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Abstract

The GluN3 subunits of the NMDA receptor are thought to reduce the Ca*" permeability
and Mg*' sensitivity of NMDA receptors. cRNA for rat NMDA receptor subunits were
injected into Xenopus oocytes and responses were recorded using two electrode voltage
clamp at -100, -75 and -50 mV. GluN1-1a/2A, GluN1-1a/2A/3A and GluN1-1a/2A/3B
containing receptors were characterised using Mg*', memantine, philanthotoxin-343,
methoctramine and MK-801. IC,, values were calculated and generally showed significant
increases between those containing GluN1-1a/2A/3 subunits and GluN1-1a/2A, while
those with GIuN3B were found to be significantly higher than GIuN3A. Activity was also
typically shown to be partially restored with mutations at the N and N+1 site asparagines
of GIuN3A. As the 1C;, was only partally restored the changes cannot be attributed to
the loss of the N-site alone. Further differences may be due to a constricted threonine
ring within the M3 vestibule region, or due to continued reduced flux through the
channel. Another possibility is that to restore block it may require both the double N and

N+1 mutation at the N-site.

Multi-target-directed ligands combine two pharmacophores to produce drugs which
retain the properties of the constituents. Memantine has been approved for use in
Alzheimer’s disease and there is a search for drugs that have similar actions. A range of
multi-target compounds were tested to determine if NMDA receptor blockade activity
was obtained. The pharmacophores explored were tacrine, donepezil, lipoic acid
carvedilol and dimebon. The most promising compounds wete catbacrine(3) (tacrine and
carvedilol) and lipocrine (lipoic acid and tacrine), and it was found that the former was

equipotent and the latter more potent than memantine. Potency was likely due to the



tacrine moiety. These compounds should be further categorised to determine if they

retain the kinetics that gives memantine its favourable side effect profile.
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|

Introduction

Glutamate is the main excitatory transmitter in the nervous system and two classes of
receptor activated by it are known, ionotropic (ion channel) and metabotropic (G-protein
coupled). The ionotropic receptors can be split into three classes N-methyl-D-aspartic
acid (NMDA), a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and
kainate, and are termed according to the synthetic agonist that preferentially activates
them (Rang et al., 2007). The NMDA receptor family is further split into subtypes,
GluN1 which has eight spice variants; GluN2, which has four subtypes A-D and GluN3
(formerly NMDAR-L or x" and x™) which has two subtypes A and B (see Paoletti and
Neyton, 2006). Four subunits come together to form a functional receptor that are
mainly comprised of two pairs of GluN1/2 dimers in a 1/2/1/2 formation creating a
pore that is highly Ca** permeable (Sobolevsky et al., 2009). It is thought that the GluN3

subunit is rapidly incorporated into receptor assemblies, but its stoichometry is unknown

(Tong et al., 2007).

The GluN3 subunits of the NMDA receptor are the most recently discovered and what
effect its presence has on the ion channel is currently unknown, although due to amino
acid changes in the pore it is thought to reduce Mg”* sensitivity and Ca®" permeability
(see Paoletti and Neyton, 2006). With these changing properties and the fact that
expression peaks during development it has led to the suggestion that the GluN3
subunits protect neurones from excitotoxicity, or help produce mature synapses (see
Henson et al. 2010). Another suggestion has been that the GluN3 subunit tags receptors
for removal as they have been shown to allow rapid endocytosis from the membrane

(Perez-Otano et al., 2006). Although the expression patterns in rat seem to suggest a link



to development, zn sit# hybridisation studies in human show expression of GluN3A and
GIuN3B throughout adulthood (Nilsson et al., 2007, Henson et al., 2008, Bendel et al.,
2005, Chatterton et al., 2002, Wee et al., 2008). Further complicating any interpretation of
function has been the reports of NMDA receptors that consisted only of GluN1 and
GluN3 subunits where the GIuN2 was not present which could be gated by glycine

alone, although there has been little evidence to support their existence i pvo (Das et al.,
1998, Chatterton et al., 2002, Tong et al., 2007). Without having fully established the
properties of open channel block (endogenous or exogenous) and identifying the residues
involved, together with the glycine-gated complications, it has been ditficult for
researchers to conclusively state what effect the subunit has on activity of NMDA

receptors, and what function the subunit has.

As the GluN3 subunit has a G instead of an R at the Mg** binding site potency should be
lost when the subunit is present (Wollmuth et al., 1998a, Wollmuth et al., 1998b).
Although the effect of Mg™* has been explored in some transgenic neuronal cultures, it
has not been fully tested in recombinant expression systems and a full study will be
carried out (Sasaki et al., 2002, Tong et al., 2007). Residues involved in the binding of
memantine and MK-801 have been located in the pore region of GluN1/2 NMDA
receptors (Kashiwagi et al., 2002, Chen and Lipton, 2005). Therefore, these compounds
can be tested at GIuN3 containing receptors, and if their activity is impaired, residues that
have already been implicated may help identify regions where the structure of the pore is
altered. Furthermore, polyamine open-channel blockers such as the philanthotoxin
(PhTX) group derived from the wasp Phslanthus triangulum have been shown to block the
AMPA 1onotropic glutamate receptor, and are of interest to our group. Philanthotoxins
show reduced block if there is an R residue at the equivalent of the NMDA receptor N-

site within the pore of the AMPA receptor (Andersen et al., 2006). GluN1/2 NMDA



receptors have an N at this position, but the GIuN3 subunits have a G then an R,
therefore the PhTX compounds may have the ability to selectively antagonise NMDA

receptors that do not contain a GluN3 subunit.

The current study aimed to address some of the issues outlined by carrying out a
comprehensive categorisation of the activity of open-channel blockers at GluN3
containing receptors. Such information will be useful in determining what changes occur
in the pore region, and can be used to interpret what possible function the subunit may
have 7n vivo. There was also the possibility that PATX compounds may be subunit
selective for GluN1/2 over GluN3 receptors similar to the effect of the R residue on the
GluA2 subunit of the AMPA receptor, and if such a molecule 1s discovered it would be

useful pharmacological tool.

The second part of the study exploited the mechanism of block by memantine to test
new multi-target directed ligands (MTDL) for the treatment of Alzheimer’s disease. In
collaboration with the University of Bologna these new compounds were designed to
have multiple targets and the study determined their ability to block the NMDA receptor.
Compounds based on the acetylcholine esterases tacrine and donepezil where combined
with compounds that had anti-oxidant activity lipocrine and the -blocker carvedilol to

create new pharmacological entities. Furthermore, compounds based on dimebon a

potential Alzheimer’s disease drug, were explored to determine their NMDA receptor
activity. Although this group of multi-target compounds were not specifically designed to
be active at NMDA receptors tacrine, donepezil and dimebon have previously been
shown to have this property (Wang et al., 1999, Wu et al., 2008). The ability to block
NMDA receptors would be in any case useful in an Alzheimer’s disease compound as

that is the mechanism by which memantine has been approved for use in the disease. The



study aimed to determine if such an effect was retained by tacrine, donepezil and

dimebon within the MTDL compound structure.

.l  Glutamate Receptor Classes

The first indication that glutamate acted as a transmitter in the central nervous system
was when its injection into the motor cortex of dogs was shown to cause convulsions
(Hayashi, 1954). Later, ionophoretic delivery of glutamate to the spinal cord of the cat
was found to produce similar effects (Curtis et al., 1959). Even though glutamate was
found in very high concentrations, it was not thought that an amino acid could have a
major role in the nervous system. It was known that other amino acids such as aspartate
had similar effects when delivered in the same manner to the spinal cord, and it was

thought that a non-specific amino acid receptor was involved.

Modifications to the structure of glutamate allowed stereoselective evidence to be
obtained that led to a specific receptor being identified (see Watkins and Jane, 2006)
(Table 1). Glutamate did not show stereoselectivity so bulky substitutions of other amino
acids were made to engineer this. NMDA, an aspartate analogue, was found to be a more
potent agonist compared to the L enantiomer of the aspartate analogue providing
evidence for the existence of a specific membrane receptor. Other glutamatergic
receptors were also identified using chemical means. AMPA, a modification of 1botenic
acid, was generated in the search for a more stable glutamate agonist (Krogsgaard-Larsen
et al., 1980). Kainic acid, a glutamate analogue, was isolated from digenea simplex, a marine
red alga and was found to potentiate L-glutamate induced depolarisation of the crayfish
opener neuromuscular junction (Shinozaki and Shibuya, 1974b). These same researchers
showed that quisqualic acid from the seeds of Quisqualis indica activated the same areas of

the crayfish opener muscle as L-glutamate (Shinozaki and Shibuya, 1974a).
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Table 1: Agonists of the glutamate receptors. Shown are the endogenous agonist
glutamate and the synthetic agonists which were selective between the receptor types NMDA,
AMPA and Kainate. Quisqualate was originally used instead of AMPA until the latter proved
more selective. Adapted from Watkins and Jane, (2006).

