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Abstract

N-methyl-D-Aspartate receptors (NMDAR) are ionotropic glutamate receptors that are
involved in the regulation of nearly every process in the brain. Therefore, even a subtle
disturbance in NMDAR function may result in severe pathological consequences. Loss-of-
function mutations in the NMDAR-encoding genes have been implicated in numerous
neuropsychiatric  disorders, including intellectual disability, developmental delay,
schizophrenia, autism spectrum disorders, epilepsy, and movement disorders. Insufficient
NMDAR function can be rectified by positive allosteric modulators, including neurosteroids;
however, the mechanism underlying the potentiating effect of steroids is not well understood.

By employing patch-clamp electrophysiology we assessed the effect of newly
synthesized neurosteroid-like pregnane analogues on recombinant GluN1/GIluN2B receptors.
We demonstrated that compounds with short C3 residues, such as pregnanolone acetate (PA-
Ace) and pregnanolone carboxylate (PA-Car), are negative modulators of NMDAR, whereas
compounds with longer C3 residues, such as pregnanolone butyrate (PA-But) and
epipregnanolone butyrate (EPA-But), are positive modulators of NMDARs. Furthermore, we
revealed that EPA-But has a disuse-dependent positive allosteric effect, being similar in that
regard to endogenous neurosteroid pregnenolone sulfate (PE-S).

Combining electrophysiology, molecular biology, and computational modelling, we
identified the PE-S and EPA-But binding sites at the transmembrane domain of the
GIluN1/GluN2B receptor. Our results indicate that EPA-But binds the NMDAR at the
GluN1(M4)/GluN2B(M1), GluN2B(M4)/GluN1(M1), and GIluN2B(M1/M4) interfaces. In
contrast, PE-S binds the receptor only at the GluN2B(M1/M4) interface. Moreover, we
proposed the mechanisms by which the steroids potentiate NMDAR function.

Next, we characterized the effect of ten de novo disease-associated mutations in the
hGIuN2B subunit on the receptor functional properties and surface expression. In addition, we
evaluated the effect of EPA-But and PE-S at NMDARs harbouring disease-associated
mutations in hGluN1 and hGluN2B subunits. Our results uncovered the potential of EPA-But
and PE-S in compensation for the effect of loss-of-function mutations.

In this study, we revealed structural principles underlying the potentiating effect of
steroids. Our results open up new possibilities for developing new steroid-based drugs for

treating disorders associated with the hypofunction of NMDAR.



Abstrakt

N-methyl-D-aspartatové receptory (NMDAR) jsou ionotropni glutamatové receptory,
které se podileji na regulaci témét vSech procesti v mozku. Proto i nepatrna porucha funkce
NMDAR mitize vést k zavaznym patologickym disledkim. Mutace v genech kodujicich
NMDAR, které vedou ke snizeni jejich funkce, se podileji na mnoha neuropsychiatrickych
poruchach, jako jsou naptiklad mentalni retardace, schizofrenie, poruchy autistického spektra,
epilepsie a poruchy pohybu. Nedostatecnou funkci NMDAR Ize korigovat pozitivnimi
alosterickymi  modulatory, vcetné neurosteroidi. Mechanismus ktery je zakladem
potenciacniho tc¢inku steroidti vSak neni dosud dostate¢né objasnén.

Pomoci elektrofyziologické metody tercikového zamku jsme zméfili ucinek nové
syntetizovanych analogli pregnant, které jsou podobné neurosteroidim, na rekombinantni
NMDAR s podjednotkovym sloZzenim GIuN1/GluN2B. Prokazali jsme, ze slouceniny s
kratkymi  residui na uhliku C3, jako je pregnanolon acetat (PA-Ace) a pregnanolon
karboxylat (PA-Car), jsou negativnimi moduldtory NMDAR, zatimco slouceniny s del§imi
residui na C3, jako je pregnanolon butyrat (PA-But) a epipregnanolon butyrat (EPA-But),
jsou pozitivnimi moduldtory NMDAR. Déle jsme odhalili, Ze EPA-But méa “disuse-
dependentni” pozitivni alostericky ucinek, pfi¢emz je v tomto ohledu podobny endogennimu
neurosteroidu pregnenolon sulfatu (PE-S).

Kombinaci elektrofyziologie, molekularni biologie a pocitacového modelovéani jsme
identifikovali vazebnd mista PE-S a EPA-But v transmembrianové doméné receptoru
GIluN1/GluN2B. NasSe vysledky ukazuji, ze EPA-But se vdze na NMDAR na rozhrani
transmembranovych domén M4 a M1 sousedicich podjednotek GluN1(M4)/GluN2B(M1),
GluN2B(M4)/GluN1(M1) a dale na toto rozhrani v jedné podjednotce GIuN2B(M1/M4).
Naproti tomu PE-S se vaZe na receptor pouze na rozhrani GluN2B(M1/M4). Zde jsme navrhli
mechanismy, kterymi steroidy potencuji funkci NMDAR.

Dale jsme provedli charakterizaci vlivu vice nezZ deseti de novo mutaci asociovanych s
neuropsychiatrickymi onemocnénimi v lidské varianté podjednotek hGluN2B a hGluNI1 na
funkéni vlastnosti a povrchovou expresi NMDAR. Zkoumali jsme G¢inek EPA-But a PE-S u
téchto mutovanych NMDAR a naSe vysledky ukéazaly potencidl EPA-But a PE-S
kompenzovat hypofunkci NMDAR, které nesou tyto mutace.

V této studii jsme odhalili strukturdlni principy, které jsou zakladem potenciacniho
ucinku steroidd. NaSe vysledky oteviraji nové moznosti vyvoje 1€Civ na bazi steroidd, které

budou urceny pro 1é¢bu poruch spojenych s hypofunkci NMDAR.
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1 Introduction
1.1  Ionotropic glutamate receptors

Ionotropic glutamate receptors (iGluRs) are a family of ligand-gated ion channels that
play a pivotal role in excitatory synaptic transmission. The iGluRs are ubiquitously expressed
in neurons and glial cells throughout the mammalian central nervous system (CNS) and are
the most prevalent excitatory neurotransmitter receptors in the CNS (Hollmann and
Heinemann, 1994). Moreover, glutamatergic synapses comprise the majority of synapses in
the mammalian CNS, especially in the cortex, where they comprise about 80-90% of synapses
(Somogyi et al., 1998). The iGluRs control nearly all CNS circuits and their malfunction is
implicated in the pathogenesis of numerous neuropsychiatric disorders (Hansen et al., 2021).

Based on ligand specificity and sequence homology, iGluRs have been divided into
four subtypes: N-methyl-D-aspartate receptors (NMDARSs), a-amino-3-hydroxy-5-methyl-
4isoazolepropionic receptors (AMPARs), kainate receptors (KARs), and delta receptors
(GluDRs) (Traynelis et al., 2010). All iGluRs share common structural features such as
tetrameric assembly and subunit topology (Twomey & Sobolevsky, 2018). Furthermore,
1GluRs of different subtypes are commonly colocalized within postsynaptic membranes and
are activated by the same pulse of glutamate therefore conjointly contributing to the
generation of excitatory postsynaptic currents (EPSCs) (Bekkers & Stevens, 1989; Clements,
1996). However, iGluR subtypes differ considerably in their kinetics, pharmacological
properties, and physiological functions.

In contrast to other iGluRs, GluDRs are incapable to form functional ion channels or
mediate ion currents. Nonetheless, GluDRs have been shown to regulate synapse formation
and stabilization, pre- and post- synaptic organization, and synaptic plasticity by non-
ionotropic mechanisms (Yuzaki & Aricescu, 2017). AMPARs are characterized by rapid
gating and desensitization kinetics and play a key role in the initial rapid component of
EPSCs (Hansen et al., 2021; Traynelis 2010; Twomey et al., 2019). Overall, AMPARs
mediate the bulk of fast excitatory synaptic transmission in the CNS (Jonas, 2000). In
contrast, the KAR contribution to the excitatory postsynaptic transmission is modest due to a
limited subset of neurons expressing KARs postsynaptically and the small amplitude of KAR-
mediated EPSCs. In most cases, KAR-mediated EPSCs are much slower than AMPAR-
mediated EPSCs (Castillo et al., 1997; Kidd & Isaac, 1999, 2001; Traynelis et al., 2010).
However, in particular types of synapses, KAR-mediated EPSCs are as fast as AMPAR-
mediated EPSCs (Cossart et al., 2002; DeVries & Schwartz, 1999). KARs are considered to
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be particularly important for the generation of tonic depolarization (Frerking & Ohliger-
Frerking, 2002). The NMDARs account for the slow component of EPSCs due to their slow
gating and desensitization kinetics and relatively weak desensitization. NMDARs stand out
from the other iGluRs by high calcium (Ca®") permeability. NMDAR-mediated Ca’"
signalling is of considerable importance for the control of synaptic development and
plasticity. At the same time, excessive NMDAR-mediated Ca*" influx may lead to neuronal
damage or death and is implicated in the pathogenesis of numerous neurodegenerative

disorders (Hansen et al., 2021; Traynelis et al., 2010).

1.2 Structure of the NMDA receptor

Mammalian NMDARs are encoded by seven genes: GRIN1, GRIN2A-D, and
GRIN3A-B. The GRINI gene encodes the GluN1 subunit, the GRIN2A-D genes encode the
GIluN2A-D subunits, and the GRIN3A-B genes encode the GluN3A-B subunits. Functional
NMDAR is a heteromeric complex composed of two obligatory GluN1 subunits and two
GluN2 and/or GluN3 subunits. NMDARSs can be either diheteromeric assemblies that contain
the same type of GluN2 or GluN3 subunits or triheteromeric assemblies that contain different
types of GIuN2 or/and GluN3 subunits (Traynelis et al., 2010; Vyklicky et al., 2014).

The structure of all NMDAR subunits is highly similar and includes the intracellularly
located carboxyl-terminal domain (CTD), transmembrane domain (TMD), and extracellularly
located ligand-binding domain (LBD) and amino-terminal domain (ATD) (Figure 1.14,B).
The CTD is intrinsically disordered and varies in length between the subunits in range from
about 50 amino acids (AA) in GluN1 to about 650 AA in GIluN2B. Multiple sites for
posttranslational modulation and interaction with regulatory proteins are located at the CTD.
The CTD thus plays a key role in the regulation of NMDAR trafficking and function
(Ishchenko et al., 2021). The TMD is comprised of the re-entrant loop M2, and the
transmembrane helices M1, M3, and M4. The channel pore is formed by the M3 helices and
the M2 loop (Figure 1.1B8). The M3 helices line the transmembrane part of the pore and form
the channel gate that governs the channel opening. The M2 loops line the internal part of the
pore, including the Q/N/S site, the narrowest part of the pore that delineates the ion selectivity
and incorporates the Mg2+-block site. The LBD forms a bilobed clamshell-like structure that
is subdivided into the upper S1 segment and lower S2 segment (Figure 1.1B). The S2 segment
is connected to the TMD via M3-S2 and S2-M4 linkers while the S1 segment is connected to

14



the TMD via the S1-M1 linker. The interface between the S1 and S2 contains the binding site
for the agonists: the glycine binding site at the GluN1 and GluN3 subunits and the glutamate
binding site at the GluN2 subunits. The binding of both agonists leads to conformational
rearrangement of the LBD, which is a fundamental step for channel gating. The ATD also
forms a bilobed structure that is subdivided into R1 and R2 subdomains (Figure 1.1B). The
interface between the R1 and R2 hosts sites of action for numerous allosteric modulators. In
addition, the ATD is crucial for NMDAR assembly and trafficking (Hansen et al., 2018;
Karakas & Furukawa, 2014; Twomey & Sobolevsky, 2018).

The transcript of GRIN genes is a subject of alternative splicing. As a result, GluN1
has eight splice isoforms: GluN1-1a, GluN1-1b, GluN1-2a, GluN1-2b, GluN1-3a, GluN1-3b,
GluN1-4a, and GluN1-4b. GluN1-1a isoforms differ from GluN1-1b isoforms by the lack of
the polypeptide cassette N1 in the ATD. The GluN1-(1-4) isoforms are distinguished by the
presence or absence of the polypeptide cassettes C1, C2, and C2’ in the CTD: the GluN1-1
isoform contains the cassettes C1 and C2, the GluN1-2 isoform contains the cassette C2, the
GluN1-3 isoforms contain the cassettes C1 and C2’, and GluN1-4 isoform contains the
cassette C2’ (Stephenson, 2006). The human GIuN2A subunit also has different splice
isoforms: the GIuN2A-S isoform with a shorter CTD and the GIuN2A-F isoform with a
longer CTD (Dingledine et al., 1999; Ishchenko et al., 2021; Warming et al., 2019). Several
splice variants of GluN3A and GluN3B subunits were found in rodents but not humans. The
alternative splicing of NMDARSs substantially impacts receptor trafficking, pharmacology,
expression, and NMDAR-mediated metabotropic signalling (Hansen et al., 2021; Horak &
Wenthold, 2009; Li et al., 2021; Sengar et al., 2019).

g LT | ATD
xg 4
[ ] GluN1 |
B GluNzB LBD
extracellular space -
TMD
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Figure 1.1. Domain structure of the NMDAR. (4) Crystal structure of GluN1/GluN2B
receptor. The GluN1 subunit is marked in orange and GluN2B subunit is marked in blue. The
CTD is not presented. Adapted from (Karakas & Furukawa, 2014). (B) Schematic
representation of the NMDAR subunit structure. The agonist is schematically represented as a
black circle.
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1.2.1 Subunit composition of NMDA receptor

The combination of different subunits produces various NMDAR subtypes that differ
in functional and pharmacological characteristics. So-called conventional NMDARs that are
composed of GluN1 and GIuN2 subunits constitute the majority of native NMDARs (Kehoe
et al., 2013; Traynelis et al., 2010). Such receptors require simultaneous binding of glutamate
and glycine for activation, exhibit high Ca>" permeability, and are sensitive to Mg**-block. In
contrast, unconventional GIuN1/GluN3 receptors are activated by glycine alone, Ca’'-
impermeable, and almost insensitive to Mg>". Interestingly, the triheteromeric
GluN1/GluN2/GluN3 receptors exhibit mixed properties: they have low Ca®"-permeability
and low sensitivity to Mg2+- block (Amin et al., 2021; McClymont et al., 2012; Pachernegg et
al., 2012; Pérez-Otafio et al., 2016).

NMDAR subunit expression distributes differentially in different CNS regions and
remarkably changes during development. Since GluN1 is an obligatory subunit, it is the most
abundant NMDAR subunit that is widely expressed through the CNS. GluN2B and GluN2D
subunits are ubiquitously expressed in the embryonic CNS, whereas GIuN2A and GluN2C
subunits are absent. During embryogenesis, the GluN2B subunit is expressed in the cortex,
thalamus, and spinal cord. In addition, GIuN2B is expressed in the hippocampus, colliculi,
and hypothalamus at a moderate level but is poorly present in the cerebellum. In contrast, the
GIluN2D subunit is absent in embryonic telencephalon but abundant in the spinal cord,
mesencephalon, and diencephalon. The expression of GIuN2B and GIuN2D remains high in
the neonatal brain but then decreases considerably. In adults, GluN2D expression is minor
and occurs predominately in the diencephalon and mesencephalon. The expression GIuN2B is
primarily confined to the telencephalon (Akazawa et al., 1994; Doss et al., 2014; Monyer et
al., 1994; Sheng et al., 1994; Vergnano et al., 2014; Williams et al., 1993). Moreover, ageing-
related GluN2B expression declines in the cortex (Pegasiou et al., 2020). GIuN2A expression
starts early after birth and is abundant throughout the brain, while GluN2C expression occurs
later in development and is greatly restricted to the cerebellum. GIuN3A expression is low
during embryogenesis, peaks early after birth, and progressively decreases later in
development. In the neonatal period, GluN3A is abundant and widespread in the CNS. In
contrast, GluN3B is absent during embryogenesis, gradually increases expression with
development and peaks in adulthood. The overall expression of GIuN3B is mostly limited to
the prosencephalon (Akazawa et al., 1994; Henson et al., 2010; Monyer et al., 1994;
Pachernegg et al., 2012; Pérez-Otafio et al., 2016; Vergnano et al., 2014). Overall, GluN2A
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and GluN2B subunit-containing NMDARSs predominate in the adult brain (Traynelis et al.,
2010).

1.3  NMDA receptor activation

Activation of conventional NMDARs requires the binding of two co-agonists,
glutamate and glycine. Agonist affinity varies among the NMDARs of different subunit
compositions. Thus, the glutamate ECs, for diheteromeric GluN1/2A-D receptors corresponds
to 1.8-7.7 uM; 0.9-4.0 uM; 1.0 uM; and 0.4 uM, respectively. In turn, the glycine ECs, for
GluN1/2A-D receptors is 0.86 uM; 0.34 uM; 0.14 uM; and 0.12 uM, respectively.
Interestingly, the saturation of glycine binding sites decreases the glutamate affinity of
NMDARs (Benveniste et al., 1990; Lester et al., 1993; Mayer et al., 1989). In addition, the
affinity to agonists can also be affected by allosteric modulators (Hansen et al., 2021).

Glycine is persistently present in the cerebrospinal fluid at the concentration of 2-

6 uM, which provides high but not complete saturation of glycine-binding sites (Hansen et al.,
2021). However, it was shown that glycine serves as a co-agonist mainly at the extrasynaptic
NMDARSs, whereas D-serine is the main co-agonist at the synaptic NMDARs (Papouin et al.,
2012). The concentration of D-serine is highly influenced by astroglial and neuronal D-serine
release in a synaptic activity-dependent manner. Therefore, the control of ambient D-serine
concentration serves as a tool to regulate NMDAR activity (Kalbaugh et al., 2009; Martineau
etal., 2014; Yang et al., 2003).

Estimates of ambient glutamate levels in the extracellular space performed by
electrophysiology studies indicate a concentration of 25-90 nM. Conversely, microdialysis
and biosensor studies show a glutamate concentration of 1-20 uM, which is likely to be an
artefact resulting from local tissue damage by the probe (Herman & Jahr, 2007; Moldavski et
al., 2020; Moussawi et al., 2011; Sun et al., 2014). However, the concentration of ambient
glutamate is sufficient for tonic activation in certain neural populations, such as granule and
pyramidal cells in the hippocampus. Tonic activation engages mostly extrasynaptic
NMDARs, whereas synaptic NMDARs show no or only little tonic activation (Le Meur et al.,
2007; Yang Yang & Xu-Fried, 2015). The difference in activation of synaptic and
extrasynaptic NMDARs may be associated with distinct subunit composition. GluN2B
subunit-containing receptors that prevail at extrasynaptic sites are more sensitive to glutamate

than GIuN2A subunit-containing receptors that prevail at synaptic sites (Paoletti et al., 2013).

17



In addition, the ambient glutamate concentration in the synaptic cleft is lower than in the
extrasynaptic space because of glutamate uptake (Lozovaya et al., 2004).

Upon presynaptic release, the glutamate concentration in the synaptic cleft exceeds
millimolar concentration but then drops rapidly due to uptake by specific transporters
(Clements et al., 1992). Such glutamate transients result in phasic activation of synaptic
NMDARs, which is crucial for synaptic transmission and believed to have a neuroprotective
effect. In contrast, excessive tonic NMDAR activation is implicated in excitotoxicity and
neurodegeneration (Gladding & Raymond, 2011; Hardingham & Bading, 2010; Olney, 1969).

The LBD clamshell structure is open in an unbounded apo state. Upon the binding of
co-agonists, the S2 rotates toward the S1 segment to close the LBD clamshell. Upon the
conformational change, the S2 segment generates tension at the M3-linker to displace the M3
helix. The displacement of the M3 initiates a set of conformational rearrangements that results
in the channel pore opening. The non-pore forming M1 and M4 helices are also displaced
during gating and play important roles in the pore opening (Banke & Traynelis, 2003; Cerny
etal., 2019; Hansen et al., 2021; Twomey & Sobolevsky, 2018).

1.3.1 Kinetic scheme for NMDA receptor activation

At a simplified level, the activation of the conventional NMDAR can be described by
the kinetic scheme (Figure 1.2) (Lester & Jahr, 1992). The NMDAR is considered saturated at
the glycine-binding site in the scheme. Therefore the glycine-binding steps are not shown and
only glutamate is designated as an agonist (4) in the scheme. The kinetic scheme shows the
glutamate binding as two identical but independent steps that transit the receptor (R) into the
one agonist molecule bound (4R) and the two agonist molecules bound (A4,R) state. In this
scheme, the glutamate binding is characterized by the on-rate constant k,, and the glutamate
unbinding is characterized by the off-rate constant k. In the 4R state, the NMDAR can
transit either into the desensitized (D) or the open (O) state. Since the opening and closing
rate constants (f and a, respectively) are substantially faster than the desensitization and
resensitization rate constants (k; and k,, respectively), the onset of receptor desensitization is
protracted. The transition into the D state is preceded by swift transitions between the 4,R and
O states. Resensitization along with agonist unbinding contribute to the NMDAR current

decay (Lester & Jahr, 1992).
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Figure 1.2. Kinetic scheme describing the activation of the NMDAR. A4 indicates the agonist
(glutamate). R, AR, A>R, O, and D indicate the receptor in the glutamate-unbound, single-
molecule bound, two-molecule bound, open, and desensitized states, characterized by the on-
rate constants 2k,, and k,,, off-rate constants 2k,; and k.p desensitization rate constant kg,
resensitization rate constant k,, opening rate constant f, and closing rate constant a. Adapted
from (Lester & Jahr, 1992).

Although the indicated kinetic scheme is sufficient for the overall characterization of
macroscopic NMDAR currents, it is vastly simplified and, therefore, not fully accurate. For
instance, the scheme skips the glycine binding step, an allosteric interaction between glycine
and glutamate binding sites, and Ca®"-dependent inactivation. Kinetic schemes that consider
these factors have also been proposed (Benveniste et al., 1990; Cais et al., 2008).
Furthermore, the scheme in Figure 2 is oversimplified and cannot be used for single-channel
data analysis since the channel opening is not a direct transition from AR to O state, but
rather a sequence of multiple intermediate transitions between pre-open and closed states
(Amin et al.,, 2021; Gibb & Colquhoun, 1991; Howe et al., 1991). To analyze such
intermediate transitions, several more complex kinetic schemes have been proposed
(Auerbach & Zhou, 2005; Banke & Traynelis, 2003; Borschel et al., 2015; Erreger et al.,
2005; Maki & Popescu, 2014).

1.4  Pharmacology of NMDA receptor

The NMDAR activity can be modulated by numerous ligands of endogenous and
exogenous origin, including competitive antagonists, open channel blockers, and allosteric

modulators.

1.4.1 Competitive antagonists

Competitive antagonists bind to the NMDAR at the agonist binding site but do not
activate the receptor. Hence, a competitive antagonist competes with an agonist for the same

binding site, which results in the reduction of receptor activation.
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Kynurenic acid (KYNA; Figure 1.34), a naturally-occurring metabolite of L-
tryptophan, is a competitive NMDAR antagonist at the glycine- and, with substantially lower
affinity, the glutamate-binding site (Birch et al.,, 1988; Kessler et al., 1989). 7-
chlorokynurenic acid (7-CKA; Figure 1.3B), a derivative of KYNA, is a potent glycine-site
selective competitive antagonist of NMDAR. 7-CKA has shown a neuroprotective effect in an
animal model of ischemia. Interestingly, L-4-chlorokynurenine (4-CI-KYN; Figure 1.3C),
which acts in the organism as a prodrug of 7-CKA, displayed an antihyperalgesic and rapid-
acting antidepressant effect in animal studies (Yaksh et al., 2017; Zanos et al., 2015).
Selective glutamate-binding site NMDAR antagonist D-2-amino-5-phosphonovaleric acid (D-
APS5; Figure 1.3D) and 2-amino-7-phosphonoheptanoic acid (AP7; Figure 1.3E) are well-
known tool compounds which are used for selective inhibition of NMDAR currents. In animal
studies, D-AP5 and AP7 showed an anticonvulsant effect (Meldrum et al., 1988; Zivanovic et
al., 1999). A potent glutamate-site antagonist CGP-37849 (Figure 1.3F) has neuroprotective,
anticonvulsant, antidepressant and anxiolytic effects (Fagg et al., 1990; Fujikawa et al., 1994;

Gutnikov & Gaffan, 1996; Jessa et al., 1996; Papp & Moryl, 1994; Rundfeldt et al., 1994).
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Figure 1.3. Competitive NMDAR antagonists. Projection structures of glycine-site
antagonists (4) kynurenic acid (KYNA), (B) 7-chlorokynurenic acid (7-CKA), (C) L-4-
chlorokynurenine (4-CI-KYN), and glutamate-site antagonists (D) D-2-amino-5-
phosphonovaleric acid (D-APS), (E) 2-amino-7-phosphonoheptanoic acid (AP7), and (E)
CGP-37849.

