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ABSTRACT

In the central nervous system, signals within neurons are mostly transmitted through chem-
ical synapses. At the level of the synapse, signal transduction arises from the binding of neu-
rotransmitters to membrane receptors in order to open ion channels. The Glycine Receptor
(GlyR) is an ionotropic receptor which is involved in several neurological disorders such as
addiction, chronic pain, autism, or hyperekplexia. Because of its implication in many hu-
man diseases, it is of particular interest to design novel drugs targeting this receptor. With
this goal in mind, we used Molecular Dynamics (MD) simulations and computational elec-
trophysiology to probe the functional properties of available GlyR structures. In this thesis,
we showed that none of the experimental structures display the physiological behavior of
the conductive state. Using MD simulations, we captured a novel conformation of the GlyR
compatible with a conductive state and demonstrated the importance of lateral portals for
ionic permeation. Lastly, we proposed an original protocol, named state-based pharmacology,

to discover modulators of allosteric proteins.

Au sein du systeme nerveux central, les signaux entre les neurones sont principalement
transmis au travers des synapses chimiques. La transduction du signal y a lieu grace a la
liaison des neurotransmetteurs aux récepteurs membranaires, ce qui induit I'ouverture de
canaux ioniques. Le Récepteur de la Glycine (RGly) est un récepteur ionotrope impliqué
dans de nombreux troubles neuronaux tels que 1’addiction, la douleur chronique, 'autisme,
ou encore 'hyperekplexie. Du fait de son role dans plusieurs pathologies, il est important
de développer des nouveaux traitements ciblant ce récepteur. Pour cette raison, nous avons
utilisé des simulations de Dynamiques Moléculaire (DM) et d’électrophysiologie numérique
afin d’évaluer les propriétés fonctionnelles des structures du RGly disponibles. Dans cette
thése, nous avons montré qu’aucune des structures obtenues expérimentalement ne satisfait
les propriétés fonctionnelles de 1’état actif du récepteur. Grace aux simulations de DM, nous
avons caractérisé une nouvelle conformation du RGly, qui est compatible avec 1’état actif du
récepteur. De plus, nous avons souligné le role majeur des portails latéraux pour la perméa-
tion des ions. Finalement, nous avons proposé un protocole original, nommé pharmacologie
dépendante de I'état, pour identifier de nouvelles petites molécules modulatrices de protéines

allostériques.
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RESUME DETAILLE

INTRODUCTION

Le systeme nerveux central, qui inclut le cerveau et la moelle épinieére, a pour roles es-
sentiels la collecte, I'intégration, ainsi que la transmission d’informations, de part et vers
I’ensemble du corps. La cellule nerveuse, ou neurone, est une des pieces maitresses de ce sys-
teme du fait de sa spécialisation pour la transmission de signaux. Le point de contact entre
deux neurones se nomme la synapse. Cependant, au niveau de la synapse, il n'y a en général
pas de contact physique entre les deux neurones, mais une mince (20 —40nm) fente synap-
tique. L'influx nerveux, ou potentiel d’action, qui se propage depuis le corps d'un neurone, le
long de son axone, en direction de sa terminaison est de nature électrique. Plus précisément,
le potentiel d’action correspond a la propagation directionnelle d'un changement rapide
et transitoire du potentiel électrique de la membrane cellulaire. Cependant, le signal doit
changer de nature afin de se propager a travers la fente synaptique pour atteindre le neurone
suivant. Dans ce but, le signal électrique est converti en un signal chimique au niveau de la
terminaison présynaptique par la libération de neurotransmetteurs dans la fente synaptique.
Les neurotransmetteurs diffusant au travers de la fente synaptique seront éventuellement cap-
turés au niveau du neurone postsynaptique par des récepteurs membranaires. La liaison des
neurotransmetteurs a ces récepteurs membranaires va induire I’ouverture de canaux ioniques,
soit directement dans le cas des récepteurs ionotropes (c.-a-d. les canaux ioniques contrdlés
par ligand), soit indirectement pour les récepteurs métabotropes (c.-a-d. les récepteurs cou-
plés aux protéines G). En effet, les récepteurs ionotropes combinent au sein d’'une méme
protéine, les fonctions de liaison du neurotransmetteur et de diffusion des ions au travers de
la membrane grace a leur canal ionique. La spécificité des récepteurs ionotropes est donc leur
rapidité a transduire le signal chimique (c.-a-d. la liaison du neurotransmetteur) en un signal
électrique (c.-a-d. la modification sélective de la perméabilité membranaire). Il est connu
que le mécanisme d’isomérisation responsable de 1’ouverture (ou de la fermeture) d’un canal
ionique de ce type est de I'ordre de la microseconde. Les récepteurs ionotropes jouent donc
un rdle central dans le fonctionnement de la synapse chimique rapide. Il n’est donc pas éton-
nant de les savoir impliqué dans de nombreux troubles psychiatriques ou maladies touchant
le cerveau humain.

Ces récepteurs peuvent étre classifiés selon le type d’ions pour les lesquels ils sont per-
méables ; la perméabilité cationique étant synonyme d’activité excitatrice du neurone, alors
que la perméabilité anionique promeut une inhibition du neurone. La seconde facon de clas-
sifier cette superfamille de protéine est basée sur leur organisation quaternaire. Il existe la
famille des récepteurs trimériques, nommés P2X, qui lient ’adénosine triphosphate (ATP) en
tant que neurotransmetteur et fera 1’'objet d'un chapitre au sein de cette thése. La famille
des récepteurs tetramériques qui sont activés par le Glutamate, ne sera pas discutée plus
longuement. Il existe également la famille des récepteurs pentamériques qui est la plus con-
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nue grace a l'illustre récepteur nicotinique de 1'acétylcholine, qui fut le premier récepteur
membranaire a étre identifié a la fin des années 1960 (Changeux et al. 1970a). Cette famille
de protéines pentamériques représente le sujet d’étude principal de cette these, qui portera
plus particulierement sur le Récepteur de la Glycine (RGly).

De par leur importance physiologique et pharmacologique, il est nécessaire d’avoir des
modeles a résolution atomique de ces récepteurs afin de comprendre, et possiblement traiter
divers troubles mentaux. Ces modeles atomiques sont, pour la plupart, obtenus en biologie
structurale grace a la cristallographie aux rayons X et plus récemment a la Cryo-Microscopie
Electronique (Cryo-ME).

Les récepteurs ionotropes peuvent peupler au moins trois états fonctionnels différents (Cec-
chini and Changeux 2015). Le premier est un état de repos en absence de neurotransmetteur,
ol le canal est fermé. Le second correspond a un état actif en présence de neurotransmetteur
ol le canal est ouvert et sélectivement perméable. Enfin, le dernier est un état dit désen-
sibilisé, en cas d’exposition prolongé au neurotransmetteur, ot le canal est fermé, mais de
fagon distincte a I'état de repos (Gielen and Corringer 2018). Le modele allostérique de
Monod-Wyman-Changeux (MWC) (Monod et al. 1965) s’applique particuliéerement bien a
cette superfamille, et nous apprend que ces trois états sont tous préexistant et en équilibre.
Cet équilibre peut étre déplacé par les neurotransmetteurs ou d’autres petites molécules.

Agonist
Resting ,  Active
Closed — Open
€
: N 7
3
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Figure 0.1 — Représentation des trois états (de repos, actif, et désensibilisé) peuplés par les récepteurs
ionotropes pentamérique, selon la présence de neurotransmetteur. Ces trois états sont tous
préexistant et en équilibre.

Il n’est cependant pas trivial d’assigner, a priori, un état fonctionnel (de repos, actif, ou
désensibilisé) a la structure d’un canal ionique obtenue par cristallographie aux rayons X
ou Cryo-ME (Trick et al. 2016), notamment a cause d’effets hydrophobes apparaissant dans
les pores de taille nanométrique (Aryal et al. 2015). Les méthodologies existantes se basent
principalement sur des propriétés géométriques du canal (O. S. Smart et al. 1996), ou sur
le degré d’hydratation de celui-ci. Bien que ces techniques permettent d’évaluer qualitative-
ment la perméabilité d’un canal ionique, elles ne permettent pas une comparaison de leurs
résultats avec des données expérimentales. Il n’est donc pas possible de juger de la pertinence
physiologique des structures étudiées. Dans le cadre de cette these, nous avons employés dif-
férentes méthodes de chimie informatique telles que les simulations de Dynamiques Molécu-
laires (DM) et d’Electrophysiologie Numérique (EN) (Gumbeart et al. 2012), afin d’étudier les
propriétés conductrices des structures atomiques des récepteurs RGly et P2X et de comparer



systématiquement nos résultats avec les données expérimentales disponibles. Ce qui nous
permet d’assigner clairement une fonction a la structure d’un canal.

RESULTATS ET DISCUSSIONS
Elucidation de I'état physiologiquement actif du RGly

Le RGly est I'un des récepteurs ionotropes pentamériques les mieux caractérisés grace a la
publication en 2015 de trois structures du méme canal, liés a différent ligands, et possiblement
dans trois états fonctionnels distincts (Du et al. 2015). Notamment, deux de ces structures
pourraient correspondre a l’état actif. Nous avons appliqué diverses méthodes de chimie
numérique afin d’établir le lien entre les deux structures du récepteur RGly potentiellement
représentatives de I'état actif, et leurs propriétés fonctionnelles.

Glycine Receptor Cryo-EM
open structures structures
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Figure 0.2 — Combinaison de simulations numérique pour une annotation fonctionnel des structures de
canaux ioniques. Adaptée de Cerdan et al. 2018.

En utilisant des simulations de DM, nous avons montré l'instabilité intrinseque de ces deux
structures du canal. De plus, 'usage de I'EN a permis de montrer qu’aucune des deux struc-
tures n’est en mesure de reproduire les propriétés expérimentales de conductance, ou de
perméabilité sélective aux petits anions poly-atomiques. A contrario, une conformation nou-
velle a été capturée durant nos simulations. A ce jour, cette derniére correspond au modele
le plus fidele de 1’état physiologiquement actif du RGly d’apres les propriétés fonctionnelles
testées (conductance, sélectivité, perméabilité d’anions poly-atomiques). Grace a cette étude,
il nous a également été possible de faire une classification fonctionnelle des structures des
récepteurs ionotropes pentamériques sélectifs pour les anions.

Cette classification en trois groupes (au repos, actif, et désensibilisé) supporte le modéle
selon lequel la localisation du point de constriction lors de la fermeture du canal est différente
entre 1’état de repos et désensibilisé (Gielen and Corringer 2018). Ces résultats ont fait I'objet
d’une publication dans Structure (Cerdan et al. 2018).
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Caractérisation des mécanismes de diffusion des anions chlorures au travers du canal du RGly

Disposant d’une conformation du RGly stable en DM, nous avons pu l'exploiter pour iden-
tifier par EN les chemins de perméation des anions chlorures au travers de la membrane
via le récepteur. Ce faisant, nous avons identifié deux routes ; la premiere par le haut du
récepteur, qui est le chemin connus a ce jour. L'autre chemin profite de I’existence de portails
latéraux a l'interface entre les cinq sous-unités au niveau du domaine extracellulaire. Nos
simulations tendent a montrer que le chemin utilisant les portails latéraux est, en fait, la
voie principalement utilisée par les anions chlorures. Ce résultat est supporté par la réinter-
prétation d’expériences de mutagénese qui avaient permis d’identifier un acide-aminé dont
la mutation diminue la conductance, et qui s’avere étre positionné a 1’entrée des portails
latéraux. La simulation du mutant montre que le méme effet est observé, soutenant notre

réinterprétation mécanistique a 1’échelle atomique.

Figure 0.3 — Portails latéraux nouvellement identifiés comme étant le chemin majoritairement utilisé par

les ions chlorure.

Bien que la structure du domaine intracellulaire soit méconnue pour la majorité des ré-
cepteurs ionotropes pentamériques, incluant le RGly, I'existence de portails latéraux y a été
démontrée pour le récepteur de la sérotonine. Il est notamment intéressant de voir que l'effet
de la mutation dans les portails du domaine extracellulaire a un effet trés similaire aux mu-
tations du domaine intracellulaire. De ce fait, il serait possible d'unifier le role des domaines
extra- et intracellulaires vis-a-vis de la perméation des ions ; a savoir une entrée et sortie
du canal par des portails latéraux, et un passage vertical au travers de la membrane. Un

manuscrit décrivant ces résultats est en préparation.
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Vers une identification de petites molécules a but pharmacologique basée sur I'état fonctionnel des
récepteurs

Finalement, nous avons pour but d’intégrer les conclusions précédemment obtenues con-
cernant l'annotation fonctionnelle des structures du RGly dans un objectif de conception de
médicament. Pour ce faire, nous souhaitons mettre en place une méthodologie nommée
« conception de médicament basé sur 'état fonctionnel » (state-based drug design). D’apres
le modele MWC de l'allostérie, il devrait étre possible d’identifier un modulateur allostérique
d’apres son AAGy, de liaison pour un état fonctionnel du récepteur par rapport aux autres.
Ainsi, cette méthodologie tend a dépasser la simple information sur 1’énergie libre de liaison
pour une structure, mais a faire la différence entre les énergies libres de liaison pour chacun
des états. Cette avancée permettra notamment de prédire plus efficacement 1’effet modula-
toire d’une petite molécule sur les transitions allostériques d'un récepteur. Dans ce but, nous
avons compilé une chimiotheque de petites molécules modulatrices de la fonction du RGly.
Cette chimiotheque comprend 159 petites molécules classifiées selon leur effet, leur site de
liaison, et 1’état fonctionnel auquel elles peuvent probablement se lier. Disposant d"un ensem-
ble de structures pour chacun des trois état connus du RGly et d"une chimiothéque de petites
molécules aux effets connus expérimentalement, nous sommes dans une position favorable
pour confirmer le potentiel de cette nouvelle approche pour la conception de médicament
contre des pathologies telles que les douleurs chroniques inflammatoires ou les addictions.

