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Introduction

The communication between neurons allows the transmission of information from the
brain to peripheral sites. The neurotransmission process involves the liberation and capture
of neurotransmitters in the synaptic cleft. A wide range of pathologies can alter this
mechanism and the function of the type of receptor involved will determine the corresponding

syndrome.

Pentameric ligand gated ion channels (pLGICs) are a superfamily of receptors involved
in fast synaptic transmission in the central nervous system. In mammals, they comprise
5HT;, GABAA, and glycine receptors. Thus they contribute to major functions such as central
autonomous control, sleep, anxiety, memory and attention, emotion or cognition and many
others. Several mutations of the genes’ sequence coding for the pLGICs has been identified
and are responsible for severe neurological disorders including the congenital myasthenic
syndrome, several epileptic syndromes, hyperekplexia and autism. In addition to the former,
malfunction of NACh and GABAA receptors appears linked to neurodegenerative pathologies

such as Alzheimer disease (AD) for which only few treatments are nowadays available.

Structurally they are complex transmembrane protein made of 5 homologous subunits
arranged in a five-fold symmetry around an ion pore. For each subunit, one can describe a
extracellular (EC) domain that capture the neurotransmitter diffusing in the synaptic cleft, a
very organized transmembrane domain where other ligands can bind and an intracellular

domain of which the function is still not fully understood.

Because of their crucial functions the pLGICs are the targets of many drugs. They can
be activated by endogenous neurotransmitters but also by therapeutic molecules that
regulate their action and bind at the level of an active site, i.e., orthosteric site, lodged
between the EC domains of two adjacent subunits. Moreover this superfamily of receptors is
capable of binding small molecules at a topographically different site, i.e., the allosteric site.
The later is located in the transmembrane domain within a subunit, unlike the orthosteric site.
Ivermectin (IVM) is known to bind in the allosteric site of most pLGICs and to positively
modulate their action. General anaesthetics are also binding at the same site on GABAAR
and act as positive allosteric modulators. Nevertheless the detailed mechanism of action of
these allosteric binders, i.e., how they block or enhance the activity of a given receptor, is

unknown.

In this manuscript we will first give a detailed review of the architecture and members of
the pLGICs family. Then we will present their pharmacology and discuss the consequences
of their dysfunction on human health. Finally we will present computer simulation of
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biomolecules and a method and illustrate this approach with the development of a method

based on free energy calculations that we developed to study the effect of IVM on a bacterial

homologue of the pLGICs family.

11




1. Pentameric ligand gated ion channels: history and
atomic structure.

1.1. Discovery

First named nicotinic receptors due to their properties discovered by John Newport
Langley in 1905 ', these receptors were then called cys-loop, due to the presence of a very
highly conserved loop formed by a cysteine bridge in the extracellular domain. They are now

called pentameric ligand gated ion channels referring to both their function and structure.

In 1970, the first pLGICs, the nicotinic acetylcholine receptor, was isolated from fish
electric organ 2 however its detailed tri-dimensional structure is still unknown. The first
atomistic structures of pLGICs were elucidated half a century later from prokaryotic
homologues; GLIC from gloebacter violaceus * and ELIC from Erwinia chrysantemi *. It is

5,6

only very recently that high resolution 3D structures of eukaryotic homologues were

published and led to a breakthrough in the field.
1.2. Phylogenetic of the pLGICS family

Until the discovery of Tasneem et al. in 2005 of a prokaryotic homologue of the pLGICs
family it was thought that these membrane proteins were present only in complex eukaryotic
organisms. In fact, they are present in most of the living organisms, i.e., from bacteria to
human brain ” . They are involved in major functions in the central nervous system (CNS) as

in the muscles.

The genes coding for these receptors can be sequenced thanks to modern techniques
and the results can be analysed to draw various conclusions. The amino acid sequences can
be aligned and compared with other receptors within a given group to isolate subgroups
among the family of pLGICs, as shown on Figure 1, namely: i) AChBP which are very similar
to the rest of the members in the extracellular (EC) domain but the transmembrane (TM)
domain is completely absent; ii) NAChR and 5-HTj; iii) GABAAcR and GlyR and iv) bacterial

homologues.
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Figure 1: phylogenetic tree of the pLGICs family, including prokaryotic and eukaryotic
receptors. Are shown in yellow the cation-selective eukaryotic; in green the acetylcholine
binding proteins; in blue the anion selective eukaryote; and in pink the prokaryotic
homologues. ®

1.3. Human members of the pLGICs family

They consist in several human receptors, which are all major pharmacological targets:

* GABAAR are anionic receptors. A recent structure of a human receptor was
elucidated by X-ray crystallography in complex with benzamidine (a new

antagonist). °

e 5-HT3;R are cationic receptors. A recent structure of a mouse receptor was
elucidated in X-ray crystallography. It is complexed with nanobodies that bind at
the interface between the subunits in the EC domain preventing the binding of
the endogenous neurotransmitter, thus acting as antagonists. Nanobodies are
also used in crystallography to reduce the entropy of the EC domain, which

facilitates the formation of crystals.

e GIlyR are anionic receptors. A recent set of structures obtained by X-ray
crystallography and cryo-electron-microscopy (cryoEM) was published. See

Table | for a complete presentation of these structures.

* nAChR are cationic receptors. So far no complete atomic-resolved structure of
this receptor was elucidated. Only theoretical models based on prokaryotic
homologues of this receptor are available. The acetylcholine-binding-protein

(AChBP), a homologue of the EC domain of the nAChR, is extensively used to

MARTIN Nicolas | Thése d’exercice | Université de Limoges | Juillet 2015 13



explore the binding of small molecules to the nAChR by experimental
techniques. Although, it cannot describe neither the effect of binding on the

activity of the receptor nor describe the activation or deactivation mechanisms.

Receptors of the pLGICs family are composed of several o and [ subunits
(heteromeric receptors) which are slightly different in their sequence and thus in their 3D
structure. This influences their pharmacological et kinetic properties '°. Interestingly, bacterial
pLGICs are often homomeric, meaning that they are composed of five subunits of the same

type when human homologues are mostly heteromeric.

1.4. Non-human members of the pLGICs family

Because they are often homomeric membrane proteins and are expressed in
prokaryotic or very simple eukaryotic organisms, and because of their very close homology
to their human homologues, these receptors are used as models for computational as well as

for electrophysiology studies.

ELIC: (Erwinia Ligand Gated lon Channel) isolated from the bacteria Dickeya dadantii
(previously known as Erwinia chrysanthemi) is responsible for the soft rot disease in foliage

plants. It was the first structure ever elucidated of a pLGIC at high resolution (3.3 A)"".

GluCl: (Glutamate Gated Chloride Channel) the two structures published of this protein
were expressed in Caenorhabditis elegans and were the first eukaryotic structure of a
pLGIC. Although the open state is believed to be an active state due to its ligation with IVM
and glutamate (positive allosteric modulator (PAM) and endogenous neurotransmitter
respectively) it was recently stated that it could be a desensitized state '>. The resting
structure was crystallized in the absence of ligand and it is thus believed to be representative

of a closed state of the channel.

GLIC: (Gloeobacter Ligand gated lon Channel) isolated from the bacteria Gloeobacter

violaceus. It is activated by protons, thus it is sensitive to changes in pH.
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Table I: Sum up of the principal structures available of pLGICs and their characteristics.

Channel Resolution
Receptor Organism In complex with PDBID
state (A)
Glycine Human Strychnine Close 3.04 5CFB
Glycine Zebra fish Strychnine Close 3.9 3JAD
Glycine Zebra fish Glycine Open 3.9 3JAE
Glycine Zebra fish Glycine, ivermectin Open 3.8 3JAF
GluCl Bacteria - Close 3.6 4TNV
Glutamate,
GluCl Bacteria _ _ Open 3.35 3RIF
ivermectin
ELIC Bacteria - Closed 3.3 2VLO
GLIC Bacteria Propofol/desflurane Open 3.3 3P50
GLIC Bacteria - Open 2.9 3EAM
GLIC Bacteria - Closed 4.35 4NPQ
Nanobodies
5-HT; Mouse Closed 3.5 4PIR
(VHH15)
GABAA Human Benzamidine Closed 2.97 4COF

15



1.5. General organisation
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Figure 2: general architecture of the pLGICs, example of an eukaryotic homologue from C.
elegans: GIuCl.

pLGICs are trans-membrane proteins with a molecular weight of about 290 kDa,
comprising five identical or homologous subunits symmetrically arranged around a central

ionic channel with a five-fold axis perpendicular to the membrane plane.