1.4.2 Open channel blockers

Open channel blockers bind the NMDAR within the open channel pore, therefore
preventing the ion flux. Since most blockers are positively charged compounds, they bind to
the receptor in a voltage-dependent manner. The inhibitory effect of blockers is use-
dependent, 1.e., prior receptor activation is required for the block (Hansen et al., 2021).
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Based on the mechanism of action, the channel blockers can be divided into 1)
“trapping” blockers, 2) “foot in the door” blockers, and 3) partial trapping” blockers. The
“trapping” blockers are small molecules that physically enter the channel pore for binding and
then remain bound inside the pore after agonist dissociation and channel closure. Therefore,
channel reopening is needed for trapping blockers to unbind. In contrast, the “foot in the
door” blockers prevent channel closure upon binding. As a result, the agonists are unable to
unbind from the receptor while blocked by “foot in the door” blockers. The “partial trapping”
blockers hinder but do not completely prevent the channel closure and can escape the channel
pore upon agonist unbinding (Hansen et al., 2021). At NMDARs, ketamine and MK-801 act
as trapping blockers, 9-aminoacridine acts as a “foot in the door” blocker, and memantine acts
as a partial trapping blocker (Bolshakov et al., 2003; Mealing et al., 2001).

Magnesium (Mg®") is an endogenous NMDAR blocker that is abundant in the
extracellular fluid. Mg produces stronger inhibition in GluN1/GluN2A and GluN1/GluN2B
than in GIuN1/GluN2C and GIuN1/GluN2D receptors (Monyer et al., 1994; Kuner and
Schoepfer, 1996). Furthermore, GluN1/GluN2A and GluN1/GluN2B receptors have a higher
affinity to Mg2+ in comparison to GluN1/GluN2C and GluN1/GIuN2D receptors (Kuner and
Schoepfer, 1996). Despite the low sensitivity of GIuN1/GluN2C and GIluN1/GluN2D
receptors to Mg”", the physiological Mg®" concentration of 1 mM is sufficient to inhibit the
majority of NMDARs at the resting potential (Kotermanski & Johnson, 2009). Therefore, for
the NMDAR activation, the agonist binding alone is not enough and membrane depolarization
is needed to relieve the voltage-dependent Mg>" block (Nowak et al., 1984; Tabone &
Ramaswami, 2012). Because of this, NMDARSs act as coincidence detectors of neuronal
activity. The NMDAR role as a coincidence detector is the basis of synaptic plasticity
(Tabone & Ramaswami, 2012).

Memantine (Figure 1.44) is a low-affinity NMDAR blocker that is widely used to treat
Alzheimer’s disease (Lipton, 2005). At the NMDAR, the binding sites for memantine and
Mg*" are partially overlapping. As a result, the physiological concentration of Mg”" strongly
reduces the memantine-induced block at GluN1/GluN2A and GIluN1/GluN2B receptors,
making it almost negligible at the concentration achieved in the brain. In contrast, Mg only
moderately reduces the memantine inhibition of GIuNI1/GluN2C and GIluN1/GluN2D
receptors. Therefore, the GluN1/GluN2C and GluN1/GIuN2D receptors are considered a
particular target for memantine (Kotermanski & Johnson, 2009).

Memantine preferentially inhibits extrasynaptic over synaptic NMDAR (Xia et al.,

2010). Since the excessive activation of extrasynaptic NMDAR is one of the major causes of
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excitotoxicity, preferential inhibition of extrasynaptic NMDAR by memantine is considered
to underlie its neuroprotective effect (Bading, 2017). Memantine does not impair normal
synaptic transmission and, as a partial trapping blocker, is characterized by fast unbinding
kinetics (Kotermanski et al., 2009; Lipton, 2005). Due to these characteristics, memantine is
clinically well-tolerated and, in contrast to other channel blockers, such as MK-801 and
ketamine, produces almost no psychotomimetic side effects (Krystal et al., 2003; Parsons et
al., 1999). Memantine has shown its effectiveness to slow the cognitive decline associated
with Alzheimer’s disease and vascular dementia (Lipton, 2005). In addition, memantine
improves cognitive impairments in patients suffering from alcohol-related dementia (Cheon et
al., 2008).

Ketamine (Figure 1.4B8) which acts as an inhibitor of the NMDAR, has been used as
an anaesthetic since the 1960s. The inhibitory effect of ketamine at the NMDAR 1is mediated
by two mechanisms: by channel block at lower concentrations and by negative allosteric
modulation at higher concentrations (Orser et al., 1997). Similarly to memantine, ketamine
shows higher selectivity for the GluN1/GluN2C and GluN1/GluN2D over GluN1/GIuN2A
and GIuN1/GluN2B receptors in the presence of a physiological concentration of Mg**
(Kotermanski & Johnson, 2009). In subanesthetic doses, ketamine demonstrates its
effectiveness as a potent analgesic. However, ketamine has a dissociative effect at similar
subanesthetic doses therefore, its use as an analgesic is limited due to psychotomimetic side
effects (Krystal et al., 2003; Vadivelu et al., 2016). Ketamine is also renowned for rapid-
acting and sustained antidepressant effects (Matveychuk et al., 2020; Musazzi et al., 2018).

A low-affinity voltage-dependent NMDAR blocker amantadine (Figure 1.4C)
accelerates the channel closure and stabilizes the closed state of the channel (Blanpied, 2005;
Blanpied et al., 1997). In clinical use, amantadine is commonly prescribed as a medication to

reduce levodopa-induced dyskinesia in Parkinson's disease patients (Hansen et al., 2021).
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Figure 1.4. Open channel NMDAR blockers. Projection structure of (4) memantine, (B)
ketamine, and (C) amantadine.
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1.4.3 Allosteric modulators

Allosteric modulators bind the receptor at specific sites other than the agonist sites.
Positive allosteric modulators (PAMs) potentiate the receptor function, whereas negative
allosteric modulators (NAMs) inhibit the receptor function. Numerous ligands of different
natures can modulate the NMDAR activity, including protons, divalent cations, steroid
compounds, ethanol, and polyamines.

Zinc ions (Zn*") are the NMDAR NAM that is stored in high amounts inside the
glutamate vesicles in presynaptic terminals. Upon vesicle release, synaptic Zn”" concentration
increases from a low nanomolar concentration to a millimolar concentration (Frederickson et
al.,, 2006; Kay & Toth, 2008). Interestingly, Zn’" and glutamate, which are co-released
together, mutually increase each other's affinity upon binding. Zn*"-induced enhancement of
glutamate affinity is the underlying mechanism of Zn®’-dependent desensitization of
NMDAR. The site of action for Zn>" is located at the ATD of the NMDAR. Zn*" inhibits the
NMDAR function by a mechanism involving the reduction of probability of channel opening
(P,). NMDARs with various subunit compositions have different affinity to Zn*". GluN2A
subunit-containing receptors, including the triheteromeric GIuN1/GluN2A/GluN2B and
GluN1/GluN2A/GIluN2C receptors, demonstrate high sensitivity to Zn*" with the ICs) in the
range of 40-100 nM. In contrast, GluN1/GluN2C receptors are characterized by the Zn>* ICs,
of 23 uM, therefore, the physiological Zn*"concentration produces only slight inhibition of
the receptors of this subtype. In addition to voltage-independent inhibition by allosteric
modulation, Zn*" acts as a voltage-dependent channel blocker at GluN1/GluN2A and
GluN1/GIluN2B receptors in the concentration of several tens of millimoles (Hansen et al.,
2021).

Protons negatively modulate the NMDAR function with the /Csy value of 50-100 nM,
corresponding to the pH range of 7.0-7.4 (Giffard et al., 1990; Tang et al., 1990; Vyklicky et
al,, 1990). Hence, NMDARs are tonically inhibited by extracellular protons at the
physiological pH. Furthermore, extracellular proton concentration is not constant and can be
changed under various physiological and pathological conditions. For example,
neurotransmitter release leads to the liberation of proton-rich vesicle content decreasing the
pH inside the synaptic cleft to about 6.9 (Blaustein et al., 2020). Ischemic conditions can
reduce the extracellular pH values to as low as 6.5 (Larkin et al., 2022). Such pH decrement
can result in substantial inhibition of NMDARs. Protons seem to have no specific site of

action at the NMDAR but rather interact with multiple sites at the ATD, LTD, linkers, and
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transmembrane helices and decrease the P, and glycine affinity of the NMDAR (Banke,
2005). In addition, protons affect the NMDAR sensitivity to other modulators and blockers,
such as Zn*", Mg®", and polyamines.

Ethyl alcohol also acts as a non-selective NAM at the NMDAR. The GluN1/GluN2A
and GluN1/GluN2B receptors show a higher affinity for ethanol than GluN1/GluN2C and
GluN1/GluN2D receptors. The site of action for ethanol is located at the transmembrane
helices of the NMDAR (Chandrasekar, 2013).

Several subunit-specific NMDAR NAMs were developed as tool compounds to
distinguish the responses of different NMDAR subtypes. One of the first developed subunit-
specific NAMs, ifenprodil (Figure 1.54) was discovered in the 1980s (Carter et al., 1989).
Ifenprodil inhibits the GluN2B-containing receptors with 100-400 times higher affinity over
the receptors containing other types of GluN2 subunit (Hansen et al., 2021). The NAM effect
of ifenprodil is voltage-independent. Upon binding to its site of action at the cleft between
GluN1 and GIuN2B ATDs, ifenprodil increases the receptor proton sensitivity and thus
enhances tonic inhibition of the receptor at physiological pH (Mott et al., 1998; Pahk &
Williams, 1997). As a result, the P, of the receptor decreases (Amico-Ruvio et al., 2012).
Ifenprodil can inhibit the GIuN1/GluN2B receptor by 90% of its maximal response. In
addition, ifenprodil can inhibit triheterometic GIuN1/GluN2A/GIluN2B receptors by 30% and
GluN1/GluN2B/GluN2D receptors by 70% (Hansen et al., 2021). At non-GluN2B-containing
receptors, ifenprodil does not exert allosteric modulation but inhibits them by voltage-
dependent channel block (Hansen et al., 2021). TCN-201 (Figure 1.5B) is a potent NAM that
1s highly selective to GluN2A-containing NMDARs (Edman et al., 2012). TCN-201 inhibition
is mediated by a reduction of glycine affinity (Hansen et al., 2012).

Extracellular polyamines, like endogenous compounds spermine and spermidine
(Figure 1.5C,D) are NMDAR PAMs that act in a voltage-independent and use-dependent
manner. NMDARs are potentiated by polyamines by two independent mechanisms:
1) enhancing maximal amplitudes of NMDAR-mediated currents and 2) increasing glycine
affinity (McGurk et al., 1990; Ransom & Deschenes, 1990). Polyamine-induced potentiation
of GluN1/GIuN2B receptor responses is based on the relief of tonic inhibition by protons
(Traynelis et al., 1995). However, this mechanism is not involved in the potentiation of
GluN1/GIluN2A, GIuN1/GluN2C, and GIuN1/GluN2D receptor responses. Polyamine-
induced enhancement of glycine affinity is observed in both GIuN1/GluN2A and
GluN1/GluN2B receptors. However, triheteromeric GIluN1/GluN2A/GIuN2B receptors

demonstrate no potentiation by polyamines (Y1 et al., 2018). In addition to positive
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modulation, polyamines can block GluN1/GluN2A and GluN1/GIuN2B receptor pores at
higher concentrations (Williams, 1997).
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Figure 1.5. Allosteric modulators of NMDAR. Projection structure of (4) ifenprodil, (B)
TCN-201, (C) spermidine, and (D) spermine.

1.4.4 Neuroactive steroids

Neuroactive steroids are steroids of endogenous or exogenous origin that modify the
excitability of neurons by binding to membrane receptors (Paul & Purdy, 1992). The class of
neuroactive steroids includes neurosteroids, which are neuroactive steroids that are
synthesized de novo in the CNS from cholesterol (Corpechot et al., 1981). As steroid
compounds, neurosteroids have a specific core structure of four fused carbon rings.
Neurosteroids that are capable of modulating the NMDAR share the same structural feature —
the presence of a negatively-charged group at the carbon C3 of the core structure (Park-Chung
etal., 1997).

Naturally-occurring neurosteroid pregnanolone sulfate (5B-pregnan-20-on 3a-yl
sulfate; PA-S) (Figure 1.64) negatively modulates the NMDAR function in a voltage-
independent and use-dependent manner (Park-Chung et al., 1994; Petrovic, 2005). The effect
of PA-S depends on the receptor subunit composition. PA-S shows about two times stronger
inhibition of GIuN1/GIluN2C and GIuN1/GluN2D receptors than GIluN1/GluN2A and
GluN1/GluN2B receptors (Petrovic, 2005). The molecular mechanism of negative modulation
by PA-S is ascribed to the increase of NMDAR desensitization and the reduction of channel
P, (Kussius et al., 2009; Park-Chung et al., 1994; Petrovic, 2005). It was shown that PA-S
inhibits the NMDAR when approaching the receptor from the outside but not the inside of the
cell (Park-Chung et al., 1994; Petrovic, 2005). A study from our laboratory indicated that
mutations in the SYTANLAAF motif — a part of the M3 helix that forms the outer channel
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vestibule — dramatically diminish the inhibitory effect of PA-S. These data, together with the
results of computational modelling, suggest that the outer channel vestibule is the PA-S site of
action (Vyklicky et al., 2015). PA-S has been shown to exhibit a neuroprotective effect in an
animal model of ischemia (Lapchak, 2006).

Naturally-occurring neurosteroid pregnenolone sulfate (20-oxo-pregn-5-en-3p3-yl
sulfate; PE-S) (Figure 1.6B) demonstrates both positive and negative modulatory effects on
the NMDAR. However, at the predominating GIuN2A and GIuN2B subunit-containing
NMDAR:s, the disuse-dependent positive modulatory effect of PE-S is stronger than the use-
dependent negative modulatory effect; therefore PE-S is considered an NMDAR PAM. As
already mentioned, the PE-S effect depends on the receptor subunit composition. PE-S
potentiation is about twice more potent at GluN1/GluN2A and GluN1/GluN2B receptors than
at GluN1/GIluN2C and GluN1/GluN2D receptors (Bowlby, 1993; Gibbs et al., 2006; Horak et
al., 2004, 2006; Malayev et al., 2002; Wu et al., 1991). On the contrary, the inhibitory effect
of PE-S is more potent at GIuN1/GluN2C and GIluN1/GluN2D receptors than at
GluN1/GluN2A and GIuN1/GluN2B receptors (Horak et al., 2006). At GluN1/GluN2B
receptors, PE-S enhances glycine and glutamate affinity, slows deactivation and
desensitization, and increases the P, (Ceccon et al., 2001). PE-S induces more significant
potentiation while binding the resting receptor, i.e. PE-S potentiation is disuse-dependent
(Horak et al., 2004). PE-S has a cognitive-enhancing effect. Animal studies have indicated
that PE-S has the potential to treat positive and negative symptoms of schizophrenia (Ratner
etal., 2019).

A recent study by our laboratory demonstrated that synthetic hemiester analogues of
PE-S, such as androst-5-en-33-yl hemisuccinate (AND-hSuc) (Figure 1.6C), are also potent
NMDAR PAMs. For example, AND-hSuc is a 4-times more potent PAM of GluN1/GluN2B
receptors than PE-S. Similarly to PE-S, the potentiating effect of its hemiester analogues is
disuse-dependent (Krausova et al., 2018).

Cholesterol (Figure 1.6D) is one of the major lipids in the cell membrane that works as
a PAM of the NMDAR. Acute cholesterol depletion has been shown to diminish NMDAR
current amplitudes by decreasing the P,. In addition, cholesterol depletion enhances NMDAR
desensitization by increasing the desensitization rate constant. In contrast, cholesterol
enrichment potentiates the NMDAR responses by increasing the P, of the receptors (Korinek
et al., 2015). A cholesterol metabolite 24(S)-hydroxycholesterol (24(S)-HC) (Figure 1.6E)
also acts as a PAM at the NMDAR. 24(S)-HC has been shown to improve the induction of
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long-term potentiation (LTP) and decrease the ketamine-induced LTP deficits in hippocampal

slices (Paul et al., 2013).
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Figure 1.6. Neuroactive steroids modulating NMDAR function. Projection structure of (A4)
pregnanolone sulfate (PA-S), (B) pregnanolone sulfate (PE-S), (C) androst-5-en-3f3-yl
hemisuccinate (AND-hSuc), (D) cholesterol, and (E) 24(S)-hydroxycholesterol (24(S)-HC).

1.5  Role of NMDA receptors in the pathophysiology of neuropsychiatric disorders

NMDAR-mediated signalling plays a critical role in brain development and synaptic
plasticity, and even a slight disturbance in NMDAR function may have serious
pathophysiological consequences. NMDAR malfunction was implicated in a wide range of
neuropsychiatric disorders. More than 700 de novo mutations in the GRIN genes were found
in patients suffering from various neuropsychiatric disorders but were absent in healthy
individuals. The majority of neuropsychiatric disorder-related mutations were found in the
GRIN2A (44%) and GRIN2B (38%) genes. In contrast, only 18% of disorder-related
mutations were found in the GRIN1 gene. Overall, GRINI mutations were observed in
patients with a variety of neuropsychiatric disorders, including intellectual disability,
developmental delay, schizophrenia, autism spectrum disorders (ASD), epilepsy, movement
disorders, and attention deficit hyperactivity disorder. Among patients with GRIN2A
mutations, epilepsy was the predominant phenotype but movement disorders and intellectual
disability also occurred in some patients. The great majority of patients with GRIN2B
mutations exhibited intellectual disability and developmental delay (Hansen et al., 2021).
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1.5.1 NMDA receptor and excitotoxicity

Excessive glutamate levels may trigger neuronal death (Olney, 1969). This effect,
known as excitotoxicity, is induced by NMDAR overstimulation-mediated intracellular Ca**
surges. Traumatic brain injury and ischemic brain damage may lead to profound ambient
glutamate level increases that result in massive excitotoxic neuronal death (Choi, 2020).
Excitotoxic neuronal death was also implicated in neurodegenerative diseases, such as
Alzheimer’s disease, Huntington’s disease, and Parkinson’s disease (Dong et al., 2009).
Therefore, NMDAR inhibition by antagonists, such as competitive glycine site antagonist 7-
CKA, open-channel blocker memantine, or the NAM PA-S, has a neuroprotective effect
(Bading, 2017; Lapchak, 2006; Nozaki & Beal, 1992). In addition, memantine has proven its

effectiveness in slowing Alzheimer's disease progression (Lipton, 2005).

1.5.2 Affective disorders

Several findings indicate an important role of the glutamatergic system in the
pathology of affective disorders, such as major depressive disorder (MDD) and bipolar
disorder (BPD). Thus, MDD and BPD are associated with altered glycine and glutamate
concentrations in the brain. Numerous studies have indicated elevated glutamate and glycine
levels in the serum of both MDD and BPD patients (Ghasemi et al., 2014). Intracerebral
microdialysis demonstrated increased glutamate levels in the prefrontal cortex of stressed rats
(Moghaddam, 1993). Post-mortem brain tissue analysis also reported increased glutamate
concentration in the frontal cortex samples from MDD and BPD patients (Hashimoto et al.,
2007). In addition, magnetic resonance spectroscopy studies have indicated elevated
glutamate concentration in the prefrontal and frontal cortex, basal ganglia, and thalamic grey
matter of both BPD and MDD patients (Ghasemi et al., 2014).

Changes in NMDAR gene expression were reported in MDD. Thus, post-mortem
studies showed that the expression of GluN2B and GIuN2A subunits was reduced in the
perirhinal and prefrontal cortex but elevated in the lateral amygdala of MDD subjects (Adell,
2020). No difference was found between total GluN1 expression in tissue samples of the
prefrontal cortex from MDD subjects and controls. Nevertheless, a comparative assessment of
splice isoform expression demonstrated an increased portion of the GluN1-1 and GIluNI-3
isoforms but a decreased portion of the GIuN1-2 and GIuN1-4 isoforms in the prefrontal

cortex of MDD subjects (Rodriguez-Mufioz et al., 2017). Further studies revealed increased
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expression of GluN2B and GIuN2C subunits in patients with MDD. In addition, several
genetic variants of GluN2B were associated with MDD (Adell, 2020).

Increased NMDAR expression was also found in animal models of MDD. A study on
rats that underwent early maternal separation, a widely-used rodent model of depression,
indicated increased hippocampal expression of the GluN2B subunit (Masrour et al., 2018).
Furthermore, elevated expression of GIuN1, GIuN2A, and GluN2B subunits was observed in
the hippocampus of chronically stressed rats (Calabrese et al., 2012).

Stressor-induced increase in glutamate concentration and NMDAR hyperactivation
was suggested as the key factor in the pathogenesis of MDD (Mathews et al., 2012).
Therefore, attenuation of NMDAR activity by genetic inactivation or pharmacological
inhibition may result in antidepressant-like effects. In line with this assumption, a robust
reduction of depression- and anxiety-related behaviour was attained by the GIuN2A subunit
knock-out in mice (Boyce-Rustay & Holmes, 2006). Furthermore, it was demonstrated that
the NMDAR s a target for conventional antidepressants. Thus, tricyclic antidepressants, such
as clomipramine, amitryptiline, protriptyline, desmethylpiramine, nortriptyline, and
imipramine prevent MK-801 from binding to NMDAR (Reynolds & Miller, 1988). Selective
serotonin-reuptake inhibitor fluoxetine inhibits GIuN2B- but not GluN2A-containing
NMDARs. In contrast, tricyclic antidepressant desipramine inhibits both GluN2A- and
GIluN2B- containing NMDARs (Kiss et al., 2012).

(S)-ketamine, the S(+) enantiomer of ketamine, has been recently approved by the
FDA as a medication for treatment-resistant depression. The antidepressant effect of (S)-
ketamine develops within hours after administration and is sustained for several days up to
weeks. Single administration was shown to be sufficient to produce a profound antidepressant
effect. Because of this, ketamine may be beneficial over conventional antidepressants, which
may require administration for several weeks or even several months before the
antidepressant effect onset (Matveychuk et al., 2020; Musazzi et al., 2018). Nevertheless, it is
not clear if ketamine antidepressant action is produced by (S)-ketamine itself or its metabolite
2R,6R-hydroxynorketamine (2R,6R-HNK). 2R,6R-HNK has displayed a ketamine-like
antidepressant effect in mice at much lower pharmacological doses than ketamine. Similarly
to (S)-ketamine, 2R,6R-HNK acts as a voltage-dependent channel blocker at the NMDAR.
2R,6R-HNK-induced NMDAR-block was shown to be crucial for its antidepressant effect
(Kavalali & Monteggia, 2018). However, several studies suggested the antidepressant effect
of 2R,6R-HNK may result from positive modulation of AMPAR activity (van Velzen &
Dahan, 2014; Zanos et al., 2016).
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In addition, several other NMDAR inhibitors have been also shown to be promising
drugs to treat depression. NMDAR channel blocker dextromethadone exerts a rapid-acting
and sustained antidepressant effect (Peng et al., 2020). Similarly, rapid antidepressant
properties have been demonstrated for 4-CI-KYN and GluN1/GluN2B receptor NAM CP-
101,606 (Preskorn et al., 2008; Zanos et al., 2015).

1.5.3 Epilepsy

NMDAR-mediated signalling plays a key role in epileptogenesis. In 1954, a
pioneering study by T. Hayashi demonstrated that high levels of glutamate in the brain could
induce seizures (Hayashi, 1954). The NMDAR agonist quinolinic acid is also able to elicit
seizures in rats upon intracranial injection (Vezzani et al., 1988). In addition, NMDA
injection may result in infantile spasms in rat pups (Velisek et al., 2007). In turn, glycine-site
NMDAR antagonist 7-CKA is characterized by an anticonvulsant effect (Rundfeldt et al.,
1994). A low-affinity NMDAR receptor inhibitor remacemide is an anticonvulsant that is
capable to prevent seizure recurrence in patients with newly diagnosed epilepsy (Brodie et al.,
2002). Altogether, these findings indicate a significant role of NMDAR overstimulation as a
seizure-provoking factor.

Epilepsy is associated with altered NMDAR gene expression. Seizure activity led to a
rapid increase of GluN1 subunit expression in the rat cortex (Jensen et al., 1997). Moreover, a
northern blot study on kindled rats also indicated persistently increased expression of cortical
GluNT1 subunit (Kikuchi et al., 2000). In turn, acquired epilepsy models have demonstrated a
reduction of GluN1 subunit expression in the hippocampus. Altered expression of GIuN2A,
GluN2B, GIluN2C, and GIuN2D subunits was also reported in epilepsy (Ghasemi &
Schachter, 2011).

Numerous de novo mutations in GRIN genes have been implicated in epilepsy. Both
gain-of-function and loss-of-function mutations are associated with epilepsy. Generally,
mutations in genes encoding prenatally expressed subunits, i.e. GRIN1, GRIN2B, and
GRIN2D, lead to more severe clinical phenotypes than mutations in GRIN2A. Thus, epilepsy-
related mutations in GRINI, GRIN2B, and GRIN2D tend to be accompanied by
developmental delay (DD) and intellectual disability (ID), whereas GRIN2A mutations tend
to be accompanied by language disorders (Xu & Luo, 2018). Moreover, the GluN1 subunit is

essential for all functional NMDARs; therefore GluN1 mutations may affect all brain
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structures and have a strong impact on neural activity in general. As a result, GRINI
mutations are characterized by consistently severe phenotypes (Lemke et al., 2016). Overall,
GRIN2A mutations comprise the bulk of epilepsy-associated NMDAR mutations (Xu & Luo,
2018). Mouse models demonstrated that the introduction of epilepsy-related NMDAR
mutations is sufficient to produce epileptic phenotypes. Thus, de novo missense GRIN2A
mutation 1930A>G was found in a child with epileptic encephalopathy. This mutation results
in amino acid substitution S644G and is characterized by a gain-of-function phenotype.
Homozygous mice harbouring the GluN2A(S644G) mutation displayed lethal tonic-clonic
seizures in the third postnatal week. Treatment of such mice with NMDAR antagonists, such
as dextromethorphan or radiprodil, significantly postponed lethal seizure onset (Amador et al.,
2020; Krizay et al., 2019). In contrast, the heterozygous mutant mice exhibit reduced seizure
threshold, hyperactivity, and repetitive behaviour. Both homozygous and heterozygous
mutant mice demonstrated altered hippocampal morphology (Krizay et al., 2019). De novo
missense GRIN2A mutation c¢.1845C>A leads to amino acid substitution N615S. This
mutation was identified in a patient with early-onset epileptic encephalopathy (Endele et al.,
2010). Similarly, mice with the GIluN2A(N615S) mutation demonstrated decreased seizure
threshold (Bertocchi et al., 2021).