GlyR Database

GlyRal GlyRa3
Agonist 3 3
Antagonist 1 1
PAM 81 40
NAM 31 20
Decoys 29 23
145 87
159

with known Picrotoxin
binding site 75 53

Pregnanolone-
hemisuccinate

TOTAL

THC

Figure 0.4 — Résumé du contenu de la chimiotheque des modulateurs du RGly. Représentation du RGly
ainsi que les différents sites de liaison connu avec une des petites molécules pouvant s’y
lier.
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Caractérisation des mécanismes de diffusion de larges cations poly-atomiques au travers du canal du
récepteur P2X

Ce travail fut réalisé en collaboration avec le laboratoire de biologie du Dr. Thomas Grut-
ter a la faculté de pharmacie d’Illkirch. Nous nous sommes intéressés au passage de larges
cations organiques au travers du canal du récepteur P2X4. La controverse au sujet de ce canal
est de savoir si le récepteur peut étre stabilisé dans une conformation dilatée, perméable aux
cations organiques, a contrario de 'état actif non-dilaté. Le travail de biologie expérimentale
a permis de montrer que les cinétiques de pénétration cellulaire des cations organiques sont
semblables aux ions monoatomiques et qu’il n’est pas nécessaire d’invoquer 1’existence de
deux états actifs, dont I'un serait dilaté. Nos simulations numériques ont confirmé que 1'état
non-dilaté est suffisamment large pour laisser passer les cations NMDG™ et SPD3*. De plus,
nous avons proposé une explication atomistique concernant la trés faible perméabilité du
cation NMDG™ par rapport au cation Nat basée sur l'existence d’une sélection conforma-
tionelle et orientationelle des cation NMDG™, diminuant drastiquement sa perméabilité. Ces
résultats ont fait 'objet d"une publication dans PNAS en collaboration avec 'équipe expéri-
mentale (Harkat et al. 2017).
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Figure 0.5 — Mécanisme de perméation du cation NMDG™ au travers du canal du récepteur P2X4. (A)
Instantanés pris durant la simulation de DM. (B) De gauche a droite, la distance de bout
en bout du cation, 1'orientation du cation, le rayon du canal de P2X4. Adaptée de Harkat

et al. 2017.
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CONCLUSION GENERALE

La combinaison de multiples techniques de simulations numériques des structures atom-
iques du récepteur P2X et de celui de la Glycine nous ont permis d’arriver aux conclusions
suivantes : Aucune des structures du RGly obtenues par Cryo-ME ne permettent de repro-
duire le fonctionnement physiologique de 1’état actif. Un modele de cet état a été capturé
par simulation de DM et nous a permis de reproduire qualitativement les propriétés con-
ductrices du canal. L’obtention d’un modele fiable de 1’état actif nous a permis d’explorer
les chemins empruntés par les anions pour diffuser au travers du canal et de confirmer le
role majeur des portails latéraux récemment découvert a l'interface entre les sous-unités pro-
téiques. En combinant le modele MWC de I'allostérie, une chimiotheque de modulateurs con-
nus, et 'annotation fonctionnelle des structures atomiques du RGly, nous avons proposé une
méthodologie pour identifier des petites molécules, et prédire leurs potentiels effets de modu-
lation allostérique de l’activité du récepteur. Ces travaux toujours en cours ont d’importantes
implications pharmacologiques. L’application de notre méthodologie au cas du récepteur
P2X a permis de démontrer que la structure correspondant a 1’état actif non-dilaté est suff-
isamment ouverte pour permettre la diffusion des cation NMDG™* et SPD3*. I’étude du
mécanisme de translocation de ces cations nous a permis de rationaliser leurs cinétiques
relatives de perméation.

En conclusion, nous avons développé une stratégie fondée sur des simulations molécu-
laires pour inférer la probable fonction des structures de récepteurs ionotropes. De plus,
nous avons montré comment utiliser ces nouvelles informations pour valider les modeles de
transitions allostériques précédemment proposés. L'ensemble pouvant servir dans le cadre
de l'identification de petites molécules a but pharmacologique, afin de potentiellement traiter
certains des troubles neurologiques et des douleurs chroniques qui affligent une part toujours
croissante de '’humanité.
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INTRODUCTION

This thesis aims to explore the synaptic transmission at the level of the ionotropic receptors
using molecular dynamics simulations and computational electrophysiology. Before going
into the details of the research carried out during the past three years, we will introduce the
needed concepts starting from the neurons.

1.1 SIGNAL TRANSMISSION IN NEURONS

Our journey is taking place in the Central Nervous System (CNS) which includes the brain
and the spinal cord, although we will primarily discuss the human nervous system, most of
the basic elements that will be presented here are transferable to other animals. The CNS role
is to collect, process and transmit information from and to all parts of the body in the vast
majority of multicellular animals (Purves et al. 2015). The most famous cell in the nervous
system is, of course, the nerve cell, i.e., the neuron. It is not surprising that the neuron, with
its elementary function in the CNS, is all about signal transmission. In this section, we will
describe the neuronal architecture and the basics of electric signal transmission within nerve
cells.

1.1.1  Neurons

The central role of the neurons in the CNS was acknowledged in the late 19th

century
by Santiago Ramén y Cajal using and improving the silver staining process developed by
Camillo Golgi to visualize the nervous cells under a microscope (Lépez-Mufioz et al. 2006)
(see Figure 1.1). Cajal described each element as "an absolutely autonomous canton", which
became later the neuron doctrine (L6pez-Muiioz et al. 2006). Although Golgi disagreed on
Cajal’s conclusions, they got in 1906 the first shared Nobel Prize of physiology or medicine
"in recognition of their work on the structure of the nervous system." The term neuron was
finally introduced in 1891 by Heinrich Wilhelm Waldeyer to describe the fundamental unit of
the nervous system (Finger 1994).

The number of neurons in the brain is highly diverging between species from a simple
organism like the nematode worm Caenorhabditis elegans which has only 302 neurons to the
human brain with ~85 billion neurons (Bartheld et al. 2016).

One of the striking attribute of the neuron specialization into communication is their
branching out (see Figure 1.2). The branched expansions of the nerve cell are called den-
drites. The dendrites are the most common target for afferent synaptic contact from other
neurons. The number of dendrites is profoundly different between neuron type. Some neu-
rons have no dendrites and are only innervated by one or a few other neurons, but some
neurons might have a "forest" of dendrites, increasing the complexity of the innervation.



1.1 SIGNAL TRANSMISSION IN NEURONS

(a) Drawing of Purkinje cells (A) and (b) Cerebellar Purkinje cells expressing

granule cells (B) from pigeon cere- tdTomato. Confocal microscope im-
bellum by Santiago Ramoén y Cajal, age. Source of Wikimedia Commons,
1899; Instituto Cajal, Madrid, Spain. by BrainsRusDC, 2017; CC BY 4.0.

Figure 1.1 — Images of neurons one century apart.

The contact between two neurons is called a synapse and is located most of the time on
the dendrites. In general, there is no physical contact between the two neurons forming
the synapse and this extracellular space is named the synaptic cleft. On the side of the
incoming signal there is the pre-synaptic termination and on the other side the post-synaptic
one. As mentioned above, the number of synapses a neuron will have depends on its dendrite
ramification and can be between 1 and 100,000 (Drachman 2005).

The input signals from afferent neurons are integrated and processed into an output signal
that is propagated inside the axon, which is the specialized part of the neuron for signal
conduction. The axon is an extension of the neuron that is ~100 pm in length, or even more in
specific neuron type, e.g., the sensory neuron that goes in the toe can be 1.5 m long. Neurons
with short axons like in the brain are called interneurons, and the ones with longer axons
that reach further target are the projection neurons.

1.1.2  An electric signal

As described above, neurons have a particular architecture to transmit a signal to each
other and the rest of the body. This signal arises from a change in electrical potential differ-
ence between the two sides of the cellular membrane. Although all cells have a membrane
potential, neurons are specialized in the modification of this potential to encode and transmit
signals. All neurons have a negative resting potential that is sustained by the living cell and
is between —40 and —90 mYV, this value often around —65mV (Lewis et al. 2011). Electric
signal might arise from an external stimulus in sensory neuron (i.e., receptor potential) or
during the activation of a synapse (i.e., synaptic potential), they implies a short (few ms) and
relatively small variation (~mV) in the membrane potential which is termed graded potential
(Hille 2001). Graded potentials are the neuron’s response to inputs it collects.
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Figure 1.2 — A schematic representation of a neuron. From Wikipedia Commons, 2007.

The integration of the information within the neuron happen during the summation of
all the graded potential arising at the dendrites or the soma of the neuron. The summation
happens at the basis of the axon where the trigger zone of the action potential is located
(i.e., the axon hillock, see Figure 1.2). The action potential (or spike) is the electric signal
that the neuron sends within its axon as an output. They are used to carry the signal over a
long distance to other neurons and also to reach the targets in the body, like the muscle for
example.

If the membrane potential becomes more negative than the resting potential, it is called
hyperpolarization which has an inhibitory effect on the action potential. On the other side, if
the membrane potential is becoming less negative, it is a depolarization.

From the summation of the graded potential, neurons will or will not generate an action
potential or spike that propagates within the axon. When enough depolarization is accumu-
lated to reach a threshold potential (it is often around —50 mV (Platkiewicz and Brette 2010)),
then the action potential is triggered. After ignition of the action potential, the membrane
potential quickly rises to positive values (up to 40 mV (Purves et al. 2015)) before equally
abruptly going down to an even lower value than the resting potential called the refractory
period (see Figure 1.3).

The action potential has an all-or-none property, the amplitude of the action potential is
independent of the intensity of the depolarization of the membrane that triggers it, assuming
that the depolarization is enough to reach the threshold. The action potential is then propa-
gated along the axon with a constant amplitude and duration. In summary, the electric signal
that is transmitted within the axon is the propagation of a membrane depolarization that is
sustained by a net flux of ion across adjacent membrane patches.
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Figure 1.3 — A schematic representation of an action potential. From Wikipedia Commons.

1.1.3 The ionic basis for membrane potential

The membrane potential is the difference in electric potential between the interior and the
exterior of the cell. These electric potentials are coming from: (i.) the concentration gradient
for specific ions across the membrane and (ii.) the selective permeability of the membrane to
these ions. Two protein families are involved in these processes: (i.) transporters to maintain
the gradients and (ii.) ion channels for ion-specific permeability.

Transporters and ion-channels are working antagonistically. However, they are generating
the resting, graded and action membrane potentials.

We consider the simplified example of two compartments containing a KCl solution and
separated by an impermeable membrane and some ion channels embedded in it that are
selectively permeable to K™ (see Figure 1.4). If the two compartments have an equally con-
centrated ionic solution, there will be no net flux of K™ and no membrane potential, although
some cation will randomly permeate in both directions. Then, if we decide to concentrate one
compartment ten times more than the other one, there will be a flux of K* in the direction of
the chemical gradient, from the more concentrated to the less concentrated compartment. As
soon as some KT start to directionally cross the membrane an electrical gradient (i.e., mem-
brane potential) start to arise that opposes to the chemical gradient due to a separation of
charges on both sides of the membrane. The compartment that was less concentrated become
more positively charged because of the selectivity of the membrane for cations. At some

point, the system will reach the electrochemical equilibrium where the membrane potential
exactly opposes the concentration gradient. At this point, there is no more directionality in
the permeation of the K™ ions.

Importantly, the number of Kt that have to cross the membrane to rise the membrane
potential is relatively small (about 10 x 10712 mol, i.e., 10'> K* ions per cm? of membrane,
or 1 Kt per 100nm? of membrane (Purves et al. 2015)). It implies that the concentration of
the extracellular and intracellular solutions remains globally constant and that the electroneu-
trality of these solutions is preserved. The charge separation that generates the membrane
potential is definitively constrained to the vicinity of the membrane.

4
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Figure 1.4 — The electrochemical gradient. In this example the membrane is selectively permeable to
K*.

1.1.4 Generation and propagation of the action potential

The propagation of the action potential was historically studied in the giant axon of the
veined squid (Loligo forbesii) by Alan Lloyd Hodgkin and Andrew Huxley using the volt-
age clamp technique (Hodgkin et al. 1952). For this discovery, they got the Nobel Prize of
Medicine or Physiology in 1963 "for their discoveries concerning the ionic mechanisms in-
volved in excitation and inhibition in the peripheral and central portions of the nerve cell
membrane." This Nobel Prize was also shared with John Carew Eccles for his work on the
synapse.

The voltage clamp technique allowed Hodgkin and Huxley to measure the membrane
permeability (i.e., the electric current) as a function of the membrane potential. Using this
technique, they first demonstrated that within the axon, the depolarization is followed by a
short-lasting inward current (entry of cations or exit of anions from the cell), finally changing
into a long-lasting outward current (see Figure 1.5). On the contrary, a hyperpolarization
does not affect the level of the axon. This experiment demonstrates that the membrane
permeability to ions in the axon is voltage-dependent and that depolarization is necessary to
promote the generation of an action potential.

Using channel blockers, it was possible to pharmacologically identify the Nat and K™
channels, as responsible for the action potential (Moore et al. 1967; Armstrong and Binstock
1965), see Figure 1.5. It was subsequently shown that upon reaching the firing threshold,
Na™ channels activate quickly, promoting an inward current (i.e., Nat enter the cell) that
depolarize in a burst fashion the membrane. A maximum potential is reached for several
reasons, (i.) the voltage is near the equilibrium potential for Na®* which implies that an
opposite electric force slows the Na™ current, (ii.) Na™ channels start to inactivate, decreasing
the inward current, (iii.) K* channels start to open allowing an outward current (i.e., K* ion
leaving the cell). Due to the decrease of the inward current in favor to the outward current the
membrane progressively repolarize until the outward current overcome the inward current,

5
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Figure 1.5 — The action potential is triggered by a depolarization of the membrane (top). It is composed
of two successive components that can be blocked by pharmacological agents (middle). In-
deed, tetrodotoxin blocks voltage-gated Na™ channels (bottom), and tetraethyl-ammonium

blocks voltage-gated K+ channels (right). From Purves et al. 2015.

which finally inactivates the K channels and leads to the refractory period which is the time
necessary for Na™ to recover from inactivation.

The existence of the refractory period (because of ion channel desensitization (Katz and
Miledi 1965)) is also essential mechanistically because it assures the directionality of the prop-
agation by preventing the depolarization of membrane patches recently fired. Additionally,
it limits the frequency of firing that an axon can have.

