Elucidating the Gating Mechanism of Cys-Loop
Receptors

ÖZGE YOLUK

Doctoral Thesis
Stockholm, Sweden 2016

TRITA FYS 2016-26
ISSN 0280-316X
ISRN KTH/FYS/–16:26–SE
ISBN 978-91-7729-009-4

KTH School of Engineering Sciences
SE-100 44 Stockholm
SWEDEN

Akademisk avhandling som med tillstånd av Kungl Tekniska högskolan framlägges
till offentlig granskning för avläggande av teknologie doktorsexamen i biologisk fysik
måndagen den 13 juni 2016 klockan 14.00 i F3, Lindstedtsvägen 26, KTH Campus,
Kungl Tekniska högskolan, Stockholm.
© Özge Yoluk, June 2016
Tryck: Universitetsservice US-AB

iii
Abstract

Cys-loop receptors are membrane proteins that are key players for the fast
synaptic neurotransmission. Their ion transport initiates new nerve signals
after activation by small agonist molecules, but this function is also highly
sensitive to allosteric modulation by a number of compounds such as anesthetics, alcohol or anti-parasitic agents. For a long time, these modulators
were believed to act primarily on the membrane, but the availability of highresolution structures has made it possible to identify several binding sites
in the transmembrane domains of the ion channels. It is known that ligand binding in the extracellular domain causes a conformational earthquake
that interacts with the transmembrane domain (and the allosteric modulator sites), which leads to channel opening. The investigations carried out in
this thesis aim at understanding the connection between ligand binding and
channel opening with molecular modeling and computer simulations.
I present new models of the mammalian GABAA receptor based on the
eukaryotic structure GluCl co-crystallized with an anti-parasitic agent, and
show how these models can be used to study receptor-modulator interactions.
I also show how removal of the bound modulator leads to gradual closing of
the channel in molecular dynamics simulations. In contrast, simulations of
the receptor with both the agonist and the modulator remain stable in an
open-like conformation. This makes it possible to extract several key interactions, and I propose mechanisms for how the extracellular domain motion is
initiated.
The rapid increase in the number of cys-loop receptor structures the last
few years has further made it possible to use principal component analysis
(PCA) to create low-dimensional descriptions of the conformational landscape. By performing PCA on the crystal structure ensemble, I have been
able to divide the structures into functional clusters. Sampling of these clusters with molecular dynamics simulations reveals transitions that occupy the
intermediate positions in the principal component space.
The studies presented in this thesis contribute to our understanding of
the gating mechanism and the functional clustering of the cys-loop receptor structures, which both are important to design new allosteric modulator
drugs that influence the channel function, in particular to treat neurological
disorders.
Keywords: cys-loop receptor, ion channel, neuroscience, molecular dynamics, activation, modulation, modeling, gating, GABAA
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Sammanfattning

Cys-loop-receptorer är membranproteiner som spelar en nyckelroll för
snabb synaptisk neurotransmission. Deras jontransport initierar nya nervsignaler efter aktivering av små agonistmolekyler, men denna funktion är
också mycket känslig för allosterisk modulering av ett antal föreningar såsom
bedövningsmedel, alkohol eller antiparasitmedel. Under en lång tid troddes
dessa modulatorer främst verka på membranet, men tillgången till högupplösta strukturer har gjort det möjligt att identifiera flera bindningsställen i
transmembrandomänerna hos jonkanalerna. Det är känt att ligandbindning
i den extracellulära domänen orsakar en jordbävningsliknande stor konformationsförändring som interagerar med transmembrandomänen och regioner
specifika för de allosteriska modulatorerna, vilket leder till att kanalen öppnas. De studier som presenteras i denna avhandling syftar till att förstå sambandet mellan ligandbindning och kanalöppning med molekylmodellering och
datorsimuleringar.
Jag presenterar nya modeller för GABAA -receptor för däggdjur som är
baserade på en eukaryot struktur av GluCl vars struktur bestämts bunden
till ett antiparasitmedel, och visar hur dessa modeller kan användas för att
studera interaktioner mellan receptor och modulator. Jag visar också hur
kanalen gradvis stänger i molekyldynamiksimuleringar om den bundna modulatorn tas bort. I simuleringar med både agonist och modulator bundna
förblir kanalen i en relativt öppen konformation. Detta gör det möjligt att
identifera flera viktiga interaktioner, och jag föreslår mekanismer för hur den
extracellulära domänens rörelse initieras.
Den snabba ökningen av antalet cys-loop-receptorstrukturer de senaste åren har vidare gjort det möjligt att använda principalkomponentanalys
(PCA) för att skapa lågdimensionella beskrivningar av hela det tillgängliga rummet av strukturer. Genom att utföra PCA på en stor grupp av kristallstrukturer har jag kunnat dela in strukturerna i funktionella grupper.
Molekyldynamiksimuleringar av dessa grupper gör det möjligt att identifiera
övergångar som motsvarar mellantillstånd i rummet av principalkomponenter.
De studier som presenteras i denna avhandling bidrar till vår förståelse
av kanalöppningsmekanismen och den funktionella grupperingen av cys-loop
receptorstrukturer. Denna kunskap är viktig för att kunna utforma nya läkemedel som genom allosterisk modulering påverkar funktionen hos proteinet,
i synnerhet för att behandla neurologiska störningar.
Nyckelord: cys-loop-receptor, jonkanal, neurovetenskap, molekyldynamik,
aktivering, modulering, modellering, grind, GABAA

“Feet, what do I need you for when I have wings to fly?”
Frida Kahlo
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Chapter 1

Introduction

The doctor rose to mark the the
session’s end. “We have done
very well this time, seeing where
some of the ghosts of the past
still clutch at you in the present.”
Joanne Greenberg, I Never
Promised You a Rose Garden

Neurological disorders are complex phenomena that are often associated with
demonic possessions. The records of such associations date all the way back to
Babylonian times. Babylonian tablets excavated in 1952, in Urfa, Turkey [1] contain
detailed descriptions of a disease called Sakkiku and the treatment methods for
Sakkiku at that time. Sakkiku, which we today call epilepsy, was believed to be
the work of evil spirits. The Babylonian doctor, asipu, determined which type of
spirit the patient was possessed by based on the symptoms. For example, “if a
patient was possessed two three times a day, flushed in the morning and pale in the
evening” the spirit that possed is miqtu but “if his eyes are red and yellow-han of
ardath Lili” then the spirit is a different one.
It is possible to see similar beliefs for various diseases; even today, it happens
that people explain the cause of some diseases with demons. Personally, I do not
need to look 3000 years back in time to see examples of such claims. My mother
and grandmother have also retold stories that people who were sick with seizures
were accused of being possessed by demons. The idiom “Desto serd nishto tuya”
was used to refer to these individuals in my village (Hawiq Pax, Dersim, Turkey)
within the last century. This epigram translates into being touched by a cold hand
(an invisible hand). Cold hand, here, refers to the hand of a milaket, a demon.
1
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Claiming that epilepsy, or any other disease for that matter, is the result of
demonic possession may seem like a harmless thought. However, the handling of
the sick depends highly on how you explain the underlying cause. If an epileptic
person was believed to be possessed, it is possible that he or she was in the centre
of spiritual rituals that could very well be another trigger of the epileptic seizures.
Throughout history, there are accounts of people finding alternative explanations other than demonic possession. One of these alternative explanations, the
so-called natural cause can be dated back to Hippocrates (Figure 1.1). It was not
until the 19th century that Hippocrates was shown to be right about the natural
cause of epilepsy. In the 19th century Robert Bentely Todd and John Huglings Jackson [2] described epilepsy as a disease caused by electrical currents or discharges.
However, without a device to measure the electrical activity of the brain, Todd’s
and Jackson’s theories could not be confirmed. In 1924, Hans Berger managed
to record the electrical activity of the brain. This recording led to the invention
of the modern day electroencephalogram (EEG) machines. This measurement was a major milestone for research on epilepsy and many other neurological disorders. The existence of the
natural cause could now be objectively
quantified. Within a decade of this discovery, animal models were introduced
and tests for drug candidates had begun (summarised by Grone and Baraban [3]). However, despite these advancements on measuring nerve system
activity, there was still no clear model
how this activity was generated.
Explaining the mechanism of electrical activity had its own developmental stages that trace back to the 18th
century. In 1786, Luigi Galvani had
demonstrated that he could make the
leg of a dead frog twitch. After excluding all the forces that could move
the leg, Galvani concluded that the leg
must generate and transmit electricity.
The twitching frog leg was intriguing
for many researchers, but not all agreed
with the conclusion, in particular not
Alessandro Volta. Volta rather argued
twitching had nothing to do with the

Figure 1.1: Hippocrates’ natural cause is
one of the first explanations in history
that separates the occurrence of a disease
from demonic possessions. Illustration by
the author.

3
muscle cell. He designed a set of experiments to show that the sparks seen in
Galvani’s experiments could be explained by moisture trapped between two metal
plates. The experimental design also led to Volta’s invention of an early battery.
This well-received invention brought Volta fame and support. Although the animal
electricity theory of Galvani was shadowed by Volta’s fame (For the full story see
Geddes and Hoff [4]), Galvani’s work did not vanish completely and was continued
by his nephew, Giovanni Aldini. Aldani mesmerized the public by animating the
limbs of dead humans. These experiments even made it into popular culture, in
particular the 19th century novel by Mary Shelley: Frankestein. The slow progress
around Galvani’s animal electricity theory eventually led to the discovery of differentially charged compounds, which we now call ions. In subsequent studies,
scientists tried different compounds and solutions to attempt to tweak the activity
of excitable cells, e.g. muscles. Eventually, in 1952, Hodgkin and Huxley showed
that the electrical properties of the cells arise from an influx of ions [5]. They also
hypothesized that there were specialized proteins responsible for these ion fluxes.
In the 20th century, epilepsy was no longer explained as a form of demonic
possession but the result of abnormal electrical activity in the brain and the most
likely cause was the hypothetical ion channels. Moreover, scientists were able to
isolate and demonstrate that ion channels existed and they were indeed able to
generate electrical activity. In 2005, structure of an ion channel involved in neuronal communication was published in medium-resolution by Unwin [6]. Somewhat
surprisingly, subsequent studies identified similar channels in bacteria, although
these organisms do not have any component similar to the nerve system. Bacteria
are important model systems in structural biology since it is typically much easier
to produce (overexpress) their channels compared to mammalian ones. This mass
production was then used for structure determination that yielded atomistic detailed crystal structures of ion channels in multiple states. Since 2007, the number
of available crystal structures has been growing rapidly, which has allowed both us
and many other groups to utilise in silico methods to study single channel behaviors
in computers.
In silico methods can model the structural changes leading to function and
map the effect of disease-related mutations on these models. The more information
that is available about these channels, the easier it is to explain the pathology of
neurological diseases and design drugs that are more specific, less costly, and with
fewer side effects. The studies presented in this thesis will focus on this point: the
functional and structural changes of ion channels. I will demonstrate the insights
gained from in silico methods of atomistic structures and how it might be utilized
to help targeted treatment of neurological diseases.
I start with a brief overview of the nervous system, followed by a history of
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an important ion channel subfamily, cys-loop receptors.1 Chapters 3-5 discuss the
current state of the field and introduce some previously unpublished results as
well as papers I through V. Chapter 6 summarizes the different methods employed
in Papers I-V. The studies in this thesis cover many subfamilies of cys-loop and
related receptors. To help the reader keep track of different channels and residues,
a sequence alignment with markings is presented in Appendix.