When these compounds were tested in various experimental preparations differing
patterns of activity were found. For instance, it was found that kainate and NMDA had
different effects on spinal interneurones and Renshaw cells (McCulloch et al., 1974). It
was also shown in recordings from frog spinal cord that only responses elicited by

NMDA were inhibited by Mg**, but not those of AMPA or kainate (Evans et al., 1979).
In addition, a subpopulation in spinal cord preparations was found to respond more to

kainate than AMPA or NMDA (Evans et al., 1982). Such evidence suggested that there



were different subtypes of glutamate receptor, with differing regional expression and

differing properties.

Although classifying the receptors based on their agonist profiles proved useful, there
was still a subset of glutamatergic responses that were not activated by any of the agonists
shown in table 1. When DNA sequencing became available this shed light on two
separate classes of glutamate receptor. The first, ion channels, were found to be the class
that responded to the synthetic agonists, and the second class were found to be G-
protein coupled receptors (Figure 1). Those that responded to AMPA were found to be
the subset that mediated fast excitatory transmission in the central nervous system
(Boulter et al., 1990, Cull-Candy et al., 20006). They are constructed from four subunits
GluA1-4 which are encoded by the genes GRL474. AMPA receptors come together as a
group of four subunits and those that lack the GluA2 subunit are permeable to Ca** (see
[saac et al,, 2007). lon selectivity is mediated by the RNA editing of glutamine to atrginine

(the Q/R switch, equivalent to the NMDA receptor N-site) in the pore region causing

receptors containing the subunit to be impermeable to Ca**. The predominant form of
the AMPA receptor contains the GluA2 subunit while the GluA2 lacking form is though

to be expressed mainly through development possibly mediating plasticity (see Isaac et

al., 2007).

The receptors that responded to kainate were found using low stringency hybridisation
probes to the AMPA sequence, and subunits in this class are termed GluK1-5 (see

Pinheiro and Mulle, 2006). GluK1, GluK2 and GluK3 can form functional homomeric

channels that are termed low affinity subunits due to their low affinity to kainate. GluK4
and GluKS5 show a high affinity but cannot form functional channels alone. They show

less than 40% homology to the AMPA receptor subunits, and do not form channels with



GluA1-4. GluK1 and GluK2 also contain the /R switch that is found in AMPA
receptors to reduce Ca** permeability (see Pinheiro and Mulle, 2006). GluK2 has two
further amino acid substitutions in the first transmembrane region, isoleucine/valine
(I/V) and a tyrosine /cysteine (Y/C), also leading to a reduction in Ca*" permeability. No

regions of RNA editing have been found for the GluK4 and GluKS5 subtypes.

Glutamate Receptors

/]\

lonotropic Metabotropic
NMM/Ahlhxate
/l\ | l Group | Group i Group IH
(PLC 1) (AC|) (AC})
GIuN1 GIuN2 GIuN3 GluA GluK | I l
(8 Splice (A-D) (A-B) (1-4) (1-5)
variants) mGiuia-d mGlu2 mGluda,b
mGluda,b mGlu3 mGlub
mGlu7a,b
mGlu8a,b

Figure 1: Glutamate receptors and their subtypes. The left branch shows the ionotropic
glutamate receptors, followed by their agonist then the subunits. The right branch shows the
metabotropic receptors followed by their effects on phospholipase C (PLC) and adenyi

cyclase (AC) with the last branch showing the subunits that are involved. Adapted from
Watkins and Jane, 2006.

The NMDA receptor is the ionotropic glutamate receptor whose agonist is the
compound from which it takes its name. As well as glutamate binding to the GluN2
subunit, NMDA receptots also require the co-agonist glycine to bind to the GluN1
subunit for activation (Kleckner and Dingledine, 1988). In addition, at resting membrane
potentials, there is an endogenous voltage-dependent block by Mg”" of the NMDA
receptor (Evans et al., 1979). Depolarisation of the membrane removes block allowing

the channel to open. These features makes the NMDA receptor unique amongst the

ionotropic glutamate receptors as they only respond when glutamate is present, glycine is



present and if the membrane is depolarised to a level which removes Mg“* block. This
means that the receptor acts as a coincidence detector which reduces temporal jitter,
spontaneous activity and integrates the status of the input events (see Dingledine et. al.
1999). The NMDA receptor is highly permeable to Ca®* and may help trigger evens such
as LTP (Mayer and Westbrook, 1987, Malenka and Bear, 2004). The GluN3 subunits are
gated by glycine and there are two subtypes GluN3A and GluN3B (Yao and Mayer,
2006). The presence of a GluN3 subunit is thought to act in a dominant-negative
manner, reducing the amplitude of inward currents, reducing Ca™ entry and decreasing

Mg*" sensitivity (Yamakura et al., 2005, Tong et al., 2007).

|.2 Receptor Structure

1.2.1 AMPA Receptor

The complete crystal structure for the AMPA receptor has been reported and is closely
related to the NMDA receptor (Sobolevsky et al., 2009). The AMPA receptor is shaped
like a capital Y with the N-terminal domain at the top and the ion channel at the bottom.
The ligand binding domain is at the intersection of the lines of the Y, positioned like a
block over the ion channel, occluding it when closed. The extracellular region has a two-
fold rotational symmetry vertically down its centre with the N-terminal domain rotated
~24° and the ligand binding domain rotated ~19° from this axis. AMPA receptors come
together in a dimer of dimers that are lettered A-D (Figure 2A). Dimer A/B comes
together with dimer C/D giving an orientation that terms A/C proximal and B/D distal
to the axis of two-fold symmetry, although referring to dimer pairs 1s less descriptive as
they swap pairings across domains. At the N-terminal domain subunit A and B form a
dimer pair; however, at the ligand binding the domains swap over so that subunit A

forms a dimer pair with dimer C and vice versa. A/C also has extensive contacts between



the N-terminal domain and the ligand binding domain which are not present in the B/D

dimetr.

A B

Proximal

Figure 2: AMPA receptor composition. (A) Stoichometry of subunits. A/C are termed
proximal, and B/D are termed the distal, to the overall two-fold axis of symmetry. (B) Cartoon
representation of a subunit of the AMPA receptor. Adapted from Sobolevsky et al., (2009).

At the N-terminal domain is a bilobar clamshell with the upper lobe termed L1 and the
lower L2, the latter of which has extensive contacts across the distal subunits B and D
(Sobolevsky et al., 2009) (Figure 2A). The contacts between the dimers A/B and C/D, as
well as crossover contacts between the distal subunits B/D, contribute to the stability in
N-terminal domain. At the ligand binding domain the majority of connections exist
diagonally across the receptor structure so that the local dimer pairs would be considered
A/C and B/D, proximal and distal to the origin of four-fold rotational symmetry. Again,
the ligand binding domain is a clamshell structure which has an upper domain D1 and
the lower domain D2. The AMPA receptor was crystallised in the presence of the AMPA
receptor competitive antagonist ZK 200775 and was shown to bind within this region,

indicating antagonism occurs within a subunit unlike, tor example, the acetylcholine

receptor (Czajkowski and Karlin, 1995, Sobolevsky et al., 2009).



At the transmembrane domain the four AMPA receptor subunits come together to form
a pore with four-fold rotational symmetry (Sobolevsky et al., 2009). There are the four
transmembrane segments M1, M3 and M4 and the M2 pore region which contains a pore
lining loop. Starting at the S1 region of the ligand binding domain, pre-M1 extends and
turns 90° so it runs parallel to the membrane (Figure 2B). Pre-M1 region has contacts
with the amino and carboxyl end of M3 and M4 and forms a collar around the ligand

binding domain linker regions to the membrane regions and may be involved channel

opening.