They are found in bacteria as well as in human brain. In mammals, nAChRs can be
composed of different types of subunits, namely nine p-subunits and three a-subunits. They
assemble into various compositions, for instance (04)(B2); or (a7)s, which impact the
pharmacological and physiological properties '°. Indeed, upon their location in the human
body or even in the different parts of the brain (see Figure 3), nAChRs have different subunit

compositions ™.
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Figure 3: Repartition of NAChRs subtypes in the human brain. *?

The overall structure of the pLGICs is well known due to crystallographic structures,
each subunit consists in 3 well-defined domains: a large hydrophilic extracellular domain
(EC), a transmembrane domain (TM) mainly lipophilic and an intracellular domain. At the
interface between the TM and the EC domains one can describe a conserved cysteine
bridge forming a loop referred to as the F-loop. The latter carries the canonical ®P®D motif

where ® are aromatic residues, P a proline and D an aspartic acid.

1.6. Extracellular domain
1.6.1. Orthosteric binding site
No X-ray structure of the main pharmaceutical target, i.e. NAChR, was elucidated so
far. Nevertheless, one may extrapolate the structure of the binding site of human pLGICs
from crystal structures of eukaryotic homologues such as GLIC, ELIC or GIuCl or from

electronic microscopy (EM) or even using the AChBP.

It is lodged in the upper part of the extracellular domain, at the interface between two
subunits. The subunit holding the A, B, and C-loops is referred to as (+) or principal subunit,
whereas the E, F, and G-loops are carried by the (-) or complementary subunit (see Figure
4). The binding pocket is barely accessible to solvent and formed by the loop of the (+)

subunit on one side and by the  strands of the (-) subunit on the other.

In the binding site of GIuCl L-glutamate forms a bridge between the principal and

complementary subunits. It is tightly sandwiched between 2 tyrosines of the (+) subunit and

two arginines on the (-) subunit.

17




Figure 4: representation of the active site of the Ac-AchBP. The binding site is located at the
intersubunit surface. (+) Subunit is shown in yellow and (-) in blue in the upper part of
the figure. The six loops forming the active site are highlighted in colors in the lower part
of the figure. ®

Despite the diverse sources of structures, the orthosteric neurotransmitter-binding site

of pLGICs seems to be remarkably conserved from bacteria to humans.

1.6.2. Loop C
The binding pocket is capped by a flexible segment of amino acids called C-loop, which
is stabilized in a closed configuration by interacting with the ligand placed in the active site.
When no ligand is bound, the C-loop is much more flexible and can sample a wide range of
conformations going from completely open to completely close. While in an open
configuration, the active site is exposed to the solvent and can thus facilitate the

spontaneous binding of a ligand.
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The flip of the C-loop from an open to a closed position was first thought to have a
critical role in the allosteric activation of the receptor . Although it is very likely that the
closing of the loop is a consequence of the interactions between the ligand and the C-loop
and is not what triggers the opening or closing of the channel 50 A away from the orthosteric

binding site.

1.7. Transmembrane domain
1.7.1. Cys-loop
The loop connecting helices M2 and M3 and located at the interface between the TM
and EC domains is often referred to as cys-loop as it contains two cysteins forming a
disulfide bridge. Moreover, it carries a very conserved proline believed to be a key residue in

the opening or closing mechanism of the pLGICs.

It was recently stressed ' that the proline located in the cys-loop is subjected to strong
evolutionary pressure leading to a high conservation of this residue among the member of
the family, both in bacteria and in human homologues. Interestingly, the cysteins residues on
the cys-loop after which this family of receptors was named are less conserved. This would

suggest renaming the cys-loop in Pro-loop receptors for a more consistent nomenclature.

1.7.2. Allosteric binding site
Several allosteric sites have been identified from pLGICs’ structures. The first allosteric
potentiator discovered for pLGICs was Ca?* for a7 and 04p2 nAChRs '>'®. Although, a wide
variety of molecules such as ethanol and other alcohols, general anaesthetics, lipids,

717222 can bind to this

cholesterol, neurosteroids, ivermectin and other synthetic compounds
site. These binders typically have low intrinsic activity but can drastically increase or

decrease the physiological answer expected from a given receptor.

The allosteric binding sites are located about 40 A away from the orthosteric site in the
upper part of the TM domain. Two major allosteric binding sites were identified, although they
partially overlap. The first one is a cleft and is formed by the helix M1 of the (-) subunit and
M3 of the (+) subunit, and may host IVM and lipids. The second allosteric binding site is
referred to as general anaesthetic binding site because it was elucidated on crystal
structures of GLIC in presence of propofol and desflurane #. Unlike IVM binding site, it is

lodged inside a subunit and is much smaller.
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Figure 5: top and side views of the TM domain of GLIC (green) and GIuCl (grey) showing the
allosteric binding sites of IVM.’

1.7.3. The ion channel
The physiological answer to ligand binding of receptors of the family of pLGICs
consists in the opening of the channel to let ions get through the cell membrane. This may

lead to different endings such as excitation, inhibition, or metabolic signalling.

The ion channel is formed by five alpha helices, referred to as M2, oriented
perpendicularly to the axis of the membrane and arranged symmetrically around the axis of
the pore. To compare different structures, the residues lining the pore were numbered using
a prime notation from -2’ (inner part of the ion pore, facing the cytoplasm of the cell) to 20’
(outer part of the ion pore, facing the outside of the cell). This ion channel consists in a
hydrophobic domain, well conserved among the pLGICs, in the middle of the ion channel and

two charged residues located at its edges.

The ion channel narrowest portion is called constriction point. In most pLGICs (GIuCl,
ELIC, GlyR, GABA and 5HTs;,see ref **7?” for detailed information) a ring of five leucine
residues pointing toward the lumen of the pore form the gate at position 9’. The inward or
outward displacements of these residues are responsible for the closing or the opening of the

28-30

channel to the ion flux; respectively. Indeed, previous experiments showed that if these
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key leucine residues were mutated to hydrophilic residues, the opening rate of the channel is
increased. This is explained by the fact that, when replaced by hydrophilic residues, the
hydrophobic gate residues cannot play their role of electrostatic repulsion forming a barrier to

the ions.

Even though the pLGICs family is homogeneous in terms of global architecture and in
the overall composition of the ion channel, the selectivity for ions diverges. GABAAR, GlyR
and GIluCl are anionic channels, when 5-HT3;R, nAChR and GLIC are cationic channels. The
mechanism of the ion selectivity is not fully elucidated. It is however clear that unlike highly
selective channels such as KcsA, the selectivity of this type of receptors lies in charge
interactions and not in the ion radius. The residues thought to be responsible for the ion

selectivity are called selectivity filter residues.

Figure 6: side view of the ion channel describing the residues lining the pore and their
specific numbering for GluCl apo (PDBID 4NTV). M2 helices are represented in ribbons and
the volume of the channel accessible to water is visualized by blue or cyan dots. °

1.7.4. The ion channel binding site

Different strategies can be used to control the activity of pLGICs. Among them, channel
blockers, which bind directly inside the lumen of the pore. Unlike ortho and allosteric ligands,
this type of molecules acts directly as sterical blockers of the channel. Thus their binding site
and mechanism of action are peculiar. The binding sites of channel blockers are widely
spread over the full transmembrane part of the channel. A recent structure of GluCl bound to
picrotoxin ° has shown that this channel blocker binds between position -2’ and 2’ (see Figure
6). It was also shown that tetraethylammonium and tetrabutylantimony bind in the middle of

the channel at position 6" and that lidocaine binds near positions 9’ and 6’ *'.
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1.8. Intracellular domain

The inner domain of these transmembrane proteins is absent from the prokaryotic
members of the pLGICs family and thus is much less known than the extra and
transmembrane domains. It is believed to act as a selectivity filter allowing only for the
permeation of specific ions *2. Due to the flexibility of the intracellular (IC) domain, very few
data exist on its structure. In fact, in most of the few vertebrate structures present in the
protein data bank (PDB) the IC domain has been cut out before the crystallization
experiments. In 2014, Hassaine and co-workers crystallized a 5-HT3;R with a partial IC
domain, which could show that the IC domain helices form a narrower constriction point that

the one present at position 2’.

