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“There is nothing—nothing at
all—that compares to the
exhilaration of discovery, of
being the first person on the
planet to see something new
and understand what it
means.”

Frances Ashcroft






Abstract

Pentameric ligand-gated ion channels (pLGICs) are key components of fast
synaptic transmission and targets of neuroactive drugs such as benzodiaze-
pines, alcohol and muscle relaxants. Although early theories of general anes-
thesia suggested non-specific lipid interaction as the mechanism of anesthet-
ic action, it has now become evident that they too bind to pLGICs. While
general anesthetics act as positive allosteric modulators on most anion-
conducting pLGICs, they inhibit cation-conducting channels. A detailed
structural mechanism of how such opposite allosteric effects emerge has yet
to be presented.

This thesis investigates the structure-function relationship underlying the
dynamics of channel activation and explores the mechanisms behind allo-
steric modulation by general anesthetics. Key model systems include the
glutamate-gated chloride channel of C. elegans (GluCl) and the G. violaceus
ligand-gated ion channel (GLIC), that show considerable structural homolo-
gy to mammalian channels but with the added simplicity of homomeric as-
sembly and accessibility to crystallization. Functional assessment is per-
formed through recombinant expression of the channels in Xenopus oocytes,
which are then used for two-electrode voltage clamp electrophysiology. The-
se measurements are combined with recent advances in structure determina-
tion and computational simulations to propose structural mechanisms behind
the functional effects.

In this thesis, I present the exploration and validation of the crystallo-
graphic construct GluCl as a model system to investigate fundamental ques-
tions of mammalian pLGIC function. Further studies contribute to the under-
standing of the basis of allosteric modulation by identifying responsible
binding sites for both potentiation and inhibition by general anesthetics in
GLIC and substantiate a structural mechanism for these effects. The studies
also offer a link between receptor- and lipid-based theories of anesthesia,
and demonstrate successful discovery of new lead compounds with general
anesthetic properties using virtual screening. The thesis therefore makes a
contribution to the fundamental understanding of allosteric modulation in
pLGICs and builds on the basis for rational drug discovery.
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1 Introduction

If the human brain were so simple
that we could understand it,

we would be so simple

that we couldn’t.

Emerson M Pugh

The brain remains one of the greatest mysteries of our time. Its complex
functions arise from a tantalizing interplay between specialized cells that
together manage to create thoughts, emotions and memories.

A typical brain comprises only about 2% of the total human body weight,
yet expends around 20% of the body’s total energy and oxygen consump-
tion’. This, however, is hardly surprising considering the astonishing tasks
executed by the brain every second. It is estimated that the brain is built out
of 86 billion nerve cells called neurons'®. Neurons are highly specialized
processing units that can carry information at an astonishing speed of up to
430 km/h, which is faster than the fastest road car''. Through an intricate
network, each neuron is linked to hundreds to thousands of other neurons
trough structures that are called synapses'>. These synapses are key for fine-
tuning adequate reactions to our ever-changing environment and for building
memories. Despite this complexity, one single type of molecule, such as the
ethanol in wine, can cause us to lose the ability to move and form memories,
and changes the way we experience and react to our environment. The re-
versibility of this effect may be as astonishing as its manifestation. The vul-
nerability of the brain is made painfully clear by Alzheimer’s, schizophrenia
and other neurological diseases for many of which we still have insufficient
therapeutical options. To improve this situation, we need to understand how
the brain works—a task that is possibly one of the greatest scientific chal-
lenges of the 21* century.

Given the intricacy of the brain, it is often easier to look at one piece of
the puzzle separately and explore the very fundamentals of how the brain
works on the scale of atoms and molecules before we can combine the in-
formation back into the context of much grander questions again. Using pre-
cise and deterministic approaches has transformed the field of medicine to
overlap more and more with chemistry, as perfectly illustrated by some of



the recent Nobel prizes in physiology, and has also accelerate the field of
neuroscience in large collaborative projects such as the BRAIN Initiative'
and the Human Brain ProjectM.

This thesis aims to contribute to the exploration of one small piece of the
puzzle by investigating the underlying principles of neuronal activity
through the eyes of basic neurochemistry and biophysics. One key element
of synaptic communication, drug-induced behavioral changes and neurologi-
cal diseases are the so-called pentameric ligand-gated ion channels (pLGICs)
that are the main topic of this work. The thesis explores the molecular mech-
anisms that underlie their activation and investigates the effect of general
anesthetics on this process. These efforts aim to set the framework for a bet-
ter understanding of drug-induced changes in these channels and the rational
development of effective and safer general anesthetics.