The M1 region lies outside the ion channel while the M2 region forms the pore that has a
central cavity above where the Q/R site is located (Sobolevsky et al., 2009). This site 1s
the Q/R switch in AMPA receptors, the ‘N-site’ of GluN1 and the N+1 site of GluN2
(Wollmuth et al., 1998a, Wollmuth et al., 1998b, Sobolevsky et al., 2009). The M3 regions
are crossed over at the level of pre-M1 at the conserved SYTANLAAF motif when the
channel is closed, and forms the ion channel gate (Sobolevsky et al., 2009) (Figure 3 and
Figure 4). The M3 a-helix was also shown to be longer in the A/C subunits than the
B/D subunit. There is also further occlusion of the ion channel by M629 of the A/C
subunits which resides above the SYTANLAAF glutamatergic ion channel conserved
motif and may be involved in desensitisation. M3 then returns to form part of the ABD
which then returns to the pore to start M4. It lies outside the 1on channel and has
significant interactions between adjacent subunits contributing to overall structure and

function. From here this region leads to the C-terminus.
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Figure 4: Transmembrane domain of the AMPA receptor. M1 is orange, M2 is green, M3
is purple and M4 is blue. (A) is viewed above the axis of four-fold symmetry and (B) is viewed
parallel to the membrane (Sobolevsky et al., 2009).

By superimposing the crystal structure of a desensitised mutant (§729C) onto the AMPA
receptor crystal structure a model of channel gating can be proposed (Sobolevsky et al.,
2009). Agonist binds to the ligand binding domain clamshell pushing D2 toward D1 by a
~25° rotation while competitive antagonists keep it open. Binding separates the
transmembrane domains by ~20 A pulling apart the M3 region which opens the channel.
The M3-52 linker in the proximal A/C dimer moves less than the distal subunits B/D;
therefore, the proximal subunits may play a lesser role in gating. To examine
desensitisation, the D2 lobes of the ligand binding domain of a desensitised-like mutant
receptor with bound glutamate was superimposed on antagonist bound AMPA receptor
crystal and showed few differences in structure (Sobolevsky et al., 2009). Therefore, it is
thought that for the desensitised receptor, the ligand binding domains twist back around

into the position they took in the closed state, but while glutamate is still bound.

1.2.2 NMDA Receptor

The NMDA receptor also consists of a large extracellular N-terminal domain, a ligand
binding domain, transmembrane regions containing a re-entrant pore loop and a

intracellular C-terminus (see Paoletti and Neyton, 2006). The N-terminal domain has a
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more important role in NMDA receptors binding allosteric modulators such as Zn** and
polyamines. It is bilobar, similar to a leucine/isoleucine/valine binding protein, and it
oscillates spontaneously between open and closed states atfecting open probability of the
channel (Gielen et al., 2009). Chimeras of the NTD have also been shown to transfer
glutamate potency which is higher at GIuN2D than at GIluN2A (Yuan et al., 2009).
Receptors containing chimeric GIuN2D-(GluN2A NTD) subunits decreased glutamate
potency toward GluN2A compared with GluN2D wild-type. The same study showed
that the GluN2A-(GluN2D NTD) chimera increased potency toward the levels of

GluN2D wild-type. The crystal structure of the N-terminal region has also been reported,

confirming Zn** binding in the cleft between the two lobes promoting the closed
conformation (Karakas et al.; 2009). The structure also showed that the lobes are twisted
~45° to 54° degrees away trom each other compared with the AMPA and kainate

receptor subunits. The same study showed that this region had Na* and Cl binding sites

although thetr physiological role is unclear.

The second extracellular domain is the ligand binding domain which is formed by the
pre-transmembrane M1 region and M3-4 loop (Mayer, 2006). The ligand binding domain
shows homology with bacterial periplasmic proteins, but with a substructure that is
increased in size and complexity. GluN1 and GluN3 binds glycine and GluN2 binds
glutamate. The glutamate binding region of the GIuN2 subunit consists of an S1 region
which is N terminal to the M1 domain and the S2 region, which occurs between M3 and
M4 (Furukawa et al., 2005). Selectivity for NMDA over AMPA and kainate is due to an
aspartate residue in the binding pocket which is shorter than the glutamate found in the
other ionotropic glutamate receptors. It is suggested that the changed residue leaves
space for the N-methyl group of NMDA to enter. After agonist has bound there is

rotation of the ligand binding domain region leading to channel opening (Furukawa et al.,
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2005). As it is the movement of the ligand binding domain lobes that allow the channel
to open, it is thought that the partial agonist homoquinolinate may mediate its etfects by
reducing stability for the closed conformation due to increased motion in the binding

pocket, or through conformational changes that occur after binding (Erreger et al,

2005b).

The glycine binding domain of GluN1 has a similar bilobar clamshell structure to the
glutamate binding domain of GluN2, and the agonist binding residues were in the same
position when they were superimposed over GluN2 (Furukawa and Gouaux, 2003).
However, GluN1 may exclude glutamate through steric ettects as well as through a local
hydrophobic environment meaning only glycine can enter. Similar to GluN2, the
presence of an agonist keeps the lobes of the binding domain in the open configuration.
GluN3 subunits have been shown to have a higher affinity for glycine than GluN1 even
though they have similar binding residues, positions and domain rotation after binding
(Yao et al., 2008). There may be a different hydrogen bonding network in GluN3 which
increases the stability of the closed state by producing more constrained amino acid
interactions. Such 2 mechanism would be the opposite to how homoquinolinate reduces
stability of the closed conformation. In the binding pocket there is also the loss of a T731

which is M in GluN3A and GluN3B. This residue has been shown to interact with the
Cl of 5,7-DCKA, as 5-DCKA showed no difference in affinity between GluN3A and

GIluN3B (Yao and Mayer, 20006).

Similar to the AMPA receptor, agonist binding to the NMDA receptor is thought to

result in the ligand binding domain closing disrupting the linkets to the transmembrane
region which opens the channel (Mayer, 2006). M1, M3 and M4 are directly linked to the

ligand binding domains and it is known that the M3 region plays the most important role
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in gating (Sobolevsky et al., 2009). Like AMPA receptors, NMDA receptors also have a
conserved region with the sequence SYTANLAAF in the M3 region and the crossing
over between subunits of this area is thought to be the channel gate (Figure 3).
Supporting this is the evidence that mutations between S645 and 1655 of M3 resulted 1n
constitutively open channels (Chang and Kuo, 2008). It 1s thought that open channel
blockers such as MK-801 may bind in a manner with high attinity that they can become
trapped when the channel is closed (Qian and Johnson, 2002). Substituted cysteines
accessibility showed that of those residues mutated from the M3 to the M2 loop where
the N-site resides were accessible, with or without glutamate binding, meaning the M3
region may be exposed to the extracellular region in NMDA receptors even in the closed
state, questioning the location of the gate (Sobolevsky et al., 2002a). The M3 segments
from the GluN1 and GluN2B and GluN2C subunits were shown to be staggered relative

to each other in the vertical axis probably indicating a differential role in gating

(Sobolevsky et al.,, 2002b, Kashiwagi et al., 2007).

In GluN1, C-terminal to the M3 region is an amino acid sequence DRPEER in the ligand
binding domain/transmembrane domain linker (Figure 3) (Watanabe et al., 2002). The
study showed that mutations of the DRPEER motif, as well as those in the conserved
asparagine of the M3 region, resulted in reduced Ca** current. It is thought that it
increases current by binding Ca** and excluding monovalent ions from the pore. The
DRPEER sequence is not present in GluN3, which may account for the reduction in
Ca*' current when the subunit is present (Figure 3). However, the DRPEER sequence is

not present in the GluN2, and may not account completely for the reduction in Ca™

permeability seen with GluN3 unless 2 GluN1 subunit 1s replaced.
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GluN1/GluN2A receptors expressed in HEK-293 cells showed a shift in the reversal
potential in the presence of 1 mM and 10 mM Ca“* of -11.5 mV (Perez-Otano et al.,
2001). With the addition of GluN3A, together with GluN1/GIlulN2A, there was a
reduction of the shift to -5.93 mV indicating reduced Ca*" permeability of the channel. In
hippocampal neurones from transgenic mice overexpressing GluN3A it was shown that
there was a three-fold reduction in Ca** permeability compared with wild-type controls
(Tong et al., 2007). Expressing GluN3B together with GluN1/GluN2A in HEK-293
cells, but using 1 mM and 20 mM external Ca”* concentrations, showed a two-fold
reduction in calcium permeability compared with controls (Matsuda et al., 2002).

Expression of the GluN3B subunit in cultured mouse hippocampal neurones led to a

four-fold reduction in Ca** permeability (Matsuda et al., 2003).

The intracellular C-terminal end of the NMDA receptors contains sites that can be
phosphorylated by PKA, PKC, protein tyrosine kinase (PTK) and CaMKII (Chen and
Roche, 2007). Interactions with these proteins can affect signalling, trafficking and gating
properties. GluN3A has a molecular weight of ~125 kDa indicating that it is the most
heavily glycosylated of the NMDA receptor subunits, affecting the gating properties of
the receptor (Ciabarra and Sevarino, 1997). GluN3A also has also been shown to interact
with PACSIN1/syndapinl which is involved in mediating endocytosis of the receptor

(Perez-Otano et al., 2006).