Despite the interest of the IC domain and the recent data published on its structure, its
function is still barely known and its absence from bacterial homologues makes the

elucidation of it's precise role much more complex.

VHH15 VHH15
[ S ¥ %,
'45 -y "))
\Kh(:\ g 2 & "*)
[~y //::‘ \
~4 C ~

domain

Transmembrane
domain

Intracellular
domain
(partially seen)

Figure 7: X-ray crystallographic structure of the 5-HT; receptor showing a partial intracellular
domain and nanobodies (VHH15) binding at the level of the EC domain.*?
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2. Pharmacology of the pLGICs
2.1. Agonist and antagonist

Based on the work of Langley, Hill, and Clark, was defined the receptor occupancy

model which described the notion of agonist and antagonist.

* An agonist is defined as a molecule that binds to a receptor and triggers a

biological response. Such as the cleavage of an intracellular messenger, or an

ion flux through the cell’s membrane. Several kind of agonists can be cited:

O

Partial agonist: even when occupying 100% of the binding site the
biological response triggered by the partial agonist is in intensity lower

than the one obtained by the binding of the natural agonist.

Inverse agonist: when binding to the target receptor it triggers the

opposite biological response to the agonist.

* An antagonist is on the other hand defined as the molecule capable of blocking

the action of the agonist. There are several types of antagonists:

O

Reversible agonist: ligand of that subtype can bind to their target (blood
protein, nuclear receptor, nuclear receptor etc...) and unbind freely. The
typical interactions involved in such cases are H-bonds and Van der

Waals interactions.

Irreversible antagonist: here the ligand binds covalently to its target. The
target activity will be restored as soon as the cell produces new ones.

One may site as an example the action of aspirin on COX-1 and COX-2.

Allosteric antagonist: not all targets possess the ability of being
allosterically modulated. An allosteric antagonist (or agonist) can bind to
a target on a topographically different site than the one of the

endogenous neurotransmitter.

Orthosteric antagonist: unlike the allosteric antagonist, it binds to the
target at the endogenous neurotransmitter site and compete with it for

its binding.

To quantify and sort all the different agonists, antagonists, and subtypes, one can use

the allosteric efficacy defined as follow:

. [ARIR]
[ARI[R"]

Equation 1: definition of the allosteric efficacy
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Figure 8: different types of ligands and their corresponding a values **. Where f; is the
fraction of receptors in the activated state and [A] is the concentration of the ligand.

2.2. Allostery

Fifty years ago from now, with the mention of the adjective “allosteric’ by Jacques
Monod and Francois Jacob *, a new fields of interest was named. Allosteric comes from
Greek allos meaning “other, different”, and stereos standing for “solid”. This concept was first
brought to explain the experiments of Jean-Pierre Changeux, on end product of the enzyme
L-threonine deaminase . In 1965, the publication of a landmark paper by Monod, Wyman
and Changeux ¥ revolutionized the field of allostery by proposing the WMC model. A year
later, the premises of the a theory coined by Pauling in 1935 ** were taken over by Koshland

et al. to propose the KNF (Koshland Nemethy Filmer) model™.

*  WMC model (also referred to as conformational selection): in this description of
receptor activation it is stated that both the resting and the active states pre-exist.
This implies that the probability of populating a resting state in the absence of a
ligand is not inexistent, even though it is very small. The binding of a ligand is in
this model not responsible for the conformational changes but is the key that will
lock or stabilize the pre-existing active conformation. It is assumed that the
receptor is in dynamics equilibrium between the two conformations and that the
ligand only selects one or the other leading to opposite physiological outcomes. In
this model the capability of being active or resting lies in the protein sequence and
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3D conformation and the ligand will only shift the equilibrium between the two
states. The discovery of rare but existing ionic currents even in the absence of

ligand in GluCl strengthened the claims of this model.

*  KNF model (also referred to as induced fit): here is postulated that the activation
process is not a property of the protein but is due to the binding of the ligand. In
fact, the latter triggers a conformational wave that goes from the orthosteric or
allosteric binding site to the action site and changes the conformation of the

protein. In this model, a resting state of the receptor cannot exist in the absence of

a ligand.
A A
+ L +
R R* é /- [E:i]
9
&
c AR] .
K aK, S K - 14R] ~ ar’]
; . e O
] S
a c [AR*]
AR AR* S ©L=TR]

Population Shift

Equation 2: lllustration of the allosteric two states model and its measurable quantities. **

2.3. Mechanism of action

Pentameric ligand gated ion channels can be activated by two different mechanisms.
The first one is the binding of the endogenous neurotransmitter to its site. It can trigger alone
the activation or deactivation of the receptor by respectively binding or unbinding to the
orthosteric site. Each receptor can bind its endogenous neurotransmitter plus some other
small molecules at this site, e.g., L-glutamate for GIluCl, acetylcholine and nicotine for

nAChR, Glycine for GlyR, serotonin for the 5HT3;R and y-amino-butyric-acid for the GABAAR.

The second mechanism is referred to as allosteric potentiation and can be triggered by
positive or negative allosteric potentiators (PAMs/NAMs). They act by increasing or
decreasing the activation of the receptor. This category of ligand binds to a different site,

localized in the TM domain of the receptor.
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There exist two ways of increasing the current of ions going through the channel of this
family of receptor; i) the allosteric modulator can stabilize the active state and elongates the
time in which it stay open, delaying the desensitization of the receptor, thus the closing of ion
pore ii) enlarging the diameter of the transmembrane pore, thus increasing the quantity of ion

going through the cell’s membrane per unit of time.

According to the WMC model described before and which seems to be the most
suitable to describe the mechanism of action of the pLGICs, one can describe the following;
the cycle of activation starts with a receptor in a resting configuration with its active site not in
a tridemensionnal conformation compatible with the binding of the ligand. The receptor then
spontaneously go through a transition populating the active state f the receptor even though
the ligand is not bound, and allows for the binding of the latter in its site. The ligand thus
blocks the receptor in the active configuration leading to the creation of an ion flux and the
physiological answer related. Depending on if bound to a PAM or not, the receptor will go
shortly or after a longer time into desensitization, i.e. a state where the ligand is bound but no
ion flux can be measured. The final step of the cycle consists in the unbinding of the ligand

so the receptor can go back to the initial resting configuration.

.

Intermediate

@
Iga .
L]
Basal Active Y
\\ . Fast //
Desensitized

desensitized

|

Figure 9: action cycle of pLGICs showing a KNF model where the biding of the ligand is
responsible for the open of the channel. ’

2.4. Gating mechanism

The atomic motions leading to quaternary changes in the structure of the receptor itself
that trigger the closing or the opening of the channel is referred to as gating mechanism. It is
of major interest to understand and describe in great details this key mechanism, which is
responsible for the biological function of the pLGICs. Elucidating this mechanism, one could

in theory enhance or decrease at will the activity of such receptors.
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As first the understanding of the gating mechanism came through experimental studies
such as electrophysiology and X-ray crystallography. Indeed the structure of prokaryotic
pLGICs such as GLIC pH4 ?® (open channel), GLIC pH7 *° (closed channel), GluCl open *'
and closed ° or ELIC "' provided the first insights on the gating mechanism. With the help of
these structures, computational studies “? brought a better understanding of the gating
mechanism making possible to witness the process at the atomic scale. The latter
techniques combined with experimental studies > allowed to put in light the first component of
the gating, i.e. the twisting of the EC domain over the TM domain ( see Figure 10 for a visual

representation and Model 1 in Table II).

In a recent review by Cecchini and Changeux **, the previous gating mechanism was
completed by adding a second transformation of the EC domain: the blooming isomerization
(see Figure 10 and Model 2 in Table Il). It corresponds to a radial expansion of the 5
subunits in the outward direction. This motion is not mandatorily coordinated which means
that all subunits can bloom with different kinetics. The presented model propose that the
radial contraction of the EC domain promotes the opening of the ion pore at the
transmembrane level and is followed by the un-twisting of the EC domain over the TM

domain locking the ion pore in an open configuration.

Blooming

Twisting

Figure 10: illustration of the two components of the gating mechanism, i.e. blooming and
twisting. **
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Table Il: description of the two observables twisting and blooming in function for GluCl apo
and active.