1.5.4 Schizophrenia

Schizophrenia is a severe mental disorder that affects about 1% of the human
population. The symptoms of schizophrenia can be divided into negative, positive, and
cognitive. Negative symptoms reflect deficits in emotional responses and include blunted
affect (emotional blunting), alogia (poverty of speech), anhedonia (inability to gain pleasure
from enjoyable activities), asociality (lack of motivation for social interaction), avolition (lack
of motivation), and apathy (Correll & Schooler, 2020). Positive symptoms refer to psychotic
manifestations and may include hallucinations, delusions (false fixed beliefs), disorganised
speech, and movement disorders. Cognitive symptoms include executive dysfunction deficit,
attention deficit, memory impairment, and disorganised thinking. Typically, the onset of
schizophrenia occurs in early adulthood (Patel et al., 2014).

The mechanisms of schizophrenia are not well understood yet, although many
hypotheses have been proposed. For several decades, dopamine hypothesis has been

considered predominant. This hypothesis suggests dopamine dysregulation as the main factor
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underlying schizophrenia pathophysiology. The dopamine hypothesis was based on
pharmacological studies that reveal the potent antipsychotic effect of dopamine antagonists.
Thus, the majority of antipsychotic drugs act as antagonists at the D2-like dopamine
receptors. In addition, stimulants, such as amphetamine and cocaine, increase dopamine levels
in the CNS and can produce psychotic symptoms similar to the positive symptoms of
schizophrenia. However, the dopamine hypothesis does not readily explain the cognitive and
negative symptoms of schizophrenia (Erhardt et al., 2007; Plitman et al., 2017).

Glutamate hypothesis of schizophrenia indicates NMDAR hypofunction as a key
factor in the pathogenesis of schizophrenia. The glutamate hypothesis is supported by
numerous pharmacological studies that demonstrate the capability of NMDAR antagonists to
resemble positive, negative, and cognitive symptoms of schizophrenia. Thus, acute
administration of NMDAR blockers, such as ketamine and phencyclidine (PCP), may
provoke psychosis and cognitive impairments in healthy individuals (Coyle, 2006; Krystal et
al., 2003). Moreover, ketamine-treated schizophrenic patients reported similarities between
their positive and ketamine-induced psychotic symptoms (Lahti et al., 2001). In addition,
ketamine can induce several schizophrenia-related physiological abnormalities, such as
increased striatal dopamine release, eye-tracking abnormalities, and event-related potential
abnormalities in healthy individuals (Balu, 2016). Subchronic administration of ketamine or
PCP has been shown to provoke social withdrawal, mimicking the negative symptoms of
schizophrenia. Furthermore, chronic PCP treatment may lead to anhedonic symptoms in
rodents (Neill et al., 2014).

Kynurenic acid hypothesis of schizophrenia associates the pathogenesis of the disorder
with altered KYNA concentration in the brain. Numerous studies reported elevated KYNA
levels in the CNS of schizophrenia patients (Plitman et al., 2017). Similarly to ketamine and
PCP, KYNA inhibits the NMDAR function. In addition, KYNA increases dopamine release
in the striatum (Erhardt et al., 2007). Elevated KYNA levels may result in cognitive deficits
and psychotic symptoms (Balu, 2016). Pharmacological inhibition of KYNA biosynthesis
prevented ketamine-induced cognitive impairment (Kozak et al., 2014). Since endogenous
KYNA is synthesized as a product of tryptophan metabolism, the kynurenic acid hypothesis
of schizophrenia serves as a link between the dopamine and glutamate hypotheses.

In addition to pharmacological studies, several morphological, molecular biology, and
genetic findings implicate NMDAR hypofunction in schizophrenia. Nuclear magnetic
resonance spectroscopy studies revealed decreased glutamate levels in the prefrontal cortex of

schizophrenia patients (Marsman et al., 2013). Post-mortem studies demonstrated reduced
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expression of GIluN1 and GIuN2C subunits in the prefrontal cortex of patients with
schizophrenia (Adell, 2020; Balu, 2016). In animal studies, GIuN1 knockdown resulted in
symptoms resembling negative and cognitive symptoms of schizophrenia, including cognitive
impairments, social withdrawal, and anhedonia (Belforte et al., 2010). Moreover, the GluN1
knockdown mice exhibited abnormal schizophrenia-like gamma-oscillations (Jadi et al.,
2016). In addition, several de novo GRIN mutations have been associated with schizophrenia

(Balu, 2016).

1.5.5 Intellectual disability and developmental delay

Intellectual disability (ID) is a neurodevelopmental disorder characterized by
considerably impaired intellectual and adaptive functioning. Developmental delay (DD) is
defined as an inability to reach developmental milestones at the expected age range
(Vasudevan & Suri, 2017). ID and DD affect 1-2% of children (Bowling et al., 2017).
Numerous de novo mutations in GRIN genes have been identified in ID and DD patients.
Overall, GRIN2B mutations are the most frequent among ID/DD-related GRIN mutations.
GRINI mutations are most often associated with severe intellectual disability with absent

speech and profound developmental delay (Hansen et al., 2021; Poot, 2019).

1.5.6 Autism-spectrum disorders

Autism-spectrum disorders (ASD) are a group of neurodevelopmental disorders which
are characterized by two main core symptoms: 1) impaired social interaction and 2) restricted
and repetitive behaviours. Numerous de novo GRIN mutations are associated with ASD.
Among GRIN genes, GRIN2B has been identified as the most frequently mutated in ASD
patients (Lee et al., 2015; Vieira et al., 2021). Pharmacological modulation of NMDAR may
help to relieve ASD symptoms. It was shown that treatment with D-cycloserine — a partial
glycine-site agonist of NMDAR — significantly improves social withdrawal and repetitive

behaviour in ASD patients (Lee et al., 2015).

33



2 Objectives of the study

2.1 Functional and pharmacological properties of disease-associated de novo

mutations in hGluN2B subunit

Hypothesis:

Recent advances in high-throughput DNA sequencing technology enabled broad
genetic screening of patients with various neuropsychiatric disorders. As a result, numerous
mutations in the hGluN2B subunit have been identified in patients with intellectual disability,
developmental delay, autism spectrum disorder, schizophrenia, epileptic encephalopathy,
attention deficit hyperactivity disorder, Alzheimer's disease, and cerebral visual impairment
(Awadalla et al., 2010; Freunscht et al., 2013; Hamdan et al., 2011, 2014; Lelieveld et al.,
2016; Lemke et al., 2014; Platzer et al., 2017; Yavarna et al., 2015). However, the effect of

many of these mutations on NMDAR function is unknown.

Objectives:

1) To perform complex characterization of the effect of selected human disease-
associated mutations in the hGluN2B subunit on the surface expression and functional
characteristics of NMDARs by the combination of electrophysiological and
immunofluorescence techniques.

2) To evaluate the potential of a pharmacological compensation for mutation-induced

impairments in receptor function by neuroactive steroids.

2.2 Identification of the site of action for pregnenolone sulfate at the NMIDAR

Hypothesis:

Endogenous neurosteroid pregnenolone sulfate (PE-S) is widely-known as a PAM of
GIuN2A and GluN2B subunit-containing NMDARs (Bowlby, 1993; Gibbs et al., 2006; Horak
et al., 2004, 2006; Malayev et al., 2002; Wu et al., 1991). However, the location of the PE-S
site of action at the NMDAR and the mechanism of PE-S-induced positive allosteric

modulation are still unknown.

Objectives

1) To identify the site of action for PE-S at the GluN1/GluN2B receptor using a
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combination of the patch-clamp technique, alanine-scanning mutagenesis, and in silico
modelling.

2) To uncover the mechanism by which PE-S positively modulates NMDAR activity.

2.3 Structure requirements for potentiating neuroactive steroids

Hypothesis:

Neurosteroids are well-known allosteric modulators of NMDARs, capable of
modulating NMDAR activity, either positively or negatively. Depending on the spatial
organization of chiral carbons C3 and C5, the shape of the neurosteroid molecule can be
delineated as either “planar” or “bent”. Several studies indicated that “planar” neurosteroids,
such as PE-S, potentiate the NMDAR activity, whereas “bent” neurosteroids, such as PA-S,
inhibit the NMDAR activity (Borovska et al., 2012; Korinek et al., 2011; Kudova et al., 2015;
Park-Chung et al., 1994; Stastna et al., 2009; Weaver et al., 2000; Wu et al., 1991). However,
the structural determinants for positive and negative modulatory neurosteroid effects are not

well understood and require further investigation.

Objectives

1) To perform structure/activity relationship screening for newly synthesized pregnane
analogues in which the ester bond was replaced with the C-C bond (w5B-pregnan-3f3-
yl derivatives of carboxylic acids) at recombinant NMDARs using the patch-clamp
electrophysiology technique. By performing the structure/activity relationship
screening for these novel pregnane-based steroids, we expect to uncover the structural
requirements for positive and negative modulatory effects of neurosteroids.

2) To characterize the mechanism of action and identify the site of action for
epipregnanolone butyrate (EPA-But), a representative compound selected from the

pregnane derivatives mentioned above.
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3 Materials and methods

3.1 Materials and chemicals

Unless otherwise noted, ultrapure water with a resistivity of 18.2 MQ-cm was used for
the preparation of all solutions. Ultrapure water was obtained by the Simplicity 185 Water
Purification System (Millipore, Billerica, USA). Unless otherwise stated, all chemicals and
reagents were purchased from MilliporeSigma (Burlington, USA). The steroids used in
experiments were synthesized at the Institute of Organic Chemistry and Biochemistry of the
Czech Academy of Sciences (Prague, Czech Republic). The purity of steroids was verified by
the Fourier transform nuclear magnetic resonance spectroscopy and thin-layer

chromatography.

3.1.1 Lysogeny Broth medium (LB medium)

LB medium contained 1% casein peptone (Serva Electrophoresis, Heidelberg,
Germany), 1% NaCl, and 0.5% yeast extract (Serva Electrophoresis). Bottled LB media were

sterilized by autoclaving at 121°C for 15 min.

3.1.2 Agar plates

Freshly prepared 4% solution of Nutrient agar No 2 (Biolife, Milan, Italy) in ultrapure
water was sterilized by autoclaving at 121°C for 15 min. After cooling the agar solution to
approximately 50°C, ampicillin in the concentration of 100 mg/l was added to the solution.
The solution was poured into 100 mm Petri dishes and cooled to room temperature to allow

the agar to solidify. Agar plates were stored at 4°C.

3.1.3 Phosphate-buffered saline (PBS)

The composition of phosphate-buffered saline (PBS) was as follows: 137 mM NacCl,
2.7 mM KCl, 4.3 mM Na,HPO,, and 1.5 mM KH,PO4. The pH of the solution was adjusted
to 7.3 with NaOH. PBS was sterilized by sterile filtration with a 0.2 ym Porafil membrane
filter (Macherey-Nagel, Duren, Germany). Bottled PBS was stored at 4°C
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3.1.4 Trypsin-EDTA solution

Trypsin-ethylenediaminetetraacetic acid (EDTA) solution contained 0.2% trypsin and
0.02% EDTA in PBS. The pH of the solution was adjusted to 7.3 with NaOH. The solution

was sterilized by sterile filtration, bottled, and stored at 4°C.

3.1.5 Culture medium

The culture medium that was used for transfection was composed of Opti-MEM
medium (Thermo Fischer Scientific, Waltham, USA) supplemented with 1% fetal bovine
serum (FBS, Thermo Fischer Scientific), 20 mM MgCl,, 3 mM KYNA, and 1 mM D,L-APS.

3.1.6 Intracellular solution (ICS)

Intracellular solution (ICS) had the following composition: 120 mM D-gluconic acid
cesium salt, 15 mM CsCl, 10 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid
(BAPTA), 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 3 mM
MgCl,, 1 mM CaCly, and 2 mM adenosine triphosphate magnesium salt (ATP-Mg”"). The pH
of the ICS was adjusted to 7.2 with CsOH. The ICS was sterilized by sterile filtration with a
0.22 um syringe filter unit (MilliporeSigma), aliquoted, and stored at -20°C. The final osmotic

concentration of the ICS was 290 mOsm/1.

3.1.7 Mg2+- free extracellular solution (ECS)

The extracellular solution (ECS) contained 160 mM NaCl, 2.5 mM KCI, 10 mM
HEPES, 10mM glucose, 0.2mM EDTA, and 0.7mM CaCl,. To avoid glycine
contamination, ultrapure grade chemicals and HPLC water were used for the preparation of
the ECS for the experiments assaying glycine dose-response effect. Acid cleaning of
glassware was introduced as an additional precaution to manage glycine contamination. The
pH of the ECS was adjusted to 7.3 with NaOH. The ECS was sterilized by sterile filtration
with a 0.2 um Porafil membrane filter (Macherey-Nagel) and stored at 4°C. The final osmotic

concentration of the ECS was 320 mOsnm/I.
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3.1.8 Mg**- containing extracellular solution (Mg*"-ECS)

Mg2+-ECS contained 160 mM NaCl, 2.5 mM KCI, 10 mM HEPES, 10 mM glucose,
1 mM MgCl, and 2 mM CaCl,. The pH of Mg*"-ECS was adjusted to 7.3 with NaOH. The
ECS was sterilized by sterile filtration with a 0.2 um Porafil membrane filter and stored at

4°C. The final osmotic concentration of the Mg®-ECS was 320 mOsm/L.

3.1.9 cDNA constructs

For transfection, the following cDNA constructs were used:
GluN1-1a (GenBank accession no. U08261) in the pcDNA I/Amp expression vector;
GluN1-4a (GenBank accession no. NP_001257539) in the pcDNA3 expression vector;
GluN2A (GenBank accession no. D13211) in the RK7 expression vector;
GIluN2B (GenBank accession no. M91562) in the RK7 expression vector;
GluN2C (GenBank accession no. M91563) in the RK7 expression vector;
GluN2D (GenBank accession no. L31611) in the RK7 expression vector;
GIluN3A (GenBank accession no. Q9R1M?7) in the iGFP-N3 expression vector;
hGIluN1 (GenBank accession no. NP_015566) in the pCl-Neo expression vector;
hGIluN2B (GenBank accession no. NP_000825) in the pCl-Neo expression vector;
Enhanced green fluorescent protein (eGFP) in the pQBI 25 expression vector (Tacara Bio

Inc., Tokyo, Japan).

3.2  Site-directed mutagenesis

Site-directed mutagenesis technique was used to generate receptors with disease-
associated mutations and alanine scanning. Mutations were introduced in the wild-type
NMDAR by polymerase chain reaction (PCR) using custom-designed overlapping
oligonucleotide primers, QuikChange II XL Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, USA), and Eppendorf 5333 MasterCycler Thermal Cycler
(Eppendorf AG, Hamburg, Germany). PCR primers were designed in a way to incorporate the
desired nucleotide change in the central part of the primer and synthesized by Eurofins
Genomics (Ebersberg, Germany). PCR amplifications were performed in the total volume of
20 pl according to the QuikChange II XL Site-Directed Mutagenesis Kit. The obtained PCR
product was incubated with Dpnl restriction enzyme (New Englan Biolabs, Ipswich, MA,
USA) to eliminate the template cDNA. 2 pl of the PCR product was added into tubes
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containing 50 pl of XL10-Gold ultracompetent Escherichia coli cells and incubated on ice for
15 min. Transformation of XL10-Gold cells was performed by heat shock via incubation at
42°C for 45 s. After transformation, the tubes were incubated on ice for 2 min to reduce cell
damage. The cells were transferred into culture tubes with 200 ul of LB medium and
incubated on a shaker with 200 rpm rotation at 37°C for 1 hour. The resulting culture was
spread on agar plates and incubated overnight at 37°C to grow bacterial colonies. Selected
colonies were picked, transferred into culture tubes LB medium with ampicillin (100 mg/1),
and incubated overnight on a shaker at 37°C and 200 rpm. The obtained culture was
centrifuged at 16000 g to pellet bacteria. Plasmid cDNA was isolated using a High-Speed
Plasmid Mini Kit (Geneaid Biotech, New Taipei City, Taiwan) according to the
manufacturer's instructions. The concentration of obtained plasmid cDNA was evaluated by
spectrophotometer ND-1000 (NanoDrop Technologies, Wilmington, USA). All mutations

were verified by DNA sequencing (Eurofins Genomics).

3.3 Cell culture and transfection

HEK293T cells (Human Embryonic kidney cells, ATCC, Manassas, USA) were used
as an expression system for recombinant NMDARSs used in electrophysiology experiments.
The cells were cultured in 24-well plates (TPP, Trasadingen, Switzerland) coated with
collagen (Serva, Heidelberg, Germany) in Opti-MEM medium supplemented with 5% FBS.
COS-7 cells were cultured in poly-L-lysine (Serva, Heidelberg, Germany) coated glass-
bottom 12-well plates (TPP) in Eagle's Minimum Essential Medium (EMEM) supplemented
with 10% FBS, 22 mM KCl, gentamicin (20 mg/l, Life Technologies, Carlsbad, USA), 2 mM
L-glutamine (Life Technologies), and 2% neural supplement B27 (Life Technologies). Cell
cultures were maintained in a CO; incubator at 37°C and 5% CO, concentration. The medium
was changed every 48-72 hours and repetitive passaging was performed when the cells
reached 80% confluence.

The transfection of HEK293T cells was performed with the Magnet Assisted
Transfection (MATra) technique. In brief, 0.8 ul of MATra transfection reagent (IBA
Lifesciences, Gottingen, Germany) and 0.9 pg of cDNA (0.3 pg of GluN1, 0.3 pg of GluN2,
and 0.3 pg of eGFP) were added into 50 pl of Opti-MEM media and mixed gently by
pipetting. The mixture was incubated at room temperature for 20 min. Before transfection, the

cells were washed with PBS to remove serum, Opti-MEM/MATra/cDNA mixture was added

39



to the cells, and incubated at the Universal Magnet Plate (IBA Lifesciences) for 30 min in a
CO, incubator at 37°C and 5% CO,. After this, the cells were washed with PBS, dissociated
from the well surface with trypsin-EDTA solution, aspirated by pipetting in pre-warmed
culture medium, and plated to 24 mm round coverslips (Glaswarenfabrik Karl Hecht,
Sondheim vor der Rhon, Germany) coated with poly-L-lysine (1 mg/ml, Serva, Heidelberg,
Germany). The cells were grown in a CO; incubator at 37°C and 5% CO..

The transfection of COS-7 cells was performed with Lipofectamine 2000 reagent (Life
Technologies). At 18-24 hours following transfection, the cells were seeded on 24 mm round
coverslips coated with poly-L-lysine (1 mg/ml, Serva). The cells were transfected with 4 pl of

Lipofectamine 2000 and 1.8 pg of cDNA, as described (Kaniakova et al., 2012).

3.4  Cholesterol depletion

For cholesterol depletion, HEK293T cells underwent 60 min incubation in culture
medium supplemented with 10 mM methyl-B-cyclodextrin (BCDX) at 37°C and 5% CO..
Estimation of cholesterol content by liquid chromatography-mass spectrometry indicated 50-

60% cholesterol depletion.

3.5 Immunofluorescence microscopy

At 24-36 hours after transfection, COS-7 cells were washed with PBS and incubated in
blocking solution (PBS containing 10% normal goat serum) on ice for 10 min. In the next
step, the cells were stained with primary rabbit anti-GFP (1:1000; Merck Millipore) and
secondary goat anti-rabbit Alexa Fluor 555 (1:1000; Thermo Fischer Scientific) antibodies
for 30 min, washed with PBS, fixed by incubation in 4% paraformaldehyde in PBS for
20 min, and mounted with ProLong Antifade reagent (Thermo Fischer Scientific). Fluorescent
images were taken with the Olympus Cell-R system (Olympus, Tokyo, Japan). The analysis
of the total and surface fluorescent intensities was performed using ImageJ software (NIH,

Bethesda, MD, USA) as described (Lichnerova et al., 2014).
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3.6  Electrophysiology

Electrophysiological experiments were conducted on HEK293T cells 24-48 hours
after transfection. Successfully transfected cells were identified by eGFP expression using a
fluorescence inverted microscope Olympus CKX41 (Olympus). All electrophysiological
measurements were performed using the patch-clamp technique in the voltage-clamp mode. If
not mentioned otherwise, the holding potential was kept at -60 mV. Correction of liquid
junction potential (-14 mV) was not performed. All patch-clamp experiments were conducted
in whole-cell or outside-out configurations. NMDAR currents were recorded using an Axon
Axopatch 200B Microelectrode Amplifier (Molecular Devices, San Jose, USA) after
compensation of series resistance (<10MQ) and capacitance by 80-90%. The analogue signal
from the amplifier was filtered at 2 kHz by a low-pass Bessel filter and digitized with Axon
Digidata 1550B Low-Noise Data Acquisition System (Molecular Devices) at a sampling rate
of 10 kHz. Recording of digitized data was implemented by software pClamp 10.6 (Molecular
Devices). To avoid the influence of electromagnetic fields and vibrations, the experimental
setup was placed on an anti-vibration table (TMC, Peabody, USA) inside a Faraday cage. A
pipette puller P-1000 (Sutter Instrument, Novato, USA) was used to produce glass
microelectrodes (4-6 MQ) from borosilicate glass capillaries with an external diameter of
1.5 mm and an internal diameter of 0.86 mm (BioMedical Instruments, Zollnitz, Germany).
Glass microelectrodes were filled with the ICS. Accurate microelectrode placement was
achieved by a motorized micromanipulator MP-225 (Sutter Instrument). All
electrophysiological experiments were performed at room temperature. The application of the
ECS was performed by a custom microprocessor-controlled multibarrel perfusion system. The
perfusion system provides a high solution exchange rate (~12 ms) around the cell. Mg**-free
ECS was used in all electrophysiological experiments, while Mg**-ECS was used to wash the
cells in between experiments. Unless otherwise stated, NMDAR responses were evoked by
the co-application of 30 uM glycine and the specified concentration of glutamate dissolved in
the Mg*"-free ECS. Steroids were dissolved in DMSO and added to Mg”'-free ECS at the
specified concentration. The final dilution of steroids was made by 1 min sonication in an
ultrasonic water bath Sonorex Digitec DT 100/H (Badelin Electronic, Berlin, Germany). All
control and test ECS contained the final DMSO concentration of 1%. (+)-MK-801 maleate
(Hello Bio, Bristol, UK) was dissolved in ultrapure water to obtain a stock solution of 2 mM

and added to Mg”"-free ECS with the final MK-801 concentration of 1 pM.
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3.7  Data analysis
3.7.1 Electrophysiological recordings analysis

Analysis of electrophysiological recordings was performed using Clampfit 10.6

(Molecular Devices).

3.7.2 Steroid effect assessment

The degree of steroid modulation (E; either potentiation or inhibition) was calculated

using the following equation:
E= (I— I,)/1, x 100, Equation 1

where I, is the current amplitude of the response to glutamate application and g is the current
amplitude of the response to the co-application of glutamate and the steroid (Figure 3.14-B).
Glutamate concentration was equal to 1 uM in the experiments performed at GluN2B-
containing recombinant NMDARs or 3 uM in the experiments performed at GluN2A-
containing recombinant NMDARs.

The relative degree of potentiation (E') induced by different steroid doses in individual

HEK293T cells was fit to the following equation:
E = Epax/(1+ (ECso/[steroid])" Equation 2

where E,, ., 1s the maximal degree of steroid-induced potentiation, ECs, is the steroid
concentration that produces half-maximal modulation, [steroid] is the concentration of the

steroid, and h is the Hill coefficient.

3.7.3 Agonist dose-response analysis

To fit the normalized currents (/) measured in individual HEK293T cells, the

following logistic equation was used:
I =1/ 1+ (ECsy/[agonist)™), Equation 3

were ECsq 1s the agonist concentration that produces a half-maximal NMDAR response,
[agonist] is the concentration of agonist (glycine or glutamate), and h is the Hill coefficient.
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Glutamate dose-response assessment was made in the presence of 30 pM glycine and glycine

dose-response assessment was made in the presence of 1 mM glutamate.