In summary, due to its voltage-dependence, the action potential is all-or-nothing, self-
sustained and regenerative. Thus, its amplitude and duration are properties of the excitable
membrane and not of the stimulus. On the contrary, graded potentials scaled with the mag-
nitude of the stimulus.

1.2 THE CHEMICAL SYNAPSES

The human brain is constituted of about 85 billion neurons with various degree of inter-
connection between them. The complexity and efficiency of these connections are achieved
by the synapses (i.e., the function contact between neurons). There is two kind of synapses,
the electrical and the chemical ones. The electrical synapse is faster because it is constituted
of a gap junction which is a mechanical and electrically conductive link between neurons.
It is much shorter (i.e. 2 —4nm (Maeda et al. 2009)) in comparison to chemical synapses
(i.e. 20 —40nm (McCann et al. 2003)) and the output signal can only be equal or smaller in
intensity than the input. It is, however, bidirectional and highly efficient (~0.1 ms) when the
neuronal system need the fastest connection possible (e.g., defensive reflexes).
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In the following document, we will only consider the chemical synapses. Within this type
of synapse, no electrical current flows from one neuron to the other. However, the action
potential on the pre-synaptic neuron permits the release of chemical compounds (i.e., the
neurotransmitters) that flow through the synaptic cleft to reach the post-synaptic neuron.
On the post-synaptic membrane, they will bind to the neurotransmitter’s receptors. Upon
binding of neurotransmitters, the receptors will open directly or indirectly ion-channels to
depolarize or hyperpolarize the membrane. Ultimately, graded potential newly generated
might eventually trigger an action potential that will activate other synapses.

1.2.1  Neurotransmitters

The idea that chemical signal might propagate an electrical one between neurons was heav-
ily debated during the first half of the 20'" century (Haider 2007). However, Otto Loewi
was the first in 1921 to carry out an experiment supporting this hypothesis (Loewi 1921). He
isolated two frog hearts, one with the vagus nerves and the other without it. This nerve is
controlling the heart rate. By electrically stimulating the nerve, the heart attached to it beat
slower. Then, by taking some of the solution around the beating heart, and by applying it
to the second heart without vagus nerves, the second heart beats at the same lower rate as
the first one. This experiment showed that some chemical compounds released by the va-
gus nerves in the solution were controlling the heart rate. Otto Loewi initially named this
unknown chemical "Vagusstoff," before being identified as Acetylcholine (ACh). The first
neurotransmitter was identified. Subsequently, he was awarded the Nobel Prize of Physiol-
ogy or Medicine in 1936, jointly with Henry Hallett Dale "for their discoveries relating to
chemical transmission of nerve impulses."

Nowadays, more than 100 chemical compounds were identified as neurotransmitters (Purves
et al. 2015). Neurotransmitters have to respect the three following conditions: (i.) The chemi-
cal compound has to be present in the pre-synaptic neuron as well as the enzymes and precur-
sors. However, this condition is necessary but not sufficient since several neurotransmitters
are present in all neurons because they are required for protein synthesis (e.g., glutamate,
glycine, aspartate). (ii.) The chemical compound has to be released upon pre-synaptic depo-
larization of the membrane, and the release has to be dependent on the calcium concentration.
(iii.) The chemical compound has to bind to some receptors expressed on the post-synaptic
membrane. In other words, the same response must be obtained on the post-synaptic mem-
brane when the chemical is experimentally placed on it or if the pre-synaptic neuron was
stimulated.

There is two main kind of neurotransmitters, the small molecules, and the neuropeptides,
see Figure 1.6. Most of the small molecules neurotransmitters are directly synthesized in
the pre-synaptic termination, where they are generally stocked in small vesicles (40 — 60 nm)
before being released (Qu et al. 2009). In opposition, neuropeptides are synthesized in the
cell body and packed into large vesicles (90 — 250 nm), their vesicles are transported toward
the pre-synaptic termination using kinesin (Pol 2012).
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(a) ACh (b) Enkephalin

Figure 1.6 — There is two main families of neurotransmitter, the small-molecule neurotransmitters, e.g.,
ACh (left), and the neuropeptides, e.g., enkephalin. ACh binds to the nicotinic and mus-
carinic ACh receptors. Enkephalin binds to the 6 and p opioid receptors.

There are several chemical groups, and functions (excitatory or inhibitory) within the neu-

rotransmitters.

1.2.2  Release of neurotransmitter from the pre-synaptic neuron

In the fifties, Bernard Katz and coworkers demonstrated that neurotransmitters (ACh at
the neuromuscular junction in their case) are released by "quantal," i.e., there is a minimum
amount of neurotransmitters that can be released (one quanta), and larger releases are num-
bers of quantal units (Fatt and Katz 1952; Castillo and Katz 1954). For this work, Katz won
a shared Nobel Prize of Physiology or Medicine in 1970 with Ulf von Euler and Julius Axel-
rod "for their discoveries concerning the humoral transmitters in the nerve terminals and the
mechanism for their storage, release, and inactivation." In 1979, Heuser, Reese, and cowork-
ers morphologically demonstrated that the quantal released of neurotransmitter is correlated
with the number of vesicles fused with the pre-synaptic membrane (Heuser et al. 1979). The
quanta of ACh measured at the neuromuscular junction correspond to a vesicle containing
about 10,000 molecules (~100 mM of ACh inside the vesicle).

During the experiments of Katz and coworkers, the importance of calcium was already
highlighted in the synaptic transmission. They showed that the decrease in extracellular
Ca?* concentration is responsible for the decrease in the post-synaptic membrane potential.
A decrease in neurotransmitter vesicle exocytosis caused this effect. The existence of a voltage-
gated calcium channel in the pre-synaptic membrane was hypothesized by Katz and Ricardo
Miledi and later confirmed by Rudolfo Llinds (Llinds et al. 1981). Ultimately, it was shown
by pharmacologically blocking the calcium channels that the release of the neurotransmitter
was prevented as well as the post-synaptic response (Augustine et al. 1985).

Although Ca?* is controlling the release of all neurotransmitter, the kinetic is not the same
depending on their nature. Vesicles containing small molecules are near the membrane and
are quickly released (in ~0.5ms) after activation of the calcium channels (Stidhof 2012). In
opposition, vesicles containing neuropeptides needs several salves of action potential overs
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few seconds to be released, undoubtedly because this type of vesicles is located further from
the membrane.

1.2.3 Neurotransmitters receptors

The existence of some receptive substance able to bind specific drug or transmitter to activate
or inhibit nerve cells was first theorized by John Newport Langley in 1905 (Langley 1905).
However, this kind of receptors remained elusive until 1970 (Changeux et al. 1970a; Changeux
et al. 1970b). We know yet that neurotransmitter receptors are proteins embedded in the
phospholipidic membrane of the post-synaptic cell. They have an extracellular domain that
is located in the synaptic cleft and that bind the neurotransmitters.

There are two families of receptors (see Figure 1.7), depending on their mode of signal
transmission. The ionotropic receptors use a straightforward mode of signal transmission
with the extracellular neurotransmitter-binding domain allosterically linked to the ion chan-
nel ~60 A away. They have the particularity to combine the functions of neurotransmitter
binding and ion conduction within the same protein. For that reason, they are also named
Ligand-Gated Ion Channel (LGIC) and will be discussed in detail in this thesis. On the other
side, there are the metabotropic receptors that are indirectly linked to ion channels through
signal transduction (i.e., G proteins) and are accordingly named G Protein-Coupled Recep-
tor (GPCR).

Both receptor families will generate post-synaptic membrane potential that might be ex-
citatory or inhibitory, depending on the selectivity of the ion-channels they are controlling.
The difference between the two families is the kinetics involved in the transmission of the
signal. On one side, LGICs are very fast to transmit the signal, i.e., the postsynaptic current
is measured about 2 — 3 ms after the entry of the action potential in the pre-synaptic termi-
nation (Augustine and Eckert 1984; Sabatini and Regehr 1999). At the same time, the current
evoked by LGICs are quite short-lasting (i.e., few ms (Katz and Miledi 1965)). On the other
side, GPCRs are relatively slow to transmit the signal because they are initiating a cascade of
protein-protein interactions before the ion-channel opening. The time scale of current raised
by GPCRs are from 100 ms to minutes or even hours (Hille 2001; Purves et al. 2015). Interest-
ingly, a neurotransmitter can activate at the level of a single synapse both signaling pathways
to promote a fast and a slow answer from the post-synaptic neuron.

1.2.4 Postsynaptic membrane potentials

After neurotransmitters binding to the receptors, ion channels will activate. An ion channel
will typically stay only briefly open (a couple of ms (Katz and Miledi 1965)]) and will pro-
mote a quite small electric current (few pA (Hille 2001)). However, the simultaneous release
of millions of neurotransmitters in the synaptic clef allows for the activation of thousands of
receptors and subsequently, thousand of ion channels. Altogether, there is a large accumu-
lated current (hundred of nA) arising from the sum of all the unitary ones. This postsynaptic
current is ultimately responsible for the change in postsynaptic membrane potential.
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(A) Ligand-gated ion channels (B) G-protein-coupled receptors
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Figure 1.7 — Families of neurotransmitter receptors. (A) Ionotropic receptor, or LGIC. Both functions of
neurotransmitter-binding and ionic diffusion through the membrane are hosted by a single
protein which is why they are faster to transmit the signal than metabotropic receptors.
(B) Metabotropic receptors or GPCR. They indirectly control the opening of ion channels
through G proteins. From Purves et al. 2015.

As mentioned earlier the postsynaptic membrane potential can be either excitatory or in-
hibitory. The nature of the postsynaptic membrane potential is dependent on the selectivity
of the ion channels that are open upon the neurotransmitter binding. By exploring the na-
ture of the ionic current permeating the membrane during the activation of a synapse, it is
possible to measure the membrane potential at which there is no net flux of ions because the
chemical potential of ions across the membrane is equal the electrical potential. The value of
the membrane potential at equilibrium is called the reverse potential because the direction of
the current will change when this value is crossed. Knowing the intracellular and extracellu-
lar ionic concentration, it is possible to compute the equilibrium potential using the Nernst
equation (—100, —50, and +70mV for KT, C1~, and Na™ respectively). A synapse is selective
for one ion if its reverse potential is equal to the equilibrium potential of that ion. If the
measured reverse potential differs from the equilibrium potential of a single ion, it means
that the current is composed of a combination of ion flux.

We can understand that a neurotransmitter’s action is to activate ion channels in order to
displace the membrane potential toward the reverse potential of those channels. In general,
activation of ion channels upon neurotransmitter binding will promote a change in conduc-
tance that will evoke a postsynaptic current. This current will change the postsynaptic poten-
tial. This postsynaptic potential is depolarizing if its value is more positive than the resting
potential or hyperpolarizing if it is the opposite.

Assuming that the threshold for ignition of the action potential is around —40mV (Hille
2001), a postsynaptic potential is excitatory if the reversing potential of the activated channels
is more positive than —40 mV and inhibitory if it is more negative than this threshold. In other
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words, an excitatory postsynaptic potential will increase the probability of firing an action
potential, in contrary to inhibitory postsynaptic potential which decreases this probability.

With the apparition of postsynaptic potentials and their summation over multiple synapses,
the signal is integrated, and if the threshold is reached, an action potential is fired toward the
next neuron.

1.3 LIGAND-GATED ION CHANNELS FOR FAST CHEMICAL SYNAPSES

The fast chemical synapses are mediated by LGICs and are located in all the nervous system
in addition to the neuromuscular junction where they transmit the signal in the millisecond
timescale. This family of receptors is particularly crucial in fast chemical synapses because
they answer to the binding of neurotransmitter by direct gating of ion movement across the
membrane and by generating electrical signals (i.e., postsynaptic potentials). The neurotrans-
mitter controlling these receptors are typically ACh, 5-hydroxytryptamine (Serotonin) (5-HT),
glutamate, glycine, y-Aminobutyric acid (GABA) or Adenosine Triphosphate (ATP) (Hille
2001).

The most well-known receptor is undoubtedly the nicotinic Acetylcholine Receptor (nAchR),
identified by Changeux et al. 1970a; Changeux et al. 1970b. Subsequently, the nAchR re-
mained the best-studied ion channel with the first unitary current measured in patch clamp
by Neher and Sakmann 1976, first purified receptor by Weill et al. 1974, the first receptor to
have the complete amino-acid and gene sequence determined by Noda et al. 1984. Finally,
the nAchR was the first to be imaged in by Brisson and Unwin 1985.

1.3.1 Ligand-Gated lon Channels Diversity

LGICs might be classified according to their selectivity or their quaternary organization.
In human, a group of cation-selective (i.e., excitatory) ion channels is formed by the nAchR,
the Serotonin type 3 Receptor (5-HT3R), the Zinc-activated ion channel (ZAC), the Ionotropic
Glutamate Receptor (iGluR)s, and the ATP-gated P2X ionotropic receptor (P2XR). On the
opposite, a group of anion-selective (i.e., inhibitory ) channels is composed of the GABA type
A Receptor (GABA AR) and the Glycine Receptor (GlyR).

An alternative classification based on the quaternary organization of the previous ion chan-
nels depicts their lack of evolution relationship, see Figure 1.8. There is a family of pLGICs
composed by 5-HT3R, nAchR, GABAAR, GlyR, and ZAC. This family is also alternatively
named Cys-loop receptors because they have a defining loop formed by a disulfide bond in
the extracellular domain. However, their prokaryotic ancestors lack this bonds (Tasneem et al.
2005) explaining why the name pLGICs is preferred nowadays. Of note, more recently the
alternative Pro-loop receptors was proposed by Jaiteh et al. 2016 because of a conserved Proline
residue. iGluRs are tetrameric assemblies. They are all excitatory and glutamate-gated chan-
nels, but they can be divided into four subfamilies depending on their pharmacology or se-
quence similarity (i.e., alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA),
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Figure 1.8 — Schematic organization of the three families of ionotropic receptors (LGICs). From the left
to right, there is the pLGICs, the iGluRs, and the P2XR . Adapted from Lemoine et al. 2012.

kainate, N-Methyl-D-aspartic acid (NMDA) and § receptors). The third and last family is
composed by the P2XR that form trimeric assemblies.