1.3 Subunit Stoichiometry

Unravelling the subunit stoichiometry of the NMDA receptor has produced competing
studies showing differing arrangements around the pore. Truncation of the GluN1 and
GluN2 subunits before M4 was shown to form functional channels when expressed

together with a separate M4 region (Schorge and Colquhoun, 2003). Doing this
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supposedly allowed the N and C-terminals to reside on the same side of the membrane
and these could be linked together to form subunit tandems. The subunits present and
their orientation could be constrained depending on the truncated subunits that were
linked together. Those tandems which forced an alternating orientation around the pore
were either non-functional or showed rapid desensitisation. Those tandems which forced
a 1-1-2-2 orientation produced functional channels with similar properties to wild-type,

indicating it was the preferred orientation.

The structural data from the AMPA receptor crystal was used to determine the
stoichometry of the NMDA receptor as cysteine substitutions in the ligand binding
domain were made to determine regions that were in close proximity, as they would
cross-link (Sobolevsky et al., 2009). These showed that only one residue of the ligand
binding domain of GluN1 was required to link the NMDA receptor subunits, E699. It
was deduced that the only way E699 could orientate around the NMDA receptor is by
forming a diagonal pair around the pore with the GluN1 subunit in the proximal position
and the GluNZ2 subunit in the distal position. The AMPA receptor structure was also
used to explore the pore of the NMDA receptor. Cysteine mutations in the M3 region at
M629 in AMPA led to cross-linking due to the proximity of these amino acids
(Sobolevsky et al., 2009). In the NMDA receptor if there is an alternating suburut
arrangement around the pore then the equivalent mutations in M3 of GluN1(P661)
would be close enough to show cross-linking with cysteine mutations, but those ot
GIluN2 (P631) would not, which is what was found (Figure 5). GluN2 and GluN3A
dimers were shown to only form functional receptors when a GluN1 subunit was
present, and GluN3 could not form a dimer with another GluN3 subunit (Furukawa et
al., 2005, Schuler et al., 2008, Yao et al., 2008). Therefore, how a GluN3 containing

triheteromeric assembly is formed still remains unknown.
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Figure 5: Subunit arrangement of the pore region of the NMDA receptor. Shown are the
positions of the cysteine substitutions at P661 and F631 (Sobolevsky et al. 2009).

| .4 NMDA Receptor Subunits

1.4.1 GluNI

The GluN1 subunit was cloned in 1991 and was shown to require glycine as an agonist,
confirmed later by mutagenesis of the binding site (Moriyoshi et al., 1991, Kuryatov et al.,
1994). A screen of a rat forebrain library with probes for the transmembrane region of
GluN1 found multiple genes with similar sequences (Hollmann et al., 1993). Eight
different GIuN1 splice variants were identified and these were arranged into four
categories depending on the splice cassettes present (Figure 6). In rats, the gene for
GIluN1 Grint is located at 3p13, contains 22 exons and has eight functional splice variants
of pre mRNA from two regions of alternative splicing (Figure 6). The splice cassette at
the 5’ end it termed the N1 cassette (exon 5, 63 basepairs (bp)) and occurs at position

516 if it is present. At the 3’ end there are C1 (exon 21, 111bp, between positions 2536

and 2646) and C2 (exon 22, 356bp, between positions 2647 and 3002) cassettes
(Hollmann et al., 1993, Dingledine et al., 1999, Zarain-Herzberg et al., 2005, Del Valle-

Pinero et al., 2007). The C2 cassette is followed by a C2’ cassette, but is only translated
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when C2 is not present. This removes the original stop codon allowing expression of a 22
amino acid C2’ region which has its own alternative stop codon. There 1s one further
splice acceptor site in exon 3 which is a 150 nucleotide open reading frame containing an

alternative stop codon, but is not thought to be functional (Sugihara et al., 1992).

A

B

Alternative

o | swpoosomr | =M

— GlN1-1a | C1,C2 No [ U08261
GIuN1-1b N1,C1, C2 No |  U08263
GluN1-2a — C2 ~ No U08262
GluN1-2b N1, C2 No V08264
GluN1-3a C1 Yes U08265

NI,C1 |  Yes | U0B266 |
GliuN1-4a n/a Yes U08267

____GN14b | N1 |  Yes | 108268

Figure 6: Alternative splicing of the GluN1 receptor. (A) White boxes represent exons of
the sequence which are alternatively spliced: the N1 cassette (exon 5), C1 (exon 21) and C2
(exon 22). The black box represents the C2’ region with an alternative stop codon.

* represents stop codons in the sequence. (B) Combinations of splice cassettes that make up
the GIuN1 receptors adapted from Hollmann et al., (1993) and Yamakura and Shimoji, (1999).

The GIluN1 subunits are classed 1 ‘a’ and ‘b’ to 4 ‘2’ and ‘b’. The ‘a’ form does not
contain the N1 cassette, and the increasing number indicates differing combinations ot
the C1 and C2 cassettes (Figure 6). The C1 cassette contains an endoplasmic reticulum

(ER) retention signal meaning that the ‘1’ and ‘3’ forms have reduced expression in

Xenopus oocytes (Cavara et al., 2009). For the 3 form, it may be less important as the C2°
region contains a post synaptic density protein (PDZ) domain. The gene encoding
human GIluN1, glutamate receptor ionotropic (GRIN7), is located at 9q34.3 and

comprises of 21 exons (exon 3 from the rat is not present) of which exons 4 (N1), 20
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(C1) and 21 (C2) are alternatively spliced and these have the same sequence as those in

the rat (Zimmer et al., 1995).

1 4.2 GIuN2

The GluN2 subunit was also cloned in the early 90’s and has four subtypes A-D which
bind glutamate (Table 2) (Moriyoshi et al., 1991, Cull-Candy et al., 2001). Rat GIluN2C
(Grin2C) can be alternatively spliced resulting in truncation after the first transmembrane
region (M1) or M3 region (Rafiki et al, 2000). GIuN2D (Grin2D) also has a region of
alternative splicing at the c-terminus which consists of 2 33 amino acid insert in rats that
either has a deletion (GIuN2D-1) or does not (GluN2D-2) (Monyer et al., 1994).
However, it is unclear if there are any functional characteristics associated with these

splice vanants.

| Accession Accession
Subunit Chromosome
l Number Number
GIuNZ2A 16p13 U09002 D13211
GIuN2B 12p12 U88963 U11419

GIuN2C 17925 BC031077 U08259
GIuN2D 19q13.1-qter U77783 U08260

Table 2: GIuN2 subunits and their locus positions in humans. Shown are the
chromosome positions on human, human accession numbers and rat accession numbers for
GIluN2A-2D. Adapted from Dingledine et al., (1999), Schmidt and Holimann, (2008) and
Collingridge et al., (2009).

1.4.3 GIuN3

GIuN3 has two subtypes GluN3A and GluN3B (formerly NMDAR-L or x' and 3B x*)
which are activated by glycine (Table 3) (see Cull-Candy et al., 2001, Yao and Mayer,
2006). GIuN3A was cloned in 1995 and consists of 1115 amino acids in the rat (Grin3.A)

(Ciabarra et al., 1995, Sucher et al., 1995). There is also a splice-variant in rat that results
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in a 60 bp insert at the C-terminal termed GluN3A-1 (Sun et al., 1998, Cull-Candy et al,,
2001). Human GluN3A (GRIN3A) has 9 exons and is located on chromosome 9
(Eriksson et al., 2002). It consists of 3345 bases translating to 1115 amino acids. The
mature peptide contains 1089 amino acids leaving a signal peptide of 26 amino acids.

There is no evidence of alternative splicing of GRIN3A in humans.

Rat GluN3B (Grin3B) contains 1003 amino acids and shares 62% nucleotide homology to
GluN3A (Matsuda et al., 2002). The human GluN3B (GRIN3B) gene has an open
reading frame of 3129 bases which translates to 1043 amino acids and contains 9 exons
and exon 9 is elongated at the carboxyl end in humans (Bendel et al., 2005). It has also
been described as having 2703 bases translating to 901 amino acids (Andersson et al.,
2001). Human GIuN3B is polymorphic with 10% of the European/American population
homozygous for a 4bp insertion in exon 3 (Niemann et al., 2007). The protein is

truncated causing the removal of its membrane binding domains and is a null mutant.