1 The term cys-loop receptor specifically refers to the eukaryotic channels with a cysteine
bridge. Bacterial homologs of these receptors lack this bridge, and are thus technically not cysloop receptors. However, they are highly similar to each other, both functionally and structurally.
The superfamily of these channels is called pentameric ligand-gated ion channels. Recently, Jaiteh
et al. [7] suggested the term “pro-loop” as more fitting than “cys-loop”. However, since the term
cys-loop receptor is very common, I will use it to refer both to eukaryotic and prokaryotic channels
in this thesis.

Chapter 2

Molecular Neurobiology

In a hole in the ground there
lived a hobbit.
J.R.R. Tolkien, The Hobbit

Neuroscience is a fascinating field that explores the development and function
of the nervous system, which controls the body and responds to the environment.
There are billions of neurons in the brain and spread throughout the body. Molecular neuroscience works at this cellular level and explores structural and functional
changes in neuronal proteins in order to explain the physiology of neurological diseases.
I will briefly describe the anatomy and physiology of neurons and explain the
neuronal activity in the following sections, but the interested reader can find more
detailed descriptions in a number of good textbooks, for instance “Introduction to
Neurobiology” by Reichert [8] or “Neuroscience” by Purves [9].

2.1

Neurons

Neurons, unlike other cells in the body, can sense and respond to the environment.
They are highly specialized information-processing units. These units contain several projections of dendrites and an axon enabling complex networks with multiple
contact points to other excitable cells. To allow complex tasks and to be able to
sense different signals, neurons adopt different morphology during development; the
number of dendritic arms, the length of the axon and the shape of the core vary a
lot. The functional and morphological diversity makes classification of neurons a
complex problem.
5
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For this thesis, the most relevant classification of neurons is based on their
function. There are three major groups (Figure 2.1): (a) Sensory neurons that
are connected to organs such as the ear, eye or the skin, (b) motor neurons that
activate muscles, and (c) interneurons that establish neuronal communication.

(a) Sensory Neurons

(b) Motor Neurons

(c) Interneurons

Figure 2.1: Neurons are divided into three major groups based on their function:
(a) Sensory neurons that are connected to organs, (b) motor neurons that regulate muscle activity, and (c) interneurons that establish neuronal communication.
Illustration by the author.

2.1. NEURONS

2.1.1

7

Sensory Neurons

Sensory neurons are part of the peripheral nervous system. They are responsible
for collecting information from the internal or sensory organs like ears or eyes.
These neurons are highly specialized for processing a particular type of signal; for
instance sound or pain. The component receiving the signal, which is usually an ion
channel, differs between sensory neurons. For example, neurons responsible for the
sensation of smell contain cyclic nucleotide-gated ion channels, while neurons that
respond to touch are populated with mechanosensitive ion channels. The signal
collected by sensory neurons has two potential paths: Either it can be transmitted
to the interneurons in direct contact with motor neurons, or it can be transmitted
to the complex interneuron network in the brain. While the former is important
for providing a fast response, a reflex, to painful stimulus, the latter is important
for learning and adapting to the environment.

2.1.2

Interneurons

Interneurons are small neurons that enable internal communication and interplay
between sensory and motor neurons. They are involved in reflexes, learning and
memory. Interneurons especially in the brain form complex networks connecting
not only local regions but also distant parts to each other. This complex network is
where the information is integrated and transmitted to motor neurons. Interneurons
can be inhibitory (preventing the neuronal signaling by depolarizing the neighbor
cell) or excitatory (initiating polarization in the neighbor cells). While excitatory
interneurons are important in motor reflexes, inhibitory neurons play a major role
in learning.

2.1.3

Motor Neurons

Motor neurons originate from the spinal cord and extend to organs, muscles, or
glands where they control the function. As described above, a motor neuron can
be connected to a sensory neuron directly with an interneuron, but it also receives
input from many other interneurons. Motor neurons constitute the last point of the
signal transduction pathway. The connection between motor neurons and muscles
is where the neuronal signal is converted into behavioral responses like walking or
talking. In vertebrates, motor neurons always create an excitatory response. Thus,
the inhibition of muscle movements is achieved by the inhibition of the motor neuron
itself. The experiments conducted by Galvani in the 18th century were conveniently
repeatable in different animals due to the always-excitatory nature of motor neurons. Motor neurons are also the type of neurons studied most extensively. The
most important component of this thesis is the family of cys-loop receptors that
establish neuronal communication, and it should not come as a surprise that the
first cys-loop receptor to be isolated was of neuromuscular origin.

8
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Neuronal Activity

The neuronal activity can be described as repeated changes in membrane potential
initiated by a signal. This activity consists of two steps: (i) signal transmission
within the nerve cell, and (ii) the signal generation and transfer between cells.
While the first part of the activity involves action potentials, the latter is achieved
via synaptic potentials.
The resting potential of a neuronal membrane is around -70mV [8]. For an excitable cell to transfer or make use of information, the membrane potential needs to
be increased (depolarized) to the threshold value -55mV [8]. This initial depolarization is achieved via synaptic potentials. Following depolarization, voltage-gated ion
channels are activated whose activity in turn activates more of the same channels
like a domino effect. The result of this is a spike in membrane potential, which
is called an action potential. The action potential serves as a trigger to another
synaptic potential event in the neighboring cell. The main topic of this thesis is
synaptic potentials; therefore, I will not go into further detail on action potentials,
but leave them as the acting messengers between different synaptic potentials.
Synaptic potentials are the collectors of information from external sources such
as another neuron or the outside world. A signal from the outside world can for
example be the sound of your advisor’s footsteps (Figure 2.2). The basic workflow
in the nervous system upon receiving this signal is as follows: The sound activates
the sensory neurons via synaptic potentials and marks the starting point for the
synaptic potentials. When the synaptic potentials reach the threshold value -55mV,
an action potential is fired. The action potential is then transmitted to your brain.
The brain processes this information and based on the reflex of a seasoned student,
a new signal is sent to the body to start working.
The simplified example above depicts synaptic potentials as if they were always
excitatory. In reality, this is a much more complex process because synaptic potentials can also be inhibitory. Moreover, a single excitable cell is capable of receiving
several synaptic potentials simultaneously. In fact, the threshold value is defined
as the sum of all the individual synaptic potentials.
Synapses are specialized junctions formed between two excitable cells where the
synaptic potentials are initiated. There are two components in a synapse: The
signal-initiating cell, also called pre-synaptic, and the receiving cell, also called
post-synaptic. There are also two types of synaptic transmission: electrical or
chemical.

2.2. NEURONAL ACTIVITY
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Figure 2.2: The neuronal activity when receiving an outside signal involves transmission of the signal to the brain by sensory neurons, after which the brain returns a new signal that eventually leads to a motor neuron activating muscles.
Strip from “Piled higher and deeper” reproduced with permission from Jorge Cham
www.phdcomics.com (top) and illustration by the author (bottom).

2.2.1

Electrical synapses

Electrical synapses (Figure 2.3) are less abundant than chemical synapses and they
establish direct contact between neurons. In these type of synapses, both presynaptic and post-synaptic cells contain gap junction channels. These channels
consist of a wide physical passage allowing the direct exchange of ions and other
molecules. Thus, neurons connected via electrical synapses are able share their
internal signaling molecules. The distribution of signaling molecules ensures the
harmony in a neuronal population, meaning the transmitted response by the neuronal population is guaranteed to be the same. Such synchronized input from
neurons to other organs is vital especially for breathing and hormone secretion [9].
Although electrical synapses create a harmony and enable direct signal transfer between neurons, it does not leave too much room for changes in the signal amplitude
or the signal type.
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Figure 2.3: Electrical synapses enable synchronization of neuronal populations.
Illustration by the author (left). An example of a gap junction channel that connects
the inside of two different nerve cells [10] (right).

2.2.2

Chemical synapses

Chemical synapses (Figure 2.4) establish communication between two neurons by
using molecules called neurotransmitters. When an action potential reaches the end
of the axon in a pre-synaptic cell, it triggers the fusion of neurotransmitter-filled
vesicles with the neuronal membrane. A fused vesicle releases the neurotransmitter
molecules to the synaptic cleft. These neurotransmitters then alter the membrane
potential in the post-synaptic cell by binding to cys-loop receptors.
There are two advantages of a chemical synapse over an electrical one. First,
the signal received can be transmitted to the next neuron with a different sign.
For example, the inhibition of a motor neuron can be achieved through an excitation of an interneuron. Second, neurotransmitter release is needed only once for
multiple cells to be activated. Moreover, by releasing different neurotransmitters
from different synapses simultaneously, the transmission can be fine-tuned at the
post-synaptic cell.
The surface of a post-synaptic cell is crowded with ion channels that are activated by neurotransmitters. These ion channels are named ligand-gated ion channels. One of the most common types of such channels consists of five subunits
around a central ion pore. This constitutes to the family of cys-loop receptors that
is the central focus of this thesis.
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Figure 2.4: Chemical synapses enable fast neuronal communication. Illustration by
the author (left). An example of a ligand-gated ion channel that converts chemical
signals into electrical ones at the chemical synapse [11] (right).

2.3

The Ion Channel Superfamily

As the reader will likely have realized by now, ion channels are the key elements
of the neuronal activity. In previous sections, I have already named a few ion
channels specialized for different tasks. The shared structural feature of ion channels is a transmembrane domain that creates a safe passage for water molecules
and hydrophilic compounds such as ions through the hydrophobic environment
(membrane). Ion channels are grouped into superfamilies based on the activation mechanism (Figure 2.5). Each superfamily is then grouped into families and
subfamilies with closely related proteins. The two largest superfamilies are called
voltage-gated ion channels and ligand-gated ion channels, and as the names indicate they are activated by membrane potential and ligands, respectively. Although
the topology and the gating mechanisms depend on the family, they share many
functional behaviours and similar methods can be used to study all of them.
The ligand-gated ion channel superfamily contains many subfamilies grouped
into larger families based on the number of subunits. The subfamilies of the pentameric ligand-gated ion channel family, also called cys-loop receptors, is grouped
by the receptors’ neurotransmitter sensitivity.
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Figure 2.5: Ion channels are grouped into superfamilies based on the activation
mechanism, such as binding of small molecules (ligand-gated), change in membrane
potential (voltage-gated), or other events. Later these superfamilies are divided into
smaller groups. For instance ligand-gated ion channel superfamily is separated into
different groups based on their subunit stoichiometry. Illustration by the author.