Model 1 Model 2

State Channel
Twisting Blooming Twisting Blooming

Apo Closed untwisted (24°)  bloomed (12°)  untwisted (24°) -

Active Open twisted (12°) unbloomed (8°) twisted (12°) -

2.5. Endogenous neurotransmitters

It is common practice to name a receptor after the molecule that allowed its discovery.

As a first example, the nicotinic receptor, which was given its name due to its capability of

binding nicotine. In fact the latter is not its natural ligand or endogenous neurotransmitter

which is acetylcholine (Ach) but allowed its discovery.

O

)ko/\/'l'<

Figure 11: Acetylcholine 2D formula.

Table Ill: receptors of the pLGICs family and their corresponding endogenous
neurotransmitter

Receptor Endogenous nT
nAChR Acetylcholine
GABAAR v amino butyric acid
5-HT3:R Serotonin
GlyR Glycine
GLIC H*
ELIC Various AA
GluCl Glutamate
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In all the receptors of the pLGICs family, the endogenous neurotransmitter binds to

orthosteric binding site, localized in the ECD at the interface between subunits.

2.6. Associated pathologies

pLGICs are found in the human brain as they are found in muscles and in peripheral
nervous system of smaller organisms and participate to the regulation of specific and crucial
functions. For this reason, a wide range of associated pathologies can be described going
from psychological and mental to physical disorders. These pathologies can either be due to
mutations of the amino acids sequence of these receptors changing the response to normal

stimulation or the lack or excess of these proteins at the surface of the cells’ membrane.

2.6.1. Alzheimer’s disease
AD accounts for about 70% of the senile dementia in the world, it is thought to be
characterized by accumulation of misfolded amyloid-p peptide in the shape of extracellular
plaques, intracellular polymerisation of tau protein, a loss of cholinergic tone and level of
acetylcholine in the brain. The latter was hypothesized to be responsible for the cognitive

decline observed in AD * .

It was first postulated that the memory loss shown in patients with AD was due to a

deficit in muscarinic receptors mostly “¢ .

48 49 50

Although, autoradiographic and histochemical
studies of autopsy brain tissue and brain imaging studies of AD patients lead toward a
more specific loss of nicotinic receptors rather than muscarinic acetylcholine receptors.
These data also show that muscarinic receptors including M2 receptors, are much less, if at

all, reduced in AD.

2.6.2. Parkinson’s disease
PD is a degenerative disorder of the central nervous system mainly affecting motor
neurons in the brain. In patients with PD the level of dopamine in the brain is decreased
compared to others. This is due to the abnormal death of the neurons generating dopamine
in the part of the brain called substantia nigra. Moreover, already existing treatments for PD
act on the liberation of dopamine by dopaminergic neurons, which can be stimulated by

cholinergic receptors.

2.6.3. Schizophrenia
Schizophrenia is a disorder principally characterized by cognitive deficits and disorder
thoughts. It is manifested by hallucinations and paranoia. It can have either genetic or
environmental etiologies. Schizophrenic brain tends to show a robust decrease of the
number of a7 nAChRs in the hippocampal region. Thus enhancing the response of NnAChR to
the binding of nACh using allosteric positive modulators could compensate the lack of a7
nAChRs.
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2.6.4. Addiction
Tobacco use is one of the most important health issues in the world nowadays. Its use
is increasing in the less developed countries and thus is responsible for an increase of the
mortality. It was estimated in 1997 by the World Healthcare Organization (WHO) °' that half
of the adolescents who continued smoking throughout their whole life will die from smoking
related diseases. Tobacco, due to its content in nicotine, is very addictive. Indeed, 80% of

the attempts to quit smoking fail within a year.

Smoking cessation drugs acting on pLGICs have been shown efficient. Designing
novel allosteric modulators could lead to the commercialization of other treatments possibly

more receptor-specific and thus with less side effects.

2.7. Drugs acting on the pLGICs family

Various families of compounds act on pLGICs with a wide range of actions. One can
cite as an example the benzodiazepines acting on GABAAR. They have 5 well known
activities; (i) sedative, (ii) hypnotic, (iii) anxiolytic, (iv) anticonvulsant and (v) myorelaxant.
Many drugs, even though they are targeting one specific member of the pLGICs binds to the
other receptor of the family, leading to different side effects. Although, even if one can
describe the pharmaceutical target of one drug as done in Table lll, it is very likely that this
molecule will bind to other receptors. The orientation of the indication of a given drug lies on

its specificity to a receptor.
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Table IV: examples of drugs acting on the receptors of the pLGICs family and their
indications.

ICD Indication

Fluoxetine, Sertraline,

Paroxetine, Citalopram Depression
Targacept Alzheimer’s disease
Varenicline Smoking cessation
Carbachol Glaucoma

Phenobarbital Anticonvulsant
Diazepam Anxiety
Zolpidem, Zopiclone Insomnia
Etomidate, Propofol General anaesthesia
Tropisetron, Ondansetron,

Granisetron, Dolasetron Antiemetic

Mirtazapine Depression

Irritable Bowel Syndrome
Alosetron*
(IBS) in women only

* Commercialized in USA and withdrawn from the market in 2000 due to life-threatening

adverse effects. Was reintroduced in 2002 with a restricted use.
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3. Molecular modelling to understand the gating
mechanism of pLGICs

3.1. Introduction to computer simulations

The use of computer to figure out molecular structures with an atomic resolution
requires solvation of mathematical equations. The increasing power of computers through
the past decades °? has allowed scientists to tackle increasingly complex molecular systems.
The solvation of physical-chemical equations and related approximations systematically
requires numerical treatments, which is either infeasible or would require ages for human
being whereas it can be done in short times by computers available nowadays. Thanks to
this constant increasing of the power of CPU (central processing unit) and more recently
GPU (graphical processing unit), one can simulate macromolecular systems as complex as

53 54 55 under

lipid bilayers °°, proteins embedded in membranes >, or even virus capsids
physiological conditions, within a reasonable amount of time. One can even extrapolate from
the Moore’s law °? that in 2050, we should be capable of simulating systems of billions of

atoms e.g., a entire living cell.

3.1.1. Quantum mechanics
Light has been described throughout history as both a particle and a wave. Among
others, De Broglie has rationalized this dual description and has extended this concept to
any particle. This has been ideally formulated with the quantum mechanics formalisms, as

particularly well exemplified by the Schrédinger equation:

HyY = Ep

Equation 3: Schrodinger’s equation

Where H, the Hamiltonian operator, contains all information related to the energetics of
the particle(s) and that is applied on i, the wavefunction associated to the particle(s) and E

the energy of the studied particle(s).

In quantum mechanics, the movement of electrons is explicitly considered, which
allows to study chemical reactions (e.g., formation or breaking of covalent bonds). The
Schrédinger’s equation can be solved analytically only for molecular systems containing one
electron. To tackle problems of major biological relevance such as conformations of protein

or ligand binding energies, several approximations are required.
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3.1.2. The Born-Oppenheimer approximation
Considering that the mass of electrons is negligible with respect to that of nuclei, the

Born-Oppenheimer approximation °°

suggests to decouple the motion of electrons and
nuclei. Among other consequences of this approximation, the energy can be split into two

independent contributions:
Eior(nuclei, electrons) = E(electrons) + E(nuclei)

Equation 4: decomposition of the electronic and nuclear energy >

3.1.3. Molecular mechanics
Due to the current computer power limitations, the very accurate methods based on the
quantum theory cannot be used for large molecular systems such as proteins. Molecular
mechanics (MM), by definition neglects electronic motion, considers atoms as constant
volume spheres, bonds as springs and obeys to Newtonian physics. These assumptions

make MM much faster than solving Schrédinger’s equation.

Within the MM formalism, the potential energy of a system is written as the sum of
several contributions: (i) bond stretching; (ii) angle opening and closing; (iii) dihedral angle

rotation; (iv) van der Waals interactions; (v) electrostatic interactions.

The MM formalism can be used in molecular dynamics and to perform energy

minimization of a given system.

3.1.4. Force fields
In MM, the energy is obtained from the force field, i.e., the equation gathering all
energetic contributions and all related parameters for all atom types. A force field is built as a
table including all these parameters, which are derived from either experimental data or from

highly accurate quantum calculations.