A Steroid Glu B Steroid Glu C

0.1 nA
10s

Figure 3.1. (4-B) Representative recordings demonstrate the effect of potentiating (4) and
inhibitory (B) steroids on GluN1/GIuN2B receptor responses to 1 uM glutamate in the
presence of 30 uM glycine. 1, indicates the amplitude of the current response to glutamate
alone and I is the current amplitude of response to the co-application of glutamate and
steroid. (C) Representative recording demonstrates the response of GIuN1/GluN2B receptors
induced by 1 mM glutamate in the presence of 30 uM glycine. I, indicates the peak response
and I indicates the steady-state response.

3.7.4 Current density analysis
The current density (j) was determined using the following formula:

J = ILnax / Cm, Equation 4

where I, 1s the maximal peak amplitude of NMDAR response to 1 mM glutamate and

30 uM glycine and C,, is the membrane input capacitance.

3.7.5 Open probability analysis

The NMDAR open probability (P,) was estimated from the kinetics of MK-801 block
onset. 1 uM MK-801 was used to inhibit the NMDAR responses to 1 mM glutamate and
30 uM glycine. Gepasi 3.21 (Mendes, 1993; Mendes, 1997; Mendes & Kell, 1998) was used
to fit the data to the following kinetic model:
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where D, R, O, and B indicate desensitized, closed, open, and MK-801 blocked state of the
receptor, respectively. Calculations based on the rate constants determined earlier (Cais et al.,
2008) predict a high probability of the existence of the NMDAR in the doubly liganded state
in the presence of 1 mM glutamate; therefore, glutamate binding steps are neglected and not
considered in the scheme. The fitting was implemented by a two-step procedure (Turecek et
al., 2004). In the first step, the NMDAR desensitization and desensitization kinetics were

characterized. Desensitization (D) was calculated as:

D=1-(Isgs/ Ip), Equation 5

where Igs is the steady-state response and I is the peak response to 1 mM glutamate
(Figure 3C). The kinetic constants characterizing the onset of desensitization (k;) and

resensitization (k,) were calculated by the following equations:
kq=D/14, Equation 6
k,=(1-D)/1,4. Equation 7

The rate of desensitization onset () was calculated in Clampfit 10.6 by a single
exponential function using the Levenberg—Marquardt algorithm.

In the second step, the kinetic constants k, and k; were fixed at values determined in
the first step. The close rate constant (k) was set at an arbitrary value of 200 s™. The opening
rate constant (k,) was set as a free parameter. The time course of MK-801 inhibition was
fitted to the kinetic model mentioned above. The MK-801 blocking rate constant (k) was set
at the value of 25 uM'l g! (Huettner & Bean, 1988; Jahr, 1992; Rosenmund et al., 1995).

3.7.6 Comparative analysis of MK-801 blocking rate

The NMDAR responses to 1 mM glutamate were inhibited by the application of MK-
801 (1 uM) in the continuous presence of glutamate. The time course of the MK-801
blockade was fitted to a double-exponential function to determine time constants, Ty, and

Trast- The weighted time constant 7,, was calculated using the following equation:

Ty = (Tfast X Ifast + Tsiow X Islow)/ (Ifast + Islow) ’ Equaﬁon 8
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where Ifq; is the current amplitude of the fast component and I, is the current amplitude

of the slow component.

3.7.7 Statistical analysis

Data was compared as an effect in control conditions versus an effect in experimental
conditions. Statistical analysis was performed with Sigma Plot 14.0 software package (Systat
Software Inc., Palo Alto, USA). All data are presented as the mean + standard error of the
mean (SEM), n indicates the number of cells that have been tested. Data distribution was
evaluated by the Shapiro-Wilk normality test and the equality of group variances was
assessed by the Brown—Forsythe test. Parametric statistics (Student's #-test, paired #-test, or
ANOVA) was used for data sets with normal distribution whereas nonparametric statistics
(Wilcoxon-signed rank test, Mann—Whitney rank-sum test, or Kruskal-Wallis one-way
ANOVA on ranks) was used for data sets without normal distribution. At multiple group
comparisons, post hoc tests were performed when a significant difference had been found.
Correlation between data sets was assessed with the Pearson product-moment correlation

coefficient. The p-value < 0.05 was considered significant in the study.
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4 Results

4.1  Functional and pharmacological properties of disease-associated de novo

mutations in hGluN2B subunit

Mutations in the TMD region of NMDAR often result in profound changes in receptor
function (Dai & Zhou, 2013; Kazi et al., 2014; Vyklicky et al., 2015; Wang et al., 2017).
Therefore, in this study, we evaluated the functional characteristics and surface expression of
selected human disease-associated mutations in the TMD of the hGIuN2B subunit. For this
purpose, we screened publicly accessible databases (https://www.ncbi.nlm.nih.gov/clinvar)
and selected 10 de novo missense mutations (P553L; V5581; W607C; V618G; S628F;
E657G; G820E; G820A; M824R; L825V) within the TMD of GIuN2B subunit (Figure 4.14-
() that were found in patients with various neuropsychiatric disorders (Table 4.1). In the
following experiments, we assessed the current density, agonist affinity, degree of receptor
desensitization, P,, and sensitivity to selected neurosteroids of receptors with the
hGIluN2B(P553L; V5581; W607C; V618G; S628F; E657G; G820E; G820A; M824R; L825V)
mutations. The results of this study were published in Frontiers in Molecular Neuroscience

(Vyklicky et al., 2018).
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pre-M1 M1
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2B (545) VSPSAFLEPFSADVWVMMEVMLLIVSAVAVEVEE
2C  (542)VSPSAFLEPYSPAVWVMMEVMCLTVVAITVEMEE
2D  (572)VSPSAFLEPYSPAVWVMMEFVMCLTVVAVTVEIFE

M3

N1 (625)RSFSARILGMVWAGFAMIIVASYTANLAAFLVLDRP
ZA  (623)KGITSKIMVSVWAFFAVIFLASYTANLAAFMIQEEF
2B (624) KGTTSKIMVSVWAFFAVIFLASYTANLAAFMIQEEY
2C  (621)RGTITSKIMVLVWAFFAVIFLASYTANLAAFMIQEQY
2D (651)RGITSKIMVLVWAFFAVIFLASYTANLAAFMIQEEY

ATD

LBD

TMD

M2
(604) SSAMWFSWGVLLNSGIGEGAP
(602) GKAIWLLWGLVEFNNSVPVQNP
(603) GKATWLLWGLVFNNSVPVONP
(600) GKSVWLLWALVFNNSVPIENP
(630) GKSIWLLWALVFNNSVPVENP

M4
(808) LTFENMAGVFMLVAGGIVAGIFLIFIE-TIAYK
(812) LDIDNMAGVFYMLAAAMALSLITFIWEHLFYW
(813)LDIDNMAGVEYMLGAAMALSLITFICEHLEYW
(810) LDIDNMAGVFYMLLVAMGLALLVFAWEHLVYW
(840) LDIDNMAGVFYMLLVAMGLSLLVFAWEHLVYW

Figure 4.1. Location of the mutated residues in the NMDAR TMDs. (4) Multiple amino acid
sequence alignment of hGluN1, hGluN2A, hGluN2B, hGluN2C, and hGIuN2D subunits. The
pre-M1, M1, M2, M3, and M4 helices of the TMD are marked in orange. (B-C) Ribbon
structure of hGluN1/hGluN2B receptor (Karakas & Furukava, 2014; Lee et al., 2014). The
hGIluN1 subunit is labelled in grey and the hGIluN2B subunit is labelled in orange. The TMDs
are indicated by an orange rectangle. The mutated amino acid residues that have been found
in individuals with neuropsychiatric disorders are highlighted in red.

Table 4.1. Selected de novo mutations in the hGRIN2B subunit and their phenotypic profiles.

Amino acid | Genotype Phenotype Age of References
substitution onset
P553L c.1658C>T ID, hypotonia Early (de Ligt et al., 2012)
postnatal
V5581 c.1672G>A ID - (Hamdan et al., 2014;
Lelieveld et al., 2016)
We607C c.1821G>T | DD, ID, dysmorphic - (Yavarna et al., 2015)
features
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V618G c.1853T>G ID, WS, epi, 4 months | (Lemke et al., 2014)
S628F c.1883C>T ID, DD, epi - (Platzer et al., 2017)
E657G c.1970A>G ID, DD - (Platzer et al., 2017)
G820E c.2459G>A ID, microcephaly Early (Hamdan et al., 2014)
postnatal
G820A c.2459G>C ID, DD, ES, GVL, - (Platzer et al., 2017)
DMD, ASD
M&24R c.2471T>G ID, DD, Rett-like 2 months | (Zhu & Paoletti, 2015)
phenotype,
microcephaly, epi
activity on the EEG
L825V c.2473T>G ASD - (Awadalla et al., 2010;
Swanger et al., 2016)

Abbreviations: ID - intellectual disability; DD - developmental delay; WS - West Syndrome;
epi — epilepsy and/or seizures, infantile spasms; ASD - Autism Spectrum Disorder; ES -
epileptic spasms; GVL - generalized cerebral volume loss; DMD - Dyskinetic Movement
Disorder.

4.1.1 Disease-associated mutations affect the current density and surface expression of

NMDAR

HEK?293T cells were transfected with eGFP, hGluN1 subunit, and either WT or
mutated hGluN2B subunit. The amplitude of a response to the application of 1 mM glutamate
in the continuous presence of 10 uM glycine was evaluated by the patch-clamp technique.
The normalized peak current density of HEK293T cells expressing the WT receptors was
66 pA/pF (Figure 4.24-B). A subset of mutated receptors (hGluN1/hGluN2B(P553L; S628F;
G820E; M824R)) demonstrated no response (peak current <5 pA) to glutamate (Figure 4.24-
B). Receptors with hGIuN2B(W607C; V618G; E657G; G820A) mutations exhibited
significantly diminished current densities (Figure 4.24-B). The values of current densities
mediated by hGIuN1/hGluN2B(V5581) and hGluN1/hGluN2B(L825V) receptors were similar
to those mediated by WT receptors Figure 4.25).

Next, we evaluated the surface expression of mutated receptors using
immunofluorescence microscopy. COS-7 cells were transfected with DNA vectors encoding
YFP-tagged hGluN1 subunit and either WT or mutated hGluN2B subunit. The analysis of
obtained immunofluorescence microscopy images indicated that the surface expression of
mutated hGluN1/hGluN2B(W607C; S628F) receptors was significantly lower than that of
WT receptors (Figure 4.2C-D). In contrast, hGluN1/hGluN2B(G820E) receptors exhibited
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increased surface expression. The surface expression of hGluN1/hGluN2B(P553L; V558I;
V618G; E657G; G820A; M824R; L825V) was similar to that in WT receptors.
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Figure 4.2. Effect of disease-associated mutations on the current density and surface
expression of NMDARs. (4) Representative current responses elicited in WT,
hGluN1/hGluN2B(G820A), and hGluN1/hGluN2B(G820E) receptors by 1 mM glutamate.
The recordings were performed in the presence of 10 uM glycine; the duration of glutamate
application is indicated by black bars. (B) The bar graph shows average current
densities + SEM recorded in HEK293T cells expressing NMDARs with WT and mutated
hGIluN2B subunits (n =5-23). Mutations that demonstrated no glutamate-induced currents
were indicated as NR (non-responding). Statistical differences between the groups were tested
by Kruskal-Wallis one-way ANOVA on Ranks. Mann-Whitney Rank Sum Test was used to

49



check the statistical difference between WT and mutated receptors; * p <0.05. (C)
Representative images show the total (left panel) and surface expression (right panel) of WT,
YFP-hGIuN1/hGluN2B(W607C), and YFP-hGIuN1/hGluN2B(G820E) receptors in COS-7
cells. Scale bars denote 20 um. (D) Bar graph shows the relative surface-to-total expression
levels of WT and mutated hGluN1/hGIluN2B receptors and YFP-hGIuN1 subunit alone in
COS-7 cells (n =35); * p <0.05. Error bars indicate the SEM.

4.1.2 Mutations in the TMD alter NMDAR agonist affinity

To perform dose-response analysis of agonist-evoked responses, the activity of WT
and mutated receptors was evaluated at various concentrations of glutamate (0.1; 0.3; 1; 3; 10;
30; 100; and 1000 uM) and glycine (0.1; 0.3; 1; 3; 10; and 30 uM). These experiments
demonstrated that hGluN1/hGluN2B(W607C) receptors have a 3.2-fold lower glutamate
affinity in comparison to that of WT receptors (Figure 4.34; Table 4.2). In contrast,
hGIluN1/hGluN2B (E657G) receptors showed 2.3 times higher glutamate affinity than the WT
receptors (Figure 4.34-B; Table 4.2). In addition, hGluN1/hGluN2B(W607C) and
hGIuN1/hGluN2B(E657G) receptors exhibited significantly lower (2.0- and 1.8- fold,
respectively) glycine affinity than WT receptors (Figure 4.3B; Table 4.2). Interestingly, the
changes in glutamate affinity in hGluN1/hGluN2B(E657G) receptors and glycine affinity in
GluN1/hGIluN2B(W607C) and hGluN1/hGIluN2B(E657G) receptors were accompanied by a
reduction in the Hill coefficient values (Table 4.2). A decrease in the Hill coefficient may
indicate the altered degree of cooperativity among agonists binding to the receptor (Weiss,

1997).
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Figure 4.3. Disease-associated mutations in hGIuN2B alter the receptor sensitivity to the
agonists. (4) At the top, representative current responses to 3, 10, and 1000 uM glutamate
recorded from HEK293T cells expressing WT and hGIuN1/hGluN2B(W607C) receptors. At
the bottom, glutamate dose-response curves recorded from the HEK293T cells expressing
WT, hGluN1/hGluN2B(W607C), and hGluN1/hGluN2B(E657G) receptors. The experiments
were performed in the continuous presence of 30 uM glycine; the duration of glutamate
application is indicated by filled bars. (B) At the top, representative current responses to 0.1,
1, and 30 uM glycine were recorded from the HEK 293T cells expressing the WT and
hGIuN1/hGIuN2B(W607C) receptors. At the bottom, glycine dose-response curves for WT
and hGluN1/hGluN2B(W607C) receptors. The experiments were performed in the continuous
presence of 1 mM glutamate; the duration of glycine application is indicated by open bars.
Data points in (4-B) are the averaged values of relative current responses. Error bars indicate
the SEM.

Table 4.2. Summary of the agonist affinity data for the WT and mutated receptors.

Glutamate Glycine
Mutation ECs59+ SEM hLSEM | n ECs59+ SEM b+ SEM ;
(uM) (uM)

hGIluN2B(WT) 1.6 +0.1 14+0.1 |15 0.22+0.03 145+£0.11 | 9
hGIuN2B(V558I) 1.6+0.3 1.5+£02 |5 0.22 £0.05 1.14+0.05 | 5
hGIuN2B (W607C) 5.1+0.4% 1.3£02 | 5 0.45 £ 0.08%* 0.87+0.05* | 7
hGIuN2B (V618G) 1.7+0.2 1.2+£0.1 | 5 0.28 £0.03 1.43+0.09 | 5
hGIuN2B (E657G) 0.7+0.1%* 0.8+£0.1* | 9 0.39 £ 0.08%* 0.97+0.10% | 5
hGIluN2B (G820A) 1.5+0.3 1.0+£02 | 4 0.20 £ 0.09 1.15+0.05 | 3
hGIuN2B (L825V) 1.5+0.1 1.1+£0.1 | 9 0.16 £0.01 1.26+£0.12 | 5
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Statistical analysis was performed on logECsy and logHill using one-way ANOVA and Tukey
posthoc Dunnett's method; # is the Hill coefficient; n indicates the number of cells in the
group; * <0.05.

4.1.3 Disease-related mutations affect receptor desensitization and open probability

For desensitization analysis, WT and mutated NMDARs were activated by saturating
concentrations of glutamate and glycine (1 mM and 30 uM, respectively) to reach maximum
desensitization. The degree of desensitization was determined by the analysis of the ratio
between the peak and steady-state current responses (see Equation 5). Whereas the WT
receptors were desensitized by 16% (Figure 4.44,D), hGluN1/hGluN2B(V618G) receptors
were desensitized by only 4% (Figure 4.4D). In contrast, the degree of desensitization of the
GluN1/hGluN2B(V558I) receptors was increased to 73% (Figure 4.4B,D).
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Figure 4.4. Disease-associated mutations affect the desensitization and the P, of the receptor.
(A-C) Representative current responses to 1 mM glutamate and their inhibition by 1 pM MK-
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801 in the WT (4), hGluN1/hGluN2B(V558]) (B), and hGluN1/hGluN2B(L825V) (C)
receptors. (Aa-Ca) Demonstrate the glutamate-induced responses on an extended time scale.
(Ab-Cbh) Demonstrate the onset of MK-801 block on an extended time scale at the WT (grey
traces) and mutated (black traces) receptor responses. Duration of glutamate and MK-801
application is indicated by filled and open bars, respectively. (D-E) Bar graphs represent the
desensitization (D) and open probability (E) of WT and mutated receptors. Statistical
differences between the groups were tested by Kruskal-Wallis one-way ANOVA on Ranks.
Mann-Whitney Rank Sum Test was used to check the statistical difference between the WT
and mutated receptors. Error bars indicate SEM; n =4-19; * p <0.05.

To calculate the kinetic constants of desensitization (k;) and resensitization (k,) in
WT and mutated receptors, we determined the rate of the desensitization onset (see Equations
6-7). The desensitization of the WT receptor responses was characterized by the ky = 0.24 s™
(Table 4.3). In contrast, the values of the k; in hGIluN1/hGluN2B(V558]) and
hGIuN2B(W607C) receptors were 14.8- and 6.6- fold higher than in the WT receptors
(Table 4.3). The values of the k; in hGluN1/hGluN2B(L825V) receptors were similar to
those in the WT receptors (Table 4.3). The responses of the WT receptors were characterized
by the k,. = 1.06 (Table 4.3). The value of the k, determined in hGluN1/hGluN2B(W607C)
receptors was 4.5- fold higher in comparison to those determined in the WT receptors. No
statistically significant difference was found between the k; values determined in WT
receptors and mutated hGIuN1/hGluN2B(V5581) and hGluN1/hGluN2B(L825V) receptors
(Table 4.3). Analysis of the kinetic constants for the hGluN1/hGluN2B(V618G) receptors

was precluded due to the low amplitude of the current responses.

Table 4.3. Summary of the kinetic constants of desensitization (k;) and resensitization (k,)
determined in WT and mutated receptors

Mutation ky+SEM (s7) k, + SEM (s") n
hGIuN2B(WT) 0.24 +0.08 1.06 +0.17 10
hGIuN2B(V558]) 3.55+0.46* 1.29 +0.28 7
hGIuN2B(W607C) 1.59 + 0.54* 479 + 1.22% 4
hGIluN2B(L825V) 0.43+0.16 1.47 +0.20 6

Statistical differences between the groups were tested by Kruskal-Wallis one-way ANOVA
on Ranks. Mann-Whitney Rank Sum Test was used to check the statistical difference between
WT and mutated receptors; n indicates the number of cells in the group; * p < 0.05.

The P, of the WT and mutated receptors was evaluated by analysing the kinetics of the
MK-801 blockade. The receptors were activated by 1 mM glutamate and then the glutamate-
induced currents were inhibited by the application of 1 uM MK-801. The rate of MK-801
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blockade was fitted to the kinetic model (see Equation 8). The results indicated that the P, of
the hGIuN1/hGIluN2B(V5581), hGluN1/hGluN2B(W607C), hGluN1/hGluN2B(V618G), and
hGluN1/hGIluN2B(L825V) receptors was substantially lower than that in WT receptors
(Figure 4D).

4.1.4 hGIluN1/hGluN2B (L825V) receptors exhibit increased sensitivity to potentiating

neurosteroids

Next, we evaluated the effect of hGIuN2B(V5581; W607C; V618G; L825V) mutations
on the receptor sensitivity to naturally-occurring potentiating neurosteroid PE-S and its
synthetic analogue AND-hSuc. Due to the disuse-dependent effect of potentiating steroids
(Horak et al., 2004), a low concentration of glutamate (1 uM) was used in these experiments.
At hGIluN1/hGluN2B(L825V) receptors, both PE-S (100 uM) and AND-hSuc (30 uM)
induced significantly greater potentiation of glutamate-induced responses than that at WT
receptors (p <0.05, unpaired t-test) (Figure 4.54-C). In contrast, the responses of
hGIluN1/hGIluN2B(V558I; W607C; V618G) receptors were potentiated to the same extent as
the responses of WT receptors (Figure 4.54-C). Next, performed the dose-response analyses
of PE-S (10-100 uM) and AND-hSuc (1-30 uM) potentiation at the WT and
hGIluN1/hGluN2B(L825V) receptors (Figure 4.5D-E). The dose-response curves for PE-S and
AND-hSuc  effects indicate that the augmented steroid potentiation in
hGluN1/hGIluN2B(L825V) receptors is associated with elevated steroid efficacy rather than

with increased affinity.
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Figure 4.5. hGluN1/hGluN2B(L825V) receptors exhibit increased sensitivity to PE-S and
AND-hSuc. (4-B) Representative current responses of WT and hGluN1/hGluN2B(L825V)
receptors to 1 mM glutamate alone and in the presence of 100 uM PE-S (4) or 30 uM AND-
hSuc (B). Duration of glutamate and steroid application is indicated by filled and open bars,
respectively. (C) Graph shows the degree of PE-S (100 uM) and AND-hSuc (30 uM)
potentiation of glutamate (1 pM) responses in WT and mutated hGluN1/hGluN2B receptors.
The black line shows a linear regression for data points from all mutated receptors
(correlation coefficient °=0.928; p= 0.001). (D-E) Dose-response curves for the
potentiation of WT (filled) and hGIuN1/hGluN2B(L825V) receptor responses by 10-100 uM
PE-S (D) and 1-30 uM AND-hSuc (E). In WT receptors, PE-S induced potentiation was
characterized by the following parameters: E,.,=101+9%; ECsp =243+ 1.8 uM;
h=1.54+0.08 (n="7); AND-hSuc induced potentiation was characterized by the following
parameters: E,,,=570+57 %; ECs5p=95+10puM; h=150£0.16 (n=6). In
hGluN1/hGluN2B(L825V) receptors, the PE-S potentiation was characterized by the
following parameters: E,.,. =185+ 50 % (p=0.030 versus WT); ECsp=24.5+1.2 uM
(p =0.842 versus WT); h=1.52£0.12 (n =5); the AND-hSuc potentiation was characterized
by the following parameters: E,.=1492+514% (p=0.030 versus WT); ECsg
=9.6+2.03 uM (p =0.961 versus WT); h=1.58 £ 0.36 (n = 6).
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4.2  Identification of the site of action for pregnenolone sulfate at the NMIDAR

Endogenous neurosteroid pregnenolone sulfate (PE-S) is well known for its disuse-
dependent potentiating effect on the NMDAR (Bowlby, 1993; Gibbs et al., 2006; Horak et al.,
2004, 2006; Malayev et al., 2002; Wu et al., 1991). However, the molecular mechanism of
PE-S modulation and the binding site for PE-S at the NMDAR are not known. Therefore, in
this study, we used a combination of site-directed mutagenesis, electrophysiological
assessments, and in silico modelling to characterize the interaction of PE-S with the NMDAR
and identify the binding sites for PE-S. The results of this study were published in 7The

Journal of Neuroscience (Hrcka Krausova et al., 2020).

4.2.1 The transmembrane domain of NMDAR is crucial for PE-S potentiation

To assess the dose-response of the PE-S effect, the responses of rat GluN1/GluN2B
receptors to 1 uM glutamate were examined during the co-application of different PE-S
concentrations (3-100 uM) (Figure 4.64). The results indicated that PE-S potentiation was
characterized by the following parameters: Eax =120+ 16%;
EC50=21£3uM; h=1.5+£0.2.

As a lipid, PE-S is an amphipathic compound. Therefore, upon reaching the critical
micelle concentration (CMC), PE-S self-assembles into micelles in an aqueous medium. The
light scattering analysis of the ECS containing 0.1-100 uM PE-S showed the presence of
micelle-like particles at all tested concentrations indicating that the CMC for PE-S < 100 nM.
After exceeding the CMC, all additional steroid molecules added into the solution form
micelles (McNaught & Wilkinson, 1997). Therefore, the steroid exists in monomer form only
at a concentration below the CMC. Since the free monomer concentration for PE-S (<
100 nM) is not sufficient to modulate the GluN1/GluN2B receptor responses (Figure 4.64), it
is plausible that the action of PE-S is mediated by the interaction between the receptor and
PE-S that is present in the ECS in the micelle form. Therefore, we considered potential routes
for PE-S to access the receptor: 1) PE-S in the micelle form fuses with the plasma membrane
and directly binds at the TMD of the receptor (steps 1 and 4 in the scheme Figure 4.6B), and
2) PE-S in the micelle form fuses with the membrane, leaves the membrane in the monomer
form, and binds at the intracellular or extracellular domains of the receptor (steps 1, 2, 3 and

1, 5, 6 in the scheme Figure 4.6B).
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For further investigation of the route of PE-S to access the NMDAR, we used methyl-
v-cyclodextrin (yCDX), a cyclic oligosaccharide that can accommodate steroids, therefore
decreasing their free membrane concentration (Ohtani et al.,, 1989; Szejtli, 1998).
Extracellular application of yCDX (10 mM) abolished PE-S potentiation of GluN1/GluN2B
receptor responses to 1 pM glutamate. Thus, PE-S (100 uM) potentiated the receptor
responses by 103 = 11% (Figure 4.6C), whereas the subsequent co-application of PE-S and
yCDX diminished the receptor responses to a value smaller than the control glutamate
response (-8 + 2%) (Figure 4.6C). In control experiments (without PE-S application), yCDX
decreased the receptor responses to glutamate to the same extent (-13 £2%) as the co-
application of glutamate, PE-S, and yCDX (Figure 4.6C). In all experiments, the effect of
yCDX was fully reversible (Figure 4.6C).