The opening of LGICs is principally controlled by the binding of neurotransmitters to
orthosteric binding sites; however, several endogenous, exogenous, modulators can bind to
allosteric sites and modify the receptor functions.

Several genes encode the subunits within each family of LGIC. The diversity found in each
group is responsible for a wide range of receptors and subsequently, multiple pharmacology
and functions.

1.3.2 Pentameric Ligand-Gated Ion Channels diversity

The pLGIC family is widely expressed in multicellular animals from invertebrates to mam-
mal including humans. They are extensively studied from the structural and pharmacolog-
ical point of view since their identification in 1970. However, only about a decade ago, few
pLGICs orthologs were identified in bacterial species (Tasneem et al. 2005). Thanks to the dis-
covery of prokaryotic receptors, it was possible to solve the first high-resolution structures of
a full-length pLGICs in 2008 and 2009 (Hilf and Dutzler 2008; Bocquet et al. 2009). Following
this success, the first structure at an atomic resolution of a eukaryotic channel was obtained
in 2011 (Hibbs and Gouaux 2011). Finally, recent advances in structural biology permit to
solve many more eukaryotic channels including human ones (P. S. Miller and Aricescu 2014;
Huang et al. 2015; Huang et al. 2017b; Huang et al. 2017a; Zhu et al. 2018; Walsh et al. 2018;
P. Miller et al. 2018) (see Figure 1.9). Nowadays all pLGIC have high-resolution structures
for at least one subunit (apart for ZAC for which not much is known). Even some human
heteromeric structures are solved thanks to Cryo-Electron Microscopy (cryo-EM) (Zhu et al.
2018; Walsh et al. 2018; P. Miller et al. 2018). In addition to the structural characterization of
all pLGICs members, the availability of structures for the same channel captured in multiple
conformations (Du et al. 2015; Bocquet et al. 2009; Sauguet et al. 2014; Hibbs and Gouaux
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2011; Althoff et al. 2014) is critical to understand the biophysical and pharmacological prop-
erties of this family.

Overall pLGICs are expressed in virtually all neurons, and for that reason, they have a
pivotal role in most of the CNS functions, including sensory and motor processes, memory
and attention, pain and rewards, central autonomous control and cognition (Nemecz et al.
2016). Due to their broad involvement in the CNS, it is unfortunately not a surprise to have
them involved in many diseases such as epilepsy (Steinlein 2012), hyperekplexia (Lynch 2004),
autism (Dineley et al. 2015), schizophrenia (Braat and Kooy 2015), Alzheimer’s disease (James
and Nordberg 1995), addictions (Molander and Séderpalm 2005).

pLGICs are large (150 to 300 kD a) protein complexes forming a 5-fold symmetrical arrange-
ment made by identical or homologous subunits. The axis of symmetry forms the ion pore
that is perpendicular to the membrane. Binding of neurotransmitters in the extracellular do-
main initiates a transition (i.e., gating) that trigger the opening of the ion pore (Hille 2001).
Prolonged exposure to neurotransmitter will promote a desensitized state (Katz and Thesleff
1957) that is different from the resting state (Gielen and Corringer 2018), although both are
non-permeable to ion.

While pLGICs are predominately responsible for a synaptic and phasic transmission (Katz
and Miledi 1973), they are also involved in an extrasynaptic and tonic regulation taking place
at low-concentration of nonvesicular neurotransmitter (Betz and Laube 2006) and modulating
the neuronal development for example.

Figure 1.9 — Phylogeny of pLGICs. Adapted from Nemecz et al. 2016. Black stars correspond to avail-
able high-resolution structures. Green stars correspond to the structures made available
after the publication of the original article. Of note, all the green stars refer to het-
eromeric channels although the black ones refer to homomeric channels (apart for the

human 5-HT3R s which is green but homomeric).
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1.4 THE GLYCINE RECEPTOR

Two teams demonstrated the glycine-mediated hyperpolarization in 1967 (Curtis et al. 1967;
Werman et al. 1967) and the next year they both showed that this hyperpolarization is due to
an increase in Cl~ conductance (Curtis et al. 1968; Werman et al. 1968). Following research
on the receptor responsible for the action of glycine led to the identification of the GlyR as
a member of the pLGIC family. GlyR was first purified in 1982 by Betz and colleagues from
the rat spinal cord (Pfeiffer and Betz 1981; Pfeiffer et al. 1982). Later, in 1987, Betz et al. also
successfully cloned the first GlyR (Grenningloh et al. 1987).

Overall, the activation of GlyR allows a flux of CI™ to cross the membrane in the direction
of the electrochemical gradient. In mature neurons, GlyR is an inhibitory receptor because the
Cl™ equilibrium potential is more negative than the resting potential of those neurons. How-
ever, in embryonic neurons, the concentration gradient of CI™ is inverted and the activation
of GlyR promotes a depolarization.

One of the first pharmacological tools to identify GlyR was strychnine (Dutertre et al.
2012a), see Figure 1.10. This highly toxic alkaloid can bind to GlyR with a high-affinity
and act as a competitive antagonist on it (Lynch 2004). At low concentration, it might be used
as a doping substance to enhance the performance, but at higher concentration, it is a par-
ticularly deadly substance (LD5( for human within the oral route is about 100 mg (Palatnick
et al. 1997)) that was commercialized as a pesticide against birds and rodent.

A B C

N
@i’g‘

Figure 1.10 — (A) Glycine is the endogenous agonist of GlyR. (B) 3-alanine (top) and taurine (bottom)
are natural partial-agonists. (C) Strychinine is a selective antagonist of GlyR.

1.4.1 Diversity and function

In comparison to other pLGICs that have many subunit genes (nAchR has 17 and GABAAR
has 20), the GlyR found in vertebrate are less diverse with only five different subunits (in
humans GlyR has just four subunits) (Lynch 2004). There is 4 different o subunits (x1 — x4)
of 40kDA. All the GlyR«x are highly homologous and share high sequence similarity (i.e.,>
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80%). The o4 subunit seems to be missing in human and rat although it is found in mouse and
chicken for example. The {3 subunit is larger (58 kDa) and display less amino-acid sequence
identity with respect to o1 (~47%).

GlyRo can form homomeric receptors that are functional although their properties are
different from most of the in vivo receptors, meaning that the majority of the in vivo GlyR
is formed of heteromeric assemblies (Bormann et al. 1987). However, GlyRp cannot form
functional receptors on their own. Concerning the stoichiometry of the GlyR assemblies
in vivo, it was thought to be 3« : 23 (Burzomato et al. 2003) but more recent publications
propose 2« : 33 (Yang et al. 2012). This information is crucial because photoaffinity labeling
with [H3]strychnine showed that GlyR« subunits carry critical elements for ligand binding
(Graham et al. 1983). It does not mean that GlyRp is just a structural subunit since it has a
determinant role in intracellular trafficking and clustering of the receptor at the postsynaptic
level (Kneussel and Betz 2000). This function is notably granted by the high affinity of the
GlyRp subunit for the gephyrin protein which is in charge of the postsynaptic anchoring to
the cytoskeleton (Maas et al. 2006).

From immunocytochemical studies and analysis of knock-out mice, it has been possible
to identify the physiological functions of GlyR isoforms and their distribution within the
mammalian CNS. Most pieces of evidence suggest that glycinergic synapses are located
in the spinal cord motor reflex pathways, in the spinal cord pain sensory pathways, the
retina, and various brainstem nuclei (Lynch 2004). In a few other cases, GlyR has been
identified on the presynaptic side where it acts as an excitatory receptor, increasing the release
of neurotransmitter (Lynch 2004). During the developmental phase, there is a switch from
a2 to al. The switch toward the adult subunits is completed around 20 days after birth. In
opposition to the al subunit that is wide-spread within the previously cited area, the «3
subunit is less expressed and restricted to the respiratory network of the brain stem and
the superficial laminae of the dorsal horn, where it inhibits the propagation of nociceptive
signals. The p subunit is expressed during all stage of development and adulthood forming
heteromeric receptors. Due to the unique gephyrin binding-site presents on 3 subunits, the
general idea is that heteromeric a1 or «3f3 receptors are found on the postsynaptic side,
whereas homomeric «1, ®2 and «3 receptors are located pre- or extra-synaptically (Zeilhofer
et al. 2018).

1.4.2 Pathology and Pharmacology

The post-synaptic inhibition promoted by glycinergic transmission is crucial in many neu-
ronal processes including motor control, muscle tone, and sensory processing. Due to the
broad implication of glycinergic inhibition in physiological processes, GlyR malfunctions
are responsible for several neurological disorders including hyperekplexia, temporal lobe
epilepsy, autism, addiction, and chronic inflammatory pain which impacts 1/5 of the world-
wide human population (Lynch et al. 2017).
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1.4.2.1  Hyperekplexia

Hyperekplexia is a rare and hereditary disease also named startle disease because it is
characterized by an exaggerated startle reflex in response to unexpected stimuli. Mutations
in genes encoding for GlyRal and GlyRp are the major causes of the disease. Upon the
~70 mutations identified, most of them are loss-of-function mutations (Bode and Lynch 2014).
However, and surprisingly, some of them are gain-of-function mutations but still result in the
same disease phenotype. The conventional treatment consists of enhancing the GABAergic
inhibition with a benzodiazepine in order to compensate for the malfunctioning glycinergic
transmission (Lynch et al. 2017).

1.4.2.2  Chronic Inflammatory Pain

The first step of the pain pathway corresponds to the signal transmission from the noci-
ceptors in several tissues to the spinal cord dorsal horn. Interestingly, the synaptic inhibition
in the most superficial laminae of the dorsal horn is almost exclusively mediated by GlyR«1
and GlyRa3 in equal proportion (Lynch et al. 2017). Based on this evidence, the role of the
glycinergic inhibition in the regulation of pain seems quite straightforward. Indeed, experi-
ments show that pharmacological agents able to potentiate the GlyR’s function are effective
to treat inflammatory pain in animals (Lu et al. 2018). The cost of chronic pain in the USA
was estimated to $600 billion/year (Gaskin and Richard 2012). Unfortunately, available treat-
ments have numerous side effects, and the current epidemics of opioid drugs is devastating
in North America. For that reason, there is a critical need for novel efficient and selective
pain-killers, possibly targeting GlyR«1 — 3.

1.4.2.3 Autism

Autism spectrum disorders are highly prevalent in the population (i.e., 1/68 birth), and are
characterized by pathological trouble with social interaction and communication (Sztainberg
and Zoghbi 2016). Some microdeletions and missense mutations in the gene encoding the
prenatal GlyRx2 were identified as a probable cause for autism spectrum disorders. However,
due to the prenatal incidence of GlyRa2, it seems difficult to pharmacologically target this
receptor as a treatment for autism (Lynch et al. 2017).

1.4.2.4 Alcoholism

It is well known that GlyR is positively modulated by ethanol at relevant concentration
(Molander and Soderpalm 2005). Indeed, GlyR is involved in the intoxicating effects of al-
cohol such as the loss-of-righting reflex in mice, which can be antagonized by strychnine
(Williams et al. 1995). Additionally, a mutation that disrupts the ethanol-binding site in
GlyRoa1 in mice provides resistance to ethanol (Findlay et al. 2002). Finally, there is evidence
that extrasynaptic GlyR in nucleus accumbens is involved in addiction mechanism of alcohol,
but also nicotine and Tetrahydrocannabinol (THC) (Jonsson et al. 2014). Overall, modulation
of GlyR seems to be a possibility to treat toxic and addictive effects of ethanol.
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1.4.2.5 Drugs availability

Selective

Drug name FDA status Usage Action
for GlyR
Glycine Approved Many no Agonist
Taurine Approved Parenteral nutrition therapy no Partial Agonist
Zinc Approved Many no PAM
Methoxyflurane Approved Anesthetic no PAM
Enflurane Approved Anesthetic no PAM
Desflurane Approved Anesthetic no PAM
Isoflurane Approved Anesthetic no PAM
Halothane Approved Anesthetic no PAM
Sevoflurane Approved Anesthetic no PAM
THC Approved Alleviate severe pain no PAM
Cannabidiol (CBD) Approved Alleviate severe pain no PAM
Ginkgo biloba Approved Anti-dementia no PAM
Atropine Approved Anti poisoning L. no Antagonist
by nerve agent and pesticide
Treatment of infestation by Antagonist
Lindane Withdrawn Sarcoptes scabiei no
. . . (pore blocker)
or pediculosis capitis
Thiocolchicoside Experimental Muscle-relaxant no Antagonist
Picrotoxin Experimental Antidote in poisoning by o Antagonist
CNS depressants (pore blocker)

Table 1.1 — Drugs acting on GlyR. From DrugBank (Wishart et al. 2006; Wishart et al. 2018) (after
manually removing drugs targeting the NMDA-sensitive glycine receptor).

So far, no drugs targeting selectively the Glycine Receptor is available on the market al-
though many drugs act on GlyR in addition to other receptors (see Table 1.1). Interestingly,
Bregman and coworkers discovered a novel family of potentiator of GlyR, i.e., tricyclic sul-
fonamides (Bregman et al. 2017). Hit optimization led to compounds AM-1488 and AM-3607,
with good potency and pharmacokinetic properties, in addition to a decent selectivity over
other receptors (Bregman et al. 2017). Of note, GlyRa3 was cocrystallized with AM-3607 and
the structure of the complex solved by X-ray (Huang et al. 2017b; Huang et al. 2017a). Overall,
there is still a need to discover or design small molecules with potent and selective activity on
GlyR in order to improve notably the therapeutics for the treatment of chronic inflammatory
pains or addictions.

1.4.3 Structure

The general topology of GlyR is shared with other pLGICs, which means that the receptor
is forming a pseudo-symmetrical arrangement of the five subunits around a central ion pore
(see Figure 1.11). Similarly to other pLGICs, the GlyR has a large N-terminal domain which
is extracellular and often referred to as the Extracellular Domain (ECD). This domain is
also forming the orthosteric binding-site for glycine and strychnine. Then, a Transmembrane
Domain (TMD) is formed by four x-helices (i.e., TM1_4), with the TM; delimiting the ion

17



1.4 THE GLYCINE RECEPTOR

pore around the axis of symmetry. A long and poorly conserved intracellular section connects
the TM, and TM3 and is referred to as the Intracellular Domain (ICD). This domain contains
notably phosphorylation sites and other sites for communication with cytoplasmic factors.