There exist many different force fields, all having particular specificities, e.g., Slipids *°
focuses on lipids, the different versions of AMBER®" are well feature to DNA and proteins, so

does CHARMM ®2, and CGenFF 3 can be used for small molecules.

A general form of the potential energy is defined by the following equation *, however

it may vary with possible implementations :
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Equation 5: decomposition of the potential energy used in most common force fields.

This general equation is divided into several terms :

* Bond stretching: for a given distance between two atoms, and based on a
reference value, this function provides the potential energy between two atoms
with respect to the inter-nuclear distance. Among the many functions available to
calculate such quantity, the Morse law is particularly used (Figure 12). It shows
that when the distance between two particles tends to zero, the interaction
energy tends to infinity and that on the other side, if the distance between two
particles tends to infinity, the interaction energy tends to zero. However, a simpler
potential based on the harmonic oscillator approximation is used in most FF and
provides a proper description of the interaction energy around the equilibrium

distance.

Dissociation Energ

l—1

Energy

Te
Internuclear Separation (r)

Figure 12: interaction energy in function of the inter-nuclear distance of a di-atomic system
according to both harmonic oscillator approximation and Morse law.

* Angle bending: here, the evolution of the energy versus the angle is described by

a harmonic potential. The potential energy increases quadratically with respect to

the variation from the equilibrium angle.
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* Dihedral angle torsions: Variation of dihedral angle may imply large energetic
costs and may significantly drive the overall organisation of the molecule. They
are usually described by cosinus functions, i.e., exhibiting periodicity.
Non-bonded interactions: these interactions are mainly the van der Waals and
electrostatic interactions, which are usually described by the Lennard Jones and

Coulomb potentials, respectively.

A—B Ny c
° \
D
Bond stretching Angle bending Dihedral angle torsion
A--e-B A-----B AH------ B
Electrostatic interaction van der Waals interaction Hydrogen bond

Figure 13: scheme of the different interactions described in a classical force field.

The major drawbacks of MM methods are that they are highly parameter-dependent.
Indeed, when doing the above-mentioned approximation, the description of an atom type
depends on chemical environment. For instance the ideal length of a sp3 carbon is not
absolute and depends on the neighbouring atoms. Therefore, if not using the most adequate
parameters, i.e., force field, for a given set of atoms, the obtained results are much

questionable.

3.1.5. Molecular dynamics
When MM methods only allow for the calculation of a static property, molecular
dynamics (MD) allows to study the motion of particles by solving Newton’s second law of
motion.

dUu _ dzxi
dx; ez

Equation 6: Newton’s second law of motion

Where U is the potential energy calculated using the force field parameters, —;—U the force

X
acting on a particle i of mass m and of coordinates x and dt is an interval of time. To obtain a
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trajectory, i.e., variation of x along time, the first step is to compute the forces applied on the
initial coordinates. Then the forces applied can be computed as long as the corresponding
velocities. Finally one calculates the new coordinates at time t + dt from the velocities. The

cycle can then be repeated with the new set of coordinates indefinitely.

In order to obtain an accurate and meaningful description of the motion of the atoms
of a molecule, and because the applied force on a given atom are considered constant
between two iterations of the integration cycle, one must use a dt (time step) as small as
possible. In currently available molecular dynamics softwares the time step used by default is
1fs, which allows to describe even the fastest motions within a molecule, i.e., the stretching

of bonds involving hydrogens.

Biological processes occurs on timescales of microsecond to minutes which implies
that to reach that amount of sampling time, one should perform 10" integration of the
equation of motion for all atoms of the system. In order to decrease the huge number of cycle
required, one can double the time step. However, this implied that the fastest degrees of
vibration should be fixed. To this end, several algorithms such as SHAKE 8 or LINCS *° have
been developed to allow to restrain the stretching of covalent bounds involving hydrogens

allowing for the use of a 2fs time step.

3.1.6. Energy landscape
The energy landscape is defined as the energy of a given conformation for all possible
conformations of a system. For the sake of clarity, it is often represented as 2D curve, while it
is a hyper surface of the energy vs. the 3N-6 degrees of freedom of a system of N atoms. For
instance, in the case of a protein, when the quaternary structure changes due to activation or
deactivation, the potential energy of the system increases or decreases forming two different

basins in the energy landscape.
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Figure 14: scheme of the mono dimensional energy landscape of a protein showing 4 basins

3.1.7. Umbrella sampling
Most of the biological processes occur within time scales ranging from microseconds to
minutes. With the computer resources available nowadays it is not possible to reach such
sampling time for system of thousands of atoms. Umbrella Sampling (US) is based on the
concept that if one cannot observe a phenomenon in a computationally accessible amount of
time, one can force the system, by applying a harmonic restrain, to undergo the expected
transition and observe the evolution of its free energy. The applied restraining potential is of

the following form:
k
W) =5 —ro)?

Equation 7: harmonic biasing potential used in Umbrella sampling.
Where W(r) is the energy applied by the bias,r is the current position, r,the

equilibrium position and k the force constant of the harmonic oscillator.

In US the harmonic biasing potential is added when the potential energy of the system
is computed (see Equation 5). This potential is used to flatten the energy space and thus
encourage barrier crossing so the system can efficiently sample the full conformational
space. Unlike with free simulations where the probability to obtain a given confirmation of the
studied system depends on the systems, here it depends on the bias applied and for this
reason in US this probability is a biased. Thus, one needs, in order to analyse the free
energy derived from the probability calculated, to un-bias it, which can be done using the
Weighted Histogram Analysis Method (WHAM); see below for further descriptions on this

algorithm.

MARTIN Nicolas | Thése d’exercice | Université de Limoges | Juillet 2015 37



Before running US simulation one must choose the quantity €& from which the biasing
potential will be calculated. This quantity is often referred to as reaction coordinate. For
instance if one wants to study the free energy of rotation of a dihedral, £ will straightforwardly

be the value of this dihedral angle.

Since the biasing potential used in US restrains the space explored by the system
during MD around a centre or target value, one must run several simulations (called
windows) with different centres in order to explore the full space of interest. The more the
number of windows the more accurate will be the description of the reaction coordinate but

the more will be the computational time required.

There exist no easy method for setting automatically neither the number or the centre
of the windows nor the value of the force constant. These parameters must be defined based
on a priori knowledge of the reaction coordinate and of the system of interest and out of trials

and errors.

3.1.8. Potential of the mean force
3.1.8.1. Principle
Free energy is considered as a thermodynamic quantity of great importance in protein
structures as it can explain and quantify complex mechanisms such as partitioning
coefficients, ligand binding to a receptor or conformational changes of a protein. It is
described by the following equation where F is the free energy, T the temperature, S the

entropy and U the internal energy of the system:
F=U-TAS

Equation 8: description of the free energy

Calculating the changes in free energy upon the variations along given reaction
coordinate (RC) is known as potential of the mean force (PMF). It can be obtained through a
variety of methods including US described before, metadynamics ®, accelerated molecular
dynamics °° or even free simulations at equilibrium. All the orthogonal reaction coordinates,
i.e., which are not correlated with the RC studied, are thus integrated out. The free energy
potential obtained through this method can be considered as the true energy potential only if
one assumes that the simulations have reached convergence, i.e., are at equilibrium. Within
the limit of this approximation, one can consider this energy potential to be the lower energy
path along the chosen reaction coordinate. This particular point makes the choice of an

appropriate and relevant reaction coordinate a matter of crucial importance.
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3.1.8.2. Weighted Histogram Analysis Method (WHAM)
Running biased simulations using either US or other biasing methods such as

6 adaptive biasing force (ABF) ® |, or Accelerated Molecular Dynamics

metadynamics
allows to compute biased probabilities of a given quantity. In order to unbiased these
probabilities and recover the unbiased free energy along a given RC (PMF), one may use an
automated and reproducible procedure based on the algorithm WHAM developed by Kumar

etal. ®.