Next, we examined whether PE-S action is associated with interaction with the
intracellular domain of the receptor. To remove intracellularly available PE-S,
GluN1/GluN2B receptor-expressing HEK293T cells were subjected to intracellular dialysis
with ICS containing 10 mM yCDX via a patch pipette. No significant differences were
observed between the degree of potentiation of 1 uM glutamate-elicited responses by
extracellularly applied PE-S in HEK293T cells dialysed with control and yCDX-containing
ICS (Figure 4.6D). Further, we evaluated the effect of intracellularly dialysed PE-S on the
capability of extracellularly applied PE-S to potentiate GluN1/GluN2B receptor responses.
Since PE-S is a highly lipophilic compound and a cell contains numerous intracellular
membranes, considerable time may be required to achieve equilibrium between the
intrapipette and intracellular steroid concentration. To accelerate the process of intracellular
dialysis, an outside-out patch-clamp approach was used instead of the whole-cell
configuration. Outside-out patches were pulled from HEK293T cells expressing
GluN1/GIluN2B receptors and dialyzed with control or PE-S-containing (100 uM) ICS. In
patches dialyzed with PE-S-containing ICS, a 10s pre-application of PE-S (100 uM)
potentiated the responses to 1 mM glutamate to the same extent as in patches dialyzed with
control ICS (Figure 4.6F). Similarly, intracellular dialysis with yYCDX (10 mM) showed no
effect on PE-S-induced potentiation of GIluN1/GluN2B receptors (Figure 4.6F). Pre-
application of PE-S (100 uM) for 10 s resulted in a similar degree of potentiation of receptor
responses in outside-out patches dialyzed with control and patches dialyzed with yCDX-
containing ICS (Figure 4.6E). These findings oppose the location of the PE-S binding site
within the intracellular domain of NMDAR.
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Figure 4.6. (4) Dose-response curve for the PE-S effect (3, 10; 30; and 100 uM). Data points
are averaged values of the degree of potentiation measured from 7 cells. The concentration
range in which PE-S forms micelles is indicated by the red bar. (B) Scheme portraying
potential routes for the steroid to access its binding sites at the receptor. (C) Extracellular
application of yCDX reversibly abolished PE-S-induced potentiation. Representative
recordings of the current responses obtained from HEK293T cells transfected with
GluN1/GluN2B receptors. Left trace, the effect of YCDX (10 mM) on the receptor response to
glutamate (1 uM) co-applied with PE-S (100 uM). Right trace, the effect of yYCDX on the
glutamate-induced response. Duration of glutamate, PE-S, and yCDX application is indicated
by black-filled bars, open bars, and grey-filled bars, respectively. (D) Representative
responses of GIuN1/GIuN2B receptors to the co-application of 100 uM PE-S and 1 uM
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glutamate obtained from HEK293T cells dialyzed with control ICS (left) or ICS containing
10 mM yCDX (right). Duration of glutamate and PE-S application is indicated by filled and
open bars, respectively. Bar graph shows the degree of PE-S-induced potentiation measured
in cells dialyzed with control (n=4) and yCDX-dialyzed ICS (n=15). No significant
difference was found between the groups (p = 0.666, unpaired t-test). (E) Representative
responses of GIuN1/GIuN2B receptors to glutamate (1 mM) obtained from outside-out
patches isolated from HEK293T cells before (left) and following (right) PE-S (100 uM) pre-
application for 10 s. Patches were dialyzed with control ICS (upper traces) or ICS containing
100 uM PE-S (lower traces). Duration of glutamate application and PE-S pre-application is
indicated by filled and open bars, respectively. Bar graph shows the degree of PE-S-induced
potentiation in patches dialyzed with control (n =11) and PE-S-containing ICS (n =8). No
significant differences were found (p = 0.997, unpaired t-test). (F) Representative responses
of GluN1/GluN2B receptors to glutamate (1 mM) obtained from outside-out patches isolated
from HEK293T cells before (left) and following (right) 100 uM PE-S pre-application for 10 s.
Patches were dialyzed with control ICS (upper traces) or ICS containing 10 mM yCDX (lower
traces). Duration of glutamate application and PE-S pre-application is indicated by filled and
open bars, respectively. Bar graph shows the degree of PE-S-induced potentiation in patches
dialyzed with control (n =11) and yCDX-dialyzed ICS (n =8). No significant differences
were found between the groups (p = 0.997, unpaired t-test). (G) Representative responses of
GluN1/GluN2B receptors to glutamate (1 mM) recorded before (a) and following (b) ANDS
pre-application for 15 s. (¢) The response to co-application of glutamate (1 mM) and yCDX
(10 mM) made following ANDS pre-application. Right, superimposition of responses to
glutamate application (black trace) and glutamate co-applied with yCDX following ANDS
pre-application. Duration of glutamate application, ANDS pre-application, and co-application
of glutamate with yCDX is indicated by black-filled bars, open bars, and grey-filled bars,
respectively. Inset, projection structure of ANDS. Error bars indicate the SEM.

Afterwards, we tested whether the potentiating steroids act at the extracellular domain
of the NMDAR similarly to the steroids with inhibitory action (Vyklicky et al., 2015). We
hypothesized that if the potentiating and inhibitory effects of steroids are mediated by binding
to the extracellular domain, then both effects will be affected to a similar extent by the
extracellular application of yCDX. For the next experiments, we have selected Sa-androstan-
3B-yl-sulfate (ANDS), a steroid that demonstrated a dual (positive and negative) effect at the
NMDAR. After a 15 s pre-application, ANDS (100 uM) potentiated GluN1/GluN2B receptor
responses to 1 mM glutamate by 17 = 6% (n=5) and displayed complex kinetics due to the
mixed effect of the steroid (Figure 4.6G). In contrast, NMDAR responses to the co-
application of glutamate and 10 mM yCDX were potentiated by ANDS pre-application
significantly more (by 172 + 18%; n =5 (Figure 4.6G). We reasoned that yCDX precluded the
inhibitory effect of ANDS by preventing access to the inhibitory site of action at the
extracellular domain of the receptor, therefore unmasking the potentiating effect of ANDS. In
turn, the fact that the ANDS potentiation was not abolished by extracellular yCDX indicates

that the potentiating site of action for ANDS is not located at the extracellular receptor
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domains. Altogether, these results suggest distinct sites of action to mediate positive and

negative modulatory effects of steroids at the NMDAR.

4.2.2 PE-S and sterols act at distinct sites at the NMDAR

Similarly to PE-S, sterols, such as cholesterol and 24(S)-HC, are potent positive
modulators of NMDAR function (Korinek et al., 2015; Paul et al., 2013). Cholesterol and
24(S)-HC share structure similarities with PE-S and all three have molecules of the planar
shape. Hence, we examined whether the site of action for PE-S is similar to that for sterols.
We hypothesized that if PE-S shares the sites of action at the NMDAR with cholesterol, then
PE-S will be able to rectify the cholesterol-depletion-induced reduction of NMDAR currents.
For cholesterol depletion, we used methyl-B-cyclodextrin (BCDX), a cyclic oligosaccharide
that is able to bind plasma membrane sterols, especially cholesterol, therefore decreasing the
membrane cholesterol level (Christian et al., 1997). In control HEK293T cells (n =5), the
mean amplitude of GluN1/GIuN2B receptor responses to 1 uM glutamate was —547 + 193 pA
and the degree of potentiation by PE-S (100 uM) was 119 £ 32% (Figure 4.74,C). The effect
of cholesterol depletion on PE-S potentiation was evaluated in a sister culture where
HEK293T cells were incubated with 10 mM BCDX for 60 min. Cholesterol depletion led to
an 11-fold decrease in the mean amplitude of glutamate responses (Figure 4.7C). In
cholesterol-depleted cells, PE-S potentiated the glutamate-induced responses by 122 + 66%
(n=26), to the same degree as in control cells (p =0.973) (Figure 4.7B,C). The PE-S
potentiation was insufficient to rectify the reduction of NMDAR currents in cholesterol-

depleted cells (Figure 4.7C).
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Figure 4.7. PE-S is unable to compensate for the reduction of the NMDAR currents in
cholesterol-depleted cells. (4) Representative response of GIuN1/GluN2B receptors to
glutamate (1 uM) before and upon co-application with PE-S (100 uM). Duration of glutamate
and PE-S application is indicated by filled and open bars, respectively. (B) Representative
responses to glutamate (1 uM) before and upon co-application with PE-S (100 uM) obtained
from cholesterol-depleted HEK293T cells. Duration of the glutamate and PE-S application is
indicated by filled and open bars, respectively. To achieve cholesterol depletion, the cells
were incubated with BCDX (10 mM) for 60 min at 37°C prior to recording. (C) Bar graph
representing the amplitude of GluN1/GluN2B receptor currents in control and cholesterol-
depleted cells. Grey bars indicate responses to glutamate (1 uM) alone; white bars indicate
responses to the co-application of glutamate (1 uM) and PE-S (100 uM). Each bar represents
data from at least 5 cells; error bars indicate SEM. The amplitude of glutamate-induced
currents was significantly reduced in cholesterol-depleted cells (*, unpaired t-test).

4.2.3 Amino-acid residues at the TMD are essential for PE-S potentiation

To determine the PE-S binding site, we analysed the effect of mutations in the TMD of
the GIuN1 and GIluN2B subunits on PE-S potentiation. For this purpose, we performed
alanine-scanning mutagenesis of the following amino-acid residues in the M1 and M4 helices:
GluN1(Q559-V572; T809-V825) and GIuN2B(S555-1568; D814-A830). All non-alanine
residues within the mentioned regions were substituted with alanine and alanine residues were
substituted with threonine. The assessment of PE-S (100 uM) modulatory effect on WT and
mutated GluN1/GIuN2B receptors expressed in HEK293T cells was performed upon its co-
application with glutamate (1 uM). Since GluN1/GIluN2B(W559A) receptors produced only
negligible responses to glutamate (< 5 pA), they were considered non-functional and excluded
from further analysis. GIuNI(W563A)/GluN2B and GIluN1/GluN2B(D816A) receptors
exhibited spontaneous activity in the absence of externally applied glutamate. Whereas PE-S
potentiated the responses of the WT receptors by 104 £4% (n=158), the PE-S effect on
mutated receptor responses varied in the range from inhibition by -33+2% (n=7) in
GluN1/GluN2B(M824A) receptors to  potentiation by292+57% (n=7) in
GIuN1(G815A)/GluN2B receptors (Figure 4.84-D). The degree of PE-S-induced potentiation
observed in the GIuN1(S569A; G815A; M8I18A; L819A; G822A)/GIluN2B receptors was
significantly greater than that in the WT receptors (p < 0.05, one-way ANOVA) (Figure 4.84-
B). In contrast, the degree of PE-S-induced potentiation at the GIuNI1(Q559A; W563A;
L564A; N812A; F817A)/GluN2B and GIluN1/GIuN2B(M562A; V564A; L567A; M818A;
G820A; F822A; L825A; M829A; A830T) receptors was significantly lower than in the WT
receptors (p <0.05, one-way ANOVA) (Figure 4.8B,C). At the GluN1/GluN2B(D816A;
Y823A; M824A) receptors, PE-S application led to the inhibition of glutamate-induced
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responses (Figure 4.8C). As it was mentioned earlier, PE-S has both a potentiating and an

inhibitory effect at the NMDAR; therefore, the elimination of the potentiating effect of PE-S

at mutated receptors results in the unmasking of its inhibitory effect.
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Figure 4.8. Positive modulatory effect of PE-S is affected by mutations in the M1 and M4
helices of the GIuN1 and GIuN2B subunits. (4) Representative responses of the WT,
GIuN1(G815A)/GluN2B, and GluN1/GluN2B(M824A) receptors to glutamate (1 uM) before
and upon co-application with PE-S (100 uM). The duration of glutamate and PE-S application
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is indicated by filled and open bars, respectively. (B-C) Bar graphs representing the PE-S
(100 uM) effect on responses to glutamate (1 uM) of GluN1/GluN2B receptors mutated at the
GIuN1 (B) or GIluN2B (C) subunits (n =4-158 cells). Data are indicated as mean = SEM. I
signifies receptors that showed significantly altered PE-S sensitivity and whose glutamate
ECsy was significantly different (Table 4.4) from that in WT receptors; * indicates receptors
whose PE-S sensitivity was different but the glutamate £Cs) was similar to those in the WT
receptors (Table 4.4) in comparison to the WT receptors (one-way ANOVA (p <0.001)
followed by an unpaired t-test for single comparisons versus WT (p <0.050)). a signifies
spontaneously active receptors; b signifies nonresponding receptors. (D-E) Bar graph
representing the mean effect of PE-S (100 uM) on receptors with altered glutamate ECsy
(n=4-10 cells). Error bars indicate SEM. The PE-S effect was evaluated at glutamate
concentrations (0.08-3.20 uM) inducing ~38% of the maximal receptor response.* signifies
the receptors that had altered PE-S sensitivity in comparison to the WT receptors. Statistical
analysis was performed by one-way ANOVA (p <0.001) followed by an unpaired t-test for
single comparisons versus WT (p <0.050). (B-E) Red bars indicate mutations that decreased
the potentiation effect of PE-S by >50%; green bars indicate mutations that increased the
potentiation effect of PE-S by >50%. The dashed line shows the mean degree of PE-S
potentiation in the WT receptors. (B) Insert, the GluN1/GluN2B receptor TMD homology
model (Cerny et al., 2019). The GluN1 and GluN2 subunits are labelled in grey and orange,
respectively. Amino-acid residues whose mutations reduced the PE-S potentiation by >50%
are labelled in red; amino-acid residues whose mutations increased the PE-S potentiation by
>50% are labelled in green.

Since PE-S potentiates NMDAR responses in a disuse-dependent manner (Horak et
al., 2004), the degree of PE-S potentiation depends on the glutamate dose. To avoid the
indirect impact of altered glutamate affinity in mutated receptors on PE-S potentiation, we
performed a set of additional experiments. For the mutations that led to significant reduction
or enhancement of the PE-S effect, the ECs) values for glutamate were determined
(Table 4.4). The calculation of ECsy was performed using Equation 3, the Hill coefficient was
fixed at the value of 1.6 (Laube et al., 1997). Subsequent analysis demonstrated that the
values of glutamate ECsp in the GIuN1(W563A; S569A; N812A; G815A; MSI18A;
L819A)/GIuN2B and GluN1/GIuN2B (M562A; L567A; D816A; M824A; L825A) receptors
were significantly different from those in the WT receptors (Table 4.4). Thus, the modulatory
action of PE-S (100 uM) on these receptors was reassessed at glutamate concentrations
corresponding to the effect of 1 uM glutamate at the WT receptors (38% of the maximal
response). In these circumstances, the extent of PE-S-induced potentiation/inhibition in the
GIuN1(G815A)/GluN2B and GIuN1/GluN2B (M562A; D816A; M824A) receptors was
significantly higher than in the WT receptors (Figure 4.8D-E); however, the degree of
potentiation of the GIUNI(W563A; S569A; N8I2A; MS818A; L819A)/GluN2B and
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GluN1/GluN2B (L567A; L825A) receptor responses was similar to that in the WT receptors

(Figure 4.8D-E).

Table 4.4 | Summary of the glutamate ECs) for the WT and mutated GluN1/GluN2B

receptors that have altered PE-S effect.

Receptor ECsy (uM) n
WT 1.41 £0.04 50
GIuN1(Q559A)/GluN2B 1.65+£0.06 6
GIuN1(W563A)/GluN2B 0.10£0.01 * 6
GIuN1(L564A)/GluN2B 1.43+0.16 3
GluN1(S569A)/GluN2B 3.69+027 * 4
GluN1(G638A)/GluN2B 1.41+0.11 4
GIluN1(I642A)/GluN2B 1.24 +£0.03 5
GIuNI1(N812A)/GluN2B 0.36+0.02 * 7
GluN1(G815A)/GluN2B 2.65+0.33 * 5
GluN1(F817A)/GluN2B 1.48 £0.14 4
GluN1(M818A)/GluN2B 297+0.21* 4
GIuN1(L819A)/GluN2B 2.890+0.24 * 4
GIuN1(G822A)/GluN2B 1.58+0.16 4
GluN1/GluN2B(W559L) 1.24 +0.06 3
GluN1/GluN2B(M562A) 374+ 030 * 4
GIuN1/GluN2B(V564A) 1.41+0.13 5
GIuN1/GluN2B(L567A) 1.08 +£0.20 * 4
GIuN1/GluN2B(D816A) 0.17+0.01 * 6
GIuN1/GluN2B(M818A) 1.74 +£0.27 3
GIuN1/GluN2B(G820A) 1.56 £0.15 6
GIluN1/GIluN2B(F822A) 1.35+0.07 5
GIuN1/GluN2B(Y823A) 1.63+0.16 4
GIluN1/GluN2B(M824A) 4.05+0.67 * 4
GIluN1/GluN2B(L825A) 4.17+031 * 5
GIuN1/GluN2B(M829A) 1.67+0.10 4
GIuN1/GIluN2B(A830T) 1.69 £0.08 5
One-way ANOVA* p <0.001

All values are mean + SEM; n represents the number of individual cells from which data were
obtained. One-way ANOVA followed by unpaired t-test, for single comparisons versus WT;

*p < 0.050; statistical analysis was conducted for the logECs, values.
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Positive modulation of the NMDAR function by PE-S is mediated by a mechanism
that involves an increase of the channel P, (Horak et al., 2004). Therefore, we tested whether
mutation-induced changes in P, affect the PE-S potentiation. The responses of WT and
mutated receptors to glutamate (1 mM) were inhibited by the co-application of MK-801
(1 uM) (Figure 4.94) and the time course of MK-801-induced inhibition was fitted with a
double exponential function to determine the weighted time constant (ty,) (Equation 9). The
relative MK-801 blocking rate (Figure 4.9B) was obtained as the ratio between the T, for
mutated receptors and the Ty, for the WT receptors. Since the rate of the MK-801 channel
block linearly correlates with P, (Hansen et al., 2013), a significantly changed blocking rate in
mutated receptors was considered an indicator of altered P,. Figure 4.9B illustrates the
absence of a correlation between the rate of MK-801 block and the steroid effect at mutated
receptors. Similarly, the correlation analysis specifically of data from mutated receptors with
decreased PE-S sensitivity showed no correlation between the rate of MK-801 block and the
PE-S effect (Figure 4.9B). These results suggest that the effects of mutations in the TMD on
the P, and PE-S sensitivity of GluN1/GluN2B receptors are independent of each other.

Although the GluN2B(D816) mutation results in the complete abolition of the PE-S
potentiation, this residue is unlikely to be a part of the steroid site of action. First,
GluN2B(D816) is located within the M4-S2 linker, whereas our previous experiments
indicated that PE-S interacts with the TMD of the receptor (Figure 4.6). In addition,
molecular dynamics simulation suggests high conformational flexibility of linker domains
(Ladislav et al., 2018) that makes this region improbable to act as a binding site for a rigid
steroid molecule. Moreover, mutations in the linker domain strongly affect the receptor's
functional properties (Ladislav et al., 2018). In line with this, the GluN1/GIluN2B(D816A)
receptors displayed increased P, and glutamate affinity in comparison to the WT, as well as

spontaneous activity (Figure 4.8C, 4.9B; Table 4.4).
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Figure 4.9. Mutations in the TMD of GluN1 and GluN2B subunits affect the receptor P, and
the PE-S sensitivity by independent mechanisms. (4) Representative recordings demonstrate
the responses of WT, GIuN1(L562A)/GluN2B, and GluNI1(V570A)/GluN2B receptors to
glutamate (1 mM) and their inhibition by MK-801 (1 uM). Duration of glutamate and MK-
801 application is indicated by filled and open bars, respectively. Bottom right, overlay
comparing the time course of the MK-801 block in the WT (black trace),
GIuN1(L562A)/GluN2B (red trace), and GluN1(V570A)/GluN2B (grey trace) receptors. (B)
Graph representing the relationship between the relative effect of 100 uM PE-S (ratio between
the mean values of the PE-S effect at the WT and mutated receptors) and the relative block
rate for 1 pM MK-801(ratio between the mean values of the t, for the WT and mutated
receptors) of mutated GIluN1/GluN2B receptors. Black line shows a linear regression for data
points from all mutated receptors (Pearson’s correlation coefficient 7 = 0.005; p = 0.608).
Dotted line shows a linear regression for data points from the receptors with decreased PE-S
effect (open symbols; Pearson’s correlation coefficient 7 = 0.027; p = 0.596).
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4.2.4 Identification of PE-S binding interface at the NMDAR

Amino-acid sequence alignment demonstrated that the GIuN2B residues M562, V564,
MS818, Y823, M824, and M829, that have decreased the PE-S potentiation in the alanine-
scanning experiments (Figure 4.8), are conserved across all GluN2 subunits (Figure 4.104). In
agreement with this, PE-S has been shown to potentiate the responses of GluN1/GluN2A-D
receptors (Horak et al., 2006). This is also supported by experiments on receptors with the
GIuN2A(M823A) mutation, which is homologous to the GluN2B(M824A) mutation. PE-S
inhibited the responses of GIuN1/GluN2A(M823A) receptors to 3 uM glutamate (the
concentration that corresponds to 46 = 3% (n = 6) of maximal response) by 58 £4% (n=7)
(Figure 4.10B), that is similar to the PE-S effect on GIuN1/GluN2B(M824A) receptors
(Figure 4.8). In contrast, sequence alignment displays little homology over the GluN2B
residues that are essential for the steroid potentiation and corresponding residues within the
GIluN3A subunit (Figure 4.104). To decrease receptor desensitization of GluN3A-containing
receptors, the GIuN3A subunit was co-expressed with the mutated GluN1-4a(F484A) subunit
in HEK293T cells (Smothers & Woodward, 2009). At GluN1-4a(F484A)/GluN3A receptors,
PE-S (50 uM) diminished the responses to glycine (100 uM) by 68 = 3% (n="7) (Figure
4.10C). Similarly, the responses of GluN1-4a/GIuN3A receptors were inhibited in the
presence of 50 uM PE-S by 66 + 9% (n=4) (Figure 4.10C). These results suggest that the
positive modulatory effect of PE-S is subunit-selective and limited solely to GluN2 subunit-
containing receptors.

For investigation of the steroid site of action, the homology model of the
GluN1/GIluN2B receptor (Ladislav et al., 2018) was scrutinized to identify the residues
located within ~15 A (the PE-S molecule length) from the GIuN2B (Y823 and M824), the M4
helix residues whose mutations diminished the PE-S potentiation the most (Figure 4.8). As a
result, the GluN1 M3 helix residues G638, 1642, and S646 and the GIuN2B M1 helix residue
W559 were selected for further experiments (Figure 4.10D). Since the
GIuN1/GluN2B(W559A) receptors are non-functional (Figure 4.8), we used the
GluN1/GluN2B(W559L) receptors that had been previously reported to be functional
(Kashiwagi et al., 1997). PE-S (100 uM) inhibited the responses of GluN1/GluN2B(W559L)
receptors to 1 uM glutamate by 15+2% (rn=7) (Figure 4.10E,F). In the
GIuN1(G638A)/GluN2B and GluN1(1642A)/GluN2B receptors, PE-S (100 uM) potentiated
the responses to glutamate (1 uM) significantly less than in WT receptors (Figure 4.10 E,F).
The responses of GluN1(S646A)/GluN2B receptors were potentiated to the same extent as the
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WT receptor responses (Figure 4.10E,F). The glutamate ECsp values for
GluN1(G638A)/GIuN2B, GIuN1(1642A)/GluN2B, and GIluN1/GluN2B(W559L) receptors
were similar to those for the WT receptors (Table 4.4). These results suggest an interface
formed by GIuN1(G638 and 1642) and GluN2B(W559, Y823, and M824) residues as a

possible binding site for the steroid.