The C-terminal region of GluN3B contains an ER retention signal which must be
masked before receptors can be trafficked to the surface (Matsuda et al., 2003). Deletion
of amino acids in the C-terminal region of GluN3B distal to amino acids 914, and distal
to 953, led to no surface expression when co-expressed with GluN1-1a. Deletions distal
to position 986 led to normal cell surface expression. The amino acids between 952 and
985 may mask the GluN1-1a ER retention signal. However, a recent study has found the
opposite, with the removal of this region in GluN3B reducing cell-surface expression

(Wee et al., 2010).
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Accession | Accession

Subunit Chromosome
Number Number

J29873

GIuN3A 9g31.1 BC132866 T249383
AF061945

GIuN3B 19p13.3 AY507107 .1 AF440691

Table 3: GIuN3 subunits and their locus positions in humans. Shown are the
chromosome positions on human, human accession numbers and rat accession numbers for
GIUuN3A-3B. Only the accession number for rat GIUN3-| is shown as a human variant has not
been described. Adapted from Adapted from Dingledine et al., (1999), Schmidt and Hollmann,

(2008) and Collingridge et al., (2009).

.5 NMDA Receptor Single Channels

Like most ion channels the NMDA receptor has multiple conductance states, but this
differs with the GluNZ2 subunit that 1s expressed in the tetramer. GluN2A and GluN2B
are similar, having a main 50 pS opening with a brief 40 pS sublevel (Stern et al., 1992).
GIlulN2C has a 36 pS and 19 pS conductance which both occur with similar brief
durations. GluN2D has similar conductance levels to GluN2C, but they differ in the
transitions between the states, and the mean open time for the low conductance state is
longer (Wyllie et al., 1996). Single channel open probability is also altered according to
the GluN2 subunit that is expressed. Within an ‘activation’ GluN2A has a higher open
probability (0.5) than GluN2B (0.12) (Erreger et al., 2005a). GluN2C has a lower open
probability (0.011) than GluN2B, and GIuN2D has an open probability of 0.04 (Wyllie et
al., 1998, Dravid et al., 2008). These differences are controlled by the closing of the N-

terminal domain, and its linker to the ligand binding domain, leading to a lower open

probability (Gielen et al., 2009, Yuan et al., 2009).

Single channel studies in HEK-293 cells expressing GluN1, GluN2A and GluN3A had
one conductance level of 47 pS similar to GluN1/GIluN2A receptor, and another

conductance of 29 pS (Perez-Otano et al., 2001). The latter was not a subconductance
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state as there were no direct transitions. Single channels studies from Xenopus oocytes
injected with GluN1/2A/3A also showed two conductance states of 75 pS and 35 pS
(Sasaki et al., 2002). It was shown that only the larger conduction state was blocked by
Mg®". The abundance of the lower state depended on the ratio of GluN3A injected.
Again, no direct transitions were observed between states and may suggest two different
populations of channel. However, if there 1s a subpopulation of GluN1-1a/2A receptors
then there would be at 2 minimum two sublevels, one of which would have 2 direct
transition, which was not found. Outside-out patches trom disassociated P8
cerebrocortical neurones also showed two conductances with no direct transitions (Das
et al., 1998). The lower conductance may be attributed to the GluN3 subunit as it was
not present in GluN3A”" mice. However, with two populations, superimpositions could

be expected to be found, and there was no mention of this in any of the studies outlined.

1.6  Agonists and Competitive Antagonism

1.6.1 Glutamate

The half-maximal effective concentration (EC,j) for L-glutamate alters depending on the
GluN2 subunit that is expressed. GluN2A has the highest EC,; (~3 uM) and GIuN2D
has the lowest (~0.5 uM) (Erreger et al., 2007). GluN2B (EC,;,~2.86 uM) and GluN2C
(EC,, ~1.68 uM) have intermediate potencies between these two extremes. The EC,, for
the D-glutamate enantiomer has a 100-fold higher EC,, and shows the same pattern with
differing GluN2 subunits. It also shows a small increase in efficacy at GlulN2B, 2C and
2D receptors. NMDA is less potent overall than L-glutamate (Figure 7). It has the highest
EC, at GluN2A (EC,, ~ 94 uM) and the lowest at GluN2D (EC;,~ 7.30 uM) (Erreger

et al., 2007). GIluN2B (EC,,~ 29 uM) and GluN2C (EC;, ~ 21 uM) again have

intermediate potencies. NMDA shows reduced efficacy at the differing GluN2 NMDA
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receptor subunit combination compared with glutamate. GluN2B has the lowest efficacy

(78%) and increases for GIuN2C (86%), GluN2D (92%) and GluN2D (93%).

Glutamate

R-APS

a .
N
< I
—0
50
D
)
5
O
)
T
N

CPP

NVP-AAMO77

Figure 7: Competitive antagonists for the GluN2 subunit of the NMDA receptor. Shown
are glutamate and how the extended backbone and the phosphate group ied to competitive
antagonists in the case of R-AP5 and R-AP7 (see Monaghan and Jane, 2009). Modifications
that added a piperazine ring led to the antagonists CPP. Lastly shown the compound NVP-
AAMO77 which was shown not to be the GIuN2A specific agonist that it was thought to be
(Neyton and Paoletti, 2006).

Competitive antagonists at the ligand binding domains of the GluN2 subunits were
originally produced by extension of the glutamate backbone (see Monaghan and Jane,
2009). Increased potency was found with R-AP5 which was produced by extending and

adding a w-phosphonic group (Figure 7). Increasing the alkyl chain by one decreased
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potency, but increasing one more to seven restored it (D-AP7). Incorporating the AP7
structure into a piperazine ring produced the compound CPP which is a potent (K= 0.04
uM) competitive antagonist at the NMDA receptor (Figure 7). These compounds show

some selectivity between the GluN2 subunits, but not for them to be considered selective

antagonists (see Paoletti and Neyton, 20006).

There was hope that the quinoxaline-2,3-dione based antagonist NVP-AAMO77 was a

selective antagonist for GluN2A containing receptors (Figure 7). The half-maximal

inhibitory concentration (IC)) for NVP-AAMO077 was found to be 14 nM at GluN2A

receptors, and 1800 nM at GluN2B receptors (Liu et al., 2004). However, the glutamate

concentration was not varied in order to reflect the true EC,;value at the differing
GIluN2 subunits, which would be required when exploring competitive antagonism
(Neyton and Paoletti, 2006). Therefore, when the glutamate concentration was adjusted
to the true EC,,values it was found that the compound was not selective. Although it
remained quite a potent compound at GluN2A receptors (K;=0.006 pM) there was only

around a 10-fold difference between the other GluN2 subunits.

1.6.2 Glycine

Similar to glutamate, the potency of glycine at GluN1 depends on the GIuN2 subunit

that is co-expressed. Glycine has a lower EC;, at GIuN1 with GluN2D (EC,, ~ 0.13 uM)
than GIluN2A (EC,,~ 1.31 uM), with GluN2B and GIuN2C having intermediate glycine
potencies (Chen et al., 2008). The same study showed that this was mediated by the S2

region of the ligand binding domain, as the mutation of L719 and T735 in the S2 region

of GIuN2A to that of GluN2D transferred the EC,of glycine. As well as glycine, D-

alanine is an agonist at GluN1, as is D-serine, the latter being more potent in GluN2A

containing receptors (Chen et al., 2008). The same study has shown that the L-

25



enantiomer of these amino acids have a 100-fold increase in EC,;with a similar pattern
across the GluN2 subunits. Chimeras of the GluN2 N-terminal domain and their linker
domains may also transfer the differences in glycine EC,;, but has not been explored. The

absence of the C-terminal cassettes has been shown to increase the potency of glycine,

but the N1 cassette had no influence (Schmidt and Hollmann, 2009).

Kynurenic acid was the first GluN1 glycine site antagonist to be found (see Monaghan
and Jane, 2009). It was modified mainly by the addition ot Cl to produce compounds
such as 5,7-dichlorokynurenic acid, 1.-683344, 1.-689560, 1.-701324 and MDI.-299591
which had increased potency (Figure 8) (Leeson et al., 1991, Leeson et al., 1992,
Kulagowski et al., 1994, Salituro et al., 1992). The AMPA receptor antagonists CNQX
and DNQX were also found to be active here, but modifications carried out to increase
potency were not water soluble and hence had limited use as therapeutics (Cai et al.,
1997). Spermine has also been shown to decrease glycine dissociation leading to a 3-fold
increase in affinity, and is termed glycine dependent potentiation (Benveniste and Mayer,
1993). It is only found when GluN1 1s expressed with GluN2A and GluN2B, but not
GIluN2C and GluN2D, and 1s not attected by the differing GluN1 splice variants

(Williams, 1997).