I will first give a brief introduction to how neurons convey information
(chapter 2) and will then focus more closely on ligand-gated ion channels by
introducing the different types and the underlying structure that allows them
to act as communication medium for neurons (chapter 3). I then focus on the
modulation of channel activity and how general anesthetics are involved in
this process (chapter 4). In chapter 5, I will introduce the methodological
concept of electrophysiology as a means to study these channels along with
specific methods that were used to generate the results briefly summarized in
chapter 6. Future perspectives for the field are then discussed in a broader
context in a concluding final chapter.



2 Neurons and synapses

One of the core components of the brain are cells called neurons. Unlike
many other cells, neurons are excitable cells and can receive sensory inputs
from the environment, integrate and transform the information, and send
adequate motor responses to the body. As a means of transport, excitable
cells make use of tiny electrical currents as was serendipitously discovered
already in the 18" century by Luigi Galvani who observed muscle contrac-
tions in detached frog legs upon application of an electrical current'”. At the
time, Galvani did not understand the detailed underlying mechanism but
uncovered the fundamental aspect of electrical excitability of neurons.

The small currents used for signal transmission are generated through
brief and controlled changes in ion permeability of the cell membrane. As
most other cells, resting neurons keep an electrical potential difference,
called membrane potential, of around -70 mV between the inside and the
outside of their cell membrane’. Molecular pumps (Na'/K* ATPases) are
responsible for maintaining this membrane potential and alone consume
about 40% of the brain’s total ATP requirement'®. Changes in the membrane
potential of a neuron lead to a so-called excited cell that can in turn excite
neighboring neurons by transmitting the changes in membrane potential. The
transmission of excitability creates the basis for neuronal communication (cf.
also 5.1).

2.1 Neuronal communication

A neuron consists of a cell body that contains the nucleus, dendrites that
receive incoming information from other cells and axons that spread signals
toward the next cell. Communication between two neurons occurs at synap-
ses leading to the terms of presynaptic (sending) and postsynaptic (receiv-
ing) neuron (Figure 1). A single axon can be branched and participate in
multiple synapses with various postsynaptic cells. Correspondingly, one
neuron can receive thousands of inputs from presynaptic cells'>. Such a
wealth of interaction portals is an important feature for the neuronal net-
work, and the sum of synaptic inputs determines whether the information
propagates to the next synapse or not’. The integration of inputs is a crucial
process as it filters out unimportant background stimuli and allows balanced
fine-tuning of adequate reactions. If the net effect of small currents arriving



at the dendrites is large
enough to depolarize the
membrane Lo around -35 mV,
voltage-gated ion channels
open up and depolarize the
membrane even further’. In a
domino-like fashion, channels
further along the axon get
activated, thus leading to the
propagation of this action
potential towards the axon

dendrites

ebectrical

S MR
PrEsynapLic newnon postsynaptic neuran

Figure 1 Chverview of a newron and how it conmects
o ather newrons via synapses, The electrical signal

travels along the axon to the axon tips of the pre-
synaptic newran where e sigral is transmitied 1o
the dendrites of the postsynaptic nearo,

tips where it can trigger a
svnaptic potential in  the
postsvnaptic  cell.  Proteins
involved in the svnaptic po-
tential are the main topic of this thesis; the remainder of the introduction will
therefore focus particularly on svnaptic currents.

2.2 Synapses

There are two types of svnaplic transmission depending on whether the ac-
tion potential arrives at an electrical or a chemical svnapse.

Electrical svnapses establish a direct contact between the pre- and
postsvnaptic neuron. Gap junction channels span the membrane of both czlls
and allow ions to diffuse directly from one neuron to the next. (Figure 2,
left)’. This direct contact allows extraordinarily fast transmission of the elec-
trical signal without the delay induced by chemical synapses (see next para-
graph). Populations of neurons with electrical svnapses can synchronize the
firing of action potentials. a feature that is important in processes such as
hormonal secretion'’. However, the direct connection through electrical syn-
apses lacks versatility and flexibility, as it does not allow signal modulation
such as changes in amplitude or polarity”.