A M1 helix M3 helix M4 helix
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Figure 4.10. Amino-acid residues within the M3 helix of GluN1 subunit and the M1 helix of
GIluN2B subunit are essential for the PE-S potentiation. (4) Sequence alignment comparing
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amino-acid sequences within the M1, M3, and M4 helices of GluNI1, GluN2A-D, and
GluN3A subunits. The amino-acid residues that were involved in the alanine scanning
analysis are marked in bold and underlined. The residues whose mutations resulted in a
significant reduction of the PE-S potentiation are labelled in red; the residues whose
mutations resulted in significant augmentation of the PE-S potentiation are labelled in green.
Homologous sequences are highlighted in light yellow. (B) Representative recordings
demonstrate inhibition of the GIuN1/GIluN2A(M823A) receptor responses to glutamate
(3 uM) in the presence of PE-S (100 uM). Duration of glutamate and PE-S application is
indicated by filled and open bars, respectively. (C) Representative traces demonstrating the
inhibition of the GluNI1-4a(F484A)/GIuN3A (left) and GluN1-4a/GluN3A (right) receptor
responses to glycine (100 uM) in the presence of PE-S (100 uM). The duration of glycine and
PE-S application is indicated by filled and open bars, respectively. (D) GluN1/GluN2B
receptor homology model (Karakas & Furukawa, 2014; Lee et al., 2014), shown as a ribbon
diagram, demonstrating the GluN1(S646, 1642, G638), and GluN2B(W824) residues (blue)
which are located within 12, 6, 9, and 5 A from the M824 residue (red). The GIuN1 subunit is
labelled in grey; the GluN2B subunit is labelled in orange. Right, the stick model of the PE-S
molecule (at the same scale). (E) Representative traces demonstrating the
GIuN1/GIuN2B(W559L) (left) and GluN1(G638)/GluN2B (right) receptor responses to 1 uM
glutamate (filled bars) before and in the presence of 100 uM PE-S (open bars). (F) Bar graph
demonstrating the effect of PE-S (100 uM) on the WT and mutated GluN1/GluN2B receptors.
Data are represented as mean + SEM, n = 5-128. * indicates a significant difference from the
WT receptors; statistical analysis was performed by one-way ANOVA (p <0.001) followed
by an unpaired t-test for single comparisons versus WT (p < 0.050). (G) Ribbon diagram of
the GluN1/GluN2B receptor homology model (Cerny et al., 2019). Location of the TMD
residues essential for PE-S potentiation. Residues whose substitution diminished the PE-S
effect by >50% are labelled in red. The GluN1 subunit is labelled in grey; the GluN2B
subunit is labelled in orange.

4.2.5 In silico modelling of PE-S binding

In the unliganded state, the NMDAR displays 5- to 50- times higher affinity for PE-S
than in the agonist-bound state (Horak et al., 2004). To consider this fact in PE-S binding
analysis, we employed recently developed models of unliganded (closed conformation of ion
channel) and agonist-bound (open and closed conformation of ion channel) GluN1/GluN2B
receptor (Cerny et al., 2019). Figure 4.11 (4,B) illustrates the rearrangements of the M1-M4
membrane helices during the receptor transition between the closed and open states.

In silico analysis of the steroid-receptor interaction was performed in two steps. First,
PE-S was docked in the TMD of the unliganded model of the GluN1/GluN2B receptor. As a
result, two pairs of preferential interaction sites were identified: a pair of homologous sites at
the GluN1(M1/M4) interface and a pair of sites at the GluN2B(M1/M4) interface. In the next
step, we used molecular dynamics (MD) to simulate PE-S interaction with the docking-
predicted sites in the model lipid environment. The obtained 100 ns long MD trajectories

were analysed by Molecular Mechanics Poisson-Boltzmann Surface Area (MM/PBSA)
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method to estimate PE-S binding affinity. To consider the structural relaxation of the
steroid/receptor complex, two separate calculations were made: one for the data from the first
30 ns of the trajectory and one for the data from the last 30 ns of the trajectory. For both
stages of the MD simulation, the MM/PBSA analysis of PE-S interaction with the binding site
at the GluN1(M1/M4) interface indicated the binding free energy of ~—15 kcal mol™'. The
GluN1(W563; L819) residues were found to possess the greatest contribution to this binding
energy by forming van der Waals contacts with PE-S (Figure 4.11C). For the steroid
interaction with the GluN2B(M1/M4) site, the MM/PBSA analysis of the last 30 ns of MD
trajectories indicated the binding free energy of —19.5 kcal mol™'. The GluN2B(W559; M562;
Y823) residues were shown to contribute the most to the free binding energy and form van
der Waals contacts with PE-S (Figure 4.11C).

Next, we analysed the interaction between PE-S and the ligand-bound NMDAR with
the ion channel in the open state. The results of the MD simulation indicate that the channel
opening did not considerably affect PE-S binding to the GluN1(M1/M4) interface, in contrast
to the GluN2B(M1/M4) interface. During receptor activation, the GluN2B M1 and M4 helices
move against each other thus forming a cavity between the M1 and M4 helices of the GluN2B
subunit and the M3 helix of the GluN1 subunit. The MD simulation of PE-S binding to this
cavity indicates the binding free energy of —17.5 kcal mol™'. The GluN1(W563; L819) and
GluN2B(W559; M562; Y823) residues were shown to form van der Waals contacts with the
steroid molecule (Figure 4.11D).

The MD simulation of the steroid interaction with the model NMDAR in the open
channel configuration indicated that PE-S binding facilitates the GluN2B M4 helix rotation
and tightens the contact between the GluN2B(M824) and GluN1(1642) residues of the pore-
lining M3 helix (Figure 4.11D). In the absence of PE-S, the GIuN2B(M&824) residue forms
contact with the GluN2B(W559) residue and therefore obstructs the entry to the cavity
(Figure 4.11D). This finding is consistent with a lower binding affinity of PE-S for the
receptor in the open state (—17.5kcalmol™') in comparison with the closed state
(—19.5 kcal mol ™). Taken together, these results shed light on the mechanisms underlying the
previously described disuse-dependency of the PE-S potentiation (Horak et al., 2004).
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Figure 4.11. The effect of PE-S binding on the TMD arrangement. (4-B) Side (A4) and top
(B) views demonstrate the structural arrangement of the TMD helices in the MD-based model
of the GIuN1/GIluN2B receptor in the closed state (filled symbols) and open state (open
symbols) (Cerny et al., 2019). The GluN1 subunit is labelled in grey and the GluN2B subunit
is labelled in orange. (C-D) PE-S (green) sites of action at the TMD of GluN1/GluN2B
receptor in the closed state (C) and open state (D) predicted by the combination of molecular
docking and 100 ns long MD simulation. Amino-acid residues experimentally identified as
essential for steroid potentiation are labelled in red. (E) The model of the receptor in the
closed state was simulated without the PE-S molecule bound within the TMD.

4.3 Structure requirements for potentiating neuroactive steroids
4.3.1 o5p-pregnan-3p-yl derivatives of carboxylic acids potentiate NMDAR responses

A recent study from our laboratory demonstrated that PA-S as well as its C3-
substituted analogues are NMDAR NAMs that preferentially affect tonically over phasically
activated receptors (Vyklicky et al., 2016). In the current study, we aimed to explore the
structural requirements for the steroid modulation of NMDAR function. For this purpose, we
prepared a set of pregnane derivatives in which the ester bond was replaced with the C-C
bond (Figure 4.124) and screened their effect on the recombinant rat GluN1/GluN2B
receptors expressed in HEK293T cells using the patch-clamp technique. The results of the
study were published in British Journal of Pharmacology (Kysilov et al., 2022).

The results of the screening tests demonstrated that pregnane analogues with short
residues at the C3 carbon of the core structure, such as PA-acetate (PA-Ace; 150 uM) and
PA-carboxylate (PA-Car; 150 uM) inhibited NMDAR responses to 1 uM glutamate by
31,6 £3.7% (n=17) and 51.8 £3.7% (n=7), respectively (Figure 4.12B,C). However, the
analogues with elongated residues at the C3, such as PA-propionate (PA-Pro; 10 uM) and PA-
butyrate (PA-But; 15 uM) potentiated the glutamate-induced responses by 18.8 +6.5%
(n=16) and 82.2 + 9.8% (n = 7), respectively (Figure 4.12B,C). The potentiating effect of PA-
Pro and PA-But was surprising because neurosteroids with a “bent” A/B ring junction had
been considered to inhibit the NMDAR responses (Korinek et al., 2011; Weaver et al., 2000).
To characterize the role of stereo-configuration at the C3 chiral carbon, we have prepared the
3B-isomer of PA-But: 4-(20-ox0-5p-pregnan-33-yl) butanoic acid (EPA-But; Figure 4.12B,C).
EPA-But (15 uM) also produced a strong potentiation of the GIluN1/GluN2B receptor
response to 1 uM glutamate (190 = 6 %; n=7; Figure 4.12B,C). These results indicate that

steroids with a “bent” molecular geometry, in addition to their well-known inhibitory action
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(Korinek et al., 2011; Weaver et al., 2000), are able to potentiate the NMDAR; the positive

modulatory effect is observed for “bent” steroids with elongated aliphatic chain at the C3

carbon.
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Figure 4.12 Structure-function principles underlying potentiating effect of pregnane-based
steroids. (A) Structure of 3a-hydroxy-5B-pregnan-20-one (PA) and residues used as
substituents at the C3 carbon: PA-carboxylate (PA-Car), PA-acetate (PA-Ace), PA-propionate
(PA-Pro), PA-butyrate (PA-But), and EPA-butyrate (EPA-But). (B) Representative
recordings demonstrate the effect of PA-Ace (150 uM), PA-Pro (10 uM), PA-But (15 uM),
and EPA-But (15 uM) on GluN1/GIluN2B receptor responses to 1 uM glutamate. Duration of
glutamate and steroid application is indicated by black and red bars, respectively. (C) Bar
graph shows the mean + SEM degree of steroid-induced effect at GIuN1/GluN2B receptors
(n=06-7).

4.3.2 EPA-But potentiates NMIDAR responses in a disuse-dependent manner

In the following experiments, we used EPA-But as a representative potentiating
steroid with a “bent” structure. For the dose-response analysis, the GluN1/GluN2B receptor
responses to 1 uM glutamate were potentiated by co-application of 0.3-15 uM EPA-But. The
obtained data were analysed by fitting the logistic equation 2 with the following parameters:
Enae=221+£23%; ECsp=6.1+0.8 uM; h=14+0.1 (n=7) (Figure 4.134,B). Next, we
evaluated the effect of EPA-But (15 uM) on the GluN1/GIluN2B receptor responses induced
by 0.03-1000 uM glutamate (Figure 4.13C-D). The resulting data were fitted to the logistic
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equation 3. In the presence of the steroid, the glutamate E,,,, value was enhanced by 35+ 6 %
(n=7) and the ECsj to glutamate was reduced from 1.7+ 0.1 uM (n=12) to 0.4 + 0.1 uM
(n=12) (Figure 4.13D). Figure 4.13F demonstrates the negative relationship between the
concentration of glutamate co-applied with EPA-But (15 uM) and the degree of EPA-But
potentiation. Moreover, the potentiating effect of EPA-But is influenced by the timing of the
steroid and glutamate application. Thus, upon co-application with EPA-But (15 uM),
GluN1/GluN2B receptor responses to glutamate (1 mM) were potentiated by only 35 + 5%
(n=15) (Figure 4.13E,F). In contrast, 30 s pre-application of EPA-But (15 uM) potentiated the
responses to subsequent glutamate (1 mM) application by 287 + 65%, similar to the degree of
potentiation observed when the EPA-But (15 uM) pre-application was followed by co-
application of glutamate (1 mM) and the steroid (263 = 65%; n=6) (Figure 4.13E.F). In
addition, at the holding potential of =90 mV, EPA-But (15 uM) potentiated 1 pM glutamate-
induced responses of GluN1/GluN2B receptors to a similar extent as at the holding potential
of +30 mV (207 £ 14% and 225 + 28%, respectively; n =9). Together, these results indicate
that EPA-But positively modulates the NMDAR activity in a disuse-dependent and voltage-

independent manner.
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Figure 4.13 Potentiating effect of EPA-But is disuse-dependent. (4) Representative
recordings of GIluN1/GluN2B receptor responses to 1 uM glutamate (black bars) before and in
the presence of 3 uM and 15 uM EPA-But (red bars). (B) Concentration-response curve for
the EPA-But (0.3 - 15 uM) effect. The EPA-But potentiation was evaluated in HEK293 cells
expressing GluN1/GluN2B receptors during the steroid co-application with 1 uM glutamate.
Data points are shown as mean + SEM; n =7. (C) Representative recordings demonstrate the
potentiating effect of EPA-But (15 uM) at GluN1/GluN2B receptor responses to 0.1, 1, and
30 uM glutamate. The duration of glutamate and EPA-But application is indicated by black
and red bars, respectively. (D) Concentration-response curves show the glutamate (0.03-
1000 uM) effect in the absence (black curve) and presence (red curve) of EPA-But (15 uM).
Control and EPA-But-potentiated glutamate responses were obtained from separate sets of
cells. The data were normalized to the control response to 1 mM glutamate and fitted using
Equation 2. Data points show mean+ SEM; n=12. (E) Representative recordings
demonstrating GluN1/GIluN2B receptor responses to glutamate (1 mM) in the absence and
presence of EPA-But (15 uM) recorded before and after 30 s EPA-But (15 uM) pre-
application. Duration of glutamate and steroid application is indicated by black and red bars,
respectively. (F) The plot of the mean EPA-But-induced potentiation versus glutamate
concentration. EPA-But (15 uM) was co-applied with glutamate (0.03-1000 uM) (filled
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circles); the same data set as in (D). For comparison, the mean potentiation of the responses to
1 mM glutamate after 30 s pre-application of EPA-But (15 uM) (red square) and the mean
potentiation of the responses to co-application of glutamate (I mM) and EPA-But (15 uM)
after 30 s EPA-But (15 uM) pre-application (white square) are included. Error bars indicate
the SEM.

4.3.3 EPA-But site of action at the NMDAR is different from that for PE-S

Despite structural differences between EPA-But, which is characterized by a “bent”
molecular conformation, and PE-S, which is characterized by a “planar” molecular
conformation, the potentiating effects of these steroids on GIluN1/GluN2B receptors are
similar in terms of disuse-dependency, voltage-independency, and slow on- and off- kinetics.
To examine whether the steroids act on the same site at the NMDAR, we evaluated the
modulatory effect produced by the simultaneous application of a saturating concentration of
EPA-But (15 uM) and PE-S (100 uM). We assumed to observe the occlusion of EPA-But and
PE-S effects in case of the same site of action for both steroids (Model 1) or summation of
their effects in case of different sites of action (Model 2). Simultaneous co-application of both
steroids potentiated the GIuN1/GluN2B receptor responses to 1 uM glutamate to a
significantly greater extent than the application of EPA-But alone (by 280 +27% and
213 + 17 %, respectively; n =9; p < 0.05, paired t-test) (Figure 4.14). However, the degree of
potentiation induced by the co-application of EPA-But and PE-S was smaller than that
predicted by Model 2 (Figure 4.14). These results indicate distinct or partially overlapping
sites of action for EPA-But and PE-S at the NMDAR.
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Figure 4.14. The potentiating effects of EPA-But and PE-S are additive. (4) Representative
responses of GluN1/GluN2B receptor to glutamate (1 uM) alone and in the presence EPA-But
(15 uM), PE-S (100 uM), or both steroids together. Duration of glutamate, EPA-But, and PE-
S application is indicated by black, red, and empty bars, respectively. (B) Graph displays the
degree of potentiation of the GIuN1/GluN2B receptor responses to 1 uM glutamate by EPA-
But (15 uM), PE-S (100 uM), and simultaneous application of both steroids. Filled circles
represent colour-coded data referring to individual cells, empty circles represent mean + SEM
(n=9). Right (grey square), theoretical data points generated by Model 1 (occlusion) and
Model 2 (summation). * indicates a significant difference between the groups.

4.3.4 Mutations in the TMD affect the EPA-But potentiation

Using alanine scanning mutagenesis, we explored the role of the outer segment of the
TMD in the positive modulation of the GIuN1/GluN2B receptor by EPA-But. To allow direct
compassion of the impact of amino-acid residue substitution on EPA-But and PE-S
potentiation, alanine scanning analysis was performed on the same set of residues as during
the identification of the site of action for PE-S (Chapter 4.2.3), i.e. (Q559-V572; G638; 1642;
S646; F810-V825) of the GIuNI subunit and (S555-1568; D814-A830) of the GluN2B
subunit. At mutated receptors whose ECsy for glutamate was not significantly different from
the WT (Table 4.4), the EPA-But (15 uM) effect was assessed during its co-application with
1 uM glutamate. At mutated receptors whose ECsy to glutamate was significantly smaller or
bigger than in WT (Table 4.4), the EPA-But (15 uM) effect was evaluated at a glutamate
concentration that activates the receptors to the same level as 1 uM glutamate at WT receptors
(38% of the WT responses to 1 mM glutamate). This experiment showed that the substitution
of the GIuN1(G567; S569; V570, G638; 1642; E811; N812; MS813; F817) and the
GIluN2B(D557;V558, W559; M561; M562; V564; L566; D816; M818; G820, F822; M824;
L825; A830) residues resulted in a significantly decreased EPA-But potentiation of
GluN1/GIluN2B receptors (one-way ANOVA, p <0.001; followed by t-test) (Figure 4.154-
(). These results indicate the GluN1(M4)/GluN2B(M1), GIluN2B(M4)/GluN1(M1), and
GluN2B(M1/M4) interfaces as potential sites of action for EPA-But (Figure 4.15D).
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Figure 4.15. The effect of EPA-But on mutated NMDARs. (4) Representative recordings of
the responses of WT, GluN1/GluN2B(A830T), and GluN1(W563A)/GluN2B receptors to
1 uM glutamate applied alone (black bars) and co-applied together with 15 uM EPA-But (red
bars). (B-C) Bar graphs show the degree of EPA-But (15 uM) potentiation of glutamate-
induced responses in GluN1/GIuN2B receptors with mutated GluN1 (B) or GluN2B (C)
subunit. The EPA-But potentiation assessments were performed at a glutamate concentration
corresponding to 38% of WT receptor response to 1 mM glutamate. The mean EPA-But
potentiation in WT receptors is indicated by the dashed lines. Data are presented as
mean + SEM (n=5-126). Red bars indicate significantly decreased EPA-But potentiation;
grey bars indicate significantly increased EPA-But potentiation (one-way ANOVA followed
by an unpaired t-test for single comparisons versus WT). & indicate receptors whose
glutamate affinity was significantly different from that in WT (Table 4.4). 1 indicate mutated
receptors that demonstrated spontaneous activity. (D) Ribbon diagram of the TMD of non-
activated rat GluN1/GluN2B receptor. The model of the non-activated receptor in the closed-
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pore confirmation was taken from (Cerny et al., 2019). The GluN1 subunit is coloured grey;
the GIuN2B subunit is coloured orange. Top, view from the extracellular side. Below, side
views of the TMD with a focus on the GIuN1(M4)/GluN2B(MI1) interface (4/1),
GluN2B(M1/M4) interface (1/4), and GluN2B(M4)/GluN1(M1) interface (4/1). Residues
whose replacement resulted in a reduction of the EPA-But effect are highlighted in red.

Next, we compared the impact of the mutations on EPA-But and PE-S potentiation.
No correlation was found between the effects of EPA-But and PE-S in mutated receptors
exhibiting significantly decreased potentiation of the responses to 1 uM glutamate by either of
the two steroids (Figure 4.16). This result supports the hypothesis that the sites of action for
EPA-But and PE-S at the NMDAR are partially or completely different.
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Figure 4.16. Correlation between the effects of EPA-But and PE-S on mutated NMDARs.
The mean potentiating effect of EPA-But (15 uM) plotted versus that determined for PE-S
(100 uM) at the mutated GluN1/GIuN2B receptors where the potentiating effect of either
EPA-But or PE-S was significantly diminished compared to WT. The EPA-But and PE-S
effects were evaluated in the presence of 1 pM glutamate. Empty circles indicate mutations
with diminished steroid effect; a filled circle indicate the WT receptors. A solid line signifies
a least-squares linear regression fit. Pearson product-moment correlation analysis indicated no
correlation (p > 0.05) between the effects of EPA-But and PE-S at mutated receptors. The
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dashed lines represent the mean potentiation produced by EPA-But and PE-S in WT
receptors.

4.3.5 In silico modelling of EPA-But binding at NMDAR

To delineate the EPA-But site of action at the NMDAR, we employed a two-step
molecular modelling procedure that had been previously developed to identify the site of
action for PE-S (Chapter 4.2.5). An open-state model of the rat GluN1/GluN2B receptor
(Cerny et al., 2019) was used for the analysis of the interaction between the receptor and
EPA-But. The initial molecular docking-based analysis of the steroid-receptor interaction
indicated four pairs of preferential interaction sites within the NMDAR TMD, with two pairs
— a pair at the GluN1(M1/M4) interface and a pair at the GluN2B(M1/M4) interface — were
similar to those previously predicted for PE-S (Chapter 4.2.5). The other two pairs of the
predicted  interaction  sites were in  the  GIuN1(M4)/GluN2B(M1) and
GluN2B(M4)/GluN1(M1) interfaces, respectively. Subsequent analysis of the interactions
between docking-predicted sites and the EPA-But molecule using MD simulation suggested
the presence of three pairs of stable interaction sites within the TMD. The indicated
interaction sites were formed by GIuN1(M4)/GluN2B(M1), GluN2B(M4)/GluN1(M1), and
GluN2B(M1/M4) interfaces (Figure 4.174-C).

As mentioned previously (Chapter 4.2.5), the GluN2B M1 and M4 helices move
against each other during the receptor activation thus spreading the cavity formed by the M1
and M4 helices of the GIuN2B subunit and the M3 helix of the GIuN1 subunit. The MD
simulation indicated that the EPA-But binding to the GluN2B (M1/M4) interface tightens the
interaction between the GluN2B M1 and M4 helices and the GluN1 M3 helix (Figure 4.17B),
stabilizing the open state of the channel. In addition, the simulation suggested that EPA-But
binding at the GluN1(M4)/GluN2B(M1) and GluN2B(M4)/GluN1(M1) interfaces results in
the altered orientation of the steroid-binding residues. The side chains of these residues are
oriented toward the channel pore in the absence of EPA-But. Upon EPA-But binding, these
residues form van der Waals contacts with the steroid, thereby reorienting their side chains
toward the steroid molecule (Figure 4.174,C). Overall, the accommodation of EPA-But
within the TMD leads to the stabilization of the open state and the expansion of the diameter

of the ion channel (Figure 4.17).
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Figure 4.17. The effect of EPA-But binding on the TMD arrangement. Ribbon structure
depicts the arrangement of transmembrane helices in the model of liganded GluN1/GluN2B
receptor with the open channel configuration (Cerny et al., 2019) in the presence and absence
of EPA-But. Interaction between the receptor and EPA-But molecule (green) was analysed
through molecular docking followed by a 100 ns-long MD simulation. Upper row, location of
the steroid-binding  GIuN1(M4)/GluN2B(M1) (4), GluN2B(M1/M4) (B), and
GluN2B(M4)/GluN1(M1) (C) interfaces at the NMDAR TMD. Middle row, the position of
the amino-acid residues (red sticks) in direct interaction with the steroid molecule (green).
Bottom row, superposition of the transmembrane helices of the NMDAR model in the open
state simulated in the presence and absence of EPA-But. The orientations of residue side
chains in the absence of the steroid are indicated by arrows.

4.3.6 EPA-But and PE-S effects on NMDARSs with disease-related mutations

Since our previous experiments indicated that EPA-But and PE-S sites of action on the
NMDAR only partially overlap, we assumed that these steroids may differently modulate the
activity of human GluN1/GluN2B receptors with disease-associated mutations. We screened

publicly available databases (https://www.ncbi.nlm.nih.gov/clinvar) and selected 9 de novo
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missense mutations in the hGluN1 subunit (P557A; E662K) and hGluN2B subunit (E413G;
R540H; N615I; A636P; E657G; D668N; R682C) associated with several neuropsychiatric
disorders, including epilepsy, developmental delay, intellectual disability, West syndrome,
intellectual disability, and autism spectrum disorders (Table 4.5). In addition, we evaluated
the effects of the steroids on receptors with disease-related hGIuN2B(V5581; W607C;
V618G; G820A; L825V) mutations previously characterized in Chapter 4.1 (Table 4.1; 4.5).
Electrophysiological assessment of WT and mutated receptor responses to 1 mM glutamate
revealed a significantly lower peak current densities in HEK293T cells expressing
hGIluN1(P557A; E662K)/hGluN2B and hGluN1/hGluN2B(E413G; V5581, W607C; N615I;
V618G; E657G; D668N; E807K; G820A) receptors in comparison to those expressing WT
receptors (Figure 4.18B). HEK293T cells transfected with hGluN1/hGluN2B(R540H; R682C;
L825V) receptors demonstrated similar current density as cells transfected with WT receptors
(Figure 4.18B). Virtually no current responses to 1 mM glutamate (<0.1 - pA/pF) were
detected in HEK293T cells transfected with hGluN1/hGIuN2B(A636P) receptors (Figure
4.18B). Generally, prior examinations indicated various defects in the function of mutated
receptors (Table 4.5).