Chapter 3

Cys-Loop Receptors

Dwell as near as possible to the
channel in which your life flows.
Henry David Thoreau

3.1

The Discovery of Cys-Loop Receptors

The term cys-loop receptor emerged more than a decade ago following the discovery
of channels responding to different ligands and neurotransmitters in eukaryotes [12].
In 1905, John Newport Langley presented the first evidence for nicotine and curare
stimuli on muscles. He proposed that the muscle activity was due to receptive
substances present in red muscles [13]. Moreover, he concluded that the nature of
this receptive substance differed between species. Based on this observation, these
receptive substances were named nicotinic receptors. Today we know that they are
sensitive to a much wider range of compounds. In 1921, Otto Lowei confirmed that
the chemical process causing a heart to beat is based on the same principle. In his
experiments, Lowei stimulated the nerve in contact with a heart. He then applied
the solution extracted from this first experiment on a second heart, which caused
it to beat without any neuronal stimulation [14]. The active substance in Lowei’s
experiments was later confirmed to be acetylcholine, which was shown to be the
natural ligand of the nicotinic receptors [12].
By 1990, several homologs of the nicotinic receptors had been discovered together with their corresponding neurotransmitters. The receptors were named
based on the neurotransmitter to which they respond, for instance γ-Aminobutyric
acid receptors (GABAA R), glycine receptors (GlyR), or serotonin receptors (5HT3 ).
Each of these receptors contains several different subunit types (Table 3.1). In vivo,
13
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Table 3.1: The cys-loop receptor family includes several different receptors that can
be either anion- or cation-selective. Each receptor subfamily has several different
subunit types that are assembled into different combinations to form channels with
slightly different functional properties.
Subfamily

Subunits

GABAAR

α

(1-6) , β

GlyR

α

(1-4) ,

nAChR

α

(1-10) ,

5-HT3

A, B, C, D, E

(1-3) , γ

(1-3) , ρ

(1-3) , π, , δ, θ

β
β

(1-5) ,

γ, , δ

Common Form

Neurotransmitter

(α 1 )2 (β 2 )2 γ

GABA

(α 1 )3 (β)

Glycine

2

(α 4 )2 (β 2 )3 or (α 7 )5

Acetylcholine

(5-HT3A )5

Serotonin

Selectivity
Anion
Cation

functional receptors are formed by combination of different subunits, and this combination will vary depending on the tissue or organ. There are for instance at least
30 possible rearrangements of GABAA R subunits [15], but the major functional
form identified consists of α1 , β 2 , and γ 1 subunits [16]. Regardless of their differences in subunit composition and neurotransmitter sensitivity, subsequent studies
identified conserved features within the family, in particular a disulfide bridge [17].
This conserved disulfide bridge is the origin of the “cys-loop receptor” nomenclature
for the pentameric ligand-gated ion channel subfamily.

3.2

Channelopathies

Several diseases have been linked to abnormalities in cys-loop receptor function,
for instance depression, epilepsy and hyperekplexia. The term channelopathy has
been introduced to define this type of diseases that are caused by malfunctioning
ion channels [18]. In most cases the connection between the disease and a specific
ion channel has been identified only recently and is still under investigation.

3.2.1

Hyperekplexia

Hyperekplexia is a neurological disease characterized by excessive startle response
and muscle stiffness, and it was identified in 1960s. A number of studies later
revisited hyperekplexia to identify the genetic component, and several mutations
on the GlyR-α1 subunit were identified as the probable cause of hyperekplexia [19,
20]. Since then, several other mutations on GlyR have been identified in patients
diagnosed with hyperekplexia, and anti-epileptic drugs are now frequently used
in the treatment. In vitro studies of mutated GlyR constructs have revealed the
functional aspects of the mutations as well, but there is still some debate about
how the sequence mutations alter the channel function. As argued by Langosch
et al. [21], reduced ligand affinity for a particular mutated channel could either
be a direct effect from less efficient ligand binding, or an indirect effect due to
changed coupling between ligand binding and gating. Functional studies have not
yet been able to distinguish between these two effects, and this is one example of an
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area where it might be possible to use computational methods to study the gating
process in molecular detail.

3.2.2

Epilepsy

Epilepsy is a complex neurological disease characterized mainly by seizures. There
are several different types of epilepsy, each with a different underlying cause such
as physical trauma, substance abuse, or genetic anomalies. Although it is not
possible to explain the cause with a single variable, treatment of epilepsy started to
evolve already in the 19th century. In 1857, Sir Locock was successful in treating his
patients by administering potassium bromide [22], which remained in use until the
introduction of phenobarbital in 1912 by Bayer. The introduction of animal models
in epilepsy research led to the emergence of several other anti-epileptic drugs [3],
but they were all based on physical observations and phenomenology rather than
specific knowledge of their action.
With the introduction of genome sequencing in diagnostics [23], several mutations have been identified in the cys-loop receptor family members nAChR and
GABAA R that are likely to contribute to epilepsy. Mutations in nAChR α4 subunit
were some of the first mutations shown to cause seizures (for a good review, see
Bertrand [24]). An antiepileptic drug, carbamazepine, was especially effective on
autosomal dominant nocturnal frontal lobe epilepsy to which the mutations on the
nAChR-α4 subunit were linked [25]. This correlation was of course not a coincidence, and subsequent studies identified carbamazepine as an open channel blocker.
Moreover, epilepsy mutations in nAChR-α4 have been shown to alter the receptor
sensitivity to carbamazepine and acetylcholine. This is a wonderful example of how
modern research made it possible to link complex diseases with specific channels
and mutations. We still do not fully understand the exact mechanism of action,
but we have come a long way from being possessed by spirits.

3.3

Anesthesia and Substance Abuse

In addition to their importance in channelopathies, cys-loop receptors are also the
targets for anesthetics and many addictive compounds such as alcohol or antidepressants. Even tough in small doses these molecules have therapeutic effects,
the transition rates from medicinal use to dependence is rather high for them [26],
and this can have deadly consequences.
The term anesthesia, literally “lack of sensation”, was first used by Oliver Wendell Holmes in 1846 to describe the state of a patient who after inhaling ether went
into surgery without feeling any pain [27]. Anesthetics were, in fact, used long
before the term emerged: The oldest example known is ethanol. The anesthetic
properties of ethanol are highly dependent on the age of the subject, in contrast to
modern inhaled anesthetics like desflurane. The age dependence implies that the
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density or the properties of ion channels, on which anesthetics act, could be different
between elderly patients and young adults. Indeed, the expression of GABAA R subunits has been shown to be age-dependent in rats [28], and a similar age-dependent
expression exists in other mammals. Although the age dependence can be a complication for practical anesthesia, the differences between various channel subunits
proved helpful in identifying molecular mechanisms. Long before high-resolution
structures were available, researchers were able to postulate a separate anesthetic
binding site located within the transmembrane domain than the neurotransmitter
binding site [29]. Today, several groups are targeting this site using computational
drug screening techniques combined with high-throughput experiments to try and
identify new anesthetic agents with better properties [30].
The World Health Organization (WHO) defines substance abuse as “the harmful use of psychoactive substances including alcohol and illicit drugs”. Substance
abuse is a very complex phenomenon with a social aspect to it. Most of the psychoactive substances interfere with the regular rhythm of synaptic transmission,
and frequently by interacting with ligand-gated ion channels. Just as anesthesia, there is subunit dependence for these compounds and early studies identified
similar residues to be responsible for the effects of psychoactive substances as in
anesthethics. Although functional studies point to a conserved binding site for
psychoactive substances, this has not yet been accepted as direct proof. To design
substances for treatment of drug abuse it is necessary that studies be combined
with specific high-resolution structural information about the binding sites. One
example of this is how researchers the last few years have started to use the newly
available structures of cys-loop receptors to repurpose an anti-parasitic agent, ivermectin, for substance abuse treatment [31].

3.4

The First Structure

Membrane proteins have been the most challenging targets in crystallography. This
is largely because of their hydrophobic nature and instability, which makes it difficult to obtain crystals, let alone getting them to diffract beyond 5Å [32]. An alternative is to use flash-freezing in combination with electron microscopy (cryo-EM),
which bypasses the requirement for crystallization. This technique is easier to use
for membrane proteins, but historically it has been much lower resolution (although
this is now changing with better detectors). Already in the 1980s, Nigel Unwin was
succesful in obtaining images of nAChR with electron microscopy [33, 34]. It was
evident from these images that the receptor contained three domains: extracellular,
transmembrane and intracellular ones. In the 1990s, Unwin published more detailed
studies with higher resolution structures comparing the open and the closed state
of the channels with electron microscopy [35, 36]. These new maps revealed motions in proximity of the predicted acetylcholine-binding site at the extracellular
domain. The motions of the gating helices in the transmembrane domain were
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revealed as rigid-body motions, largely independent of the other transmembrane
segments. However, apart from the gating helices, neither the detailed structure
nor the overall topology of the transmembrane domain could be determined from
these maps.
A number of subsequent studies tried to establish the topology of all three
domains using cysteine crosslinking analysis [37], mass spectrometry [38] and computational topology prediction methods [39]. However, results were inconsistent:
The largest controversy concerned the secondary structure composition of the transmembrane domain. While computational studies predicted alpha helices [39], diffraction data [36] and mass spectrometry [38] results indicated existence of beta sheets
also within the transmembrane domain.
In the meantime, Unwin continued his work on nAChR and was able to obtain
medium-resolution data. A 4Å resolution structure was published in 2005 (Protein
data bank identifier 2BG9), 20 years after the first image was obtained [6]. This
was the first structure to show the cys-loop receptors in close to atomic detail. The
resolution of this structure was limited, and the sidechain placement has later been
shown to be incompatible with high-resolution structures. However, Unwin’s work
provided a new way of looking at these receptors and enabled the first comparisons between functional data and amino acid locations in the structure [40]. The
nAChR structure made it clear that the transmembrane domain of each cys-loop
receptor monomer is formed by four membrane-spanning alpha helices, while the
extracellular domain mainly consists of beta sheets. The intracellular domain was
only partially resolved in this structure, but predicted to be in alpha helical form.

3.5

Origins of Cys-Loop Receptors

Until 2005, cys-loop receptors were believed to be limited to metezoa (also called animals). However, phylogenetic studies of another large ion channel family, voltagegated ion channels, have surprisingly found homologous sequences in non-metezoan
eukaryotes and prokaryotes [41]. Driven by this, Tasneem et al. [42] identified several putative cys-loop receptor homologs in different bacteria. Although the role of
these putative channels is not clear, it appears cys-loop receptors might have direct
prokaryotic ancestry.
Prokaryotic channels are important model systems for a number of reasons.
Bacterial cultures are easier to handle than mammalian cell lines, and bacterial
membrane proteins appear to be more stable under crystallographic conditions,
which makes them very important for structural biology. Bacterial proteins are also
easier to work with in many other experimental setups, for instance two-electrode
voltage clamp electrophysiology in Xenopus laevis oocytes. As one would expect,
several different groups picked up the putative channels identified by Tasneem et al.
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[42] for further characterization. Two receptors from Gloeobacter violaceus (GLIC)
and from Erwinia chrysantemi (ELIC) became the focus in the cys-loop receptor
field. Both ELIC and GLIC share about 20% sequence identity with the cys-loop
receptors, but lack the intracellular domain. While this made it likely that their
structure was highly similar, little or nothing was known about the proteins:
• Did the putative bacterial proteins express and form functional channels in
cells commonly used for in vitro electrophysiology?
• What was the activation profile for these putative channels? Did they respond
to the same ligands as cys-loop receptors?
• Did mutations alter the activation profile as for cys-loop receptors?

