+L) (90%, 1.5 nM [n=5]). ng in the 0.9—1.2 range. b pHjcs( of receptors incorporating NR 1wt
and the indicated NR2 subunit. See Table S2 for values. (**p<0.001). ¢ Proton sensitivity of
NRI1wt/NR2B-Y282C receptors before (pHjcsg = 7.70, nyg = 1.5 [n=3]) and after (pHjcs50 =
7.34, ny = 1.4 [n=3]) MTS-PtrEA modification. Error bars represent s.d.
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Figure 4. Model for the control of NMDAR activity by the NR2 N-terminal domain

a Structural depiction of an NMDAR. The full receptor is a tetramer but only a NR1/NR2 dimer
is shown30. b In its ligand-free state, the NR2-NTD alternates between open- and closed-cleft
conformations, the latter favoring pore closure. In the model, this equilibrium determines the
subtype-specificity of NMDAR Po (ko/kc[NR2B] <ko/kc[NR2A]). The NTD is also the target
of subunit-specific allosteric inhibitors such as zinc' <%~ or ifenprodil15 25 , which bind
the NTD central cleft and promote domain closure. We hypothesize that a molecule binding
in the same cleft, but preventing its closure, behaves as a positive allosteric modulator,
enhancing receptor activity.
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APPENDIX B

FUNCTIONAL OUTCOMES OF MUTANT NMDAR EXPRESSION

Table 5.1 Functional outcomes of mutant NMDAR expression

NMDAR Subunit Composition Outcome

NRI(L614A)2A
NRI(W611K)/2A
NRI(W611F)2A
NR1(L614S)/2A
NRI(W611F)/2A(S632F)
NRI(W611F)/2A(S632L)
NRI(W611K)/2A(S632K)
NRI(W611K)/2A(S632L) -
NRI(W611A)/2A(S632L)
NRI(W611K)/2A(S632D) -
NR1(W608A)/2A(S632L) -
NR1(W608A)/2A(S632W)
NRI(W611A)/2A(S632W)
NRI(L615A)/2A(S632L)
NRI(W6118)/2A(S632W)
NRI(W611K)/2A(S632D) -

+ |

++|

+

FH| A+ | =

+ Sufficient NMDAR-mediated current to yield consistent Mg”* ICs, measurements
- No detectable NMDAR-mediated current at -65 mV
# NMDAR-mediated currents too small to yield consistent Mg®* 1Csy measurements
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APPENDIX C

COMPARISON OF NMDAR RELATIVE PERMEABILITIES FROM PREVIOUS
STUDIES
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Table 5.2 Comparison to previously published relative Ca®* permeability values

Study Conditions Measure, [Ca2+] NMDAR Subtype Calculation basis Value
Siegler Retchless Biionic, HEK Pco/Pcs 1.8 mM NR1/2A AE,.,/ AE,* 7.7/18.5
Biionic, HEK Pco/Pcs, 1.8 mM NR1/2B AE,.,/ AE. . * 7.3/17.5
Biionic, HEK Pc./Pcs, 1.8 mM NR1/2C AE,.,/ AE,.* 56/13.4
Biionic, HEK Pco/Pcs, 1.8 mM NR1/2D AE,.,/ AE,..* 42/10.1
Biionic, HEK Pco/Pcs, 10 mM NR1/2A AE,.,/ AE,..* 45/104
Biionic, HEK Pc./Pcs, 10 mM NR1/2B AE,.,/ AE,..* 50/11.6
Biionic, HEK Pco/Pcs, 10 mM NR1/2C AE..,/ AE,.,* 3.1/72
Biionic, HEK ~ Pc,/Pc, 10 mM NRI/2D (low AE,,/ AE,.* 3.7/8.6
’ permeability)
Biionic, HEK ~ Pc,/Pc, 10 mM NRI/2D (high AE,./ AE,,* 7.8/18.1
’ permeability)
Biionic, HEK Pco/Pcs, 1.8 mM NRI1/2A E.o/ Eiey * 6.6/154
Biionic, HEK Pc./Pcs, 1.8 mM NR1/2B Eev/ Erey * 6.6/15.3
Biionic, HEK Pco/Pcs, 1.8 mM NR1/2C E,oy/ Erey * 48/11.1
Biionic, HEK Pco/Pcs, 10 mM NRI1/2A E.o/ By * 3.7/8.6
Biionic, HEK Pc./Pcs, 10 mM NR1/2B Eev/Erey * 44/10.2
Biionic, HEK Pco/Pcs, 10 mM NR1/2C E,oy/ Erey * 2.5/5.8
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Study Conditions Measure, [Ca®’] NMDAR Subtype Calculation basis Value
Multiple ions,