In the more abundant chemical svnapses. the pre- and postsynaptic neu-
rons are nol physically connected to each other but are separated by a svnap-
tic cleft (Figure 2. right). Upon arrival of an action potential, neurotransmit-
ter-filled vesicles are triggered to fuse with the presvoaptic membrane. re-
leasing the neurotransmitters into the synaptic cleft'’®. On the other side of
the synaptic cleft, the posisvnaptic membrane is crowded with neurotrans-
mitter receptors that lead to cither slow or fast svnaptic transmission. In slow
synaptic transmission, neurotransmitters bind to G-protein coupled receptors,
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regulating the production of second messengers that are indirectly linked to
ion channels and may also activate biochemical signaling cascades'”, In fast
synaptlic lransmission, ion channels convert the chemical signal from the
presyvnaptic cell to an electrical signal in the postsynaptic cell via a flux of
ions through the channel pore’. The most common type of these channels
belongs to the family of pLGICs, which are the focal point of this thesis.

electrical synapse chemical synapse
(1]
11.0
. z . pre- synaptic
* jons = synapse vesicles 43
- -
. ., ."
L] ™ - -
T i P g
cleft ., o st mitters
-
. Www
- - L]
gap °* post- neuratransmitter

junctions synapse receptors
-

Figure 2 The twe different types of synaptic transmission. Left: In electrical svwwapses,
ioms (black dots) pass through gop-functions (greent from the presynapiic- to the postsyn-
apiic newron. Right: In chemical swapses, newrotransmitters are refeased from the pre-
svinaptic neuron inte the synaptic cleft where they bind to newrotransmitter receptors pro-
mesting ion fTiex across the postsynaptic membrane. (Image adapted’)

Although chemical transmission is generally slower (around 150 ps of de-
lay™), chemical svnapses offer important advantages as they allow more
flexible responses'®. Activation of the presynaptic neuron can, for example.
not only lead to activation but also to inhibition of the postsynaptic necuron.
The transient presence of neurotransmitters in the svnaptic cleft prolongs the
initial signal and can lead to signal amplification. The capacity to change the
amount of receptors expressed on the surface and the activity of enzymes
and pumps that are involved in neurotransmitter removal, creates neuronal
plasticity and plays a strong role in learning, memory and addiction™.

The general role of pLGICs in chemical signal transmission is well estab-
lished and understood. Yet, we still have gaps in the fundamental knowledge
of how these channels function on a molecular level. This thesis aims to
summarize our current understanding of the molecular mechanisms leading
from neurotransmitter release to channel opening, and offers insights in the
way drugs like anesthetics or ethanol can influence this process,
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3 Pentameric ligand-gated ion channels

Members of the pLGICs family play a pivotal role in neuronal communica-
tion through chemical synapses and are primarily expressed in the postsyn-
aptic membrane of neurons™. The channels are integral membrane proteins
with a narrow ion-conducting pore that can open and close rapidly. Neuro-
transmitters released from the presynaptic neuron bind to pLGICs and in-
duce or stabilize conformational changes that lead to the opening of the
channel pore. This opening allows millions of ions per second to pass from
one side of the membrane to the other’. The ion flux occurs passively down
the electrochemical gradient and leads to a shift in the local membrane po-
tential. The pore closes when the neurotransmitter unbinds; or, under pro-
longed stimulation (in the millisecond range) when the channel changes into
a desensitized state’.

3.1 Different classes of pLGICs

Depending on the channel type, the pore of the channel is selective for either
cations or anions with different consequences for the membrane potential
and the overall effects on the brain.

3.1.1 Cation-conducting pLGIC in vertebrates

The nicotinic acetylcholine receptor (nACh-R) and the serotonin type 3 re-
ceptor (5-HT3-R) are pLGICs that selectively only allow cations to pass
though the pore”. When these channels open in a postsynaptic environment,
sodium ions (Na") flow from the outside down their electrochemical gradient
to the inside of the cell. These positive charges cause local depolarization of
the postsynaptic membrane. If a sufficient amount of these events happen in
a single neuron and the membrane potential is shifted from around -70 mV
to the threshold of about -55 mV, voltage-gated ion channels get activated
that spread the electrical signal along the axon to the next synapse’. Cation-
conducting channels therefore have an excitatory effect on the neuronal sys-
tem. In addition, the channels are also permeable to other cations such as
calcium (Ca®") and potassium (K") and can therefore play additional neuro-
modulatory roles™.
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The nACh-R was the first pLGIC that was discovered and purified and
has therefore been studied extensively (cf. 3.2). This channel is activated by
the neurotransmitter acetylcholine from where it got its name. Sixteen differ-
ent subunits have been identified in humans that can either assemble into
homo- or heteromers™. The channels have diverse functions throughout the
nervous system, with pivotal roles in the neuromuscular junction where they
control muscle contraction, but they can also be found in non-neuronal
cells®?°. As some nACh-R subtypes have high conductivity for Ca*" ions,
they can also be involved in mid- to long-term neuromodulatory effects of
the receptive neuron’’. The nACh-Rs are potential therapeutic targets for the
treatment of multiple central nervous system disorders such as schizophre-
nia®®, Alzheimer's®’, Parkinson's disease™, and nicotine addiction®".