Using umbrella sampling to explore the energetics of a system along a RC, one runs
several restrained simulations called windows (i) and each of them experiences a different
biasing potential U’'(x). The unbiased free energy A(x) of a given window can be expressed

as follow:
A(x) = —kgTInP'(x) —U'(x) + F

Equation 9: expression of the unbiased free energy

where kg is the Boltzmann constant, P'(x) is the biased probability to observe the value

x and F is an unknown constant also referred to as offset.
P’(x) and U'(x) can easily be measured for all windows, but F, which depends on U’(x)
is unknown. A(x) and the unbiased probability P(x) are related by the following equation:

—A(x)
P(x) x e ksT

Equation 10 : relationship between the unbiased probability and the free energy

The WHAM algorithm allows to find the best F and A(x) values by iteratively solving the self-

consistent following equations:

N .
22 ()

(Fi - Ui,(x))
T

P(x) =

ZNwind

i=1 Njexp

Xbin

F;=—kgTIn Z P(x) exp (

Xpin=1

Ui (x)
=

Equation 11 : WHAM equations
where Ny;.q is the total number of windows, x;;, is nhumber of the bin, n;(x) is the
number of time the value x is visited in window i and N; is the total number of samples for

window i.
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The RC chosen is divided in n bins within which the PMF is assumed to be constant.

This implies that the more the bins the better the resolution of the final PMF.

This method also implies that the probability distribution of the RC corresponding to a
given window should overlap with its neighbours so WHAM is able to accurately reconstruct
the full PMF.

3.2. Understanding the energetics of the twist of pLGICs using
GluCl as a model

It was shown by Calimet et al. in 2013 ** that upon removal of IVM (PAM), GIuCl goes
through a transition that shuts the ion pore 60 A away from the binding site of the
endogenous neurotransmitter, i.e. glutamate. As shown on Erreur! Source du renvoi
introuvable., the twist angle () move from 14 to 22 degrees when IVM is removed and
remains around the value of the crystal structure, 14 degrees, when IVM is bound. This

transition is associated with the closing of the ion pore.

Based on the knowledge of this transition, one may wonder if it is possible to block the
twisting of the receptor so the ion pore remains open. In fact, this question is answered by
the study of GIuCl in the presence of IVM. In the latter case, the twist is locked at a value of
14 degrees forcing the ion pore to remain open thus increasing the overwall flux of chloride

ion entering the cell.

Understanding the energetics behind this twist transition could not only allow to isolate
intermediate states, which could be potential pharmacology targets, but also to design novel

ligands that block or promote the twisting transition, thus modulating the activity of pLGICs.

To tackle this question we proposed an approach based on free energy calculations.
Indeed, brut force MD is very informative but also very expensive in computer time. Free
energy calculation based on enhanced sampling techniques such as US allow one to
significantly decrease the cost of studying such complex biological mechanisms We
performed PMF calculations along the twist for two different systems; i) GIuCl bound to IVM
i) GIuCl with IVM removed.
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Figure 15: evolution of the twist in function of the time and its schematic representation for a
simulation of GIuCl with IVM removed (in blue), GluCl with IVM (in green) and for other
pLGICs. (See Calimet et al. ** for a complete description)

3.2.1. Presentation of the simulated system

3.2.1.1. GluCl

There exist no high-resolution structures of human pLGICs in the most commonly used
proteins databases. Therefore, one has to tackle to rely on non-human structures or build-up
a model predicting the structure  of human receptor. Considering the fact that these
receptors are highly conserved among eukaryotes, we can study structures from other
organisms with good confidence that the conclusions made will be applicable to the human
homologues. There exist several structures of pLGICs from prokaryotes and only a few from
eukaryotes. Among the latter, one can cite the structure of GluCl in complex with the
allosteric agonist IVM and the endogenous neurotransmitter L-glutamate, which was
published in 2011 ° (PDBID 3RIF). A recently published structure of the apo state of GIuCI °

came to enrich the knowledge of the cys-loops receptors.

Unlike most human pLGICs, GIuCl is homopentameric. Five identical subunits are
organized around a pore, selective to chloride ions. In its wild structure, it can be either
activated by the presence of L-glutamate alone or the binding of IVM can potentiate this

activation.

X-ray crystallography produces structures of protein with no information about the
hydrogens, neither about the membrane, thus, the modeller has to predict the position of the
hydrogens and of the bilayer membrane. The protein studied was embedded in a 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane and explicit water molecules and
ions were added. The system consisted in a total of about 200 000 atoms.
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Figure 16: GluCl embedded in a POPC bilayer. (Side view on the right hand side and

top view on the left hand side)

3.2.1.2. Ivermectin

As mentioned in previous sections, GIuCl could be crystallized in the presence and in
the absence of IVM.

Ivermectin belong to the avermectin family. It is known to be a broad spectrum anti
parasitic drug commercialized under the name of STROMECTOL®. IVM is used for treating
worm infestations or skin diseases such as scabies in both humans and animals. Its

production is based on the culture of bacteria called streptomyces avermecitilis.

In parasites, its activity is due to the binding of IVM to receptors located in the central
nervous system and on the muscles. It is lethal by enhancing the inhibitory

neurotransmission of the living organisms.

In humans, at therapeutic doses, only a small fraction of the drug crosses the blood
brain barrier and is responsible for the majority of the side effects by interacting with
receptors of the pLGICs family (GABAAR, GlyR, nAchR etc...) and leads to CNS disorders.
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Equation 12: 2D formula of the two conformers of ivermectin.

3.2.2. Preparing the system for running molecular dynamic
simulations

3.2.2.1. pKa calculations
The available structures of proteins in the Protein Data Bank (PDB) are not suitable for
running molecular dynamics since they do not include hydrogens. Indeed, the resolution of
current X-ray experiments is not sufficient to allow their detection for this type of proteins. For
this reason, one ignores the protonation states of the peculiar residues of the protein. Their
exist amino acids called “titrable residues” that are sensitive to changes in the pH of the
media. This group contains all amino acids that have a side chain charged or carrying an

acidic/basic moiety, and the N and C termini.

One can find in the literature the pKa of all amino acids in water. Nevertheless, in the
context of a protein, part of the residues can be buried inside the protein and not exposed to
the bulk. In this case, the aforementioned amino acids can have an exotic protonation state.
Moreover the proximity of charged AA could influence the protonation state of the
surrounding AA. The challenge of pKa calculations is to predict the right protonation state for

all the titrable residues.

To tackle this problem one can use the multiple titrable sites approach ® or simpler
methods available through online webservers such as ProPKA. (also implemented in the

visualization software Pymol)
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Figure 17: list of the common amino acids found in proteins stressing their chemical
properties.

3.2.2.2. Build of the model
The available structures of proteins in the Protein Data Bank (PDB) are imperfect. They
do neither include hydrogens since the resolution of current X-ray experiments is not
sufficient to detect them, neither to see the solvent nor the membrane in which in embedded

the protein. All these components have to be carefully reconstructed by the modeller.

In computer simulations of biomolecules, solvent can be treated implicitly or explicitly.
The latter implies that water molecules or more exotic solvents are replaced by a continuous
medium. Even though the calculations are then less accurate they allow for a drastic
decrease of the computational cost and thus to reach much longer timescales. In the second
model, actual water molecules are present during the simulation. To avoid the considerable
increase in the complexity of the system due the great number of water molecules present, a
simplified model of water molecules (TIP3 "), in which some of the internal degrees of

freedom of the water molecules are fixed, was used.

As described before, the most probable protonation states of the titrable residues
were predicted and introduced of the model. The structure then produced was embedded in
a lipid bilayer membrane composed of POPC molecules. The initial configuration of the lipid
bilayer was taken from an atomistic model pre-equilibrated in the NPT ensemble (constant
pressure, number of mole and temperature) at 303K, i.e. physiological temperature of 25

degrees and using the CHARMM36 " force field for the lipids. This model, too small to our

MARTIN Nicolas | Thése d’exercice | Université de Limoges | Juillet 2015 44




purpose, was replicated before the insertion of our protein model. The force field
CHARMM27 "? was used for the protein and the parameters from CGenFF °*"® for IVM when

it was not removed.

To allow the use of periodic boundary conditions (PBC) an orthorombique box of

120x120x140A centred on the protein was created.

Sodium and chloride counter ions were added to the system to compensate for the
charge of the protein then an excess of ion was also added to reach the physiological

reference concentration of 150mM NaCl.

Finally, the constructed system of GIluCl with IVM removed consisted of 199,925
atoms (with 41,957 water molecules, 347 lipids, and 118 Na* and 138 CI ions).

3.2.2.3. Minimization
As previously mentioned, tridemensionnal structures from obtained with X-ray
crystallography are imperfect, thus one then needs to perform energy minimization, heating

and equilibration to prepare the system for molecular dynamics simulations.