3.5.1

ELIC

ELIC was characterized as a cationic channel, similar to nAChR and 5-HT3A [43],
and its structure was determined at 3.3Å resolution (PDB:2VL0). In contast to the
Unwin nAChR structure, ELIC was in a presumed-closed state with a very narrow
pore radius. The central pore region in this structure is entirely dehydrated, and
there has been some controversy whether the channel is collapsed. The limited
number of crystal structures at the time made it difficult to assign a specific state,
but computational studies of ELIC have confirmed that it appears to be in a nonconducting state [44].
In 2011, Zimmermann and Dutzler [45] identified several different compounds
including GABA as agonists of ELIC. The response of ELIC to GABA, and the
potential binding site, provided evidence that structurally and functionally ELIC
is highly similar to cys-loop receptors. Later co-crystals of ELIC with acetylcholine
and GABA confirmed that the binding site for neurotransmitters is the same between ELIC and cys-loop receptors [46, 47].
Today, there are as much as 17 structures of ELIC, excluding a few special
chimeric constructs. However, the catch is that all those structures are in the
same closed state, despite some of the structures having an agonist bound in the
extracellular domain (which should open a ligand-gated channel). These structures
still provide information about the ligand-binding sites, but with only a single state
available it has been difficult to elucidate the gating mechanisms.

3.5.2

GLIC

G. violaceusis is an aquatic cyanobacterium, which lacks the fundamental components of modern day photosynthesis machinery. With the uncommon structure of
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its photosynthetic machinery, G. violaceusis is commonly found in wet-rock habitats. Studies focusing on its evolution are very limited and the actual role of the
GLIC channel is not yet known. However, several groups have been able to determine X-ray structures of GLIC [48, 49], and showed that that this structure too is
very similar to the nAChR and ELIC ones.
There are still no ligands known to activate GLIC, and it lacks the intracellular
domain and the disulfide bridge that both are important components of cys-loop
receptors. However, a number of studies have shown that GLIC is still remarkably
similar to human receptors from a functional perspective. GLIC was found to
be inhibited by anesthethics by Weng et al. [50], and Nury et al. [51] managed
to co-crystallize the channel with them and determined the binding site. This
binding site, located within each subunit, was proposed as a model for nAChR
primarily for its similar anesthetics inhibition profile. In contrast, the hypothetical
anesthetic binding site for GABAA R and GlyR corresponds to another cavity in
close proximity of the identified site in GLIC [52]. Computational studies of GlyR
models using GLIC as a template [53] indicated that this hypothetical cavity could
accommodate ethanol, and showed this allosteric ligand helped stabilize the open
state in agreement with the pharmacological profile of GlyR [54].
The conflicting results were partly settled when Howard et al. [55] demonstrated
that in contrast to GlyR, GLIC is inhibited by alcohols. Moreover, the modulation
profile by alcohols could be altered and made more similar to GlyR or GABAA R
with a single point mutation. Computational studies predicted that this mutation
would expand a second cavity located at the intersubunit interface similar to the
hypothetical cavity in GlyR [56, 57]. The existence of the intersubunit binding site
and its ability to bind anesthetics was later confirmed with X-ray structures of the
mutant [58].

3.5.3

Are Prokaryotic Models Relevant?

The prokaryotic ELIC and GLIC structures have been extremely important models
for cys-loop receptors despite their relatively low sequence identity to eukaryotic
receptors. In particular the GLIC structure in the open state has made it possible
to compare with the Unwin structure and to run a large number of computer
simulations of mammalian cys-loop receptors [53, 59].
The first suggested gating motions were identified already from the structural
studies of nAChR [6], and the chimeric model that is assembled using the structures of acetylcholine-binding protein (AChBP) and the transmembrane domain
of nAChR [60]. Both crystal structures and the molecular dynamics simulation of
GLIC [61] supported the gating hypothesis proposed by Unwin in 1995. While these
studies overall point to a conserved gating mechanism, it has not been possible to
probe agonist binding and its connection to gating with GLIC - since there is no
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known ligand. Studies have also pointed out several key differences in gating between anionic (GABAA R, GlyR) and cationic (nAChR, 5-HT3 ) receptors [62] such
as the radius of the pore at the cytoplasmic side. Moreover the dominant modulator binding site appears to be different between anionic and cationic channels
[51, 55, 56], which naturally calls for a new model system for anionic channels as
both GLIC and ELIC are cationic channels.

Chapter 4

Modeling and Channel Dynamics
in GluCl

Would it not be better if one
could really “see” whether
molecules...were just as
experiments suggested?
Dorothy Hodgkin

4.1

Glutamate-Gated Chloride Channel

Caenorhabditis elegans is a non-parasitic worm living in soil. Its feeding/digestion
movements involve the contraction of pharynx muscles. The control over this muscle
activity is achieved primarily through the post-synaptic glutamate-gated chloride
channel, GluCl. The subfamily of this channel contains two members as α and
β subunit types. GluCl was first isolated in 1994 by Cully et al. [63]. They also
characterized the subunits in their homopentameric forms and compared with the
heteromeric mixture of subunits. Results showed that the α subunit alone is not
gated by glutamate, but activated by ivermectin. However, unlike the α homomers,
the homomeric β channels respond to glutamate in a dose dependent manner, but
they are not activated by ivermectin. This distinctive behavior of GluCl subunits
resembles the mammalian channels of which homopentameric and heteropentameric
forms often respond to the same ligand in a different manner [64, 65].
Early studies of GluCl were focused on its use as a neuronal silencing tool
[66, 67], likely due to the small response magnitudes and difficulties expressing the
channel in oocytes. Using antibody fragments and other modifications (discussed in
section 4.3) to increase the stability of the receptor, Hibbs and Gouaux [11] managed
21
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to obtain a crystal structure of GluCl-α homopentamers at 3.4Å resolution. The
crystal structure has accelerated the use of GluCl as a model system, both for
modeling human receptors such as GABAA R and to study gating dynamics in
general for eukaryotic channels.

4.1.1

Topology

Like its mammalian counterparts, GluCl subunits contain extracellular, transmembrane and intracellular domains (Figure 4.1). The extracellular domain of GluCl
starts with a short α-helix, followed by ten β-strands and loops. The last β strand
forms part of a loop that caps the ligand-binding site (loop 10), which also continues
into the covalent connection to the transmembrane domain. The transmembrane
domain consists of four α-helices (M1-M4) and three loop regions. The M2 helices
line the pore, and the M2-M3 loop interfaces to the extracellular domain where
it interacts with loops 2 and 7. The M3-M4 loop extends into the cell and forms
an intracellular domain. The structure of this domain is still not known; despite
many attempts, crystallization of this domain has still not been successful, and
for this reason it is usually excluded or cut away from the sequence constructs in
experiments [68].
GluCl is activated by the neurotransmitter L-glutamate and its binding site
overlaps with those of mammalian receptors. This binding site, also called the orthosteric site, is located in the extracellular domain between two subunits. The
subunit that provides the capping loop, loop 10 (loop C), is referred to as the principal subunit, while the neighbouring subunit is referred to as the complementary
subunit. In addition to loop 10, the orthosteric site is formed by β1 (loop G),
β2 (loop D) and loop 9 (loop F) on the complementary subunit, and loop 4 (loop
A) and loop 8 (loop B) located in the principal subunit.1 To distinguish between
intersubunit interactions, we usually use a scheme where residues located in the
complementary (next) subunit are marked with a prime sign.
There are multiple different allosteric binding sites, located in different parts of
cys-loop receptors. One such site is located at the extracellular domain between
subunits, similar to the neurotransmitter-binding site. The transmembrane domain
contains two different sites that have been extensively studied in the context of
anesthetic and alcohol binding: One located inside each subunit, the intrasubunit
site, and one located between subunits, the intersubunit site. The latter is also the
binding pocket for the antiparasitic agent, ivermectin, which was co-crystallized
with GluCl [11]. The allosteric modulators used in this work mostly bind to the
1 The loops were originally named before any structure was available, which corresponds to
the names in the parentheses as well as papers II-V. However, when looking at the structure it
is much easier to enumerate the loops, so to facilitate for the reader I use this simpler scheme in
this thesis.
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Figure 4.1: (a) Each cys-loop receptor subunit contains ten β strands in the extracellular domain, and 4 α-helices in the transmembrane domain. (b) There are
several different binding sites in cys-loop receptors. Two of the most important
ones for this thesis are the orthosteric site in the extracellular domain and the
intersubunit allosteric site in the transmembrane domain.
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intersubunit site in mammalian channels [69], while the intrasubunit site appears
to be more pronounced in prokaryotic receptors, such as GLIC [51, 58].
A sequence alignment of cys-loop receptors reveals several conserved residues,
in particular in the M2 helices. Since different channels have completely different
sequence enumeration, it is convenient to introduce a standard labeling of the M2
residues that does not vary between sequences. For historical reasons, this too uses
a prime notation (which should not be confused with the complementary subunit).
This has been widely accepted, and starts from the cytoplasmic side with 00 and
increases as it it moves higher up in the pore. There is a set of hydrophobic
residues in the middle of the pore, which are conserved in all cys-loop receptors.
This position is referred to as 90 , or the hydrophobic gate.
Functionally, GluCl in its heteromeric form is more similar to mammalian channels than GLIC. The biggest advantage is the known agonists that activate the
channel, in contrast to GLIC where the gating is achieved by titration effects that
cannot be assigned to a single site [70, 71]. In addition, crystal structures of GluCl
in its holo [11] and apo [72] forms provide possibilities to study the effects of ligand
binding. Although GLIC has been shown to capture the channel dynamics [61],
GluCl is likely to provide a better model of the actual activation and allosteric
modulation of mammalian channels, and for this reason I have used it both for
homology modeling and molecular simulations when studying these properties.