The effects of EPA-But (15 uM) and PE-S (100 uM) at WT and mutated receptors
were evaluated upon co-application with glutamate (1 pM). No significant difference was
found between the degree of EPA-But potentiation in human and rat GluN1/GluN2B
receptors  (198+9% and 190+ 6%, respectively) (Figure 4.184,C). The
hGluN1/hGIuN2B(E413G; N615I; E657G; L825V) receptors demonstrated significantly
higher EPA-But potentiation in comparison to WT receptors (Figure 4.184,C). In contrast, the
hGIuN1(P557R)/hGIluN2B and hGluN1/hGluN2B(R540H; V5581; V618G; D668N; G820A)
receptors exhibited a significantly diminished EPA-But effect (Figure 4.184,C). The PE-S
effect was significantly increased at the hGIuN1(E662K)/hGluN2B and the
hGIuN1/hGIuN2B(N615I; E657G; E807K; L825V) receptors and significantly reduced at the
hGluN1/hGIluN2B(R540H; V5581; W607C; D668N; R682C; G820A) receptors in
comparison to WT (Figure 4.184,C). Although significantly altered effects of either EPA-But
or PE-S were observed in all tested receptor variants, a significant change in the effect of both
steroids was found in only 7 out of 14 receptor variants (Figure 4.18C). These results indicate
that steroids with a positive modulatory effect at the NMDAR may rectify the effect of loss-
of-function mutations in hGluN1 and hGluN2B subunits; however, the degree of the produced
potentiation depends on the steroid structure and the specific location of the mutated amino-

acid residues.
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Table 4.5 Selected de novo disease-associated mutations in GluN1 and GluN2B subunits and

their phenotypic profiles

Subunit | Mutation | Genotype Phenotype Functional properties

E; |I; |Glu ECsp; |Gly E
hGIuNT | P557R c.1670C>G | ID [1], epi [2] [ilsz]’ L5 1Glu ECse; [Gly ECso
hGIluN1 E662K c.1984G>A | ID, epi [3] 1Glu ECsp; |Gly ECsp; [P, [13]
hGluN2B | E413G | c.1238A>G | ID [4] ISE; |I; 1Glu ECso [14, 15]
hGIuN2B | R540H | c.1619G>A | ID, epi [5] [ilsf; lt]Glu ECs0; |Gly ECs0; TP

Iu ECsy, [4] but see [17]; [P

hGluN2B | V5581 c.1658C>T | ID [6, 7] [TIC;]u Cso, [4] butsee [17]; §

E; |I; 1Glu ECsp; 1Gly ECip;
hGluN2B | W607C | c.1821G>T | ID, DD [8] i}s) i1l7]’ 1Glu ECs0; 1Gly ECs0;
hGIuN2B | N6151 c.1844A>T | ID, WS [5] LLI; 1Glu ECsy [17] but see [16]
hGIuN2B | V618G | c.1853T>G | ID, WS, epi [5] | L [P0 [16, 17]
hGluN2B | A636P | c.1907C>T | ID [9] 1L[4]
hGluN2B | E657G | c.1970A>G | ID, DD [4] \T; |Glu ECsg; 1Gly ECs [17]
hGIuN2B | D66SN | ¢.2002G>G | epi, DSLD [10] | |Po; [18]
hGIuN2B | R682C | c.2044C>T | ID [4, 9] \Glu ECsy; |Gly ECsg [14]
hGluN2B | ES07K | c.2419G>A | ID [4] 1Glu ECsy; 1Gly ECsg; | Po [19]

ID, DD, GVL,
hGluN2B | G820A | ¢.2459G>C | DMD, ASD, epi | [1[17]; |Po [20]
[4]

hGIuN2B | L825V | c2473T>G | ASD [11] 1P, [17]

Note: | reduced or 1 increased surface expression (SE), peak current responses (I), glutamate
ECsy (Glu ECsp), glycine ECsy (Gly ECsp), or open probability (P,). Abbreviations: ID -
intellectual disability; epi - epilepsy; DD - developmental delay; WS - West Syndrome;
DSLD - delayed speech and language development; GVL - generalized cerebral volume loss;
DMD - Dyskinetic Movement Disorder; ASD - Autism Spectrum Disorder. [1] (Redin et al.,
2014); [2] (Ohba et al., 2015); [3] (Hamdan et al., 2011); [4] (Platzer et al., 2017); [5] (Lemke
et al., 2014); [6] (Hamdan et al., 2014); [7] (Lelieveld et al., 2016); [8] (Yavarna et al., 2015);
[9] (Freunscht et al., 2013); [10] ClinVar; [VCV000373930.1],
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000373930.1; [11] (Awadalla et al.,
2010); [12] (Ogden et al., 2017); [13] Unpublished data: hGluN1(E662K)/hGluN2B receptors
are characterized by elevated glutamate ECsy reduced glycine ECs), and reduced open
probability in comparison to WT receptors; [14] (Swanger et al., 2016); [15] (Wells et al.,
2018); [16] (Mullier et al., 2017); [17] (Vyklicky et al., 2018); [18] Unpublished data:
hGluN1/hGluN2B(D668N) receptors are characterized by similar glutamate ECsy, reduced
glycine ECsy, and reduced open probability in comparison to WT receptors; [19] Unpublished
data: hGIuN1/hGluN2B(E807K) receptors are characterized by elevated glutamate and
glycine ECsy, and reduced open probability in comparison to WT receptors; [20] (Amin et al.,
2018).
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Figure 4.18. Glutamate and steroid effects on hGluN1/hGluN2B receptors with disease-
associated mutations. (4) Representative responses of WT, hGluN1/hGluN2B(V558I), and
hGluN1/hGIluN2B(L825V) receptors to glutamate (1 uM) alone and in the presence EPA-But
(15 uM) or PE-S (100 uM). Duration of glutamate, EPA-But, and PE-S application is
indicated by black, red, and empty bars, respectively. The inset shows the location of mutated
amino-acid residues. (B) Bar graph shows the mean current density + SEM of WT and
mutated receptors. T signifies the receptors that exhibited no detectable currents; * signifies a
statistical difference compared to WT receptors (one-way ANOVA followed by Mann—
Whitney rank sum test for single comparisons versus WT). (C) Bar graph represents steroid
effects on glutamate-induced responses of WT and mutated receptors. 15 pM EPA-But (filled
bar) or 100 uM PE-S (empty bar) was applied in the presence of 1 uM glutamate. Data are
presented as mean + SEM. The dotted line represents the mean EPA-But and PE-S effect in
WT receptors.
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5 Discussion

5.1 Functional and pharmacological properties of disease-associated de novo

mutations in the hGluN2B subunit

Thanks to recent advances in high-throughput DNA sequencing, numerous mutations
in GRIN genes were associated with various neuropsychiatric disorders (Burnashev &
Szepetowski, 2015; Hu et al., 2016; Soto et al., 2014). However, the impact of disease-
associated GRIN mutation on the receptor function is often unknown or has been analysed
only partially (Ogden et al., 2017; Platzer et al., 2017; Swanger et al., 2016; Yuan et al.,
2014). In the current study, we studied 10 de novo hGRIN2B mutations found in patients with
intellectual disability, developmental delay, autism spectrum disorder, West syndrome, and
epilepsy. We explored several mechanisms underlying the dysregulation of mutated receptors,
including changes in receptor surface expression, agonist sensitivity, desensitization, and P,,.
In addition, we demonstrated the potential of neuroactive steroids PE-S and AND-hSuc to
relieve the negative consequences of certain mutations. Investigation of the effect of disease-
associated hGluN2B mutations on the receptor surface expression and function is crucial to
the understanding of the role of these mutations in the pathology of neuropsychiatric disorders
(McRae et al., 2017). Since the GluN2B subunit predominates during early development,
GluN2B mutations may have a profound effect on embryonic neurogenesis and neuronal
circuit formation. Therefore, establishing a direct connection between the effect of a mutation
on receptor function and its clinical outcome may be complicated.

The GIuN2B(P553; V558) residues are located within the pre-M1 and M1 helices,
respectively (Figure 4.1; 5.14) (Karakas & Furukawa, 2014; Sobolevsky et al., 2009). These
regions are structurally coupled with the LBD and have been suggested to play an important
role in channel gating (Alsaloum et al., 2016; Lee et al., 2014). Despite the fact that the P553
and V558 residues are located close to each other in the GluN2B subunit, the consequences of
mutations in these residues on the receptor function differed widely. Thus,
hGluN1/hGIuN2B(P553L) receptors showed virtually no response to glutamate (Figure 4.2B).
In contrast, hGluN1/hGluN2B(V558]1) receptors responded to 1 mM glutamate with a current
amplitude similar to WT even though these receptors demonstrated increased desensitization
and reduced P, (Figure 4.2B; 4.4F). Since the hGluN2B(P553L) mutation does not change
(Figure 4.2D) or only moderately decreases receptor surface expression (Ogden et al., 2017),
it is clear that the absence of responses to 1 mM glutamate in receptors with this mutation is a

result of disturbed functional properties rather than impaired surface expression. Likely, the
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absence of glutamate currents in hGluN1/hGluN2B(P553L) receptors is a consequence of
profound desensitization. Thus, the P553 residue is part of the so-called “hydrophobic box”, a
highly conserved motif that is of critical importance for the control of NMDAR
desensitization (Alsaloum et al., 2016). Consistent with this, profound (98.5%) desensitization
was observed in rat NMDAR with GIluN2A(P552R) mutation (Ogden et al., 2017), which is
homologous in position to the P553 residue in the hGluN2B subunit. In addition, the
comparison of the responses of hGluN1-4a/hGluN2B and hGIluN1-4a/hGluN2B(P553L)
receptors also indicated that the hGluN2B(P553L) mutation leads to greater receptor
desensitization (Fedele et al., 2018). Enhanced desensitization in hGluN1/hGluN2B(V558I)
receptors is in line with the results of previous studies that showed that the pre-M1 and M1
regions play a key role in fast glycine- and Ca*"-independent desensitization of NMDARs
(Krupp et al., 1998; Thomas et al., 2006; Alvaro Villarroel et al., 1998). In addition, this
region has been demonstrated to affect the receptor P, (Ogden et al., 2017).

To assess the structural effects of disease-associated mutations, we employed the
homology model of the liganded NMDAR 1in the pre-open state (Vyklicky et al., 2015), based
on the crystal structures of the GluN1/GluN2B receptor (Karakas & Furukawa, 2014; Lee et
al., 2014). In the pre-open state, the pre-M1 helix is located in the space between the
extracellular ends of the M1 and M4 helices (Figure 5.14). Upon receptor activation, the pre-
M1 helix is involved in the transduction of the mechanical signal from the conformational
change in the ligand-bound LBD to the pore-lining M3 helix, and then to the M1 and M4
helices. This mechanism implicates the interaction between hGIuN2B(P553) and the M3
residues hGIuN2B(L650; F653). The structural model proposed by (Fedele et al., 2018)
complements our model and suggests the interaction between hGIuN2B(P553) and
hGIuN2B(N549). The MD simulation indicates that the hGluN2B(P553L) mutation leads to
the elimination of the pre-M1 linker resulting in the formation of a near-continuous M1 helix
(Figure 5.1B). The hGIuN2B(V558) residue interacts with nearby hydrophobic residues of the
M3 helix. The MD-based prediction indicates that the hGluN2B(V558I) mutation stabilizes
the interaction between these residues and promotes the reorientation of the pre-M1 helix,

therefore weakening the interaction between the M1 and M4 helices (Figure 5.1C).
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Figure 5.1. Effects of the GluN2B(P553L; V558]) mutations on the TMD structure. (4) Side
view on the homology model of the TMD of the hGluN1/hGluN2B receptor. The homology
model was created based on the available NMDAR crystal structures (Karakas & Furukava,
2014; Lee et al., 2014). Amino-acid residues in this study are labelled in green. The van der
Waals bond between hGIuN2B residues L551 and M824 which is essential for the proper
structural organisation of the pre-M1, M1 and M4 helices, is depicted in light green. Right,
top view from the extracellular side. (B) The helical organisation of the TMD in WT (light
colours) and GluN1/hGluN2B(P553L) receptors (deep colours). MD analysis indicates that
the hGluN2B(P553L) mutation leads to the disruption of the contact between the hGluN2B
residues L551 and M824 resulting in the prolongation of the helical structure in the pre-M1
domain. (C) The helical organisation of the TMD in WT (light colours) and
GluN1/hGluN2B(V558]I) receptors (deep colours).

The substituted cysteine accessibility method (SCAM) analysis of the M2 helix
indicated that the hGIuN2B(W607; V618) residues are exposed to the central vestibule of the
NMDAR (Kuner et al., 1996). Our results indicated that both hGIluN2B(W607C) and
hGluN2B(V618G) mutations result in reduced responses to 1 mM glutamate and lower P,. In
addition, hGluN1/hGluN2B(W607C) receptors exhibited reduced surface expression and
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lower affinity to both agonists (Figures 4.2B,F; Table 4.2). Since the W607 and V618
residues are part of the selectivity filter region, they are believed to be involved in Mg*"
binding (Williams et al., 1998). This hypothesis was supported by the results of our
experiments that indicated a considerably decreased Mg®" sensitivity in both
hGIuN1/hGluN2B(W607C) and hGluN1/hGluN2B(V618G) receptors (Vyklicky et al., 2018).
These results are in line with the results reported by other studies (Fedele et al., 2018; Mullier
etal., 2017).

B hGIuN2B(W607C)

M2 V618 M2

Figure 5.2. Effects of the GluN2B(W607C; V618G) mutations on the TMD structure. (4)
The helical organisation of the TMD of WT hGluN1/hGluN2B receptors. The van der Waals
contact between the residues W607 and R630 is indicated in light green. (B) MD prediction of
the TMD organization in WT (light colours) and hGluN1/hGluN2B(W607C) (deep colours)
receptors. The hGIuN2B(W607C) mutation leads to a weakening of the interaction between
the residues V618 and R630 of the GIuN2B, therefore affecting the arrangement of the
GluN2B M2 and M3 helices. (C) The homology model of the GluN1/hGIluN2B receptor ion
permeation pathway was based on the crystal structure of the KcsA potassium channel (Zhou
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et al., 2001). The van der Waals contact between the hGluN2B residues L608 and V618 (light
green) stabilizes the orientation of the hGluN2B(M2) helix in the permeation pathway. (D)
MD  prediction of the TMD organization in WT (light colours) and
hGIluN1/hGIluN2B(V618G) (deep colours) receptors. The hGIuN2B(V618G) mutation
disrupts the interaction between hGIluN2B(V618) and hGluN2B(R630) therefore altering the
orientation of the M2 helix.

To reveal the structural consequences of these mutations, we employed our previously
developed model for the GluN1/GIuN2B receptor with an open extracellular vestibule
(Vyklicky et al., 2015). The comparison of NMDAR models in the pre-open and open states
indicated no considerable differences in the structures of the selectivity filter and extracellular
parts of the M1, M3, and M4 helices (Figure 5.24). Our NMDAR model is in line with
previous studies estimating the selectivity filter diameter as 6.0 A (Vyklicky et al., 1988),
5.5 A (Villarroel et al., 1995), and 4.5 x 5.7 A (Zarei & Dani, 1995) and agrees with the
estimates for the extracellular vestibule diameter of 7.3 A (Villarroel et al., 1995). The
hGIuN2B(W607) residue was indicated to interact with the M1 residue hGIuN1(R630)
(Figure 5.2B). The van der Waals interaction between these residues supports the proper
orientation of the M2 helices with respect to their surroundings. The MD simulation predicted
that the hGluN2B(W607C) mutation leads to a weakening of this interresidual interaction
resulting in an altered orientation of the M2 helix (Figure 5.2B8). The hGluN2B(V618) residue
interacts with hGluN2B(L608), supporting the correct orientation of the adjacent carboxyl
groups within the selectivity filter (Figure 5.2C). In turn, the hGluN2B(V618G) mutation
results in the reorientation of the backbone carboxyl groups and hence is likely to impair ion
selectivity and the effectiveness of ion conduction (Figure 5.2D).

The absence of current responses to 1 mM glutamate in hGluN1/hGluN2B(S628F)
receptors was accompanied by, and likely resulted from, a severe reduction in the surface
expression (Figure 4.1F). The hGluN2B(S628) residue is conserved in all GluN2 subunits and
is located within the intracellular part of the M3 helix (Figures 4.1; 5.24). A previous study by
our laboratory demonstrated that the GIuN2B M3 residues (W635; S645; Y646; and T647)
are involved in the control of NMDAR surface expression (Kaniakova et al., 2012). Based on
this, it can be speculated that the reduction in surface expression of hGluN1/hGluN2B(S628F)
receptors may be controlled by the same or similar mechanisms as those for the indicated M3
residues.

The MD analysis of the hGIuN2B(S628F) mutation indicates that the substitution of a

polar and relatively small serine with a bulky and non-polar phenylalanine results in steric
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hindrance affecting the interaction with the M1 helix and altering the structural organization
of the TMD (Figure 5.3B). These structural distortions may be the reason behind the
exclusion of hGluN1/hGluN2B(S628F) receptors from surface expression.

Despite normal surface expression, hGluN1/GluN2B(E567G) receptors displayed
decreased current responses to 1 mM glutamate (Figure 4.1B). These results imply that the
mutation leads to severe impairments in receptor function. The GIuN2B(E567) residue is
located within the M3-S2 linker and is conserved among the GIluN2, GluK, and GluA
subunits. The M3-S2 linker couples agonist-binding induced structural changes in the LBD
with the M3 helix and therefore plays a crucial role in channel gating (Sobolevsky et al.,
2004). Because of this, mutations in the M3-S2 linker may have a dramatic impact on
receptor function and can result in impaired transmission of the signal from agonist binding to
receptor activation leading to reduced Po (Kazi et al., 2014). Due to the lack of information
about electron density in the available crystal structures (Karakas & Furukawa, 2014; Lee et
al., 2014), the data about the location of residues within the linker regions are not available.
Hence, we simulated the structure of the M3-S2 linker with computational methods. The

obtained results indicate the mutation GluN2B(E567G) leads to the closing of the ion channel

due to the interactions between the GIuN2B(G567) and adjacent residues from the M3 helix
(Figure 5.3C).

B hGIuN2B(S628F) C hGIuN2B(EG57G)

. hGIuN1 D G

Figure 5.3. Effects of the hGIuN2B(S628F; E657G) mutations on the TMD structure. (4) The
homology model shows the helical organisation of the TMD in hGluN1/hGluN2B receptors.
The homology model was based on the NMDAR crystal structures (Karakas & Furukava,
2014; Lee et al., 2014). MD simulation indicates several interhelical interactions that
resemble a leucine zipper-like motif. A van der Waals contact between the V576 and S628
residues of hGluN2B is indicated in light green. (B) The arrangement of the TMD in WT
(light colours) and hGluN1/hGluN2B(S628F) receptors (deep colours). MD indicates that the
hGIuN2B(S628F) mutation leads to an increase in the distance between the M1 and M4
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helices. (C) The arrangement of the TMD in WT (light colours) and
hGIluN1/hGIuN2B(E657G) receptors (deep colours). MD simulation indicates that the
hGluN2B(E657G) mutation leads to a shrinking of the ion permeation pathway as a result of
disrupted interaction along the M3-S2 linker of the hGluN2B subunit.

Despite the fact that the surface expression of hGluN1/ hGluN2B(G820A; G820E; and
MS824R) receptors was similar to or even higher than that of WT, the responses of these
receptors to 1 mM glutamate were reduced dramatically (Figure 4.1B,F). These results
indicate severe functional impairments; however, the negligible amplitude or absence of
current responses of these receptors precluded a detailed analysis of the functional
consequences of indicated mutations. A more recent study (Amin et al., 2018) reported that
GluN1/hGluN2B(G820A) receptors have a dramatically reduced P, and accelerated
deactivation. The hGluN1/hGluN2B(L825V) receptors responded to 1 mM glutamate with the
same current amplitude as WT receptors even though their P, was 7-fold lower (Figures 4.1B;
4.4).

The hGluN2B(G820; M824; and L825) residues are located in the upper part of the
M4 helix and are conserved across all GluN2 subunits (Figure 4.1; 5.44). Several studies
imply an important role of the M4 helix in the control of NMDAR gating (Amin et al., 2021;
Premo et al., 2021). Our model indicates interaction between the hGIuN2B(L825) and
hGIluN1(M639) residues upon receptor liganding (Figure 5.4B). The hGIluN2B(L825V)
mutation impairs the interaction between these residues. However, the structural
consequences of this mutation are not clear (Figure 5.4B). In fully liganded receptors, the
hGluN2B(M824) residue interacts with the pre-M1 residue hGluN2B(L551) (Figure 5.4F). In
mutated hGluN1/hGluN2B(M824R) receptors, this interaction is disrupted (Figure 5.4F),
resulting in a mutual displacement of the M1 and M4 helices that is likely to make the
transduction of the mechanical signal from the LBD to the TMD less effective. The
hGluN2B(G820) is located at the very end of the M4 helix and plays a role as a hinge
providing structural flexibility to the M4 helix allowing the extension of the S2-M4 linker
during receptor activation (Figure 5.4C-D). When the channel is open, hGluN2B(G820) is
located in proximity to the pre-M1 residue GluN2B(L547) and is likely to interact with this
residue (Amin et al.,, 2018). The hGIuN2B(G820A) and hGIluN2B(G820E) mutations
decrease the flexibility of the upper part of the M4 helix preventing the structural

rearrangements necessary for the channel opening (Figure 5.4C-D).
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Figure 5.4. Effects of the GluN2B(L825V; G820E; G820A; and G824R) mutations on the
TMD structure. (4) The homology model shows the structural organisation of the
hGluN1/hGIluN2B receptor TMD. The homology model was based on the NMDAR crystal
structures (Karakas & Furukava, 2014; Lee et al., 2014). MD simulation indicated that a van
der Waals contact between the hGluN1(F639) and hGluN2B(L825V) residues stabilizes the
interaction between the helices hGIluN1 M3 and hGluN2B M4. (B) The arrangement of the
TMD in WT (light colours) and hGluN1/hGluN2B(L825V) receptors (deep colours). The
hGIluN2B(L825V) mutation weakens the van der Waals contact with hGIuN1(F639) resulting
in increased distance between hGIuN1 M3 and hGluN2B M4. (C-D) The arrangement of the
TMD in WT (light colours), hGluN1/hGluN2B(G820E) (C, deep colours), and
GluN1/hGluN2B(G820A) receptors (D, deep colours). As the last residue of the M4 helix,
G820 is important for the extension of the S2-M4 linker upon the LBD reorientation. (E) The
arrangement of the TMD in WT (light colours) and hGluN1/hGluN2B(M824R) receptors
(deep colours). Upon ligand binding, the hGluN2B(M824) residue forms contact with the pre-
M1 residue hGluN2B(L551). The hGluN2B(M824R) mutation leads to the disruption of the
contact with hGluN2B(L551) inducing a mutual displacement of the M1 and M4 helices and
decreasing the efficiency of transduction of the mechanical signal from the LBD.

Compounds that enhance the NMDAR P, such as the potentiating neurosteroid PE-S
(Horak et al., 2004), appear to be promising therapeutics to compensate for the effect of loss-

of-function mutations associated with the reduction of the receptor P,. In this study, we
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explored the potential of PE-S and its more potent synthetic analogue AND-hSuc to correct
the impaired function of hGIuN1/hGluN2B receptors harbouring the disease-associated
hGluN2B mutations described above. The steroids potentiated glutamate-evoked responses of
hGIuN1/hGIluN2B(V558I; W607C; V618G; and G820A) receptors to approximately the same
extent as the responses of WT receptors. In hGluN1/hGIuN2B(L825V) receptors, the degree
of potentiation produced by the steroids was significantly higher than that in WT receptors.
These results indicate the potential of PE-S and AND-hSuc as personalized medicine to treat
the negative effects of this loss-of-function mutation. Moreover, it is credible that the
potentiating effect is not limited to mutations in the TMD, since the responses of NMDARs
with LBD mutations, such as GIuN2A(V685G) and GluN2A(D731N), have been also shown
to be potentiated by PE-S (Swanger et al., 2016).

For the full manifestation of mutation-induced impairments in receptor function,
patients must be homozygous for the given mutation. However, this situation is very unlikely
for de novo mutations, so the majority of patients are heterozygous for the mutation. If only
one allele is mutated, 50% of all expressed GIuN2B subunits will be mutated; in these
circumstances 25% of hGIluN1/hGluN2B receptors will be unmutated, 50% of
hGIluN1/hGluN2B receptors will harbour a mutation in one hGluN2B subunit, and 25% of
hGIluN1/hGIluN2B receptors will harbour a mutation in both GIuN2B subunits.

To estimate the effect of a mutation on receptor activity, we may use as an example a
GluN2 mutation that reduces the receptor P, from 10% (in WT receptors) to 1% (in receptors
with both GluN2 subunits mutated). Using Mendel’s law of dominance and uniformity, we
may approximate that the overall activity of receptors will be reduced to 77.5, 55.0, and
32.5%, respectively. These results indicate that for the full compensation for the mutation-
induced impairments, a pharmacological agent may potentiate the receptor responses 1.3-fold,
1.8-fold, and 3.1-fold, respectively. However, these are only rough approximations of the
effect of mutations on receptor function, which do not take into account the fact that a
significant portion of NMDARs in the brain are triheteromers containing different types of
GIluN2 or/and GIluN3 subunits (Monyer et al., 1994; Pérez-Otaio et al., 2016; Stroebel et al.,
2018). Therefore, further studies are needed for a better understanding of the association

between loss-of-function mutations in the NMDAR and their clinical outcomes.

5.2 Identification of the site of action for pregnenolone sulfate at the NMIDAR

In the current study, we identified a particular group of residues within the TMD of the
GIuN1/GIluN2B receptor that comprise the positive allosteric modulatory site for PE-S. A
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variety of compounds from different structural groups produce positive allosteric modulation
of NMDARSs by increasing the receptor agonist sensitivity and/or by improving their efficacy
(Hackos & Hanson, 2017). Several steroids with structural similarity to PE-S, such as androst-
S5-ene and pregn-5-ene dicarboxylic acid esters, have been demonstrated to potentiate
NMDAR currents 0.5-4.5-fold with the binding affinity varying in the range of 2-151 uM
(Krausova et al., 2018). Supposing that charged potentiating steroids act at the same or
overlapping site, it is probable that this site of action can accommodate steroids with large
substituents without clear structural preferences for the residues at the C3 and C17 carbons of
the core structure.