26



I

D-sernne

D-alanine

Kynurenic Acid

Ct O
m 5,7-Dichlorokynurenic Acid
Cl N~ ~CO,H
H
Me NH
1] H
N_ O
H,03P I CGP-78608
Br N Yo

MDL-29951

27



0O O
Cl HN/U\NH
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Figure 8: Glycine site agonists, partial agonists and antagonists. Shown are the amino
acid agonists glycine D-serine and D-analine for the GluN1 subunit of the NMDA receptor
(Chen et al., 2008). CNQX and DNQX were AMPA receptor antagonists that were also shown
to be active here (see Monaghan and Jane, 2009). Kynurenic Acid was the fist glycine site

antagonist to be found and this was modified to produce the compounds with similar modes of
action 5,7-dichlorokynurenic acid, L-683344, L-689560, L-701324 and MDL-299591 (see

Monaghan and Jane, 2009).

Both GluN1 and GIluN3 bind glycine; however, the ligand binding domains of the
GIluN3 subunits have different properties. Glycine binds to GluN3A with a high affinity,
having a 650-fold lower Ky, than GluN1, as well as binding glutamate with a low affinity
(Yao and Mayer, 2006, Neyton and Paoletti, 2006). The partial agonist ACBC has a 65-
fold higher affinity at GIuN3A than GluN1 (Yao et al., 2008). For the antagonists,
CNQX has a similar dissociation constant at GluN1 and GluN3A; however, CGP-78608,
5,7-DCKA, 1.-689560 and L.-701324 show selectvity for GluN1 over GluN3A (Figure 8)
(Yao and Mayer, 2006). 1689560 and 5,7-DCKA can be considered the best selecuve
compounds for this purpose as they have affinities in the nM range tor GluN1 and 100

uM range tor GluN3A.
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./ Modulation of the NMDA Receptor

Zn”" is released at many glutamatergic synapses and it may act as an endogenous allosteric
modulator (see Frederickson et al., 2000). It binds to the cleft of the N-terminal domain
of GIuN2 subunits promoting closure, which then interteres with the ligand binding
domain through its linkers causing desensitisation (Gielen et al., 2009). Zn*" inhibits
NMDA receptor currents in a manner that is 100-fold more selective for receptors
containing GluN2A (1C, ~ 15 nM) than GIluN2B (IC,;, ~ 1 pM) while having a low
affinity for GluN2C (IC,, ~ 20 uM) and GluN2D (IC;;,~ 10 uM) (see Mony et al., 20094,
Rachline et al., 2005). GluN1 alternative splicing has also been shown to influence Zn*'
inhibition, such that those that contained N1 and the full length C2 were shown to have
a 3-fold and 10-fold increase in 1C;, at GluN2A and GluN2B containing receptors
respectively (Traynelis et al., 1998). Zn®* has been shown to mediate its effects by

reducing mean open time open probability (Erreger and Traynelis, 2008).

Ifenprodil also acts at the N-terminal domain producing selective inhibition of the
GluN2ZB subunit (Williams, 1993, Williams, 1995) (Figure 9). It is 1000-fold more potent
here than at the GluN2A subunit, and shows little affinity to GluN2C and GluN2D
(Williams, 1993). Its binding has also been shown to be competitive with Zn**" indicating
that it binds at the same site (Perin-Dureau et al., 2002, Rachline et al., 2005). Ifenprodil
1s thought to bind to both lobes of the N-terminal domain encouraging its closure hence
reducing open probability in a similar manner to Zn** (Gielen et al., 2009, Mony et al.,
2009b). A large range of compounds similar to ifenprodil have been produced to increase
selectivity and potency. Ro 25,6981 and CP 101,606 (traxoprodil) are around 10-fold

more potent than ifenprodil, and have a similar structure and similar binding sites (Figure

9) (see Gogas, 2000).
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Figure 9: Ifenprodil and related compounds. These compounds block at the N-terminal
domain of the GIUN2B subunit similar to where Zn** binds (see Gogas, 2006).

Sensitivity to Zn*" and ifenprodil can alter in tri-heteromeric NMDA receptor assemblies.
GluN1/2A /2B receptors have been found in the cortex and hippocampus with
GluN1/2A/2C (or 2D) in the cerebellum (Cull-Candy and Leszkiewicz, 2004). In tri-
heteromeric receptors, even though GluN2A and GluN2B can be present, it was found
that there was reduced etficacy of ifenprodil although affinity remained the same (Hatton
and Paoletti, 2005). The GluN2C subunit also was also shown to have a similar high
affinity with low efficacy. Theretore, the absence of GluN2B does not always follow
from a lack of activity of ifenprodil; however, such a claim could be made if Zn*'
inhibition was also low. There was no loss in ifenprodil efficacy with GluN1-1a/2B/3A
receptors, therefore the triheteromeric properties are related to GluN2 subunit

expression (Smothers and Woodward, 2003).

NMDA receptors are inhibited by protons in a non-competitive voltage-independent
manner. Inhibition is dependent on the GluN2 subunit expressed, with GIuN2B and

GIluN2D being the most sensitive with an 1C,,~ pH 7.4 and GluN2C having the lowest
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pH 1C;, at ~ pH 6.5 (Low et al., 2003). GluN1-1a/GIluN2A receptors show intermediate
inhibition with an IC,of ~ pH 6.9. GIuN2B and GluN2D are therefore inhibited by
50% at physiological pH, highlighting an important role for protons in the gating of
NMDA receptors. GluN1 alternative splicing has also been shown to affect proton
sensitvity. Inclusion of the N1 cassette in GluN1-1b together with GluN2A or GluN2B

was shown reduce the IC,, to ~ pH 6.7 (Traynelis et al., 1995).

The exact site of proton inhibition 1s unknown; however, mutations in the linkers
between M2, M3 and the S2 region leading to the ligand binding domain were shown to
reduce pH sensitivity in the GluN1 subunit (Low et al., 2003). For GluN2A, the same
study found that mutations in the S2 to M4 linker domain also led to a reduction in pH
sensitivity, and that a combination of S2-M3 in both GluN1 and GluN2A led to a 145-
fold decrease in the 1C,,. In addition, mutations that lead to open channels in the
conserved SYTANLAAF motif of M3 have also been shown to influence proton
sensitivity (Low et al., 2003). The results of these mutations indicate a close relationship
between channel gating and protons, possibly promoting the shut conformation of the
channel as shown by increased shut times in single channel studies (Banke et al., 2005).
Modulation of the NMDA receptor by N-terminal may therefore mediate their etfects by

shifting the pKa of the putative proton sensor.

As well as inhibition of NMDA receptors, modulation of the N-terminal domatn can
potentiate responses. Spermine could potentiate currents, but was limited to the GluN2B
subunit (see Mony et al., 20092). It has an EC,,~ 150 uM at pH 7.3 and can potentiate
responses up to a maximum of 3-fold (Benveniste and Mayer, 1993). Two mechanisms of

potentiation by spermine have been proposed, as many mutations across the extracellular

domain of GluN1 and GluN2B inhibit the potentiation (see Mony et al., 20092). The first
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proposes that spermine binds at the ligand binding domain across a dimer pair keeping
the region in the open conformation and inhibiting disruption of the N-terminal domain.
Supporting this 1s evidence that has shown that spermine and spermidine bind to the
5182 regions of the ABD (Stoll et al., 2007). A second model proposes binding occurs in
the N-terminal domain, but rather than holding the N-terminal domain open by binding
at the cleft where ifenprodil binds, spermine binds together the bottom lobes of the
dimer pair. Ifenprodil and spermine have been shown to bind at distinct sites in a

negative allosteric manner, hence a modified model 1s required (Han et al., 2008).

1.8 Open Channel Block

Mg”" is the endogenous open channel blocker of the NMDA receptor. It occludes the
channel pore region after opening and acts in a voltage-dependent manner (Mayer et al.,
1984, Nowak et al., 1984). A single mutation at the ‘N-site’ asparagine site at the tip of
the pore loop of the GluN1 subunit was found to reduce Mg*" sensitivity (Sakurada et al.,
1993). The N-site of the GluN1 is the binding site for intracellular Mg** (Wollmuth et al.,
1998b). Similarly, the N-site and the adjacent asparagine (N+1 site) in GluN2A was
shown to bind extracellular Mg** (Wollmuth et al., 1998a). The sensitivity to Mg®" is
altered according to the GluN2 subunit that is expressed. The biggest difference is
between GIulN2A and GIuN2B, which have the lowest IC, values and GIluN2C and
GluN2D contaimning receptors which have the highest (Kuner and Schoepfer, 1996,
Wrighton et al., 2007). The largest difference in Mg** sensitivity is found between
GluN2A and GluN2D (34 and 91 uM respectively). Chimeras where the M1, M2 and M3
regions from GluN2D were transferred to GluN2A showed a 10-fold increase in the IC,,
for Mg™* compared with wild-type GluN2A, and a 3-fold higher 1C,, than GluN2D
containing receptors (Wrghton et al., 2007). The same study showed that the chimera of

the S1S2 domain of GluN2D transferred to GluN2A had an IC, for Mg®* that was lower
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than wild-type GluN2A. The study showed that the transmembrane regions, and the
5182 region of the ligand binding domain, play differing roles in mediating Mg**

sensitvity.