Due to the high structural similarity between pLGICs, the first models of GlyR were ob-
tained by homology modeling from high-resolution structures of nAchR (Yevenes et al. 2006),
Acetylcholine Binding Protein (AChBP) (Speranskiy et al. 2007) and lately Glutamate-gated
Chloride Channel (GluCl) (Dutertre et al. 2012b). More recently several experimentally ob-
tained models for GlyR appeared. First, the TMD was modeled in 2013 using Nuclear mag-
netic resonance (NMR) spectroscopy and electron micrographs on human GlyR«1-TMD con-
structs (Mowrey et al. 2013). Then, in 2015 was solved by X-ray the human GlyRa3 bound
to strychnine in an apparently closed state (Huang et al. 2015). At the same time, three struc-
tures of zebrafish GlyR«1 were solved by cryo-EM in the presence of strychnine, glycine only,
or glycine and the potentiator Ivermectin (IVM) (Du et al. 2015). The three structures are
displaying various levels of ion pore opening. Last, in 2017 new structures were solved by
X-ray of the human GlyRa3 bound to glycine and potentiator IVM and/or AM-3607 (Huang
et al. 2017b; Huang et al. 2017a). All the structures obtained on human GlyR«3 display a
certainly non-conducting ion pore.

To date, no heteromeric GlyR assemblies have been solved, but very recent and promis-
ing developments have been made by raising antibodies that target specifically one of the
subunits in order to disrupt the pseudo-symmetry with the antigen-binding fragment and to
allow high-resolution particle alignment. This methodology have been successfully applied
to the heteromeric nAchR (Walsh et al. 2018) and GABA AR (Phulera et al. 2018; Zhu et al.
2018). For that reason, we might expect that heteromeric GlyRa1p and GlyRa3f being solved
by X-ray or cryo-EM soon. An additional challenge for structural biologists would also be
to solve the ICD, for which the structure remains mostly elusive in pLGICs (apart for the
5-HT3R) because of the low sequence and length similarities.

1.4.3.1 Extracellular Domain

From the NH;-terminal extremity, each subunit contains a short «-helix parallel to the
membrane. Then, a series of ten (3-sheets compose the rest of the ECD. The neurotransmitter-
binding site (i.e., the orthosteric binding site) is located at the subunits interface, similarly
to other pLGICs, see Figure 1.12. The principal subunit ((+)-side) is contributing via its
loops A, B and C to the binding pocket, whereas the complementary subunit ((-)-side) shares
the middle of its (3-strands (i.e., loop D, E, and F). The general view is that the degree of
openness of the loop C is responsible for the activation of the receptor. An open loop C is
correlated with a resting receptor, whereas a closed loop is related to its active state (Yu et al.
2014). Glycine is stabilized within its binding site via hydrogen bonds between its carboxylate
moiety and the side chains of Arg65 and Ser129 from the (-)-side as well as Thr204 from the
(+)-side, similarly to the glutamate in GluCl. Another shared interaction within pLGIC is the
cation-TT interaction with the Phe207 from the (+)-subunit and the amino group of Glycine.
Additionally, experiments and simulations showed that a water molecule is mediating an
H-bound interaction between the amino group of glycine and the side chain of Glu157 and
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Figure 1.11 — Overall architecture of GlyRec1. GlyR is composed of five similar subunits, with a central
ion pore. The ECD is responsible for the neurotransmitters-binding, the signal is transmit-
ted toward the ECD-TMD interface, and finally the channel open the gate located in the
TMD. In green are represented the Glycine (in the ECD) and the IVM (in the TMD).

the main chain of Ser158 from the principal subunit (Huang et al. 2017b; Yu et al. 2014).
Interestingly, this water molecule occupies the positions of the amino nitrogen of glutamate
and the amidinium nitrogens of benzamidine in GluCl and GABA AR, respectively. Overall
the orthosteric binding site is structurally highly conserved within anionic pLGICs, despite
the variability in the sequence (P. S. Miller and T. G. Smart 2010) which is responsible for the
different ligand selectivity.

A particularity of the GlyR is the presence of potentiator-binding site at the top of the
ECD (Huang et al. 2017b; Huang et al. 2017a), which has not been observed in other pLGICs
yet. A tricyclic sulfonamide compound (AM-3607) can bind to this pocket at the interfaces
between subunits and to positively potentiate the effect of glycine. The pocket is defined by
the @1 — 1 loop and the loop B from the (+)-side, in addition to the x-helix and the 3, — 33
loop from the (-)-side, see Figure 1.13. In opposition to the orthosteric binding site which
is buried, this pocket displays a hydrophobic side formed by residues Tyr161(+), Phe32(+),
Arg29(+), Asp84(-), Pro10(-), Phel3(-), Leul3(-), Tyr78(-), Leu83(-), and another side where
the ligand is exposed to the solvent.

Interestingly, this potentiator-binding site is relatively close (~10 A) to the orthosteric bind-
ing site, and the loop B is involved in both ligands interactions. Not surprisingly for an al-
losteric binding site, some critical residues described here are not conserved in other pLGICs
but the GlyRx1/3 subunits. This lack of conservation within pLGICs is responsible for the
high selectivity of these compounds for GlyRa.
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Figure 1.12 — Orthosteric binding site with Glycine bind, as observed in GlyRa3 X-ray structure (Huang
et al. 2017b). Of note, a water molecule was crystallized in the binding site, mediating the
interaction with Glu157 and Ser158.

Figure 1.13 — Binding site of AM-3607, i.e., tricyclic sulfonamide compounds, as observed in GlyR«3
X-ray structure (Huang et al. 2017b).
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Figure 1.14 — Representation of one GlyR subunit. Names are displayed for the most important ele-

ments constituting the subunit.

1.4.3.2 Transmembrane Domain

The TMD is topologically completely conserved within pLGICs with 4 «-helices embedded
in the membrane, perpendicularly to it. Each helix is about 30 A in length (i.e., the size of the
phospholipid bilayer).

The TM helix has the most striking effect on the function since it is lining the ion pore and
its sequence is directly controlling the channel properties such as conductance and selectivity.
Overall, the five TM helices form a symmetric and pentameric arrangement with the water-
filled channel in the middle of it. This observation arises from the exclusively homomeric
high-resolution structures that exist to date for the GlyR receptors. Of note, the very recent
structures of heteromeric GABA AR receptors seems to challenge this idea of complete sym-
metry in the TM, arrangement, but functional studies based on those models are missing.
The TM; residues are numbered according to the conventional system where the residues at
position 1/ were supposed to be at the cytoplasmic end of TM, and 19’ to the extracellular
side (C. Miller 1989). However, since this initial numbering, the X-ray and cryo-EM structures
showed that the TM; helices expand from —2’ to 20’ in GlyR (Du et al. 2015; Huang et al.
2015) (see Figure 1.15).

The loop that connects the TM, and TM3 (i.e., M2-M3 loop) is spanning at the ECD-TMD
interfaces. It is ~10 amino-acids in length and has a critical role in the transmission of the
signal between the two domains (Martin et al. 2017). Located in the middle of this loop, there
is a Proline (i.e., Pro275) that is so conserved within pLGICs that some authors suggested the
name of Pro-loop receptors in reference to pLGICs (Jaiteh et al. 2016).

The M3-M4 loop is a very long one that is 86 and 130 residues in length in o and 3 subunits,
respectively, and that corresponds to the ICD. Although this domain will be discussed in the
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Figure 1.15 — Pore lining residues in GlyR«1, in addition to their prime notation.

next paragraph, we can note that for crystallization purposes, the GlyR structures solved by
X-ray or cryo-EM have a very short loop of 4 residues that is similar to the one found in the
bacterial pLGIC, Gloeobacter Ligand-Gated Ion Channel (GLIC). However, the replacement
of the long ICD by the shorter loop impact only mildly the function of the channel (Moraga-
Cid et al. 2015; Jansen et al. 2008).

The binding-site of several allosteric modulators, such as neurosteroids, cannabinoids,
ethanol, and general anesthetics, is located in the TMD. In GlyR«1 and «3, only the binding-
pocket of IVM is experimentally solved, see Figure 1.16. This deep inter-subunit cavity, an
the critical residues (Ser267 and Ala288) is also conserved in GluCl and GABAAR (Huang
et al. 2017a).

Figure 1.16 — Inter-subunit binding pocket of IVM in GlyR«3.
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1.4.3.3 Intracellular Domain

Due to the lack of high-resolution structures of the GlyR ICD, its structure remains elusive
and speculative. Hopefully, the 5-HT3R was recently solved (Hassaine et al. 2014; Basak et al.
2018b; Basak et al. 2018a; Polovinkin et al. 2018) with a fragment of its ICD including two
o-helices named MA and MX. Interestingly and contrarily to the ECD, the ICD seems to be
sterically close at its end. However, the helices are forming lateral portals that are water-filled
and lined by charged residues that are controlling the conductance (Kelley et al. 2003; Lan-
glhofer and Villmann 2016). Due to the impact of these residues on the conductance, it is
reasonable to speculate that they are forming the exit route for ions entering the cell. Unfor-
tunately, the large sequence diversity in the pLGIC’s ICD prevents us from doing accurate
homology modeling and to provide any atomistic details on the structure of GlyR’s ICD.

Of note, the gephyrin binding domain is present in GlyRf subunit only. This domain is 18
amino acids in length and located in the middle of the ICD.

1.4.4 lon pore properties

Pore properties are numerous and widely accessible from electrophysiology experiments.
They are particularly important for this thesis because they are directly related to the function
of the LGIC, they are responsible for the signal transmission at the synaptic level. Pore
properties are the most diverse characteristic of pLGICs, and even at the level of receptor
subunits, change in residue sequence have striking effects on those properties. For that reason,
pore properties are advantageous to identify the nature of an ion channel or, the relevance of
an ion channel model with respect to its physiological behavior.

Selectivity between anion and cation is one these properties and is a generic way to classify
ion channels. GlyR is an anionic channel with a ~25-fold preference for chloride over sodium
(Moorhouse et al. 2002). This high selectivity for anions over cations explains why the reversal
potential of GlyR is very close to equilibrium potential of the Cl~ anions. According to
mutation studies, the selectivity filter for cation vs. anion is located at the bottom of the TM,
helices (Cymes and Grosman 2016). The mutant A-1'E is sufficient for the charge selectivity
reversal (Pci-/Pna+ = 0.34) but the double mutant A—1E + P—2 § strengthens that effect
( Pci-/Pna+ = 0.13) (Keramidas et al. 2002). The double mutant GlyR is also permeable to
divalent cation and organic cation as big as tetrapropyl ammonium (TPA™). Based on this
permeability to polyatomic cations, the pore diameter of the double mutant was estimated
to 8.3 A, in close agreement with the cationic pore of mouse nAchRs (8.4 A) (Keramidas et al.
2002).

The second property that has an essential physiological role is the conductance of the
channel. The conductance corresponds to the ease at which ions cross the membrane through
the ion channel. Single-channel experiments showed that the conductance of homomeric
GlyR is ~86 and ~112pS for a1l and o2 — 3 respectively (Bormann et al. 1993), which makes
it one of the most conductive pLGICs. This particularity is quite useful to facilitate the
(computational) electrophysiology recordings in comparison to other anionic pLGICs that
have a conductance of few dozens pS (e.g., GABAAR or GluCl). However, the heteromeric
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GlyRaf has a more modest conductance of ~42pS (Bormann et al. 1993). Interestingly, the
difference in conductance between « and 3 subunits is solely controlled by TM; residues, and
mutation of TM; helix residues from {3 to « ones allows to recover the higher conductance
of GlyR«x (Bormann et al. 1993). A final particularity of GlyR in respect to the conductance
is the existence of several sub-conductive states, which are states that are less frequent than
the main one, and also less conductive. GlyRo have sub-conductive states in a range between
112 and 19pS. Again, mutations in the TM; residues seems to control the number and the
frequency of the sub-conductance states observed between GlyR subunits (Bormann et al.
1993). Sub-conductive behavior is also observed in other pLGICs (e.g.,, GABAAR or nAchR),
and it is a known phenomenon in other ion channel families but not well understood from a
structural point of view neither for its physiological importance.

Next, pLGICs and in particular the GlyR can be permeable to other ions. The permeability
sequence of several common anions is well known. The permeability sequence in neuronal
GlyRisSCN™ >NO3 >I" >Br~ >Cl™ >F~ (Bormann et al. 1987). The order in this sequence
corresponds to the order of ionic hydration energies of these anions. This important result
implies that the highest barrier controlling anion permeation in GlyR correspond to removal
of water from the solvation shell.

In addition to its permeability to monoatomic anions, the GlyR is also permeable to poly-
atomic anions (similarly to the GABAAR). Experiments with polyatomic anions where ini-
tially conducted in order to probe the size of the pore, at least at the level of its constriction
point. This series of electrophysiological experiments permit to estimate a minimum pore
diameter of 5.2 A for the GlyRal (and 54 A for GABAAR) (Bormann et al. 1987). To date,
the permeability of pLGIC to small polyatomic ions was not questioned in the context of a
possible physiological relevance at the synaptic level, but we note that such function is ac-
tively discussed in the P2XR family which is permeable to large cations, including natural
ones (e.g., spermidine) but also drugs (Harkat et al. 2017).

1.4.5 Gating mechanism

The signal transduction mechanism in pLGICs happens through the conversion of a chem-
ical signal (i.e., neurotransmitter binding) into an electrical signal (i.e., synaptic polariza-
tion/depolarization). This transduction is achieved by an allosteric mechanism involving
cooperativity between subunits (Cecchini and Changeux 2015) (see Figure 1.17). The binding
of an extracellular neurotransmitter will stabilize an open channel that is passively conduct-
ing ions. The transition from a closed state in the absence of neurotransmitter toward an
open state stabilized by neurotransmitter-binding is commonly named gating (Hille 2001)
and corresponds to a quaternary rearrangement of the five subunits. The gate is located in
the middle of the TM; helices, and in GlyR the Leu277 at position 9’ is playing this role.
Interestingly, recent studies showed that pLGIC have a second gate located at the bottom of
the TM; and responsible for the desensitization of the channel upon prolonged exposure to
neurotransmitters (Gielen and Corringer 2018).
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Agonist

Current

Time
Figure 1.17 — Schematic representation of the three functional states with their associated current. Be-
fore application of agonist, channels are mostly in the resting state, and no current is
measured. Upon application of agonist, a rapid quaternary motion elicits an open pore
conformation. In the active state, a strong current can be measured. Finally, during

prolonged exposure to agonist, channels will eventually desensitize and reach a novel
non-conductive state.