The energy minimization is the very first step after the building of the model. During the
previous stages of the process, atoms were placed regardless to their neighbours and
clashes, i.e. overlapping of two atomic positions in space, might have been be created. It is
also called geometry optimization and will cause the system to fall in a local minimum of
energy after several steps, relaxing the possible restrains induced by the previous steps.
Energy minimization can be performed using different methods such as steepest decent (SD)

or conjugate gradient (CG).

3.2.2.4. Heating
The second step is the heating or thermalization. In order to simulate meaningful
motion of atoms, one needs to set an adequate temperature for the system. The energy
minimized structures, in which no notion of temperature or motion is present, needs to be
gradually heated to a target temperature. The latter is regulated all along the simulation to
remain constant by coupling the system to an external heat bath ™ fixed at the desired

temperature, which allows exchanges of heat.

This step is performed under position restrains on the backbone of the protein in
order to allow only side chain movements and prevent from creating artefacts in the structure

during the process.
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3.2.2.5. Equilibration
The final step is the equilibration. So far the system was restrained to a starting
position, thus to run a free molecular dynamic simulation one needs to gradually remove
these restrains. In the protocol used, we gradually remove the backbone restrains to allow a
smooth relaxation of the full system and then run several cycles without restrains to let the
system equilibrate at the right temperature and with no restrains, making for a 2 ns long

equilibration.

This step is crucial because it fills the gaps artificially created by the building process.
Water molecules diffuse and start interacting with specific residues on the protein forming
hydrogens bonds, lipids inside the membrane reorganise around the protein and side chains

and loops of the protein are allow to rotate to find their minimal energy position.

3.2.3. Reaction coordinate
The activation or deactivation of a receptor implies structural changes in the 3D
structure of the protein. These changes occur at different levels. The modification of an
external stimulus such as the modification of the pH, the stop of the exposure to light or the
unbinding of a neurotransmitter to his receptor, leads to atomics scale changes. They are
then propagated to the whole protein and change the global 3D structure. It is often possible
to decompose theses changes in several simple transformations such as tilting or twisting

(see Figure 10).

In the case of GIuCl it was shown ** that the deactivation of the receptor would mainly
show a twist of the extracellular domain over the transmembrane domain. Later on, based on
the observation of the crystallographic structure of GLIC " and unpublished work, a two-step

mechanism was proposed *® involving the blooming and twisting motions.

The reaction coordinate chosen to be explored in this study was the twisting. We
reproduced the values of twist observed by Calimet et al. in 2013, i.e. a variation of 10

degrees of twist angle, from 12 to 22 degrees.

3.2.3.1. Geometrical definition of the twist angle
The twist angle as defined previously, can be represented using two different

approaches (see Figure 18 to confront the two definitions of the twist):

e through one dihedral angle per subunit (as shown on the left hand side of
Figure 18). Indeed, a dihedral angle is composed of 4 points, a, b, c and d. In
the case of our system, a is the centre of mass of the core residues of the EC
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domain of a given subunit, b its projection on the axis defining the ion pore, d
the centre of mass of the core residues of the TM domain of the same subunit
and c its projection on the pore axis. The twist of the protein is expressed as

the average over the five subunits.

e Through a global angle of rotation of the EC domain to a reference
conformation, when the two structures are superimposed on their TM domains.

Unlike the first description here we define a relative measure.

Twist angle Spin angle

(T)=Pp+ K

Figure 18: Scheme showing the differences between the twist defined as a dihedral (left
hand side) and as a global rotation angle, i.e. spinangle (right hand side) using a pentameric
receptor as an example.

3.2.3.2. Restraining the twist angle
Once the system was built and ready to be used for running restrained simulations and
once we made the decision to study the twisting component of the gating, we had to design
an experiment to do so. All simulations were run using NAMDZ2.9 and the collective variable
tools "®. In the case of GIuCl it is not possible to restrain and monitor the twist motion along

the simulations with a simple dihedral due to the way this restrain was implemented in the
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molecular dynamics software used. We had to explore more complicated approach among
which the spinangle collective variable, which corresponds to the second definition given in

section 3.2.3.1 and which seemed to be adequate to describe the twisting of the receptor.

In order to use a spinangle instead of a twist angle we had to show that both quantity
were strongly correlated or identical and that the energetics would not be biased by the
change of the angle used. To allow the comparison between twist and spin angles, we had to

find a system where both quantities could be monitored and restrained.

3.2.4. Method validation on a toy system: the butane molecule

3.2.4.1. Presentation of the protocol

When studying a simpler system such as the butane molecule, the twist angle of
interest is the dihedral angle x defined by the atoms 1,2,3,4 as shown on the following figure.

X
77N

Numbering and representation of y angle

Trans conformation Cis conformation

Figure 19: The spinangle is the rotation of atom 4 around the axis defined by atom 2
and 3. Twist and spin angle here corresponds to the exact same motion.

To validate the use of the spinangle tool we proposed to study the energetics of the
rotation of the angle x from -180 to 180 degrees and compute various quantities. First we
wanted to show that while doing this transformation we obtained similar PMF profiles using

both dihedral and spinangle restrains. Second that the two methods led to the

same AF;is/trans, Which is defined as follow:
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Equation 13: Definition of the free energy difference between the two possible conformations
of the butane molecule

where kp is the Boltzmann constant, T the temperature, pj is the unbiased probability of the
ith bin belonging to the cis conformer and p; is the unbiased probability of the jth bin

belonging to the trans conformer.

We defined a cis conformation as any conformation with y € [-60:60] and frans as
¥ € [—180: —60[ or y € 160:180].

3.2.4.2. Results
Umbrella Sampling simulations were run in order to increase the sampling for high-
energy conformations all along the reaction coordinate, i.e. y angle, using both the dihedral
and the spinangle approaches. We could then compute the PMF along the rotation for both
methods, i.e., dihedral and spinangle restrains. As shown on Figure 20 the two profiles are
extremely similar showing a global energy minimum for an angle of +/- 180 corresponding to
a trans conformations and a local minimum around +/- 60 degrees corresponding to cis

conformations.

Moreover while computing AF;;s/irans @ very small difference of 0.0008 kcal/mol was

observed showing that both methods can retrain and describe the twist angle in similar if not

identical way.

Finally re-computing the twist and spin angles on the simulation trajectories of all
windows allowed us to stress the obvious correlation between the two aforementioned
guantities as shown on Figure 21 leading to the conclusion that one can use the spinangle to

elucidate the energetic of the twist in the gating mechanism of pLGICs.
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Figure 20: Potential of mean force for the full rotation of the dihedral angle of the butane
computed restraining the dihedral angle and the spinangle.

Table V: results of the free energy difference between cis and trans conformations using two
different methods.

Method AFcisltrans (KcallmOI)

Spinangle 0.1794

Dihedral 0.1802
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Figure 21: correlation between dihedral or twist angle and the spinangle for a set of
restrained simulations for the butane molecule.

3.2.5. Correlation between spinangle and twist angle in the case of
GluCl

As previously done for the butane molecule, twist and spin angles for a free simulation
of GIuClI with IVM removed were computed and their correlation plotted. One can clearly see
from Figure 22 the correlation between the spin and the twist angles as it was shown before
for the butane molecule (see Figure 21). The former being a relative measure of the rotation
and the latter an absolute measure, one has to find the mathematical relation between the
two. This can be done either by looking at the twist of the crystal structure of GIuCl (used as
a reference for computing the value of the spinangle) or extrapolated from the correlation

plot. The relation between the two quantities is given by the formula:

T=¢p+121

Equation 14: correlation between twist and spinangle.
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Figure 22: correlation between twist and spinangle for GluCl

3.2.6. PMF in the presence and the absence of IVM
3.2.6.1. Protocol
The delta of twist angle studied was 10 degrees as suggested by the transition from
open to close channel observed by Calimet et al ** in free simulations. The RC was divided in
21 windows spaced of 0.5 degrees. Two systems were studied: i) GIuCl bound to L-
glutamate and IVM and ii) GIuCl with IVM removed.

The starting structures for each window were extracted from free MD and were chosen
so the twist angle of the extracted structure would be as close as possible to the centre of the
considered window. Thus all windows were started with a different initial structure. On the
other hand, one could start with the crystal structure for all windows but the force applied to
pull the protein to a specific value of twist angle would be very high in the first steps of the
simulation and could create strain energy leading to non-physical configurations of the

receptor.