4.1.2

GluCl-based Models Capture Modulator Properties

The availability of the GluCl eukaryotic structure makes it possible to assess the
quality of Unwin’s cryo-EM nAChR structure and how similar the prokaryotic
structures are to a high-resolution eukaryotic structure. As shown by Ernst et al.
[73], there is a register shift in the residue alignment of the nAChR structure that is
inconsistent. This inconsistency could of course be a difference between species, but
the crystal structure of GluCl and chimeric studies of GLIC and GlyR all support
the GLIC model [11, 70]. The key quality determinant in homology modeling is to
obtain a correct sequence alignment. Such discrepencies, as we showed in paper I,
would lead to misalignment at the ligand-binding sites (Figure 4.2). In GluCl-based
models, regardless of the alignment or the modeling program used, these residues
converged to a single site in agreement with the literature, which supports that
there really is a residue register shift (error) in the nAChR structure.
In paper I, we also explored how the binding of ivermectin perturbs the receptor
backbone. The ivermectin binding site in the GluCl structure overlaps with the
anesthethic binding site, and it is a large enough molecule to increase the subunit
spacing significantly. In some cases, this might be an advantage as anesthetics
might have similar effects on the structure. However, most known anesthethics are
much smaller than ivermectin and models based on GluCl may not be a particularly
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Figure 4.2: Superimposed structures of GLIC (pink), GluCl (gold) and nAChR
(blue) indicate alignment inconsistencies at the anesthethic binding site. Residues
N265 [74] and M286 [75] have been shown to alter anesthetic sensitivity, but they
are not positioned correctly in the nAChR structure.
good representation of their binding to cys-loop receptors. In paper I, we explored
this issue by building two different models. One model was built using Modeller
[76], relying only on the GluCl structure as a template. For the second model,
we took a slightly different approach to explore the effect of ivermectin binding.
In this model the individual subunits were modeled based on the GluCl structure
using Rosetta [77], and then superimposed on the GLIC structure to construct a
pentameric channel. The resulting model subunit packing should be less perturbed
by the location of ivermectin in the GluCl template. While a valuable control,
this model was subject to significantly larger larger changes in the modeling, which
could cancel the potential advantage of using a co-crystal structure as a template.
The resulting homology models turned out to be remarkably similar. The rootmean-square deviation (rmsd) between the two models around the anesthetic binding cavity was 1Å, which indicates that the conformational changes induced by
ivermectin do not distort the backbone significantly. For the later docking studies,
this caused us to choose the Modeller-based structure. While the Rosetta approach
can model a state in which ivermectin is not present, the inherent sidechain remodeling might deteriorate the docking results compared to the straightforward
homology model created with Modeller. In this study, we analyzed the site that
overlaps with the ivermectin-binding site, which is also the site we predicted to be
of importance for anesthetic action in this receptor.
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The docking scores for propofol and its derivatives showed a linear correlation with the known drug concentrations that gives half maximal response, EC50 .
Residues N265 and M286 have been identified as a contact site for propofol in paper
I. Although labelling studies originally did not show any effect for N265 in propofol
binding [78], a more recent study has now confirmed the role of N265 in modulation
by propofol [74] in agreement with in vivo studies in mice [79].

4.2

Channel Dynamics of GluCl

Early studies that relied on chimeric models [60], as well as structures of nAChR [36]
and GLIC [61], identified plausible gating motions such as quaternary twist and irislike gating motions of the M2 helices. The quaternary twist motion was described
as anti-correlated rotational movements of the extracellular and transmembrane
domains around the channel axis (i.e., they rotate relative to each other). The
iris-like gating motion can be broken down into two components in the form of tilt
and twist motions of the M2 helices that alter the pore radius.
These geometrical motions can be calculated in structures and simulations, and
compared to the results in the literature (Figure 4.3). This is done both in papers
II-III and V, and I also present some previously unpublished results here. The
quaternary twist can be defined as the average rotation angle of each subunit.
The relative rotation of the two domains in each subunit is calculated from the
difference in the angle between the vectors from the protein center-of-mass to the
center-of-mass of each domain. For the calculation of the M2 helix twist and tilt,
a right-handed coordinate system was defined such that:
The x-axis is the vector from the protein center-of-mass to the M2 helix centerof-mass,
The z-axis is the principal component of inertia of the whole protein, which is
parallel to the symmetry axis in the pore,
The y-axis is the vector normal to the first two vectors.
With these axes, the tilt angle can be calculated between the projected helical axis
onto the xz plane and the z-axis, and the twist is similarly defined from the angle
between the projected helical axis in the yz-plane and the z-axis.
The closing dynamics of GluCl, in addition to the quaternary twist and tilt/twist
motions of the M2 helices, is likely to include a reduced volume for the allosteric
site, simply because subunits move closer. This can be observed with cavity volume
calculations in simulations, as we did in paper I, or with distance measurements
between the M3 and the M10 helices [11].
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(a)

(b)

Figure 4.3: Collective variables. (a) Quaternary twist for a single subunit is defined as the angle between the vectors from the receptor center to their respective
centers of mass, and this is then averaged over all five subunits. (b) Tilt and twist
angles are defined by projections of the helix axis on orthogonal planes defined from
the receptor symmetry axis and the vector from the receptor center to the helix.
Illustrations by the author.
To study receptor dynamics and in particular to enable comparisons between
different systems, papers II and III use the co-crystal structures of GluCl in presence
and absence of agonists and modulators. While paper II reports data from single
microsecond-long simulations, paper III relies on a series of five microsecond-long
simulations. All the data presented here are averages over these five simulations
unless otherwise stated (four more simulations of the system in paper II were run to
improve sampling). The set of simulations run with the ligands removed are referred
to as holoNL (-IVM in paper II), while simulations with ivermectin bound are holoI
(+IVM in paper II, -GLU in paper III). Finally, the fully liganded simulations are
referred to as holoGI (+GLU in paper III). Apo refers to the actual apo state crystal
structure and its corresponding single microsecond simulation.

4.2.1

Simulations of GluCl can Capture Closing Dynamics

The dynamics of GluCl in absence of ligands was similar to GLIC, in the sense
that removal of ligands led each subunit to be twisted by 2 degrees on average
(Figure 4.4). Although there is a change towards the apo state, simulations are yet

28

CHAPTER 4. MODELING AND CHANNEL DYNAMICS IN GLUCL

to reach the apo state level (Figure 4.4). In contrast to a global motion like the
quaternary twist, the tilt motions of the M2 helices and the intersubunit distances
at the allosteric site relaxed much faster (Figure 4.5 and paper II). The narrowing
of the allosteric site was not only caused by sidechains moving into the site, but
also a gradual motion of M3 and M10 helices into the binding site (Figure 4.6). This
shrinking was limited to the allosteric site and it did not affect the distances in the
lower half of the transmembrane domain (paper I).

(a)

(b)

Figure 4.4: Quaternary twist motion. (a) On average, simulations of unliganded
GluCl (holoNL ) displayed a 2 degree twist. (b) However, these simulations did not
reach the apo state values (Box plots show the last 500ns of holoNL simulations in
comparison to the apo simulations).
Similar to GLIC, the local closing of the pore at 90 occurs within the first few
nanoseconds of the simulation. However, in the upper part of the pore, the closing
is a gradual motion that occurs slowly over the entire simulation. Unlike the closing
in the upper part of the pore, the narrowing at 90 has been observed even in the
presence of ivermectin both by other researches [80] and us (papers II-III). This
observation is likely not related to the natural gating transition, and I discuss it in
more detail in the following section and the next chapter.
A key residue pair (V45-P268) was introduced as the gate keeper of pore closing
by Calimet et al. [81], and this was confirmed by the crystal structure of GluCl
in the apo state. A similar increase in distance can be seen in structures of the
other family members; GlyR cryo-EM structures [82] in presumed open/desensitized
forms exhibit distances of 4-4.5Å, while it increased to 7.8Å in the antagonist-bound
(closed) state. Interestingly, while we observe an almost full change in M2 helix
tilt angles and a gradual decrease in pore radius towards the closed state, we do
not see a large increase in distance between these two residues in the simulations
(Figure 4.7).
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(a)

(b)

Figure 4.5: Tilt motion of M2 helices. (a) On average, simulations of unliganded
GluCl (holoNL ) displayed a 2 degree tilt, which led to pore closure. (b) The tilting
of M2 helices displayed a faster relaxation than the domain rotation and were able
to reach values similar to the apo state (Box plots show the last 500ns of holoNL
simulations in comparison to the apo simulations).

Figure 4.6: The presence of ivermectin increases the size of the cavity between
subunits (measured between G281 on M3 and L218 on M10 ) in a reversible manner,
such that it again decreases when the ligand is removed.
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The closing dynamics of GluCl appears to occur in two stages: First, a rather
fast closing of the allosteric cavity takes place, followed by the change in tilt of the
M2 helices. Second, a global twist motion happens gradually, which fully closes
the channel. A similar closing mechanism has previously been reported in GLIC
[61], in this study too, the transition was not complete although the gating helices
closed within a microsecond. The time scale of the study in Calimet et al. [81]
suggests that it corresponds to an early stage of the closing, where gating helices are
closed but the quaternary twist motion is not complete. Interestingly, the reported
average quaternary twist angles in their work are closer to the apo state than the
result reported here, which raises the question whether the transition observed is
an artefact or channel collapse.

(a)

(b)

Figure 4.7: (a) The distance between the proposed gatekeeper residues V45 and
P268 does not show a large shift upon removal of ivermectin. (b) However the same
distance does display a more prominent change between apo (blue) and holo (red)
state crystal structures.

4.2.2

From Agonist Binding to Channel Opening

GluCl is expected to achieve a fully conducting state when the receptor is populated with both ivermectin and L-glutamate, but the crystal structures of GluCl in
presence (holoGI ) and absence (holoI ) of L-glutamate exhibit no large differences.
In fact, simulations of both structures lead to a fast closure of the hydrophobic
gate (paper III) within the first few nanoseconds. An apparent increase in pore
radius at 90 was induced by L-glumate binding in most of the holoGI simulations
(Figure 4.8). The opening event in one of the simulation was considerably larger
and more stable, which kept the channel open for at least 400ns. Clearly, the receptor appears to sample more open states when populated with both ligands. The
increase in pore radius also influences the Cl- passage. In paper III, we estimate the
free energy of Cl- passage using umbrella sampling (see Chapter 6) and detected a
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barrier at 90 similar to the barrier detected in ENM studies of GluCl [80]. In fact,
this hydrophobic gate has been proposed to be a major contributor to gating both
in GLIC [83, 61] and in nAChR [84]. Furthermore, recent crystal structures of the
apo state of GluCl [72], as well as the locally closed/closed states of GLIC [85, 86],
confirmed the conformational changes observed at the 90 gate. More importantly,
GluCl structures might not be in fully open states, since with sufficient sampling
they appear to move towards more open states.