5-HT;-Rs are a class of serotonin receptors that are ligand-gated ion
channels mediated by the natural ligand serotonin. Functional channels are
formed by either five identical 5-HTs, subunits’ or by heteromeric assembly
of 5-HT;4 subunits with other subunit types (S-HT3B_E)33'34. The channels are
expressed in the central- and peripheral nervous system as well as in ex-
traneuronal cells and are permeable for Na“, K™ and Ca®" ions. In the central
nervous system, the channels are involved in fast excitatory neurotransmis-
sion®® as well as presynaptic neurotransmitter release®®. Since 5-HTs-Rs are
also involved in the integration of the vomiting reflex, 5-HT5-R antagonists
are widely used to relieve post-operative as well as chemo- and radiothera-
py-induced nausea and vomiting®”>®. More recently, 5-HTs-Rs were associ-
ated with schizophrenia, satiety control, drug addiction and regulation of
inflammatory- and immune response. They are therefore considered interest-
ing drug targets for a multitude of therapeutics™.

3.1.2 Anion-conducting pLGIC in vertebrates

Glycine receptors (Gly-Rs) and fy-aminobutyric acid type A receptors
(GABA-Rs) are selective for chloride ions (CI'), and activation of these
channel sub-families by glycine and GABA respectively leads to inhibition
of neuronal activity’ (except during neurogenesis in early development™).
The CI equilibrium potential, which determines whether CI” flows in or out
of the cell (cf. chapter 5.1), is normally similar to or more negative than the
cell’s membrane potential, thus leading to an influx of CI" ions that hyperpo-
larizes the cell. Although efflux of CI ions is possible, the consequent depo-
larization of the membrane does not reach the threshold but, additionally,
increases membrane conductance counteracting an excitatory response and
leading to the stabilization of the membrane potential around -70 mV"”.

The GABAA-R is the major fast inhibitory neurotransmitter receptor in
the brain. Sequencing of the human genome has identified 19 different

GABA4-R subunit genes*'. Some of these subunits assemble homomerically,
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but the majority of the receptors expressed in vivo are heteromeric, leading
to a long list of possible subunit combinations with diverse channel physiol-
ogy and pharmacology. However, around 40% of all GABA-Rs in the brain
are of the alP2y2 subtype that is expressed throughout the brain*’. Various
ligand binding sites have been identified and the receptors are therapeutic
targets for important drug classes including benzodiazepines, barbiturates,
anticonvulsants and general anesthetics*.

Like GABAA-Rs, Gly-Rs play a role as in fast inhibitory signal transmis-
sion. They are also involved in presynaptic release of the neurotransmitters
glycine and glutamate®** and can be found extra-synaptically where they
are pivotal for neurodevelopment®. Gly-Rs assemble into homomers of only
a subunits of which there are four known types (al-a4); alternatively, the a
subunit forms functional receptors with other a or f-subunits with the ol
isoform dominating in synaptic environments**. Mutations in Gly-Rs have
been linked to hyperekplexia, a disease characterized by neuronal hypertonia
and exaggerated startle reflex, and autism. Additionally, the receptor has
been associated with chronic inflammatory pain, breathing disorders, epilep-
sy, alcoholism and amyotrophic lateral sclerosis (ALS)™.

3.1.3 pLGIC:s of different origins

The pLGIC family is not limited to vertebrates but can also be found in low-
er eukaryotes. The pentameric glutamate gated chloride channel of the
roundworm C. elegans (GluCl) shares the conserved overall architecture of
mammalian pLGICs. Most likely, native GluCls have heteromeric stoichi-
ometry of a and B-subunits of which the o subunit shares 34 % sequence
identity with the human Gly-R al subunit’’. The channel is a target for the
anthelminthic drug ivermectin that is widely used in the treatment of river
blindness and veterinary parasites. In C. elegans, ivermectin acts as poorly
reversible partial agonist, causing persistent chloride influx through GluCl
that eventually kills the organism®. In vertebrates however, ivermectin has
negligible effects as the drug is largely excluded from the brain by the blood-
brain-barrier* and furthermore only exhibits low affinity at GABAA-RSSO
and Gly-Rs’'. Paper I investigates pharmacological properties of a crystallo-
graphic GluCl construct in detail.