Each windows was run for 1ns first then all simulations were extended to 10ns to check
for convergence of the PMF computed. No heating or equilibration were run since the

starting structures were extracted from a previous MD run.

The errors of the PMF were estimated using a Monte Carlo bootstrapping /’ method
implemented in the WHAM software. Bootstrapping consists in resampling a given

distribution several times to infer on the errors.
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3.2.6.2. Umbrella sampling validation
Umbrella sampling protocol for exploring a RC implies that one has to divide that RC in
several portions or windows. Moreover, in order to compute an accurate PMF, the sampling
within each window should be long enough to allow for a sufficient overlap of the probability

distribution of the quantity restrained between adjacent windows.

To assess for the quality of the sampling of all windows it is useful to compute the
distribution of the restrained quantity per window, as represented on Figure 23. Ideally, and
due to the harmonic bias used in US, one should observe Gaussian distributions around the
centre of the windows and overall a homogeneous sampling of the full reaction coordinate as
illustrated on Figure 23. In case some portion of the RC would not be explored it might be

necessary to add windows a posteriori to cover the full RC space.

< -

-10 -8 -6 -4 -2 0 -4.0 -4.5 -5.0

Spinangle Spin angle

Figure 23: density distribution of the spinangle along the different windows for the butane
molecule

3.2.6.3. Results
Electrophysiological studies have shown that when bound to IVM the overall current
through the cell’s membrane was increased ® compared to when only the orthosteric ligand
was bound. In fact, GluCl, (crystallographic construct) seems to exhibit a peculiar behaviour
compared to the other members of the pLGICs and to the physiological construct. Indeed, it
is not activated by the binding of only L-glutamate but requires the prior addition of IVM to be
activated unlike other pLGICs that are activated by their orthosteric ligands and potentiated

by allosteric ligands such as IVM.

Free MD as long as X-ray studies have shown that the gating mechanism of the
pLGICs involved a twisting of the EC domain over the TM domain and that IVM could be
capable of blocking the twisting of the receptor. Thus one may want to study the free energy
of the two systems i.e., GluCl bound to IVM and L-glutamate and GIuCl without IVM to

understand the role of IVM on the twisting.
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When IVM is removed from its binding site, we can see that the global energy minimum
is located around 16 to 18 degrees of twist (Figure 15, blue curve). On the other hand, when
IVM remain bound (Figure 15, red curve), a global minimum can be observed around 14
degrees of twist. Thus the binding of IVM tends to stabilize structures with a lower value of
the twist angle. Interestingly, if one look more careful at the PMF in the absence of IVM, one
can identify a local minimum around 14 degrees that seems to correspond to the on
observed in the PMF of GIuCl bound to IVM. This leads to the conclusion that IVM could
select this conformations of the receptor and stabilizes it as well as it could destabilizes
structures with higher values of the twist as shown by the very fast increase of the free
energy as twist increases on the red curve. Moreover it is interesting to see that when IVM is
bound, the fluctuations of the twist are much smaller than when IVM is not bound showing

that IVM enthalpically stabilizes the receptor.

It is also interesting to stress that the results of free MD (see Figure 15) and of free
energy calculations both predict the same twist angle for the equilibrium structure of GIuCl
bound to IVM, i.e., 14 degrees. Surprisingly, free MD and free energy calculations are in
contradiction when looking at GIuCl without IVM. The former suggested a value of twist at
equilibrium of 23 degrees when the latter suggests 16 to 18 degrees. Unlike in the case of
GluCl with IVM bound our method base on free energy calculation fails at justifying

energetically the equilibrium values observed in free MD.

The shift observed between the values of twist angle in free MD and the one predicted
by free energy calculations could be due to several issues. Umbrella sampling allows to
sample accurately along a given RC but orthogonal degrees of freedom are integrated out.
Indeed, if the sampling time is not long enough to account for these degrees of freedom then,
one might explore an irrelevant path. Recent studies have shown the crucial interest of the
blooming RC to describe the gating mechanism. In fact, the RC was never taken into account
during the discussed free energy calculation and could very well explain the shift observed in
the PMF.

Overall, even though the location of the minima when IVM is removed is not coherent with
free simulations, this experiments allowed discriminating between an IVM-bound and a non-
bound state opening the door for further application such as designing new ligands to inhibit

or enhance the activity of these family of receptors.
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Figure 24: PMF of the twisting for two systems. In blue, GluCI with IVM removed and in red
GIuCl bound to IVM

55




Conclusion

Pentameric ligand gated ion channels are found as well as in bacteria as in the human
brain and they are the targets of numerous treatments, with applications ranging from anti-
parasites to Alzheimer disease. Although more and more crystallographic and cryo-electron
microscopy data are available, their gating mechanism remains partially unknown. Studies
have shown that they can be activated by specific endogenous neurotransmitters at the level
of their orthosteric site (EC domain); however they also possess the very interesting
capability of being modulated by the binding allosteric ligands a distinct binding site. For
instance, ivermectin, a well known anti-helminthic drug, acts as a positive allosteric
modulator of most of the pLGICs and its precise effect on the dynamics of the receptor is still

not fully understood.

Advanced computer simulations techniques have been developed during the past
decades in response to the increase of computers’ power, allowing for the study of always
bigger and more realistic systems. During the past fifty years, the field of computational
chemistry has moved from studying di-atomic simple systems in vacuum to transmembrane
protein embedded in lipid bilayer membrane and fully solvated by explicit water molecules.
Among other computational science, structural biology has greatly gained benefits from the

increase of computer power and it contributed to unravel complex biological processes.

In this work we have shown how a computational approach can lead to a better
understanding of a biological system. We have developed a methodology in order to perform
umbrella-sampling simulations on a full protein. Using the aforementioned method, we have
performed free energy calculation along a reaction coordinate i.e., the twist, which was
shown to be biologically relevant since it is correlated with the closing of the ion pore. This
allowed us to study the effect of IVM on an eukaryotic channel, GIuCIl and to draw several
conclusions. We have shown that IVM blocks the twist and thus the correlated closing of the
pore by stabilizing an untwisted configuration (14 degrees of twist angle), when in the
absence of IVM the behaviour was completely different. Thus, we have developed and
applied a method capable of discrimination between an IVM-bound and a non-bound state,
conclusion that could be extrapolated to discriminate any other type of ligand acting on the
twist, even at a topographically distinct active site. Indeed, this method is capable of
concluding on a ligand’s action and not only on its capability of binding, unlike, for instance,
docking. We believe that this method can help in designing de novo new allosteric
modulators, which could potentially be synthetized and tested experimentally. Moreover, only

very few or no treatments are nowadays available for helping patient with Parkinson or
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Alzheimer disease and increasing the knowledge of the mechanisms of action and

modulation of receptors such as GABAA, nAChR or 5HT3 is a first and promising step toward

the discovery of novel treatments.
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The use of computer simulations to serve a new approach of drug

design

Application to the pentameric ligand gated ion channels family

Résumé :

Dans ce travail sont présentés les protéines de la famille des récepteurs pentamériques canaux
parmi lesquels on peut citer, nAChR, GIyR, 5-HT3;,GABAAR ou GIuCl. Leurs propriétés
pharmacologiques sont présentés et le concept d’allosterie est détaillé. Dans la seconde partie
nous nous intéressons a la modulation allosterique d’'un homologue eucaryote des pLGICs, GIuCl.
Enfin nous présentons une méthode basée sur des calculs d’énergie libre qui permet la

discrimination entre ligands allosteriques actif ou non actif sur GluCl.
Mots-clés : canaux ioniques pentamériques, pLGICs, allostrerie, dynamique moléculaire.

Abstract :

In this work are presented protein from the pentameric ligand gated ion channels family, among
which one may cite, NnAChR, GlyR, 5-HT3;,GABAAR ou GIluCl. Their pharmacological properties are
then discussed and the concept of allostery is introduced. In the second part, we are interested in
the allosteric modulation of an eukaryotic homologue of the pLGICs, GIuCl. Finally we describe a
method based on free enrgy calculation that allows discriminating between active and non-active

allosteric binders of GIuCl.

Keywords: Pentameric ligand gated ion channels, pLGICs, allostrery, molecular dynamics