Figure 4.8: The conserved hydrophobic gate at position 90 initially appears to close,
but when using a set of five different simulations the fully ligated form of GluCl
(holoGI ) actually displays a slightly increased open probability.
The ligand binding at the orthosteric site led to several other conformational
changes in the receptor, in particular in loops 7 and 10 (paper III). Both loop
regions have functionally been associated with conformational changes upon ligand
binding. Loop 7 has been shown to undergo helix to loop transitions upon ligand
binding in mammalian receptors [87, 88]. Upon ligand binding, the helical content
of this loop was reduced in simulations in agreement with previous findings (In
paper IV, we explored this conformational change with conventional mutagenesis).
On the other hand, ivermectin binding even in the absence of L-glutamate appeared
to induce conformational changes in loop 10. The same loop has also been identified
to undergo a capping motion in the AChBP, which is a globular homolog to the
acetylcholine receptor [89, 90]. The motions we observe in simulations were not just
limited to capping: The loop lost its ordered structure, which increased the solvent
exposure of the orthosteric site.
The conformational changes in these loops and the rest of the receptor induced
by the agonist binding are likely due to rearrangements in the hydrogen-bonding
network. In an attempt to identify a gating path from the changes in hydrogen
bonding network upon ligand binding, we performed a statistical comparison between holoGI and holoI systems. In total, L-glutamate binding altered interactions
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of 10 intersubunit and 53 intrasubunit residue pairs. Of these interactions, the intersubunit connections formed by Y151 were identified as the most likely contributors
to the gating. The interactions of Y151 with the complementary subunit appear to
be important not only in GluCl, but also several other eukaryotic receptors [91, 92].
Y151 is involved in hydrogen bonding with two other residues in the complementary subunit (Figure 4.9). One interaction is formed with the residue T54,
which shows correlated changes with the quaternary twist and the pore opening
at 90 . The other interaction is formed with the S121 residue, which had a strong
correlation with the Y151-T54 interaction. Mutations of both Y151 and S121 in
GluCl-β homopentamers have been shown to reduce receptor agonist sensitivity
[93]. Although we did not detect any direct correlations between the changes in
Y151-S121 interaction and the pore opening, there appears to be an indirect role
where S121 assist in altering the position of Y151, which in turn leads to T54
relaying the effect to the rest of the channel.

Figure 4.9: Interactions of Y151 with residues T540 and S1210 are likely contributors
to gating (marked as I and II in the figure, respectively). Loop 10 is not shown for
clarity. Snapshot from the end state of a liganded GluCl simulation (holoGI -sim4).
There is, however, one drawback with this analysis. The statistical model I used
in paper III might miss some key interactions or underestimate their correlations,
thus improvements and post-hoc analysis is required to validate the results. One
such example could be the interactions between β1 and β2 strands. In GluCl,
R37 of β1 interacts with the ligand, and mutations of this residue in the GluCl-β
subunit reduces the response to agonist binding [93]. Our data indicates that in
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addition to ligand binding, the interactions of the region in which R37 is located
with the β2 strand are affected by the agonist binding, but the correlations do not
reach the significance threshold. Indeed, a hyperekplexia phenotype mutation in
the β1 subunit of GlyR [94] has been predicted to interact with the β2 strand and
mutations in this region have been shown to influence the gating [95].

4.3

From in silico to in vitro

The sequence of GluCl residues where we detected the conformational change
(residue index 170-178) is close to the orthosteric site. Of these residues, L174
is located right in the middle of the region which is likely to favor a helical conformation due to two other leucine residues located three register higher and lower;
LXXXLXXXL. The helical conformation of this loop could be the reason for the
lack of agonist response in GluCl-α subunits. In this scenario, then the mutations
of L174 that destabilize the helical conformation should, in theory, rescue the agonist response. To test the possible role of this loop in agonist-induced gating of
GluCl-α as indicated by the simulation data in paper III, we have explored the
channel activity in several L174 mutants in paper IV.
Four different mutations were tested: L174A and L174E that favor helical conformation, as well as L174G and L174P that destabilize the helix. We did not
detect any increase in L-glutamate response, but two mutants were less sensitive
to L-glutamate: L174A and L174P. The experimental response had no correlation
with the expected change in helicity. However, potentiation of the L-glutamate
response by ivermectin was not affected in these mutations, which indicates a role
for this loop in ligand binding rather than gating.
To better understand the nature of the reduced L-glutamate response of these
mutations, I performed docking and molecular dynamics simulations using apo
state structure of the receptor. Full length GluCl-α homomers do not respond
to L-glutamate [63], but in paper IV we detected shallow sigmoidal response to
L-glutamate in the crystal structure construct of GluCl. This is likely to be the effect of modifications that improve crystallization, such as removal the intracellular
domain and several residues from the terminal ends. This behaviour of the GluCl
crystal structure construct in vitro enabled a possibility of studying direct agonist
response in simulations using the apo state crystal structure as a starting point
[72]. However, in spite of the experimental results, neither wild type nor mutated
constructs were responsive to L-glutamate in simulations within a microsecond.
There could be several explanations for this. For instance, as we showed in paper
III, detecting pore opening events upon agonist binding only at 90 required long
simulation times. Considering the fact that the apo state structure has even narrower pore structure (Figure 4.10), very much like ELIC, detecting agonist-induced
conformational changes may require biasing (e.g. distance restraints) to increase
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sampling of the agonist-bound conformations, or much longer simulations than a
microsecond. The structural effects of these mutations have not been resolved,
but the GluCl crystal structure construct appears to be a better model system for
studying receptor dynamics than the full-length receptor.

Figure 4.10: The L-glutamate docked apo state structure remains closed in the
microsecond simulation, with a narrow pore on the extracellular side - somewhat
similar to ELIC. The plot shows the pore radius (color scale on the right) as a
function of the pore position (z) and simulation time. The zero value on the z axis
corresponds to the hydrophobic gate 90 .

Chapter 5

A Gating Mechanism

The Road goes ever on and on
Down from the door where it
began.
Now far ahead the Road has
gone,
And I must follow, if I can,
Pursuing it with eager feet,
Until it joins some larger way
Where many paths and errands
meet.
And whither then? I cannot say
J.R.R. Tolkien, The Lord of the
Rings

5.1

Principal Component Analysis

Molecular dynamics simulations of crystal structures have been useful in explaining
the fast dynamics of complex systems such as ion channels, as seen in previous chapters and papers II-III. However, simulations are often noisy, and it is not easy to
separate large-scale correlated motions, which may represent transitions between
open-closed states, from local fluctuations. A number of techniques have been
developed to help identify the most important motions, for instance essential dynamics that extracts the most correlated particle motions from simulations (for a
good review on essential dynamics and how to apply it to trajectories see David
and Jacobs [96]).
The foundation of essential dynamics is principal component analysis (PCA),
35
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which is a widely used statistical method that reduces the number of dimensions
required to explain the data. To do that a covariance matrix of the data is generated, and eigenvectors of this matrix will form a new basis set of orthogonal vectors
called the principal components. Since the eigenvalues corresponding to each of
these components describe the amount of covariation, the lowest-eigenvalue principal components correspond to the largest and most correlated variations. This
often makes it possible to describe high-dimensional data by using only 1-2 degrees
of freedom, for instance when analyzing trajectories of proteins.
The growth in the number of available protein structures enables another way
to extract transitions from structures. As demonstrated by Van Aalten et al. [97],
just as PCA can be applied to the variation of positions in a simulation, it is
possible to use it directly on experimental data. In the last five years the number
of cys-loop receptor structures, in particular, has grown substantially, and there is
now a wide ensemble of structures covering all different states of these channels.
In paper V, we constructed an ensemble of GLIC structures to extract the largest
variation and elucidated the plausible gating mechanisms. In a follow-up study, we
are also working on building an ensemble using all the eukaryotic cys-loop receptor
structures. Using the principal components of these ensembles as a basis, we then
analyzed the transitions between different states. In case of GLIC the transitions
were analyzed with different transition methods, and for eukaryotic ensemble we
used MD simulations (both unpublished data and data from papers II-III).

5.2

Gating Intermediates in the GLIC ensemble

There are in total of 46 structures of GLIC, which are believed to represent three
different states of the channel: the open state [48, 49, 98], the closed state [86], and
the locally closed [85, 99], which should be an intermediate along the transition
path. In paper V, we have computed the principal components describing the
variation in this entire GLIC ensemble with the closed state as the reference.
The first two principal components of the ensemble explain 42% and 30% of
the total variance, respectively. Both components display high correlations with
the collective variables such as quaternary twist, blooming and the motions of the
M2 helices (Figure 5.1). We identified two open-state clusters that differed in the
degree of blooming motion, which could be an effect of systematic variations in
crystallization temperature.
Locally closed state structures of GLIC [85] are believed to capture the intermediate states along the transition path as they were mutated in M2-M3 loop to trap
the M2 helix motion halfway between its open and closed conformations. This is
confirmed by the PCA analysis, where they are distributed along the path between
the bloomed-open state and the fully closed state. The second, more compact,
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Figure 5.1: Correlations of gating motions such as quaternary twist or blooming
with a specific component motion reveals the varition explained by the first two
principal components. Data from paper V.
open state cluster also appeared to be related to two intermediate states that carry
similar mutations to previous locally closed structures [99].
The principal component space can be used to evaluate sampling in various
transition methods. In paper V, we explored such methods for transitions within
the GLIC ensemble. As end points, we chose the closed state [86] and the compactopen state structures [98]. Both open state clusters are likely to be equivalent,
but the number of intermediates were higher for the compact-open state cluster,
which is why we selected it. The rmsd between open and closed states of GLIC in
this ensemble is 2.6Å, which is quite small compared to other ensembles in paper
V. However, the difficulty with the GLIC ensemble is that it requires correlated
motions of all five subunits. The projections of GLIC trajectories onto principal
component space show smooth transitions for all the methods that successfully
reach the end points, and they pass close to the intermediates, in good correlation
with the collective variables.

5.3

Functional Clusters of Eukaryotic Structures

The rapid increase in available structural data is wonderful for the field, but it
also poses challenges due to potential bias and variations both in structure and
gating properties between channels. In particular, only a few months ago a cryoEM structure of the GlyR channel was published [82], which appears to shift the
definition of the open state away from the previously available GluCl structures.
The comparison of GluCl with these new structures indicated that the former might
actually represent a more desensitized state, which would not be surprising.
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Crystal structures of GluCl display a rather tight pore at the cytoplasmic site.
In addition, the reader might recall that the simulations of GluCl displayed a fast
closure at the hydrophobic gate (see 4.2.2). However, for the channel to be considered to be in a desensitized state, the GluCl structures is expected to display a
much more open pore at the extracellular side, similar to the GABAA -β 3 crystal
structure [100]. Comparisons using collective variables such as pore radius reveal
a great deal about the functional state, but it is still not sufficient to relate different channels or structures to each other. The principal component analysis of
the GLIC ensemble effectively separated its’ structures into functional clusters, and
with the increasing amount of eukaryotic experimental structures available it might
be possible to take a similar approach and reveal the functional clusters for these
channels too.
There are 14 near-intact eukaryotic structures (Table 5.1). Of these, only the
GluCl apo structure is in the true unliganded state and therefore it was chosen
as the reference structure. The core regions of each structures, defined from a
multiple sequence alignment (appendix A) were aligned to the reference structure
for PCA. The first two principal components (PC1 and PC2) explain 65% and 13%
of the total variation and divide the ensemble into four functional clusters (Figure
5.2); closed, desensitized (liganded, but not open), presumed open (likely to be ion
permeable), and antagonist-bound closed (liganded, but closed) states. While it is
important to initially separate eukaryotic and prokaryotic structures (since GLIC
would otherwise completely dominate the analysis, due to the number of structures),
the prokaryotic structures can be projected onto the eukaryotic principal component
space afterwards. The projection of prokaryotic structures appears to strongly
support the eukaryotic clustering. The locally closed state structures of GLIC,
which are the only intermediates available for cys-loop receptors, were projected
between presumed-open and closed states.
The presumed open state structures of GLIC, as opposed to locally closed structures, project onto the desensitized state cluster. The state of GLIC represented
in the X-ray structures has been questioned before, because of the narrow pore
radius at the cytoplasmic site [101]. Cationic channels are expected to have a wider
pore radius than anionic channels in order to allow permeation of fully solvated
positively charged ions [62]. Correlation analysis of gating variables with principal
components reveals that the second principal component, which separates the desensitized state from open state structures, is correlated with the increase in pore
radius at the cytoplasmic site. A recent study, in agreement with this analysis, assigns an important role to the cytoplasmic site in desensitization [102]. In contrast
to the second principal component, the first component shows correlation with all
the other gating variables. This component also describes the coupling between the
two domains via the M2-M3 loop. As shown by the successful locally-closed structure mutations [85]. this loop appears to be responsible for opening the channel.
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Figure 5.2: Principal component analysis reveals functional clusters of cys-loop
receptors. Eukaryotic structures are plotted with colored symbols and labeled with
PDB IDs (see Table 5.1). The prokaryotic structures are plotted as gray plus
(GLIC) or black star (ELIC) symbols.