The GIuN3A and GluN3B subunits are thought to reduce Mg** sensitivity as the ‘N-site’
residue which has been shown to bind the ion is G in these subunits (Wollmuth et al.,
1998a). Some review articles made this claim, but evidence was weak as no full study had
been carried out on the activity of Mg®" (Petrenko et al., 2003, Paoletti and Neyton,
2006). Inhibition by Mg** was not significantly different when GluN3B was present in
GIluN1/2A and GIluN1/2B receptors expressed in Xenopus oocytes (Yamakura et al.,
2005). The same study showed that mutations at the N-site and N+1 site in GIuN3B did
not alter Mg*" sensitivity. However, the authors only applied two concentrations of Mg**
at -75 mV and compared percent inhibition with a t-test. This is not a valid comparison
as percentage data must be arcsin transformed to normalise the error distribution. The
percentage must be divided by 100, then the square root taken and then the inverse sin is

taken to get a value in degrees. The value can then be analysed using parametric statistics.

Expression of GluN3B has also been shown to have no effect on Mg** sensitivity when

expressed with GluN1/2A in HEK-293 cells (Nishi et al., 2001). The authors tested 1
mM Mg"*, producing an I/V curve that showed inhibition by Mg** at voltages less than -
50 mV, and it was not altered by the presence of GluN3B. However, the converse has
also been shown, with GluN1/2B/3A receptors expressed in HEK-293 resistant to block
by 1 mM and 10 mM Mg" at negative voltages (Sasaki et al., 2002). The sensitivity of
Mg®* was tested in hippocampal neurones from transgenic mice overexpressing GluN3A
and the IC,, for Mg®* in wild-type (WT) neurones was found to be 9.9 uM, and was

significantly increased to 133.8 uM (Tong et al., 2007). These results suggest that the loss
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of Mg’ sensitivity in the presence of GluN3 subunits may not be as dramatic as that

suggested by the N-site changes.

Memantine (1-amino-3,5-dimethyl-adamantane) is a highly selective open-channel
blocker of the NMDA receptor (Chen et al., 1992, Chen and Lipton, 1997). It is a
derivative of amantadine, an anti-influenza drug, which was serendipitously found to be
etfective against the symptoms of Parkinson’s disease. The two methyl side groups of
memantine help prolong dwell time compared with amantadine which slows the off-rate
and increases affinity for to the channel (Figure 10). It has a higher affinity and slower
off-rate than Mg”", as well as showing less voltage-dependence (Danysz and Parsons,
2003). Memantine has a £, that depends on memantine concentration, but a £&_ that is
independent, giving the compound the same off-rate at clinically relevant concentrations
(Chen and Lipton, 1997). It was shown to bind preferentially to the GluN1 Mg*" site (the
‘intracellular’ Mg** binding site) and showed electrostatic interactions at the N and N+1
on GluN2 (Chen and Lipton, 2005). The same study located a second more superficial,
low atfinity, less voltage-dependent binding site at L651 of the M3 region of GluN1. It is
similar to where hexamethonium, the acetylcholine receptor blocker, was shown to bind
(Chen and Lipton, 2005). It is thought that the superficial site is where memantine can
unbind without agonist being present, contributing towards its ‘partial trapping’ property
(see below) (Kotermanski et al., 2009). Further residues involved in memantine binding

are found on the M1, M2 and M3 regions and these are shown in (Figure 11).
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Figure 10: Structure of amantadine and memantine. Amantadine was an influenza drug
that was modified with the amino group to produce the more potent compound memantine

(Chen et al., 1992).
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Figure 11: Binding sites of the pore region of the NMDA receptor. N shows the N site of
GluN1 and GIuN2, as well as the N+1 site of GIuN2. Circles 1-4 show residues involved in
MK-801 and memantine binding, with the circles 5-12 showing further residues involved in
binding MK-801 (Kashiwagi et al., 2002). Circle 13 shows the superficial memantine binding
site (Chen and Lipton, 2005). Quaternary structure adapted from AMPA crystal in the closed
configuration (Sobolevsky et al., 2009). Amino acid positions should be considered

diagrammatic.
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Memantine 1s considered a ‘partial trapping’ compound as a proportion of agonist-
induced response can be recovered immediately after a quick wash out, an effect which is

not found present in fully trapping compounds such as ketamine and MK-801 (Blanpied
et al., 1997, Kotermanski et al., 2009). One possible mechanism is that memantine
escapes up and out of the channel when it closes, but as memantine unbinding is slower
than agonist unbinding then it would have to hold the channel open by a foot-in-the-
door type mechanism. If this was the case, then there should be a related tail current
when memantine was released, but this was not found (Benveniste and Mayer, 1995,
Blanpied et al., 1997). As the off-rate of memantine increases with membrane
depolarisation, if the compound is escaping up and out the open channel then a
depolarisation jump after application of agonist is stopped should leave an increased
proportion of NMDA current with a second application of agonist (Blanpied et al.,
1997). However, no significant differences were found in the proportion of inward
current after the second application of agonist, providing further evidence that

memantine does not escape out of open channels (Kotermanski et al., 2009).

It has been suggested that the deep and superficial memantine binding sites are
competitive. As the superficial site is less voltage-dependent, depolarisation would push
binding toward it rather than the deep site. This would be shown by increased
proportional recovery after a second agonist application and this was found to be the

case (Kotermanski et al., 2009). Furthermore, a mutation at the ‘N-site’ in GluN2A

significantly increased fractional recovery after a second agonist application, indicating

that the mutation in the deep binding site may have pushed memantine binding toward

the superficial site. Unlike Mg®’, memantine is more potent at GluN2D (0.29 uM)

containing NMDA receptors than GluN2A (0.86 pM), but chimeras transferning the M1,
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M2 and M3 regions from GIuN2D to GIuN2A did not alter memantine potency

(Wrighton et al., 2007).

Memantine (ebixia) is currently the only clinically approved drug that targets
glutamatergic transmission (Chen and Lipton, 2006). A tolerated NMDA receptor
antagonist has to block excessive activity of the NMDA receptor without blocking
normal signalling. Memantine was found to block only around 15% of the late
component of synaptic transmission (which is mediated by NMDA receptors), whereas
MK-801 completely blocked this (Chen et al., 1992). Memantine has been shown to
block LTP in the CA1 region of the hippocampus but did not inhibit memory as
measured by the Morris water maze task (Chen et al., 1998). This showed that normal
functions were unattected. Memantine was also shown to be an ineffectual blocker when
low concentrations of NMDA are used, but if the agonist concentration was increased it
was shown to become more effective (Chen et al., 1992). Therefore, memantine could be
considered more usetul with excessive glutamate levels, providing a further property that

which spares normal glutamatergic transmission.

MK-801, PCP and ketamine (Figure 12) are not as useful as memantine as they have high
affinity and can become trapped within the channel which seem to produce symptoms

similar to schizophrenia and are also thought to cause acute pathomorphological changes

termed Olney’s lesions (Olney et al.,, 1989, Kirystal et al., 2003). MK-801 (dizocilpine) is a

high-atfinity open channel blocker of the NMDA receptor that is considered fully
trapping (Dingledine et al., 1999). It has a large dwell time due to its high affinity, and the
N-site mutations on GluN1 and GluN2B as well as N+1 on the latter showed reduced
attinity for MK-801 highlighting a potential binding site in this region (Kashiwagi et al,,

2002). MK-801 is also considered fully trapping meaning that the M3 region can close
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and due to its high atfinity 1t becomes trapped in the pore. Further residues involved in
MK-801 binding are found on the M1, M2 and M3 regions and these are shown in Figure
11. The dissociative anaesthetics ketamine and phencyclidine are also considered fully
trapping blockers of the NMDA receptor (Figure 12). These act in a similar manner to

MK-801 producing schizophrenia-like effects that limit their use as therapeutics (Mealing

et al., 1999, Krystal et al., 2003).

| Swetws | Neme

'O Phencyclidine

\ M
(1[ NH
O
Cl

Figure 12: Structure of fully trapping blockers of the NMDA receptor. MK-801,
phencyclidine (PCP) and ketamine are all though to be fully trapping compounds, meaning
that they remain in the channel after the gate has closed due to their high affinity (Krystal et

al., 2003).