Based on the available atomistic models, the gating transition seems to be initiated at the
level of the neurotransmitter binding site, which is initially responsible for a change at the
intersubunit interfaces. Current computational researches are still trying to describe the al-
losteric transition triggered by a change in intersubunit contacts in the ECD, leading to the
opening of the ion pore ~60 A away (Lev et al. 2017; Martin et al. 2017).

The first motion involved in the gating transition was identified by Normal Mode Analysis
and correspond to the twisting (Taly et al. 2005). It is a concerted and opposite rotation of
the ECD and TMD around the ion pore axis. Subsequently, the model was refined by the
availability of additional structures which permit to identify a second quaternary change cor-
responding to a radial expansion of the ECD, named blooming (Sauguet et al. 2014; Calimet
et al. 2013) and a tertiary motion of M, helices, describing an outward tilt. Finally, MD sim-
ulations (Calimet et al. 2013) and ¢-value (Gupta et al. 2017) analysis permit to understand
better the link between the major changes described earlier and to propose a sequential view
of the transition. Overall, the binding of the neurotransmitter stabilizes an un-bloomed ECD
that does not directly impact the structure of the ion pore (Martin et al. 2017). However, the
un-bloomed ECD is necessary to allow a complete twisting to take place. The twisting mo-
tion, in contrast to the blooming, is controlling the movement of the ion pore by modifying
the ECD/TMD interface. In details, the twist controls the position of the 31 — 3, loop relative
to M-M3 loop (i.e., the Pro-loop) which is ultimately responsible for the tilt of the M, helices
(Martin et al. 2017). In the resting state the M; helices are straight, and upon activation, they
tilt outward in order to open the gate in their middle (see Figure 1.18).
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Figure 1.18 — Gating transition based on GlyR«1 cryo-EM structures. The arrows are supporting the
transition from the resting state (in green) toward the active state (in red). The structure
captured in presence of the antagonist (strychnine) (PDB:3JAD) is displayed in green, and
the structure captured in presence of the agonist (Glycine) and the positive modulator
(IVM) (PDB:3JAF) is displayed in red. (A) Side-view shows circled in blue motion of the
1 — B2 loop with respect to the M-M3 loop. The two arrows highlighted in yellow
represent the opposite rotation of the ECD with respect to the TMD, i.e., the twisting
motion. (B) and (C) show the top view of the receptor from the apex of the channel and
from the ECD-TMD interface, respectively (see the eyes annotation in (A)). (D) Top view
on the TMD with stick representation of Leu277 that is forming the gate. The change in
orientation of the M; helices allow the Leu277 to orient toward and side and open the gate
located in 9.
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1.4.6  The functional-annotation problem

Elucidating the molecular mechanism of gating is critical to rationally design drugs tar-
geting pLGICs, but also to understand the effect of pathological mutations in human and to
propose efficient treatment for them. To accurately model the transition mechanism between
the resting/closed, the active/open and the desensitized /closed states we rely on the rep-
resentative structures of each state. The end-point structures of such models of gating are
nowadays based on x-ray/cryo-EM structures. However, the current explosion in the num-
ber of structures solved experimentally, and the structural heterogeneity of these structures
ignited a debate about their functional-state annotation.

This thesis started the same year as the publication of three cryo-EM structures of GlyR«1
(Du et al. 2015). Among the three structures, one was evidently assigned to the resting state
(PDB:3JAD), but the two other ones (i.e., PDB:3JAE and 3JAF) could represent the active state.
Unfortunately, by raising doubts about the structural models of the three main states, it is
also the relevance of the gating mechanisms based on these structures that can be questioned.
Hopefully, the ion pore properties that were mentioned earlier are characteristic of a given
channel active state and could be used for a functional-annotation purpose. Indeed, a repre-
sentative structure of the active state should be able to reproduce the single-channel recording
produced experimentally. Overall, ion channels are undoubtedly an excellent system to study
because their single-molecule experiments are simple to set up and their primal functions are
relatively easily accessible both experimentally, and computationally.

For that reason, we first aimed at solving the function-annotation problem for the GlyR«1
active state, in order to clarify which cryo-EM structure is the most representative conforma-
tion of the active/open state. It is particularly important because the conformation privileged
by the authors of the structure is dissimilar, at the level of the TMD, to the previously known
active conformation in pLGICs (i.e., in GLIC and GluCl). This observation supposes that, at
least in GlyR, the final step of the channel gating, i.e., the pore opening, might differ from
what was previously known.

In order to address this problem, we will describe in this thesis how computational meth-
ods, such as Molecular Dynamics, can help to provide structural annotation in LGIC. By
probing the ion pore function of a given structure and comparing the results to experiments,
we might assess the physiological relevance of proposed gating mechanisms. This objective
was achieved in GlyRal1 (Chapter 3) and in P2XR (Chapter 6).

After having reported on the GlyR structure compatible with the active state, we will ex-
plore one elementary part of the synaptic transmission, i.e., the ion permeation mechanism
and pathways through the pore of GlyR (Chapter 4). An original observation concerning the
role of P2XR in the synaptic transmission will also be reported (Chapter 6).

Finally, we will propose to develop a novel methodology to discover drugs targeting
pLGICs using the functional-state annotation arising from the precedent chapters. This
methodology, named state-based pharmacology, will aim at maximizing the binding free-energy
difference for one state over the other, in order to optimize the modulatory effect of small-
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molecule compounds, in agreement with the Monod-Wyman-Changeux (MWC) model of
allostery (Chapter 5).



THEORY

This thesis relies mainly on the use of computational approaches to understand in particu-
lar the interactions between the structure of a channel and the ionic diffusion through it. For
that purpose, many models might be used, ranging from the macroscopic ones based on a
continuum approach to the microscopic ones that are based on all-atom simulations.

2.1 MODELING ION DIFFUSION AND PERMEATION

Michael Faraday introduced in 1834 the word ion ("going" in Greek) to describe the charged
species that travel between electrodes via an aqueous solution. In our case, we will be particu-
larly interested in estimating the current of individual ions through the ion pore of ionotropic
receptors. It is fundamental to be able to predict a current of ion for a given atomic channel
structure because it is directly related to the macroscopic properties measured experimentally.
Three levels of approximation are available for that purpose (Hille 2001; Chung and Corry
2005), continuum electrostatic models, simplified stochastic simulations or classical molecular
dynamics.

2.1.1 The Poisson-Nernst-Planck model

The Poisson-Nernst-Planck (PNP) model is based on the mean-field approximation. Here,
ions and water molecules are treated implicitly as continuous charge densities. These den-
sities represent the averaged microscopic properties of ions. In the PNP model, the Nernst-
Planck equation describes the ionic fluxes and the Poisson equation describes the position-
dependent electrostatic potential of the system within a unified formalism. The Nernst-
Planck equation describes the flux (i.e., current density) Js (in unit: A.m~2) of an ion s
from the combination of diffusion due to the concentration gradient (Fick’s law) and the
electrostatic potential gradient (Kohlrausch’s law):

Fzscs
RT
where, zg, D (mz.s*1 ), Cs (mol.m*3) are, respectively, the valence, the diffusion coeffi-

cient, and the local concentration of ion s. Additionally, F (C.mol™ 1), R (J.K~.mol™ 1), T (K),

and ¢ (V or J.C™') are, respectively, Faraday’s constant, the gas constant, the temperature,

Js = —zsFDs(Ves + + Vo) (2.1)

and the electric potential.

The Equation 2.1 results from the additivity of diffusion and electrophoretic motions. Of
note, the equilibrium properties of this equation are demonstrated by choosing the condition
] =0, i.e,, when there is no net flux, for which the Nernst-Planck equation integrates to the
Nernst equation for equilibrium potentials (Hille 2001).
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Most importantly, ¢ arises from the protein’s charges, the mobile ions, and the membrane
potential. Using Poisson’s equation, it is possible to determine the position-dependant electric
potential. The PNP model consists of solving simultaneously the Poisson’s equation and the
Nernst-Planck equation. For most cases, the PNP equations have to be solved numerically
(Kurnikova et al. 1999; Corry et al. 2000).

From the Nernst-Planck equation one may derivate the Goldman-Hodgkin-Katz (GHK)
flux equation (Hille 2001) which permits to estimate in a easier way the flux Js of an ion s:

VinF? [s]; — [sloexp(—zs Vin F/RT)
RT 1—exp(—zsVm F/RT)

Js = *ngs

(2.2)

where, P (m.s™') is the membrane permeability for the ion s, Vi, (V) is the membrane
potential, [s]; and [s], (mol.m~3) are the intracellular and extracellular concentration.

An essential difference between the two models is that GHK equation assumes a constant
electric potential, which is not the case in PNP model. Indeed, by taking into account, the
atomic description of the channel and the membrane through the Poisson’s equation (Chung
and Corry 2005), the PNP model estimate the local electric potential.

Finally, the PNP model (and GHK equation) permits to compute the steady-state ionic
currents, which is comparable to the current measured by experimental electrophysiology.

However, there are some limitations to the use of continuum theory, especially in the con-
text of narrow pores, like the one of LGICs. In particular, since ions are treated implicitly
as average concentrations, both positive and negative fractional charges are present in each
grid-cell of the calculations. The main effect of this treatment is the underestimation of the
induced surface charges (Chung and Corry 2005). Yet, the induced surface charges are dom-
inant forces, arising from ion-protein interactions, involved in the permeation process. The
PNP models also suffer from the lack of ion-ion interactions, which might be important to
represent the permeation process correctly. Lastly, having a fixed protein structure and as-
signed dielectric constants would play in disfavor of this methodology, but these limitations
are shared with Brownian Dynamics.

Comparisons between several methodologies estimated the domain of applicability of PNP
model to pores with radius larger than ~8 A (Corry et al. 2000; Mamonov et al. 2003).

2.1.2  Brownian Dynamics

In 1905, Einstein introduced an alternative model of diffusion which relies on random walk
(Einstein 1905). He demonstrated that his idea satisfies the Fick’s law although based on
stochastic elementary diffusion events. Brownian Dynamics (BD) is a model which use Ein-
stein’s idea on diffusion (microscopic view). Overall, BD maintains the Kohlraush’s equation
but replaces the Fick’s law (macroscopic view).

Similarly to the PNP model, BD uses a continuum model to represent the solvent, implying
the use of parameters such as frictional parameters of each ion and a dielectric constant.
However, in BD the ions are explicitly treated, and their trajectories are integrated in time.
The ionic diffusion is then driven by a random force representing the atomic collisions, and
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the electric field arising from the membrane potential, the protein’s charges, and the other
ionic charges.

The ionic trajectories in BD might be computed using the Langevin equation for each
particle i (Chung et al. 1998):

mia; =ZiQe%—ﬂ%+FR (23)

where m;a; corresponds to the product of the mass and the acceleration of a particle i. On

the right-hand side of the Equation 2.3, the first term corresponds to the electric potential at

the position of the ion i. The second term corresponds to a frictional force proportional to the

velocity of the ion. Finally, the third term refers to random forces Fg, simulating stochastic

collisions. In conclusion, the last two terms describe the effect of random collisions with the
surrounding water which is treated implicitly in BD.

By solving at each time-step (usually between 2 to 10fs), the Langevin equation of motion
for each ion it is possible to trace the trajectory for all of them. Finally, after some microsec-
onds, it is possible to count how many of them permeate through the channel and then
compute from the ionic flux the single-channel conductance or selectivity.

Having a computationally inexpensive method to compute the current-voltage (I-V) curve
for ion channels using explicit treatment of ions is a substantial advantage of the BD model.
However, this technique still suffers from the drawback of having an implicit treatment of the
solvent, which imposes to choose more or less arbitrarily a dielectric constant in the narrow
environment constituting the ion pore. Additionally, this methodology is also relying on
fixed protein structures which might be problematic when the order of magnitude of atomic
thermal fluctuations is comparable to the pore radius (Allen et al. 2004), which is the case in
narrow pores such as the ones of LGICs.

Because of the ease to obtain converged I-V curve using this technique at physiological
conditions, we applied it to GlyR with mitigated success, certainly because of the limita-
tions previously mentioned. Protocol, results and critical discussion thereof can be found in
Appendix F. Of note, the BD methodology have been successfully applied to the bacterial
pLGICs, GLIC and Erwinia chrysanthemi Ligand-gated Ion Channel (ELIC) in Song and Corry
2010.

2.1.3 Molecular Dynamics

Molecular Dynamics (MD) will be described in details in the next section because it is the
main simulation technique used within this thesis. However, a brief introduction to MD will
be given here and contextualized with respect to the previous two models for simulations of
ionic currents.

In contrast to the previously mentioned models, the conventional MD simulations treat all
atoms, including the solvent, the ions, the membrane, and the protein explicitly. The atomic
trajectories are generated by numerically integrating over a short time-step (generally few fs)
Newton's equation of motion for interacting atoms, using molecular mechanics force field:
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mia; = F; = —ViU(ry,..,mN) (2.4)

where U(ry, ..., 1) corresponds to the many-body potential for atoms (r1,...,TN).

In the context of ion permeation through narrow pores, this simulation technique has the
advantage to overcome limitations of BD by avoiding to define the dielectric constant for
continuum media explicitly. Additionally, all types of interactions are taken into account,
and all atoms are free to move.

While more accurate than previously cited methods, MD also has significant drawbacks to
compute ion channel conductance. First, this method is computationally costly in comparison
to BD because hundreds of thousands of atoms have to be treated in comparisons to the
few hundreds of ions in BD. Of note, the computational cost can be alleviated by running
shorter simulations (few hundreds of nanoseconds), but in parallel on Graphics Processing
Unit (GPU)-node, in order to reach more consistently the microsecond timescale required for
proper evaluation of the conductance in some ion channels (see Chapter 3). Indeed, since
ion permeation event are mostly independent event it does make sense to simulate on the
multi-nanoseconds timescale and to aggregate results over many parallel simulations. All
details concerning our setup can be found in Chapter 3.