Mayer & Westbrook (1987)  hippocampal & Pc,/Py, 0.3 - 50 mM AE,.* fit 10.6
spinal neurons
Multiple ions,
hippocampal & P¢,/Py, 0.3 - 50 mM AE,., fit 4.03
spinal neurons
Biionic,

Iino et al. (1990) hippocampal Pc./Pcs, 10 mM E.. /E.* 6.2/14.3
neurons
Multiple ions,

Zarei & Dani (1994) hippocampal Pco/Pcs 1.5 -30 mM AE.* 12
neurons

Tsuzuki et al. (1994) Brionic, oocytes, p b g3 mm NR1/2B AE,, 3.6
single-channel ’

Burnashev et al. (1995) Biionic, HEK Pco/Pcs, 102 mM NRI1/2A E..* 4.12
Biionic, HEK Pco/Pcs, 102 mM NR1/2C E.* 2.72
Multiple ions,
HEK P Pc/Pes, 102 mM NRI1/2A P 3.1
Multiple ions,
HEK Peo/Pc,, 102 mM NR1/2C P> 223
Multiple ions,

Schneggenberger (1996) Pcy/Pna, 0.1 -10mM  NRI1/2A AE,., fit 3.6

HEK
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Study Conditions Measure, [Ca2+] NMDAR Subtype Calculation basis Value

Schneggenberger (1996) ﬁ‘;ﬁlple 100, PL/Py, 0.1-10mM  NRI2A A, * fit 5.1

Wollmuth et al. (1996) Biionic, oocytes, p b 1 v NRI1/2A AE,, 7.1
macropatches ’
Multiple ions,

Iino et al (1997) oocytes, single- P, /Py, 0.1 -30mM  NR1/2B AE,.,* fit 17
channel

Wollmuth & Sakmann (1998) Biionic, HEK Pc./Pcs, 1.8 mM NR1/2A AE,., 6.1
Biionic, HEK Pc./Pcs, 10 mM NR1/2A AE,., 4.2
Biionic, HEK Pco/Pcs, 100 mM NR1/2A AE,., 2.6
Biionic, HEK ~ Pc¢,/Pc 0.18 - 100 NRI1/2A AE,, fit 4.8

Watanabe et al. (2002) Biionic, HEK Pc./Pcs, 1.8 mM NR1/2A AE,., 6.4

Jatzke et al. (2002) Biionic, HEK Pco/Pcs, 1.8 mM NR1/2A AE,., 5.7«
Biionic, HEK ~ P,/Py, 1.8 NRI1/2A AE,, 7.2
Multiple ions,
HEKP Pey/Py,, 1.8 mM NR1/2A P, /P * 3/3.8
Biionic, HEK Pco/Pcs, 10 mM NRI1/2A AE,., 4.0
Biionic, HEK ~ P,/Py, 10 mM NRI1/2A AE,, 5.1¢
Biionic, HEK Pc./Pcs, 110 mM NR1/2A AE,., 2.5¢
Biionic, HEK Pco/Pn,, 110 mM NR1/2A AE 3.6¢
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Unless otherwise noted, data were gathered in the whole-cell recording configuration.

* Calculations based on ionic activities (a), rather than concentrations, where:

aion =Y [iOl’l]
Activity coefficients (y) values varied among studies. Wollmuth and Sakmann (1998), for instance, used y = 0.31,
0.30,0.26 and 0.72 for 1.8 mM Ca?", 10 mM Ca?*, 110 mM Ca?"and 143.5 mM Cs*, respectively (I used these

values for my calculations, as well). In contrast, Jatzke et al. (2002) and Burnashev et al. (1995) used y = 0.57 for
1.8 mM Ca?", y = 0.52 for 102 mM Ca?*, and y = 0.72 for 143.5 mM Cs".

¢ Values estimated from graph?and comments in text

AE_,, calculations were performed by comparinng the reversal potentials (V,,,, or E) of two solutions, as in
Wollmuth & Sakmann (1998):
RT 4 % x[Ca™],
AE‘rev = Vrev(Ca) - Vrev (Cs) = F In S Viev (Ca)
[Cs], x (1+eFD'F)

E,., calculations were performed using one reversal potential, as in Iino et al. (1990):

EF EF
Foo LCs], x ekl x (eRT +1)
P, 4[Ca]

4

P.* calculations were performed as in Burnashev et al. (1995) or Jatzke et al. (2002).

AE,,, fit and E,_, fit calculations were performed by fitting a function defined by the Goldman-Hodgkin-Katz

current equation using E,, or AE,, data gathered in several concentrations of external Ca", as in lino et al. (1990).
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