Despite the similarity in the molecular structure of various naturally-occurring sulfated
neurosteroids and sterols, these compounds differently modulate NMDAR function. PE-S
produces mixed effects at the NMDAR: a disuse-dependent potentiating effect and a use-
dependent inhibitory effect; however, the potentiating effect of the steroid predominates at
GluN1/GIluN2A and GluN1/GluN2B receptors (Bowlby, 1993; Gibbs et al., 2006; Horak et
al., 2004, 2006; Malayev et al., 2002; Wu et al., 1991). In contrast, PA-S is a use-dependent
NMDAR NAM whose site of action is located at the outer vestibule of the ion channel (Park-
Chung et al., 1994; Petrovi¢ et al., 2005; Vyklicky et al., 2015). Although the site of action for
sterols at the NMDAR is not clear, it is likely to be located within the TMD (Hackos &
Hanson, 2017; Korinek et al., 2015; Paul et al., 2013). The inability of PE-S treatment to
compensate for the consequences of cholesterol depletion (Figure 4.7D) as well as the fact
that 24(S)-HC and PE-S effects do not occlude (Linsenbardt et al., 2014) suggest that PE-S
and sterols act at different sites at the NMDAR. In addition, experiments on chimeric
receptors combining different NMDAR and KAR domains indicated distinct domain demands
for PE-S- and 24(S)-HC-induced potentiation. Whereas the availability of both the TMD and
LBD from the NMDAR was needed for PE-S potentiation, the 24(S)-HC potentiation
required only the NMDAR TMD (Wilding et al., 2016).

Our experiments showed that alanine substitutions of the GIuN1(G638; 1642) and
GIuN2B(W559; M562; Y823; M824) residues result in a substantial reduction of PE-S
potentiation (Figure 4.8; 4.10), indicating that these residues are likely to comprise the
steroid-binding site. This assumption is supported by several findings. First, these residues are
co-located at the GluN2B M1/M4 interface in proximity to each other and were predicted by
MD simulation to form van der Waals interactions with the PE-S molecule (Figure 4.10;
4.11). Second, the comparative analysis of the NMDAR models in an open and closed
channel state (Figure 4.11) suggests that, upon channel opening, the GIuN2B M1/M4
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interface is subjected to structural rearrangements leading to a reduction in PE-S binding
affinity, in line with the disuse-dependent action of PE-S (Horak et al., 2004). Finally, the
indicated GluN2B subunit residues are conserved among GluN2 subunits but share almost no
homology to the GIuN3A subunit (Figure 4.104). This finding is in line with the fact that PE-
S potentiates the responses of conventional NMDARs but not the GIuN3A subunit-containing
NMDARSs (Horak et al., 2006; Jang et al., 2004; Kostakis et al., 2011; Malayev et al., 2002).

The suggested steroid-binding site within the cavity enclosed by the GluN1 M3 and
GIuN2B (M1; M4) helices is subjected to conformational rearrangements upon channel
opening. The MD simulation indicated that the steroid binding affects these conformational
rearrangements facilitating the GluN2B M4 helix rotation during the receptor activation
(Figure 4.11). In addition, the interaction with the PE-S molecule leads to a tightening of the
interaction between the GluN1(I642) and GIuN2B(W559) residues (Figure 4.11). Since the
GluN1(1642) residue is located within the pore-lining M3 helix, it seems reasonable to assume
that this interaction underlies the mechanism by which PE-S increases the NMDAR P, (Cerny
et al., 2019; Horak et al., 2004). Upon the steroid unbinding, the GluN2B M4 helix returns to
its ordinary position moving the GluN2B(M824) residue closer to the GluN2B(W559) residue
(Figure 4.11). As a result, these residues form a van der Waals contact with each other
therefore impeding proper accommodation of the steroid molecule in the binding pocket. This
mechanism sheds light on the disuse-dependent potentiating effect of PE-S (Horak et al.,
2004).

Several lines of evidence indicate that the negative allosteric modulatory site is likely
to be distinct from the site characterized above. Thus, the potentiating and inhibitory effects
of PE-S differ in their mechanisms: whereas PE-S potentiation is disuse-dependent, PE-S
inhibition is use-dependent (Horak et al., 2004). Moreover, alanine substitution of
GluN2B(Y823; M8&24) residues abolishes the potentiating but not the inhibitory effect of PE-
S (Figure 4.11). The results of a recent alanine-scanning study indicated that the GluN1 M4
helix is a potential negative allosteric modulatory site for PE-S (Langer et al., 2021). In
addition, the previously identified binding site for inhibitory steroids at the extracellular
vestibule of the ion channel is also likely to be a negative allosteric modulatory site for PE-S
(Vyklicky et al., 2015). However, additional experiments may be required to clarify the site(s)
and mechanisms of NAM action of PE-S.

Numerous neuropsychiatric disorders are linked to NMDAR hypofunction, including
ASD, epilepsy, schizophrenia, intellectual disability, and developmental delay (Hansen et al.,

2021). For example, several de novo disease-associated mutations were associated with
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decreased NMDAR expression or impaired function of the receptors (Kehoe et al., 2013;
Ogden et al., 2017; Platzer et al., 2017; Vyklicky et al., 2018; Wells et al., 2018). Therefore,
there is considerable interest in NMDAR PAMs, such as PE-S, as pharmacological tools to
correct NMDAR hypofunction. Thus, the evaluation of the PE-S effect on human NMDARs
with disease-associated hGIuN2A(V685G; D731N) and hGIluN2B (L825V) mutations
demonstrated that the steroid produces a much stronger potentiation of mutated receptors in
comparison to WT, suggesting the potential of PE-S for use in personalized medicine
(Swanger et al., 2016; Vyklicky et al., 2018). Moreover, the identification of sites of action
for PE-S and better understanding of mechanisms underlying the potentiating effect of the
steroid is pivotal for further design of novel potentiating neurosteroid-like compounds to treat

disorders associated with NMDAR hypofunction.

5.3 Structure requirements for potentiating neuroactive steroids

In this study, we demonstrated that C3-substituted derivatives of pregnanolone exhibit
a positive allosteric modulatory effect at NMDAR. Despite the common structural features
and similarities in the on- and off-kinetics of EPA-But and PE-S, the potentiating effects of
these steroids at GIuN1/GluN2B receptors are additive. In addition, no correlation was
observed between the effects of EPA-But and PE-S on receptors with the TMD mutations that
decreased the potentiation of either of the two steroids and the steroids differently modulated
the activity of hGluN1/hGIuN2B receptors with different disease-associated mutations. The
results of alanine screening mutagenesis and in silico modelling indicated three interaction
interfaces for EPA-But at the GluN1/GluN2B receptor. These interaction interfaces are
formed by residues at the upper parts of the GIuN1(M4)/GluN2B(Ml),
GluN2B(M4)/GluN1(M1), and GIluN2B(M1/M4) helices.

Although the structural principles determining the modulatory effect of steroids at the
NMDAR are not fully understood, several studies indicated that steroids with a “planar”
molecule potentiate the NMDAR function, whereas steroids with a “bent” molecule inhibit
the NMDAR function (Borovska et al., 2012; Korinek et al., 2011; Kudova et al., 2015; Park-
Chung et al., 1994; Stastna et al., 2009; Weaver et al., 2000; Wu et al., 1991). However, our
results demonstrated that derivatives of the endogenous inhibitory steroid PA-S, such as PA-
But and EPA-But, can potentiate NMDAR function despite the “bent” shape of the steroid

molecule (Wu et al., 1991). Interestingly, EPA-But was similar to the “planar” neurosteroid
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PE-S in terms of a disuse-dependent positive allosteric effect at the NMDAR (Horak et al.,
2004).

Our findings indicated that the NMDAR harbours several separate sites of action for
different steroids. The site of action for inhibitory steroids, such as PA-S, is within the outer
vestibule of the ion channel (Vyklicky et al., 2015), whereas the site of action for PE-S is
located at the interface formed by transmembrane GluN2B(M1/M4) helices (Krausova et al.,
2020). The results of mutagenesis experiments together with MD simulation indicated that in
addition to the site of action at the GluN2B(M1/M4) interface, the TMD contains two extra
pairs of sites of action for EPA-But, which are distinct from those for PE-S (Krausova et al.,
2020). Despite the site of action at the GluN2B(M1/M4) interface being generally similar for
EPA-But and PE-S, binding modes and predicted mechanisms of action differ between the
steroids (Figure 5.5). PE-S firmly interacts with and supports the rotation of the GluN2B(M4)
helix. In addition, PE-S tightens the interaction between the GluN2B(M4) and GluN1(M3)
helices by direct interaction with M3 residues and through GIuN2B(M824)-mediated
contacts. In contrast to EPA-But, PE-S forms contact with the GluN2B(Y823) residue. The
EPA-But molecule intercalates between the residue GluN2B(W559) of the M1 helix and the
residue GluN2B(M824) of the M4 helix (Figure 5.54). The C-17 acetyl group of EPA-But
interacts with the GluN1(M634) and GIluN2B(W610) residues (Figure 5.54).

It is necessary to mention that the experimental and in silico characterization of the
EPA-But binding site is challenging because of several technical issues. GRIN genes have a
low residual variation intolerance score, which indicates a very low tolerance to mutations of
NMDARs (Petrovski et al., 2013; Traynelis et al., 2017). Hence, it is not surprising that even
a single amino-acid substitution in the NMDAR often dramatically affects receptor function.
Moreover, even substitutions in the same residue may result in distinct functional and
structural consequences. On the other hand, the identification of specific residues involved in
EPA-But binding with in silico analysis is also arduous, since the predicted EPA-But binding
site is constituted by mostly hydrophobic residues and the van der Waals forces involved in
the steroid binding are not directional and the side-chain confirmation can dynamically
change. Nevertheless, the residues that are predicted to be within 4 A of the steroid molecule
include a substantial fraction of the experimentally identified residues (Figure 4.10; 5.54). In
general, in silico analysis explains the results of alanine scanning mutagenesis well, including
the distinctions between the effects of residue substitution on EPA-But and PE-S potentiation.
For example, the GIuN2B(L566) residue was experimentally shown to be important for EPA-

But potentiation (Figure 4.10) but is too remote from the binding site to interact with the
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steroid directly. The results of in silico analysis indicated that the interaction between the
GIluN2B(L566) and the steroid is mediated by the GluN2B(W610) residue. Nonetheless, the
analysis of the role of the residues within pre-M1 and M2 helices is complicated due to the
severe adverse effects of mutation in these regions on receptor function.

The divergence in the EPA-But and PE-S binding sites results in a considerable
difference in the effects of the steroids in ceratin disease-related receptor variants. Thus,
hGluN1/hGluN2B(E413G) receptors demonstrated increased EPA-But potentiation, but the
PE-S effect in these receptors was not changed. In contrast, hGluNI1(E662K) and
GIluN2B(E807K) mutations resulted in enhanced PE-S potentiation but did not change the
degree of EPA-But potentiation significantly (Figure 4.7). These findings indicate the
development of novel steroid-based PAMs as a promising approach to revert NMDAR

hypofunction in specific disease-associated variants.
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Figure 5.5. Binding modes for EPA-But and PE-S at the GluN2B(M1/M4) interface. Ribbon
structure shows the arrangement of M1-M4 helices in the model of the GluN1/GluN2B
receptor in the open state (Cerny et al., 2019). The GluN1 subunit is labelled in grey colour
and the GluN2B subunit is labelled in orange colour. The EPA-But (green) (4) and PE-S
(cyan) (B) binding were modelled by docking followed by MD simulation. Residues which
have been experimentally identified as important for the steroid-induced potentiation are
labelled in red colour. (C) Superimposition of the orientation of EPA-But and PE-S molecules
within the GluN2B(M1/M4) interface. The Y823 residue does not interact with EPA-But but
interacts with PE-S.

The EPA-But binding site is likely to be in proximity to or even overlap with that for
tetrahydroisoquinolines. Thus, the proposed binding site for CIQ, a tetrahydroisoquinoline
derivative that acts as PAM at GluN2C- and GluN2D- containing NMDARSs, is located at the
GluN2D(M1) helix (Mullasseril et al., 2010; Ogden & Traynelis, 2013). Alanine substitution
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of GIuN2D(V582; W583; V588; L591) residues resulted in a diminished CIQ potentiation
(Ogden & Traynelis, 2013); similarly, the substitution of homologous GIuN2B residues
(V558; W559; V564; L567) decreased the degree of EPA-But-induced potentiation
(Figure 4.10). The binding site for another tetrahydroisoquinoline NMDAR PAM, EU1180—
55, is located at the GIluN1(M4)/GluN2D(M1) interface (Strong et al., 2021). The
GluN1(G567A; V572A) and GIuN2B(A556T; V558A; L567A) mutations shifted the
EU1180-55 and EPA-But potentiating effects in the same direction (Kysilov et al., 2022;
Strong et al., 2021). However, the substitution of the GIuN1(L562; L564; L565) residues that
were shown to be important for the EU1180-55 effect did not significantly affect EPA-But
potentiation. Vice versa, alanine substitution of the GluN1(V570) and GluN2B(M562; V564)
residues enhanced the EU1180-55 effect but decreased the EPA-But effect (Kysilov et al.,
2022; Strong et al., 2021).

The location of binding sites for other classes of NMDAR PAMs seems to be distinct
from those for steroids. Pyrrolidinones, which are selective PAMs of GIuN1/GluN2C
receptors, bind to the pocket formed between the ATD and LBD of the GIuN2C subunit
(Kaiser et al., 2018; Khatri et al., 2014; Zimmerman et al., 2014). The binding sites for
naphthalenes and phenanthrenes, which comprise another class of subunit-selective NMDAR
PAMs, are located within the LBD (Costa et al., 2010; Irvine et al., 2012). The proposed
positive allosteric modulatory site for polyamines is located at the interface between the lower
lobes of GluN1 and GluN2B ATDs (Mony et al., 2011; Tomitori et al., 2012; Traynelis et al.,
1995). A thiazolopyrimidinone derivative GNE-9278 is an NMDAR PAM that enhances
glycine and glutamate potencies and slows receptor deactivation. Mutagenesis experiments
suggested that the binding site for GNE-9278 is located at the extracellular region of the pre-
M1/M1 helices of the GluN1 subunit (Wang et al., 2017).

Discovering the principles underlying steroid-receptor interaction is pivotal for
understanding the mechanisms of NMDAR modulation by steroids and the development of
neurosteroid-like drugs to treat neuropsychiatric disorders associated with abnormal NMDAR
function. Further systematic research is needed to enable predictions of the steroid effects on
certain disease-associated NMDAR variants and allow the rational design of novel

neurosteroid-like drugs specific for these receptor variants.
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6 Conclusion

Hypofunction of the NMDAR has been implicated in the pathogenesis of multiple
neuropsychiatric diseases, including epilepsy, schizophrenia, intellectual disability, and
autism spectrum disorders. Because of this, there is considerable interest in developing new
compounds that can potentiate NMDARSs as a pharmacological tool to treat neuropsychiatric
diseases. When designing new NMDAR-enhancing drugs, it should be taken into account that
exaggerated NMDAR activation can lead to excitotoxic effects. In this regard, special
attention should be paid to NMDAR PAMs. In contrast to agonists, PAMs are unable to
activate NMDARs but only enhance the responses of receptors activated by naturally released
glutamate; therefore, PAMs demonstrate reduced risk of NMDAR overstimulation (Yao &
Zhou, 2017). Among the NMDAR PAMs are compounds of different classes, including
neuroactive steroids; however, the mechanisms underlying steroid potentiation are not well
understood.

This dissertation focuses on the mechanisms of interaction between NMDARs and
potentiating neuroactive steroids. In this study, we identified novel sites of action for naturally
occurring and synthetic potentiating steroids at the TMD of NMDARs and suggested the
mechanisms by which steroids enhance NMDAR function. Moreover, we uncovered the
structural determinants for the positive modulatory effect of neurosteroids on NMDARs. In
addition, this study explores the functional consequences of selected de novo disease-
associated mutations in NMDAR subunits and indicates the potential of potentiating steroids
as pharmacological tools to compensate for the effects of these mutations.

The results given in this dissertation contribute to a deeper understanding of the
mechanisms underlying allosteric modulation of NMDARSs and offer new possibilities for in
silico development of new neurosteroid-like drugs for the treatment of neuropsychiatric

disorders associated with NMDAR hypofunction.
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7.1

7.2

Summary

Functional and pharmacological properties of disease-associated de novo

mutations in the hGluN2B subunit

The hGIluN2B(W607C; S628F) mutations decreased the surface expression of the
receptors. In contrast, the hGluN2B(G820E) mutation increased the surface expression
of the receptors.

The hGIluN1/hGluN2B(P553L; S628F; G820E; MS824R) receptors showed no
glutamate-induced currents and the hGIuN1/hGluN2B(W607C; V618G; E657G;
G820A) receptors exhibited significantly decreased peak current responses to a
saturating concentration of glutamate (1 mM). The absence of glutamate-evoked
response in hGIuN2B(S628F) receptors and reduced responses of hGluN2B(G820A)
receptors are likely to be a consequence of low surface expression.

The hGluN2B(W607C) mutation profoundly decreased receptor glutamate affinity. In
contrast, the hGIuN2B(E657G) mutation enhanced NMDAR affinity to glutamate. The
hGIuN2B(W607C; E657G) mutations led to reduced affinity to glycine.

The hGluN2B(V558]) mutation led to a 4.6-fold increase in receptor desensitization.
In contrast, the hGluN2B(V618G) mutation led to a 4.0-fold reduction in receptor
desensitization. The analysis of the effect of hGluN2B(E657G; G820A) mutations on
receptor desensitization was precluded by the low amplitude of current responses.

The hGIuN2B(V5581; W607C; V618G; L825V) mutations resulted in the considerable
reduction of receptor P,. The analysis of the effect of hGIuN2B(E657G; G820A)
mutations on receptor P, was precluded by the low amplitude of current responses.

The responses of hGluN1/hGluN2B(L825V) receptors were potentiated by PE-S and
AND-hSuc to a significantly greater extent than the responses of WT and
hGIuN1/hGIluN2B(V558; W607C; V618G; G820A) receptors.

Identification of the site of action for pregnenolone sulfate at the NMDAR

The site of action for PE-S at GluN1/GluN2B receptors is different from those of
24(S)-HC and cholesterol.

PE-S acts at the TMD of the GluN1/GluN2B receptor. The site of action for PE-S is
located at the interface formed by residues from the GluN2B(M1; M4) and GluN1(M3)
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7.3

helices.

Upon binding to the receptor, PE-S facilitates the rotation of the GluN2B M4 helix
promoting a switch to the open channel conformation. In addition, PE-S tightens the
interaction between the GIuN1(1642) and GluN2B(W559) residues, stabilizing the
pore-lining GluN1 M3 helix in the open-state position. These conformational effects
of PE-S binding underlie the mechanism by which the steroid positively modulates the

NMDAR function.

Structure requirements for potentiating neuroactive steroids

5B-pregnane 3a-substituted carboxy analogues with short C3 residues, such as PA-Ace
and PA-Car inhibit the responses of GluN1/GIuN2B receptors, whereas analogues
with longer C3 residues, such as PA-But and EPA-But, potentiate the responses. These
results demonstrate that steroids with a “bent” structure can potentiate NMDAR
responses similarly to steroids with a “planar” structure

EPA-But is a disuse-dependent PAM of GluN1/GIuN2B receptors.

Potentiating effects of EPA-But and PE-S are additive. No correlation was observed
between the EPA-But and PE-S effects at mutated receptors with significantly
decreased potentiation by either of the two steroids. In addition, the magnitudes of the
effects of these steroids at hGluN1/hGIuN2B receptors harbouring different disease-
associated mutations were considerably different. Together, these results indicate that
EPA-But and PE-S act at distinct/partially overlapping sites at the NMDAR.

EPA-But acts at the TMD of the GIuN1/GluN2B receptor. The sites of action for
EPA-But are located within the GluN1(M4)/GluN2B(M1), GluN2B(M4)/GluN1(M1),
and GluN2B(M1/M4) interfaces.

EPA-But binding results in the stabilization of the channel in the open state and the

expansion of the channel diameter.
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8.1

8.2

Souhrn

Funkéni a farmakologické vlastnosti NMDAR s de novo mutacemi v podjednotce

hGIluN2B spojenymi s onemocnénimi

Mutace hGIluN2B(W607C; S628F) snizila povrchovou expresi NMDA receptord.
Naproti tomu mutace hGIluN2B(G820E) zvysila povrchovou expresi receptord.
Receptory hGluN1/hGluN2B(P553L; S628F; G820E; M824R) nevykazovaly zadné
proudy indukované glutamatem a receptory hGIuN1/hGluN2B(W607C; V618G;
E657G; G820A) vykazovaly vyznamné snizenou amplitudu proudové odpovédi na
saturujici koncentraci glutamatu (I mM). Absence glutamatem vyvolané odpovédi u
hGIuN2B(S628F) stejné jako snizena proudova odpovéd hGIuN2B(G820A) jsou
pravdépodobné dasledkem nizké povrchové exprese.

Mutace hGIuN2B(W607C) siln¢ snizila afinitu receptoru ke glutamatu. Naproti tomu
mutace hGIuN2B(E657G) zvysila afinitu  NMDAR ke glutamatu. Mutace
hGIuN2B(W607C; E657G) vedly ke sniZeni afinity ke glycinu.

Mutace hGluN2B(V558I) vedla ke 4,6 ndsobnému zvySeni desenzitizace receptoru.
Naproti tomu mutace hGIluN2B(V618G) vedla ke 4,0 ndsobnému sniZeni desenzitizace
receptoru. Analyza vlivu mutaci hGluN2B(E657G; G820A) na desenzitizaci receptoru
byla znemoznéna nizkou amplitudou proudovych odpovédi.

Mutace hGIuN2B(V558I; W607C; V618G; L825V) vedly ke znaénému sniZeni
pravdépodobnosti otevieni receptoru. Analyza vlivu mutaci hGIluN2B(E657G;
G820A) na P, receptoru byla znemoznéna nizkou amplitudou proudovych odpovédi.
Odpovédi receptori hGluN1/hGluN2B(L825V) byly potencovany steroidy PE-S a
AND-hSuc ve vyznamné vét§Si mife nez odpovédi receptori WT a

hGIluN1/hGIluN2B(V558; W607C; V618G; G820A).

Identifikace mista piisobeni pregnenolon sulfatu na NMDAR

Misto piisobeni PE-S na receptory GluN1/GluN2B se li§i od mista ptisobeni 24(S)-HC
a cholesterolu.
PE-S piisobi v transmembranové doméné receptoru GluN1/GluN2B. Misto ptlisobeni

PE-S se nachdzi na rozhrani tvofeném aminokyselinovymi zbytky v Sroubovicich

GluN2B(M1; M4) a GluN1(M3).
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. Po navézéani na receptor PE-S usnadiiuje rotaci Sroubovice GluN2B(M4) a podporuje
piechod do konformace s otevienym iontovym kanalem. Kromé toho PE-S posiluje
interakci mezi zbytky GIuN1(1642) a GluN2B(W559), ¢imz stabilizuje Sroubovici
GluN1(M3), kterd lemuje poéry, v otevieném stavu. Tyto ulinky vazby PE-S na
konformaci jsou podstatou mechanismu, kterym steroid pozitivné moduluje funkci

NMDAR.

8.3 Strukturni pozadavky na strukturu neuroaktivnich steroidi s potencionalnim

ucéinkem

o Analogy 5B-pregnanu substituovaného karboxylu s kratkymi C3 zbytky, jako jsou
pregnanolon acetdit a pregnanolon karboxylat, inhibuji odpovédi receptord
GluN1/GIluN2B, zatimco analogy s del§imi C3 zbytky, jako jsou PA-But a EPA-But,
odpovédi potencuji. Tyto vysledky ukazuji, Ze steroidy s "ohnutou" strukturou mohou
potencovat odpovédi NMDAR podobné jako steroidy s "planarni" strukturou.

o EPA-But je pozitivni alostericky modulator receptori GluN1/GluN2B, ktery je
,disuse-dependentni®, tedy vaze se nejlépe na neaktivovany receptor.

o Potenciacni u¢inky EPA-But a PE-S jsou aditivni. Nebyla pozorovana zadna korelace
mezi ucinky EPA-But a PE-S na mutovanych receptorech s vyrazn€ snizenou
potenciaci kterymkoli z obou steroidi. Kromé& toho se velikost ti€inki t€chto steroida
na receptory hGluN1/hGluN2B, které nesou mutace spojené s onemocnénim, znacné
lisila. Tyto vysledky spole¢né naznacuji, Ze EPA-But a PE-S plsobi na NMDAR na

odliSnych/¢astecné se prekryvajicich mistech.

o EPA-But plisobi v transmembranové doméné receptoru GluN1/GIluN2B, konkrétné na
rozhrani ~ Sroubovic ~ GIuN1(M4)/GluN2B(M1), GIuN2B(M4)/GluN1(M1) a
GluN2B(M1/M4).

. Vazba EPA-But vede ke stabilizaci kandlu v otevieném stavu a k rozsifeni priméru
kanalu.
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