5.4

Cys-loop Receptor Dynamics Derived From Long-Scale
Simulations

In order to study transitions between clusters in principal component space, we
have performed unliganded simulations of each crystal structure (paper II-III and
unpublished data), which is also illustrated in Figure 5.3.
The desensitized state cluster identified by PCA appears to split into two slightly
different clusters in the simulations. The region between -100Å and -80Å in PC1
remains unsampled even by the five microsecond simulation of GABAA R. This indicates there is a relatively large transition barrier separating two smaller clusters:
One cluster shows a closing transition in the unliganded simulations, while the
other displays a slightly wider opening at the extracellular side of the pore (e.g.
GABAA R), but it does not exhibit any large-scale motions. Based on this data, the
GluCl structures appear to resemble a partially desensitized state that is not fully
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Table 5.1: Crystal structures of eukaryotic cys-loop receptors. The assignment of
each structure to a cluster in the PCA is marked with ’D’ for the desensitized cluster,
’C’ for the closed, ’AC’ for antagonist-bound closed, and ’O’ for the presumed-open
state cluster.
Protein
GluCl

Species
C.elegans

GlyR

D.rerio

5-HT3
GABAA R

H.sapiens
M.musculus
H.sapiens

PDB ID
3RHW
3RIF
3RIU
3RI5
4TNV
4TNW
3JAE
3JAF
3JAD
5CFB
4PIR
4COF

Ligands
IVM
IVM, L-Glu
IVM, IOD
IVM, RI5
POPC
L-Gly (?)
IVM
SY9
SY9
(?)
BEN

PC Cluster
D
D
D
D
C
AC
O
D
AC
AC
O*
D

desensitized as proposed by Du et al. [82]. In paper III, we observed pore openings
in fully liganded simulations of GluCl. In the light of the new clustering, the simulations appear to be sampling the transition between these two subclusters (Figure
5.4). This transition is also in the direction of the open state, but simulations have
not yet reached the fully open state within the timescales studied here.
In fact, the rmsd between the presumed open state of GlyR and the desensitized state structures is only in the range of 1-1.7Å. This naturally raises the
question of how open the open state structure is. The stability and conductance
of this presumed-open state in its liganded form has not yet been confirmed, but
the clustering approach suggests that this structure at least has a more open pore
at the cytoplasmic site than the previous structures, which were considered to be
open. The conditions under which the GlyR open state structure was obtained
suggest that the channel was exposed to high concentrations of L-glycine over a
long period of time. In comparison with kinetic models derived from 5-HT3A receptors, it is likely that this structure corresponds to an open-like state that has
the highest probability of transition towards the desensitized state [103]. Indeed,
when performing molecular dynamics simulations of GlyR, the structure quickly
moves towards the desensitized state even in the absence of the glycine agonist
(Figure 5.3), which leaves the area between open and closed states unsampled in
the principal component space.
It is evident that obtaining a complete transition even with the closing trajectories does not seem likely in a single simulation with the timescales accessible here,
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Figure 5.3: Projections of unliganded simulations on the first two principal components that separate the desensitized state clusters into two (marked with I and II).
Black dots represents the projections of the crystal structure ensemble. The areas
sampled in the simulations are marked with circles and labeled.

but by combining information from all simulations we can obtain the conformational changes moving an open like state to the closed state. For this, the collective
variables mentioned in chapter 4 were calculated in each simulation, and these data
were plotted in the principal component space as the third dimension. Linear interpolation was used for positions not sampled in the simulations, therefore Figure
5.5 represents a rough estimate.
The gating motions involve roughly 4 degree change in quaternary twist, as
observed both in earlier studies [81, 60] and paper III. The blooming motion is
highly correlated with the quaternary twist, and in addition it appears to separate
the antagonist-bound states from the closed states. Unlike blooming and quaternary
twist, the enlargement of the allosteric cavity (measured as a distance between M3M10 helices) follows mainly the first principal component, meaning that both open
and desensitized states have larger allosteric-binding sites compared to the closed
state. This indicates that the increased distances in GluCl structures are not only
due to the presence of ivermectin. The first component also contains variations
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Figure 5.4: Projections of the fully liganded simulations of GluCl (holoGI ) onto
principal component space show transitions between two desensitized state clusters marked as I and II (black dots represent the crystal structures). Only three
selected simulations simulations (out of five) are presented. The time evolution of
the trajectory is represented by the colored of the dots.
in the M2-M3 loop, and the motions of this loop were monitored as defined by
the distance between V45-P268 residues. In contrast to the M3-M10 distance, this
distance show much smaller changes, yet the fully closed state is predicted to be
significantly different than the open state from this analysis.
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(a)

(b)

(c)

(d)

Figure 5.5: Correlations between collective variables and the principal component
space reveal the gating mechanism: (a) quaternary twist, (b) blooming, (c) M3-M10
distance, and (d) the distance V45-P268. Linear interpolation is used in plotting the
collective variable data onto principal component space, data from the simulations
in Figure 5.3 onto the principal component space. Projections of crystal structures
are represented as black dots.

Chapter 6

Methods

6.1

Homology Modeling

Protein structure determination methods such as X-ray crystallography or cryoelectron microscopy (cryo-EM) provide atomic detail of biological macromolecules.
Although there are now more than 200,000 structures of proteins chains available in
the Protein Data Bank, this number is not comparable with the amount of protein
sequences registered in the UniProt database; 42 million [104]. This gap is particularly severe for membrane proteins, which are typically very difficult to overexpress
and crystallize. In these cases where a structure is not available, a model can
sometimes be generated based on available sequences. The most common method
to accomplish this is homology modeling, which relies on evolutionary relationship
between sequences. When the sequence identity to a previously know structure
exceeds 25%, it is usually possible to build a high-quality model.
There are several programs available to create homology models. In paper I, we
used two such programs: Rosetta [77] and Modeller [76]. A simple flowchart for both
programs is shown in Figure 6.1. They have similar workflows, although they rely on
different algorithms. Modeller makes use of spatial restrains, which are generated
from the dihedral angles of the template. In Rosetta, the aligned region between
two sequences is copied into an incomplete model from the template structure,
and the missing regions are then completed with fragment-based loop modelling by
performing insertions of fragments using Monte Carlo sampling. In practice, with
Modeller only a handful of structures are generated, while the Rosetta approach
suggests generating around 10,000 structures, using clustering to select the final
model.
Homology modeling is the first step in most of the in silico studies where an
experimental structures is not available. The quality of the homology model will
45
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Figure 6.1: A simplified workflow for homology modelling using (a) Modeller and
(b) Rosetta. Modeller uses spatial restraints based on the template structure and
requires only a sequence alignment to be provided in addition to the structure.
Rosetta, on the other hand, uses a fragment-based modeling in which missing regions are modelled by fragment-based loop modelling.
greatly affect the outcome of drug screening.

6.2

Molecular Dynamics Simulations

Experimental structures or homology models contribute to our knowledge by allowing comparisons of different states, but they provide little or no information
about intermediate states or dynamics. To understand concepts such as transition
states, kinetics and binding, it is frequently useful to run computer simulations
of the available structures or models. A computer simulation can explain the microscopic interactions in a structure, and makes it possible to sample an entire
ensemble of states, including ones not seen in equilibrium experimental structures.
Ultimately, the goal of a simulation is to compare the results with experimental observations to validate the model. When successful, conclusions can be drawn about
the atomic-scale motions, interactions and kinetics of biological macromolecules
that are not available with any other method. Molecular dynamics (MD) simulation is a computer simulation technique that bridges this gap and allows calculations
of macroscopic variables from molecular interactions.
In an MD simulation of a system with coordinates r, the molecular interactions
are used to derive the potential energy U, which is then used to calculate the forces
F in the system:
Fri = −∇Uri ri for i=1, 2, ..., N
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The forces can then be used to calculate new positions by integrating Newton’s
second law over small time steps:
Fi = mi ai = mi

d2 ri
i=1, 2, 3, ..., N
dt2

By repeating the calculation cycle (calculate forces, integrate, generate new coordinates) several times, a trajectory is generated with positions and velocities as a
function of time.
The potential energy function U in these expressions can be determined from
molecular interactions and the specific positions of atoms in the system. These
interactions can be calculated from relatively simple approximations that depend on
the positions of all atoms in the system, and include terms such as bond distances,
angles between bonds and dihedrals that explain rotations around bonds. There are
also nonbonded interactions due to electrostatics and van der Waals interactions
that explain steric repulsion and weak dispersion attractions (Figure 6.2).

Figure 6.2: Molecular interactions of a glycine tripeptide and a water molecule: (I)
bonds, (II) angles, (III) dihedrals, (IV) electrostatic interactions, and (V) van der
Waals interactions that are weak repulsions/attractions between atoms.
The link between macroscopic terms and the molecular interactions comes from
quantities such as temperature, pressure, or energy that can be calculated during
the simulation. Molecular dynamics is a computationally intensive technique even
with modern supercomputers, which means that it is difficult to model processes
beyond the microsecond scale. However, simulations provide a powerful tool to
understand conformational dynamics and transitions on intermediate scales, while
we still need to rely on experiments for slow processes.
To study conformational changes in a membrane protein, a simulation box has
to be prepared with the protein structure embedded into a bilayer patch. This
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system must then be solvated with waters and ions to create a realistic description
of the natural environment of the protein. (Figure 6.3). The trajectory generated
from a simulation of this system can then be used to study quantities as a function
of time, for instance pore radius, hydrogen bond interactions, or binding properties
of small molecules.

Figure 6.3: A membrane protein (the glumate-gated chloride channel) embedded
in a membrane; waters have been removed for clarity. The protein is shown with
a cartoon representation (green), lipids with licorice (yellow), and ions as spheres
(purple, pink).