Apart from the classical discussion on the accuracy of the force field, two elements can
particularly impact the accuracy of the measured ionic flux. First, the choice of water models,
which implicitly modifies the diffusion coefficient of ions and the dielectric constant. Second,
the lack of explicit polarizability in most of the conventionally used force fields. Of note,
no clear benchmark exists for the moment on the actual impact of both water model and
polarizability on the computed currents accuracy. For example, for simulations carried out
in NaCl solution, none of the available water models seem to reproduced accurately the
diffusion coefficient of the ions (Patra and Karttunen 2004), which is indeed critical for the
measured current.

22 MOLECULAR DYNAMICS SIMULATIONS
2.2.1  The potential energy function

To run MD simulations, one has to solve Newton’s equation of motion described in Equa-
tion 2.4. In that perspective, MD relies on the definition of a potential energy function U and
the calculation of its first derivative, i.e., the force or gradient. In the context of this thesis, we
will describe the Chemistry at Harvard Molecular Mechanics (CHARMM) (Best et al. 2012;
Vanommeslaeghe et al. 2010) potential energy function Ucyarmm which is the only one
that we used in our simulations.

The energy function can be defined generally as the addition of bonded Uyongeq and
non-bonded Uy on—bonded energy terms:

UcHARMM = Uponded + Unon—bonded (2.5)
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The interaction between nearest chemically bonded atoms consist in the addition of several
terms, i.e., bound stretching, angle bending, Urey-Bradley, dihedral, improper dihedral, and
CMAP (Mackerell et al. 2004) energy terms:

Ubonded = Uvbond + uangle +Uup + Udinedral + U—improper +Ucmar (2-6)

with:

Upondea = )_ Kp(b—1b%)?
bonds
+ ) Ke(6-09?
angles

+ Z KuB(5]_3 _S1—3,O)2
Urey—Bradley

(2.7)
+ Z K¢ (14 cos(nd —d))

dihedrals

+ Z Keo (w — w®)?
impropers

+ ) ucmar(®,¥)
residues

where b corresponds to the bond length between consecutive atoms, 6 the angle between
three consecutive atoms, S'—3 the distance between atoms 1 and 3 of the angle terms, ¢
the dihedral angle between four consecutive atoms, w the improper dihedral angles between
four non-consecutive atoms. The CMAP term corresponds to a cross-term for the ¢ and
(backbones dihedral angles) values. Other standard values (e.g. b0, 89), or force constants
(e.g. Kp,Kg ) correspond to parameters in the force field that are specific to each atom types.

The non-bounded interactions are described as the addition of the Lennard-Jones (L]) and
Coulomb interactions energy terms:

Unon—bonded = ul_] + Uelec (2-8)
with:

rminy 12 rminy 6
Y Y

Unon—bonded = Z €ij () 2(1’)
Y

Tis
nonb.pairs Y

9i9j
* Z A1eqTyj

nonb.pairs

(2.9)

where 1i; corresponds to the distance between atoms i and j. ¢ and ™M are force field
parameters corresponding to the energy wells depth, and the inter-atomic distance which
minimizes the interaction energy, respectively. In CHARMM, for mixture of atom type use
€ij = |/€i€; (geometric mean), and r{;}in = (r{“in + r}“m) /2 (arithmetic mean). The so-called
LJ®~12 potentials are used to approximate the van der Waals forces. Because van der Waals
interactions are most relevant at short range, they are spatially-truncated at a given cut-off
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distance in order to decrease the computational cost of the pair-wise calculations. In practice,
a switching function is used to smooth the energy profile at the vicinity of the cut-off distance.

The electrostatic interactions are computed for all non-bounded pairs of atoms with q;
and q; the charges on atoms i and j. The parameter ¢¢ refers to the vacuum permittivity.
Because of the 1/r behavior of the electrostatic interactions, no truncation is possible without
introducing errors. For that reason, the periodicity of the system introduced by the Periodic
Boundary Conditions (PBC) is exploited to alleviate the computational cost of computing
the full electrostatic interaction using the smooth Particle-Mesh Ewald (PME) (Essmann et al.

1995).
2.2.2  Numerical integration

The Verlet integrator was the first method used to integrate Newton’s equation of motion
(Hairer et al. 2003). It has the advantage over Euler method to be stable numerically and time
reversible at no extra cost. The Verlet integrator connects the positions 1; of a set of particles,
with their positions ri;1 after a short time-step At using a Taylor expansion of Newton’s
second law (Equation 2.4) written in the differential form:

or 19%r 5 193 3
Tit] —Ti-i-a(At)-l-EW(At) +g$(A’[) + ...
1

1
=i +Vvi(At) + Eai(At)z + gbi(At)S + ...

(2.10)

where vy, ai, and b; correspond to the velocities, the accelerations, and hyper-accelerations,
respectively. It is also possible to obtain the positions r;_1, one time-step earlier by substitut-
ing At by —At:
1 5 1 3
Ti_1 =Ti —Vi(At) + Eai(At) — gbi(At) + .. (2.11)
By adding Equation 2.10 to Equation 2.11 we can obtain the Verlet integrator:

Tig1 = (2ri—Tio1) + ai (A + ...
1 du (2.12)
%

Finally, the integrator permits to predict the positions after a time-step At, knowing the
current and previous positions, as well as the current accelerations. Of note, in Equation 2.12
the hyper-acceleration term b; disappears, implying the correctness of the equation to the
third order.

In Nanoscale Molecular Dynamics (NAMD) (i.e., the MD code used in this thesis) the Verlet
integrator is used for microcanonical (NVE) simulations (Phillips et al. 2005). Although the
natural ensemble of MD simulations is the NVE, it is possible to generate canonical (NVT) or
isothermal-isobaric (NPT) ensemble using thermostat and barostat (F. Jensen 2007). However,
the use of such heat bath or pressure bath to control directly the amount of energy by modifying
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the velocities do not produce the correct NVT or NPT ensemble unless the Nosé-Hoover
methods are used (F. Jensen 2007).

Alternatively, the NVT ensemble can be generated in NAMD using the Briinger-Brooks-
Karplus (BBK) integrator (Briinger et al. 1984). Here, the system is stochastically coupled to
an energy reservoir. The Langevin equation (Equation 2.3) can be rewritten to make apparent
the terms relative to the random forces and the velocity-dependent friction:

2vky, T
mia; = F —yvi + \/ %R(t) (2.13)
1

where v is the friction coefficient, ki, the Boltzmann constant, and R(t) a univariant Gaus-
sian random process. Yet, the coupling to the reservoir is achieved by adding energy to the
system through the random force and removing energy via the friction term (F. Jensen 2007).

Inserting the Equation 2.13 in the Verlet method (Equation 2.12) it is possible to derive the
BBK integrator (Phillips et al. 2005):

1—vAt/2 1

Z’kaT
(ri —Tio1) + 1+ vAL/2

At?
Ami

Tit1 :Ti+m m_]F(ri)+

Zi] (2.14)

where Z; corresponds to a set of Gaussian random variables of zero mean and variance
one. Typically, if one uses an algorithm to constrain H-bound, such as SHAKE (Ryckaert et al.
1977), it is possible to choose a time-step At = 2 fs.

Of note, the NPT ensemble can be generated using several methods, including, in NAMD,
a combination of Nosé-Hoover methods for constant pressure control (Martyna et al. 1994)
and piston fluctuation implemented in Langevin dynamics (Feller et al. 1995a).

2.3 COMPUTATIONAL ELECTROPHYSIOLOGY

We already discussed in Chapter 1 the necessity for living cells to have an electric potential
difference across the membrane, and that one of the main function of a neuron is to modify
the potential difference in response to intercellular signals. In cells, the ionic distribution on
both sides of the membrane is actively produced by pumps and transporters. However, it is
possible to experimentally apply a potential difference across the membrane using electrodes
and to measure the resulting currents. This electrophysiological technique is termed voltage
clamp. In both physiological or experimental conditions, the membrane potential arises from
a small charge imbalance at the vicinity of the membrane although the system as a whole is
electroneutral. The charge imbalance Q (in Coulomb) is related to the membrane potential
Vi (in Volt) through the membrane capacitance C (in Farad):

Q=VmC (2.15)

The cell membrane composed of a phospholipid bilayer behaves accordingly to the parallel-
plate model of the capacitor with its capacitance C:
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with g9 (F-m™') the vacuum permittivity, ¢ the membrane’s relative permittivity (i.e., the

C= (2.16)

dielectric constant), A the area of the capacitor (m?2). Since the physiological membrane
capacitance per unit area is ~1 uF cm~2 (Liang et al. 2017; Delemotte et al. 2008), an imbalance
of only one electric elementary charge will result in a membrane potential of 100 mV for a
membrane capacitance C = Q/V;, = 1.602 x 10717/0.1 = 1.602x 10~ 18 F. According to
experiments, the capacitance per area is C/A = TuFem™2 = 1x1072Fm ™2, then A =
C/(1x107%) =1.602 x 106 m? = 1.602 x 10* AZ, which corresponds to a membrane patch
of 127 x 127 A. Thus, physiological membrane potentials of ~50 — 100 mV correspond to a
small charge imbalance for the affordable size for a simulation box.

Of note, using Equation 2.16 it is also possible to approximate the dielectric constant of a
physiological membrane to ¢ ~ 4 for a lipid bilayer of ~35 A.

To date, there exists two methods to model a membrane potential that are applicable to
all-atom MD simulations, the ion imbalance (J. N. Sachs et al. 2004; Delemotte et al. 2008;
Kutzner et al. 2011; Kutzner et al. 2016), and the constant electric field (Roux 1997; Roux 2008;
Gumbart et al. 2012).

2.3.1  lon imbalance

In the framework of this method, the membrane potential arises from a charge imbalance
on each side of the membrane, similarly to the physiological cause in cells. Due to the pres-
ence of PBC in all-atom MD simulations, there is a need to have two compartments that
are physically separated. This separation can be achieved by adding an air slab (Delemotte
et al. 2008) or a second membrane bilayer (J. N. Sachs et al. 2004; Kutzner et al. 2011) in
the direction normal to the membrane. Then, the desired membrane potential is applied by
defining a charge imbalance using the Equation 2.15. However, in the presence of ion chan-
nels embedded in the membrane, the differential potential would tend to disappear upon ion
translocation. To overcome this issue, the latest developments of the ion imbalance method
introduced a technique to perform the ion/water exchange between the two compartments
in order to maintain the desired charge imbalance (Kutzner et al. 2016). The ion imbalance
method as the advantage to be straightforwardly linked to the membrane potential and does
not rely on mathematical approximation. However, this technique is limited to net charge
imbalance which quickly represents several hundreds of mV for the standard simulation box
sizes used nowadays.

2.3.2  Constant electric field

Benoit Roux developed in 1997 a modified Poisson-Boltzmann (PB) theory to model the
membrane potential using a continuum electrostatic representation of its effect (Roux 1997).
However, this methodology was not suited to introduce a membrane potential in all-atom
MD simulations, in particular, the ones using PBC.
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Figure 2.1 — Schematic representation of the ion imbalance method with two compartments separated
by two membranes, in order to generate a charge separation resulting in a membrane
potential.

Crozier and coworkers proposed to use a constant electric field applied along the z-axis
on all particles in order to represent a membrane potential for all-atoms MD using PBC
(Crozier et al. 2001). The constant electric field is supposed to model the effect of the metallic
electrode because of the response of mobile water and ions to that applied field. Finally,
they proposed the membrane potential to be equal to the drop in applied potential across the
unit-cell (Crozier et al. 2001):

E, =Vm/L; (2.17)

Where E, corresponds to the applied electric-field, L, is the size of the simulation box in
the z direction and V;, the resulting membrane potential (Aksimentiev and Schulten 2005).
The application of a uniform electric field perpendicular to the membrane to all charges
composing the system was exemplified by Askimentiev and Schulten to compute the conduc-
tance of a-hemolysin in all-atom MD (Aksimentiev and Schulten 2005). However, it is only
later that Benoit Roux demonstrated theoretically the relationship between constant electric
field and the resulting membrane potential (Roux 2008) from the analysis of its modified PB
theory (Roux 1997). The constant electric field used in all-atom MD simulations was shown
to be equivalent to the effect a membrane potential imposed on infinite baths via metallic
electrodes connected to an electromotive force (Roux 2008).

In a review, Gumbart and coworkers supported, with all-atom MD simulations, the theo-
retical demonstration that the membrane voltage represented by a constant electric field is
solely dependent on the size of the unit cell along the z-axis, and not by the thickness of
the membrane, neither by the membrane geometry (Gumbart et al. 2012). They showed that
the bulk medium reorganizes itself in order to reduce the magnitude of the external elec-
tric field. This non-uniform reorganization of the bulk medium produces a reaction field
from the electrostatic interactions treated by PME. Finally, the summation of the external
field and the reaction field results in the total field which is of biological interest (see Fig-
ure 2.2). The immobile and insulating medium formed by the membrane becomes the place
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where the change in potential is focused in order to separate the bulk phases. Overall, this
methodology permits to produce a non-periodic membrane potential from the application of
a constant electric field to MD simulations with PBC on a system with only one, continuous
bulk compartment.
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Figure 2.2 — Schematic representation of the constant electric field method in all-atom MD simulation
with PBC. From Gumbart et al. 2012.

Recently, a review of the two techniques has shown that although they are based on entirely
different theoretical grounds, both of them provide an equally accurate representation of the
membrane potential (Melcr et al. 2016).



AN ION PERMEABLE STATE OF THE GLYCINE RECEPTOR
CAPTURED IN SILICO

3.1 INTRODUCTION

pLGICs can adopt at least three distinct functional states which can be characterized exper-
imentally (Cecchini and Changeux 2015). A resting state in the absence of neurotransmitter
where the ion channel is closed. An active state promoted by the binding of neurotransmitter
where the ion channel is open and permeable. Upon long exposure to the neurotransmitter,
the receptor eventually adopts a desensitized state where the channel is closed and imperme-
able to ion (Katz and Thesleff 1957). Although, the impermeability to ion is a shared property
of closed states, their structures, and affinities for the neurotransmitter are distinct (Gielen et
al. 2015). The gating mechanism commonly refers to the transition from the resting state to
the active state (Hille 2001).