38



|.9 Polyamines as Open channel Blockers

Endogenous polyamines such as spermine, spermidine and putrescine (Figure 13) are
present in most living cells and have a wide vartety of essential functions (Childs et al.,
2003). They are involved in processes such as regulating nucleic acid packaging, DNA
and RN A synthests, apoptosis, transcription and translation. They can also act as
electrostatic bridges between phosphate groups on nucleic acids, as well as interacting
with other chain like molecules such as actun and microtubules. It has also been shown
that polyamines can interact with ion channels such as inwardly rectifying potassium

channels and ionotropic glutamate receptors (see Williams, 1997).

As well as potentiation of the NMDA receptor, intracellular spermine can block the
outward rectification of Ca*’ permeable (without edited GluA2) AMPA receptors in a
voltage-dependent manner that is prevented by the positively charged R at the Q/R site
(Bowie and Mayer, 1995). Therefore receptors without GluA2 are inwardly rectifying due
block by endogenous polyamines. As well as potentiating NMDA channels, extracellular

spermine has also been shown to block them in a voltage-dependent manner suggesting

open-channel block (Benveniste and Mayer, 1993). It is more potent at GluN2A and
GIuN2B than GIuN2C and GIuN2D, similar to Mg** (Williams et al., 1994, Williams,

1995). Mutations at the N-site were shown to reduce the voltage-dependent block by
spermine (Kashiwagi et al., 1997). At potentals less than -60 mV spermine can dissociate
from its blocking site and permeate through the channel (Araneda et al., 1999). As
spermine was a weak blocker of the NMDA receptor pore, improvements in potency

were made by adding a bulky headgroup as seen in N'-Dansylspermine, (Chao et al.,

1997) (Figure 13).
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Spermidine

N’-Dansylspermine

Figure 13: Spermine and related compounds. The endogenous polyamines spermidine
and spermine were modified to produce the more potent glutamate receptor blocking
compound N1-Dansylspermine (Bowie and Mayer, 1995, Chao et al., 1997).

1.9.1 PhTX

Polyamine toxins with a similar structure to spermine are found in the venom of the
parasitic wasp Philanthus triangulum, commonly known as the European beewolf (Piek,
1986). The wasp attacks its prey by injecting venom at the head and the thorax causing
paralysis. Although adults feed mainly on nectar and pollen, the female hunts honey bees
to feed its larvae. The venom from Philanthus triangulum belongs to a group of related
compounds known as the polyamine toxins. It was first shown to be active at
quisqualate-sensitive glutamate receptors (qGIuR) in the locust (May and Piek, 1979). Its
most active constituent is Philanthotoxin-433 (PhTX-433) and its structure consists of a
tyrosine head group with a butyryl side chain attached to a thermospermine moiety

(Figure 14) (Williams, 1997). It is numbered according to the number of methylene

groups between the amine groups on the polyamine chain. PhTX-433 was synthesised in
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conjunction with the isomers PhTX-334 and PhTX-343 which were easier to produce

(Eldefrawi et al., 1988).

At muscle type nicotinic acetylcholine receptors (nAChR) in TEG671 cells, Ph'TX-343 was
shown to inhibit responses in a voltage-dependent manner (Mellor et al., 2003). Ph'TX-
343 was shown to cause a large reduction in mean open time at nAChR and this, coupled
with its voltage-dependence, indicated that it acted as an open channel blocker (Brier et
al., 2003). Also, the same study showed that pre-application of PhTX-343 gave a voltage-
independent block that may have been due to binding to the closed conformation of the
channel, thereby enhancing desensitisation after agonist 1s bound. Ph'TX-343 has also
been shown to block neuronal nAChR in a voltage-dependent manner when measured in
PC12 cells (Liu et al., 1997). Adding an ether group into the polyamine chain also
increased potency at nAChR and was optimal with 4-oxa-PhTX-83 (Figure 14). The
potency of the Ph'TX compounds was also dependent on the length of the polyamine
chain, as when it was reduced, potency decreased. Replacing amines with methylene
groups increased potency and of these new structures PhTX-12 (Figure 14), which had
12 methylene groups between the head group and the terminal amine, was the most
potent (Brier et al., 2003). However, as it showed little voltage-dependence a second
more superficial binding site was implicated. There is the possibility that the polyamine
group folds back on itself when the polyamine amines were removed, causing the tail to
bind to the head group (Tikhonov et al., 2004). Such a shape may stop the molecule

entering the pore, possibly pushing it toward a more superficial binding site.
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Figure 14: The naturally occurring PhTX-433 and synthetic analogues. PhTX-433 was
the most active constituent of the toxin from the wasp Philanthus triangulum, but the synthetic
agonists based on their structure were easier to produce starting with the thermospermine
moiety (Williams, 1997). The further modifications are shown and these show differing
patterns of activity at nAChR, AMPA and NMDA receptor (Mellor and Usherwood, 2004).

PhTX-83
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Similar to endogenous polyamines, GluA2 lacking Ca®" permeable AMPA receptors are
also blocked by PhTX-343 (Mellor et al., 2003, Andersen et al., 2006). Truncation of the

polyamine chain reduced potency and reducing the number of amines to one (PhTX-12)
impaired potency, but on the other hand leaving two amines (PhTX-83) produced an
Ca®" permeable AMPA receptor selective antagonist that was 100-fold more potent at
these receptors than at NMDA and nACh receptors (Figure 14) (Mellor et al., 2003).
PhTX-74 is another isomer that could be a selective for Ca** impermeable AMPA
receptors as it has been shown to be selective for GluA1/A2 channels but not
GluA2/A3 receptors (Nilsen and England, 2007). However, the concentrations used (100
and 500 uM) were high, and compared with the low IC,, values found with GluA2
lacking AMPA receptors it is not useful z# vivo (Mellor et al., 2003). Furthermore, a
recent poster presentation has indicated that the claims made in Nilsen and England
(2007) were wrong, and that PhTX-74 may only preferentially blocked homomeric

GluA1 receptors, which is what could have been expected (Poulsen et al., 2010).

A model of PhTX binding to the AMPA receptor states that two amine groups must pass
beyond the selectivity filter so one amine can bind to the Q/R/N site and another to the
exposed main chain oxygen at G+2 (Tikhonov et al,, 2002, Andersen et al., 20006). The
head group can then make multiple hydrogen bonds in the M3 segment of the channel.
PhTX modifications have shown that at least a hexyl spacer is required between the

charged amines to bind at both sites, as a larger chain reduced potency (Andersen et al.,

2006). When the amines were pushed toward the tail, as long as the chain length was 12,
the potency could be restored. It may be that both amines were able to interact with the

exposed oxygen ot G+2 in this case.
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NMDA responses from whole rat brain RNA expressed in Xenopus Oocytes have been
shown to be inhibited by PhTX-343 (Mellor et al., 2003). It was less potent than at
AMPA receptors, but more potent than at muscle nAChR. Unlike inhibition of
recombinant AMPA receptors methylene substitutions that reduced the number of
positive charges to two or one reduced potency, indicating at least three amine groups
were required for optimal activity. Ether substitutions failed to produce a compound with
more potency than PhTX-343 which may be because the negative charges in the pore
region of the NMDA receptor could not accommodate the oxygen (Figure 14)
(Bolshakov et al., 2000). For GluN3 subunits of the NMDA receptor, there 1s a glycine at
the N-site and a positively charged R at the N+1 site which may mean that these
receptors are not blocked by PhTX-343 in a similar manner to GluA2 containing AMPA

receptors which have the R at the Q/R site.

1.9.2 Anthraquinone

Anthraquinone (AQ) polyamines (Figure 15) are a group of open-channel blockers that
have been shown to block the NMDA receptor (Kashiwagi et al., 2007). They are similar
in structure to PhTX, with a polyamine tail group numbered in the same manner but with
a different aromatic head group. Potency at the NMDA receptor is dependent on the
number of positive charges on the chain, with the truncated AQ33 (IC,, 5.6 uM) and
AQ34 (IC,, 7.1 uM) which had two positive charges showing reduced potency compared
with AQ343 (IC;, 0.39 uM) and AQ444 (1C,, 0.57 uM) which had three charges
(Kashiwagi et al., 2007). Some subunit selectivity was also found for AQ343 and AQ444

as they had the lowest potency at GluN1/2C receptors (Jin et al., 2007).
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