6.3

Free Energy Calculations of Ion Permeation

The amount of work required to move a system infinitely slowly between two states
is defined as the change in free energy:
∆G = ∆H − T ∆S = ∆U + p∆V − T ∆S
where H refers to enthalpy, T temperature and S entropy. Free energy is a property
of the state and in general it is not possible to directly evaluate the absolute free
energy in a simulation. For a state consisting of many microstates, the enthalpy is
the average of the potential energy introduced earlier, and the entropy is related to
the number of microscopic states that correspond to the observable state. While
the enthalpy component converges quickly, the entropy of a state requires extensive
sampling to estimate.
Calculating the change in free energy between two states is easier than trying
to evaluate the absolute free energy. For instance, the work done when a particle
is pulled slowly from one position to another (such that the system is always under
equilibrium) is the integral of the average force in each position along this path
during the simulation. Formulating this in a more general fashion: the ensemble
average of the derivative of the potential energy U with respect to an arbitrary
coordinate (λ) along a reaction corresponds to the derivative of the free energy.
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Since these averages can be calculated in a simulation, we get the change in free
energy as

∆G =

Z 

dU
dλ


dλ.

For an ion channel system, we are often interested in estimating the free energy
of ion permeation as a function of the position in the pore. In this system our reaction coordinate λ is the ion position in the pore. The derivative of the potential
(with respect to ion position) corresponds to the negative force. Due to the averaging in the simulation, this type of free energy calculation is frequently called a
potential of mean force (PMF). Although we know the states an ion will go through
during permeation, some of these will correspond to high free energies (barriers),
and the system will hardly sample these regions in an unbiased MD simulation,
which in practice makes it difficult to calculate the free energy.
There are several methods that address this sampling issue and allow the free
energy to be calculated. The most common approach is to use a large number
of simulations for different ion positions in the channel, and introduce a biasing
potential in each of them to force the ion to sample the correct region. This makes
it possible to evaluate the local free energy change accurately in a short position
interval. Since the biasing potential is also known, It is possible to reconstruct the
original unbiased free energy, because the biasing potential is known. The complete
PMF is obtained by combining all simulations.
The strength and shape of the biasing potential depends on the system, but it is
usually most efficient to employ stiff harmonic potentials. Because of the (inverted)
shape of these curves, the technique is typically called umbrella sampling.
One drawback of umbrella sampling is that it requires prior knowledge of the
intermediate states. This drawback is typically overcome by pulling an ion through
the system, or simply placing ions at a number of positions prior to relaxation.
These systems are then simulated independently and the force on the ion (or its
deviation from equilibrium position) is recorded to calculate the PMF, which will
describe the change in free energy.

Chapter 7

Summary of Papers

Paper I: Assessment of Homology Templates and an
Anesthetic Binding Site within the γ-Aminobutyric Acid
Receptor

Mammalian cys-loop receptors are targeted by anesthetics and several other molecules. Although the exact location of the anesthetic-binding site is not known,
functional studies on GABAA R point to a cavity located in the transmembrane
domain between subunits. In this paper, we use a recent co-crystal structure of the
glutamate-gated chloride channel (GluCl), in which the anesthetic-binding site is
already occupied with a modulator, for homology modeling of the GABAA R.
Two models are constructed: the first is built entirely based on GluCl, while the
second model has individual subunits modeled after GluCl, but relies on GLIC for
subunit packing. The two models end up remarkably similar, with the same residues
lining the anesthetic-binding site, and there is a very low rmsd (1Å) between the
two models around this region. Although the model based on the GLIC subunit
spacing is important to assess the influence of removing the allosteric modulator, it
is also subject to side-chain repacking which could affect the docking calculations.
For this reason we used the first model for the evaluation of the anesthetic binding.
The calculated affinities of propofol and its derivatives to the predicted binding site
appear to correlate well with the known EC50 values. These results suggest that
GluCl-based models are efficient tools to study receptor-anesthetic interactions and
to screen for allosteric modulators likely to interact with this cavity.
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Paper II: Stabilization of the GluCl Ligand-Gated Ion
Channel in the Presence and Absence of Ivermectin
GluCl has been co-crystallized with an allosteric modulator called ivermectin, but
it is unclear how much ivermectin binding influenced the structure of the protein,
and how the structure and dynamics would change without it. In this paper, we
address this issue and study how the removal of ivermectin influences the allosteric
site and channel dynamics in GluCl. We performed two simulations: one where
ivermectin was retained in the binding site, and one where it was removed prior to
relaxation.
We find that upon removal of ivermectin, the binding cavity cavity volume is
reduced due to rapid side chain reorientation. In addition, the extracellular side
of the transmembrane helices surrounding the binding site, M3 and M10 , gradually
approach each other, while the cytoplasmic side remains unaffected. Similarly, the
extracellular side of the gating helices appears to be more flexible. This flexibility
gradually decreases the radius in this upper part of the pore over the simulation
trajectory. In contrast, both the subunit spacing and the pore radius remain stable
in the simulations with ivermectin, but a fast closure at the 90 hydrophobic gate is
observed. While there are transient fluctuations and increases in this pore radius,
the channel does not reach a stable open state in the microsecond-scale simulations
used.

Paper III: Conformational Gating Dynamics in the GluCl
Anion-Selective Chloride Channel
GluCl is in a stable fully conducting state only when both the agonist (L-glutamate)
and the allosteric modulator (ivermectin) are bound. In this paper, we study the
influence of agonist binding on channel dynamics. We used a set of five simulations
with both L-glutamate and ivermectin bound to the receptor.
The fast initial closure observed in paper II at the 90 gate appears to be a
common feature of the channel, as it also occurs in the fully liganded simulations,
which are expected to represent the open state. However, in this case the bound
agonist appears to be a stronger effect, and after roughly 200ns these simulations
exhibit stable opening events. The calculated free energy of a Cl- ion passage
reflects a clear barrier in this region, which is reduced by 10-15 kcal/mol when
the agonist is bound. The pore opening events also appear to be correlated with
quaternary twist motions, which are defined by the the rotation of extracellular
and transmembrane domains.
The channel undergoes local conformational transitions upon ligand binding,
both in the pore and the extracellular domain. It is likely that agonist binding
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induces these conformational changes by altering the hydrogen-bonding network.
To identify the key interactions that create a conformational earthquake leading to
pore opening, we compare the hydrogen-bonding network of the complete receptor
between the simulations with and without L-glutamate. The results of this comparison point to Y151 and its interactions with T54 as key contributors to gating,
while S121 appears to facilitate the interactions of Y151.

Paper IV: Functional characterization of Activation and
Modulation in a Nematode Model Ligand-Gated Ion
Channel
The full-length GluCl receptors have been well characterized pharmacologically,
but the homopentameric crystal structure (GluClcryst ) construct is relatively new
and we know little or nothing about its pharmacological profile. In particular, its
response to alcohols and anesthetics was not yet known. In this paper, we assess
its pharmacological profile as well as its relevance as a model channel.
We compare the pharmacological profile of GluClcryst to the full-length GluClα homopentamers and show that GluClcryst responds to L-glutamate even in the
absence of ivermectin, unlike the full-length receptor. Although this is a key difference, it also makes it possible to study the direct agonist activation. We first study
the modulation of the agonist-induced response by alcohols and anesthetics, and
demonstrate that GluClcryst is inhibited by these allosteric modulators. Second,
we study the effect of a series of mutations in loop 7 on agonist binding (since
we detected conformational changes to this loop in the simulations in a previous
study).
Our results support a role for loop 7 in binding, and we show that the pharmacological profile of GluClcryst is similar to the mammalian GABAA -ρ homopentameric
channels. This pharmacological profile not only confirms that GluClcryst is a useful
model for the mammalian receptors, but in fact the response levels to L-glutamate
suggests it might be a better model than the full-length receptors - with the caveat
that it can be difficult to over-express.

Paper V: Prediction and Validation of Protein Intermediate
States from Structurally Rich Ensembles and
Coarse-Grained Simulations
Conformational changes of proteins drive several important functions such as repair,
signaling or transport. However, capturing intermediate states via experimental
methods often requires mutations that alter the channel function to trap these
transient states. As an alternative, the rapidly growing number of experimental
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structures makes it possible to use computational methods - in particular principal
component analysis (PCA) with entire collections of structures as a data set to
understand their motions.
In this paper we perform PCA on several different structural ensembles, including an ensemble of the cys-loop receptor homolog GLIC. Using the first two principal
components, we are able to describe transitions between conformations and identify
functional intermediates. In addition to PCA, we use a hybrid elastic-network brownian dynamics simulation (eBDIMS) to generate transition paths between selected
conformations.
The first two principal components successfully separate structures into open
and closed stated, with functional intermediates located between clusters in all the
ensembles. Analysis of the GLIC ensemble suggests that, suprisingly, the open
state cluster has two subpopulations, which could be due to the differences in
crystallization procedures. The brownian dynamics interpolation method generates
transition paths that successfully reach their target and pass very close to the
functional intermediate conformations on the way. Other methods tested in this
paper either progress too fast, or fail to reach their target, except for Climber. The
transition trajectories generated by Climber and eBDIMS agree well, and likely
sample the functional intermediates.

Chapter 8

Concluding Remarks

Computational structural biology
will be increasingly important in
improving human well-being, for
which we can all say: "Thank
you!"
Michael Levitt

The discovery of ion channels was a major milestone that changed the way neurological phenomena were perceived. This discovery also marks the collaboration
of several different fields, such as structural biology or biochemistry, for studying these phenomena. With the emergence of atomistic structures, computational
structural biology joined this field, and brought methods from molecular dynamics
simulations to small molecule docking. However, not all ion channel superfamilies
are sufficiently well characterized, and most of the time there are no structures
available, which limits the use of computational methods.
The cys-loop receptor family, in particular, had too few structures due to difficulties in obtaining well-diffracting crystals. However, researches succeeded in
overcoming these obstacles mostly by using engineered channels and antibodies for
crystallization, or by looking for distant homologues that are easier to work with.
The structures of cys-loop receptors enabled the use of computational methods,
where we have seen an explosion of activities the last decade. Even tough it is a
relatively new field, homology modelling or molecular dynamics simulations have
become powerful allies to electrophysiology experiments. In addition, these methods were able to demonstrate plausible closing mechanisms [81], identify energy
barriers in ion transfer [80], and assess the functional clustering of structures and
what we can learn from transitions between them, as I did in the last chapter of
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this thesis.
The studies I have presented in this work demonstrate that we can capture the
effects of ligand binding with full atomistic simulations, but we are yet to show
conductance upon ligand binding. The methods to perform electrophysiology in
simulations [105] will surely enable a more accurate characterization of structural
transitions. Even then, the sampling issue is an obstacle to overcome. I believe we
can paint the impression of a full gating transition with a pointillist approach by
combining coarse-grained transitions with full atomistic simulations.

Appendix A

Sequence Alignment

Figure A.1: Sequence alignment of eukaryotic cys-loop receptors with known structures. Gray bars represent the core region used in PCA.
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