Ideally, one could derive most of the relevant properties of pLGICs knowing the atomistic
structures of all these states and the molecular mechanisms that interconnect them. The
knowledge that could be extracted from such data includes the rationalization of human
mutations and the design of novel therapeutics targeting brain disorders.

GlyR seems in that respect the appropriate receptor to study because its structures have
been solved for a couple of isoforms (homomeric receptors «1 and «3), in the presence of
several ligands, agonist, antagonist, and two Positive Allosteric Modulator (PAM)s (Du et al.
2015; Huang et al. 2015; Huang et al. 2017b; Huang et al. 2017a). From the pathological
point of view, GlyR malfunctions are involved in many brain disorders, and its mutations in
human are responsible for hyperekplexia (startle disease) (Dutertre et al. 2012a; Lynch et al.
2017). Additionally, recent studies show that pharmacological modulation of GlyR is highly
efficient to treat chronic inflammatory pain (Lynch et al. 2017; Lu et al. 2018).

High-resolution structures of the GlyR«1 captured by cryo-EM (Du et al. 2015) show that
the antagonist strychnine can stabilize a conformation that is physically close to Chloride
anion (Cl~ radius = 1.8A (Nightingale 1959)) with a minimum radius of 14A at the level
of the constriction point in the middle of the ion pore. This conformation is compatible with
previously captured Resting structures of pLGICs, GLIC at pH7 (Sauguet et al. 2014) and
GluCl-apo (Althoff et al. 2014). The same study depicts a conformation stabilized by the
agonist Glycine and the PAM IVM with a pore radius of 2.4 A at the constriction point which
is moved to the bottom of the pore. This conformation is quite similar to the structures of
GluCl with L-glutamate and IVM (Hibbs and Gouaux 2011) or GLIC at pH4 (Bocquet et al.
2009) which were assigned as representatives of the Active state. Finally, the authors captured
for the first time a widely open conformation with a minimum pore radius of 4.4 A in the
presence of Glycine only. Due to its unprecedentedly wide ion pore, the authors annotated it
as the true representation of the Active state because it is the sole structure that would allow
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the permeation of Chloride anion and its full hydration shell (hydrated Cl~ radius = 3.3 A
(Nightingale 1959)) (Du et al. 2015). In the following thesis, the Gly-bound structure will be
termed wide-open and the Glycine and IVM -bound structure semi-open. Based on the novel
annotation of the wide-open structure made by the authors they reinterpreted the semi-open
structure and all its relatives as a low-conductive or desensitized conformations. Of note, the
most recent X-ray structures of GlyRa3 with the PAM AM-3607, with (Huang et al. 2017a)
and without IVM (Huang et al. 2017b) are more similar to the semi-open conformation and
were subsequently annotated as desensitized.

Because of the uniqueness of the wide-open structure in the pLGIC superfamily, its physio-
logical relevance is debated (Nemecz et al. 2016).

Experimentally, the function of the GlyR can be probed by electrophysiology, especially in
single channel setup. I-V measurement from single-channel experiments can provide several
properties of the open ion pore including conductance and selectivity. More precisely it is
known that the conductance of GlyRal main Active state is equal to 86pS in outside-out
patches at symmetric 145 mM NaCl concentration (Bormann et al. 1993). Additionally, it ex-
ists several sub-conductive states with conductance values ranging from 18 to 64 pS (Bormann
et al. 1993). Analysis of the permeability ratio between Chloride and a series of polyatomic
anions permits to probe a minimum pore radius of 2.6 A (Bormann et al. 1987). The corre-
sponding permeability sequence corresponds to chloride > formate > bicarbonate > acetate,
with phosphate and propionate being non-permeable (Bormann et al. 1987). Finally, whole-
cell electrophysiological recordings with different NaCl concentration in the external solution
allowed to measure the permeability of C1~ versus Na* of ~25 which depicts a strong selectiv-
ity of the GlyR for the chloride anions (Keramidas et al. 2002). Overall, we have an ensemble
of properties that characterize the active state pore conformation, and that could serve as
stringent functional restrains for the structure of the GlyR active state.

Computational approaches are suited to recover the properties of the available structures
to annotate them functionally or to question their relevance (Howard et al. 2017). Providing
a structure-function relationship would correspond to reproducing the functional properties
of a state measured experimentally using the corresponding structural model in silico.

The most popular computational approach to functionally annotate ion channel structure,
including the software HOLE (O. S. Smart et al. 1996), aims at measuring the physical dimen-
sion of the pore to categorize it as open or closed. Although the geometrical measurement is
suited to annotate closed structures where constriction point is smaller than the permeating
ions, it is more complicated to annotate an open channel structure because of pore dewet-
ting. Such dewetting, named hydrophobic gating (Beckstein and Sansom 2006), may result
in channel impermeability even when the pore radius is larger than water or ions. Based on
the importance of the pore hydration in the annotation of the open channel structure, a three-
level dynamic annotation has been recently proposed to probe the function more accurately
(Trick et al. 2016) than static methods such as HOLE. This methodology was then applied
to GlyR«l structures captured by cryo-EM to conclude that the antagonist-bound conforma-
tion is representative of the Resting state because of a strong dewetting in the middle of the
pore, the wide-open is fully hydrated and corresponds to the active state, and the semi-open is
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less hydrated at the bottom of the pore and depicts a desensitized conformation. However,
this annotation assumes that the three tested conformations are physiologically relevant and
correspond to the three functional states of the GlyR. If it is clear that the wide-open is more
hydrated and could accommodate more easily anion permeation in comparison to semi-opern,
it is not clear if the wide-open structure is physiologically relevant because there is no straight-
forward comparison to experiments for water densities. Indeed, the physiological relevance
of the wide-open structure was questioned by a joint effort of X-ray crystallography and MD
simulations of GLIC and GlyR«1 which showed evidence in favor of the semi-open structure
being representative of the active state (Gonzalez-Gutierrez et al. 2017). From the computa-
tional perspective, the demonstration was notably done by showing the wide-open structure
permeability to chloride anion, even in the presence of the channel blocker picrotoxin.

In this chapter, we used an original combination of simulations techniques (see Figure 3.1)
including conventional MD, computational electrophysiology, and polyatomic anion perme-
ability. Our goal is to design in-silico experiments that can be directly compared to wet-lab
experiments in order to provide functional annotation of the GlyR«1 structures that do not
rely on the assumption that the cryo-EM structures are all physiologically relevant, and that
goes behind a simple comparison between conformations.

Glycine Receptor Cryo-EM
open structures structures
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Figure 3.1 — Schematic representation of the computational experiments we designed to probe the func-
tion of cryo-EM structures of the GlyRa1. From Cerdan et al. 2018.
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STRUCTURES PREPARATION Initial coordinates were extracted from the cryo-EM recon-
structions of the Zebrafish GlyR«1 in the wide-open (PDB:3JAE) and the semi-open (PDB:3JAF)
states. The M3-My loop, which was missing in the wide-open structure, was reconstructed by
the program MODELLER (Sali and Blundell 1993) using the semi-open structure as a template.
Complete models including hydrogens were built using the program CHARMM (Brooks
et al. 2009) with the CHARMM 27 force field (Mackerell 2004) and the CHARMM 36 lipid
parameter set (Klauda et al. 2010) to model the energetics.

The protonation state at pH7 of the titrable residues was determined by pK, calculations
based on continuum electrostatics (Bashford and Karplus 1990) and the multi-site titration
approach (Bashford and Karplus 1991). Continuum electrostatic calculations were performed
by solving the linearized PB equation in 3D with the Adaptive PB Solver (Baker et al. 2001)
through the Karlsberg+ package (Kieseritzky and Knapp 2008). The protonation probability
of the titratable groups was obtained by Monte Carlo optimization, as implemented in the
Karlsbergz program (Kieseritzky and Knapp 2008). pKy values were derived from titration
curves for each titratable site calculated by sampling the protonation probability at 300 K over
a pH range from —2 to 16 by increments of 0.1 pH units. The dielectric constant used for the
solvent is 80. A charge density corresponding to a solution of 150 mM of NaCl was used to
account for mobile ions. Lastly, the membrane was mimicked using a slab of 30 A in thickness
and a dielectric constant of 4. The membrane was centered on the TM helices. For the wide-
open structure, the following residues were predicted in the non-standard (deprotonated)
form at pH7: D100, D113, D164, D339, K297, and K362. For the semi-open structure, they
were: D113, D164, D339, K209, K297, and K362.

Parameters for the allosteric modulator IVM were obtained using the CHARMM General
Force Field (CGenFF) through the PARACHEM website (Vanommeslaeghe et al. 2010). In
both structures, the coordinates of the endogenous agonist Glycine were missing. Initial
coordinates for Glycine were modeled by manual docking to the orthosteric site using the
binding mode of L-glutamate in the X-ray structure of GluCl active (PDB:3RIF) as a template.
After several ns of MD relaxation, a binding mode with a water molecule mediating the
interaction with the protein was stabilized similarly to what was previously suggested in the
literature (Yu et al. 2014; Huang et al. 2017b).

SYSTEMS SETUP  To prepare the system for MD, the protocol proposed by Calimet et al.

2013 was followed. In short, complete models for the wide-open and semi-open structures of

GlyRo1 were embedded in a lipid bilayer composed of 1-Palmitoyl-2-oleoylphosphatidylcholine

(POPC). The POPC bilayer was preequilibrated in NPT ensemble at 303 K with the CHARMM

36 lipid parameter and downloaded from J. Klauda’s resources webpage (https:/ /chbe.umd.edu/ jbklau-
da/memb.html). The membrane patch was replicated 3 x 3 with CHARMM to fit the protein

width. Next, the protein was inserted in the membrane with VMD and lipids or water

molecules within 1A to the protein were removed. The system was then neutralized by

adding 20 and 10 CI™ ions, for the wide-open and semi-open respectively, and solvated us-
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ing a 150 mM NaCl in TIP3P water in a rectangular box of 120 x 120 x 140 A using VMD
(Humphrey et al. 1996). The resulting setups include 203,131 atoms for the wide-open (328
lipids, 43,716 water molecules, 123 Na™ and 144 C1™) and 204, 344 atoms (329 lipids, 43, 855
water molecules, 124 Nat and 134 C1™) for the semi-open simulations, respectively (see Fig-
ure 3.2).

Figure 3.2 — Global view of the MD simulation box containing the GlyR«1 in the semi-open conformation
(PDB: 3JAF), embeded in a POPC bilayer, with explicit TIP3P water molecules and 150 mM
of NaCl for a total of ~200, 000 atoms.

MD simuraTions  Constant temperature and pressure MD simulations were carried out
using NAMD 2.12 (Phillips et al. 2005) within PBC.

The nonbonded potential function was truncated at a cutoff distance of 12 A for short range-
range interactions, and a switching distance of 10 A was used to smooth the electrostatics and
van der Waals interaction energies between 10 and 12 A. Long-range electrostatic interactions
were computed by the PME method using a grid spacing of 1A.

Initially, 5,000 steps of energy minimization using a sophisticated conjugate gradient were
performed at constant volume in the presence of harmonic positional restrains with force
constants of 10 and Tkcalmol~' A~ were applied to the protein backbone and side-chain
heavy atoms, respectively.

The minimized coordinates are then used to start the heating procedure in the NPT en-
semble. The SHAKE algorithm (Ryckaert et al. 1977) is applied to all covalent bond with
hydrogens. A time-step of 2fs is used to integrate each step of the MD simulation. The
Langevin thermostat was used to control the temperature with a damping coefficient equal
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to 1 and 0.1ps~! for the heating/equilibration and production phases, respectively. The con-
stant pressure was assured by Langevin piston Nose-Hoover method in NAMD (Feller et al.
1995b). The pressure target is set to 1.013 25 bar, with a barostat oscillation period of 100 fs
and a damping time scale of 50 fs. The Langevin piston temperature is naturally similar to
the one set for the thermostat. The dimension of the unit cell was kept constant in the x-y
plan while allowing fluctuation along the z-axis perpendicular to the membrane.

The heating procedure brings the system from 0 to 300k in 600ps by increasing the tem-
perature incrementally by 2K every 4 ps.

In the initial simulations, the systems were equilibrated at 300K and 1 atm for 2ns while
gradually removing positional restraints on the protein heavy-atoms, followed by unbiased
MD production.

IMPROVED EQUILIBRATION  Because of the poor stability of the wide-open structure with
the standard equilibration protocol we introduce a gentle one using the following procedure.
Additional simulations of the wide-open state were carried out by introducing symmetry re-
straints on the pentameric organization with force constants of 0.25 and 1.0kcalmol~ " A~

for the ECD and TMD, respectively, using the symmetryRestraints module in NAMD and
torsional restraints on the x; angle of Leu277 (at position 9’) with half-harmonic boundary
potentials at 280 and 300 deg (force constant 0.1 kcal mol™' deg—2) to keep the hydrophobic
chain of Leu277 away from the pore lumen. Torsional restraints were implemented using the
colvars module in NAMD (Fiorin et al. 2013). In these runs, the equilibration was elongated
from 2 to 10 ns, followed by 50 ns of biased MD with torsional restraints on Leu277 (position

9’) before unbiased production.

PERFORMANCES OF UNBIASED MD sSIMULATIONS Production runs of the ~200,000
atoms systems were executed on Haswell CPUs (E5 2690 V3) at a rate of ~25ns day*1 using
504 CPU-cores. For a total of ~1.2 s of cumulated simulations using ~600,000 CPU-hours.

COMPUTATIONAL ELECTROPHYSIOLOGY SETUP  Three protein structures, i.e., the wide-
open and semi-open cryo-EM reconstructions and a representative structure of the MD-open
state, were analyzed. The MD-open representative structure state was selected as the snapshot
in the original unbiased-MD with the lowest Root-Mean-Square Deviation (RMSD) to the
average MD-open model; see below the structural average of the MD-open model. To control
the robustness of our results, we pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>