In 2005, phylogenetic studies revealed homologous sequences in prokar-
yotes and archaea™. Alignment with eukaryotic receptors display a rather
low global sequence homology (around 40%), but the pore-forming M2 he-
lix shares over 60% sequence homology™ and the main structural features
are conserved (cf. chapter 3.2). Evidently, the prokaryotic channels take on a
very different role in these single cell organisms than in the nervous system
of eukaryotes, and it is suggested that these channels function in chemotaxis
of low molecular weight solutes in the environment®>. Recent studies have

14



identified an array of possible bacterial and archaeal homologs™; but the
prokaryotic pLGICs from G. violaceus (GLIC) and E. chrysanthemi (ELIC)
deserve special attention as they have enabled structure-function studies at a
whole new level (cf. chapter 3.2)*.

ELIC is permeable to monovalent cations similar to nACh-Rs. The chan-
nel is activated by several different ligands including GABA and ACh that
were shown to bind to the neurotransmitter binding site seen in mammalian
channels®*®, Known allosteric modulators of mammalian channels also
modulate ELIC, including benzodiazepines™® and general anesthetics such as
isoflurane and propofol™.

GLIC is selective for cations and activated by a low-pH environment. So
far, no neurotransmitter-like ligands could be identified, but GLIC still
shows remarkable similarity to mammalian channels when it comes to func-
tion and pharmacology. The channel is modulated by clinically relevant con-
centrations of several different anesthetics®®" and will be extensively dis-
cussed in the rest of the thesis.

3.2 Structure of pLGICs

Structure determination in pLGICs is a relatively young field due to the hy-
drophobic nature of membrane proteins, their instability and the flexibility of
certain regions. In molecular biochemistry however, understanding the func-
tion of a protein is closely linked to identification of the structural elements
responsible for function, and the molecular interactions between therapeutic
molecules and their protein targets. A great amount of effort is therefore
being put into structure determination of pLGICs, and has led to ground-
breaking insights into structure-function relationships.

The electric organ of the Torpedo electric ray has been an invaluable
source for the structural and functional study of nACh-Rs, as its postsynaptic
membranes are so densely populated with the receptor that they readily con-
vert into tubular crystals when isolated®. Nigel Unwin took on a pioneering
role in structure determination. Already in the 1980s, by flash-freezing
nACh-Rs and subsequent analysis with electron microscopy (cryo-EM), his
group was able to identify an overall architecture with an extensive extracel-
lular domain (ECD), a transmembrane domain (TMD) and an intracellular
domain (ICD)®. Constant improvements allowed him to reach 9 A resolu-
tion® and to analyze structural differences between the open and closed
state®. To that point it was still debated whether the TMD contains both a-
helices and B-sheets; but in 2003, Unwin’s group managed to get a 4 A reso-
lution structure of the TMD that revealed the o-helical architecture and al-
lowed structure analysis close to atomic detail®.
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As reviewed below, this and subsequent work identified key structural
properties of model pLGICs from multiple realms of life.

3.2.1 Owerall architecture

All subtvpes of pLGICs share a conserved overall architecture of five mem-
brang-spanning subunits that are assembled to form an ion-conducting pore
(Figure 3A-B)”. The pore is funnel-shaped with a wide diameter at the ex-
tracellular side and a tghter opening towards the intracellular side. The
whole protein 1s about 90 A in diameter and around 120 A high. excluding
the cvtoplasmic region.

A B c .
Neurotransmitber
pinding sfe Extra
collular
domain
} Q 90° 7
} / mambrang
A7) .
%@ b1 bz | e g
Intra-
callular
dormin

Figure 3 Overall architecture af pLGICs. (A) Cross-sectional view from the extracellular
sidle onto the TMID of the five subunits that form the ion-conducting pore (green). Subunits
can all be idenvical ar af heteromeric steicliometry as ilfustrated ere. For eaclt subunit, the
transmrembrane helices MI-MY are illustrated (B) Schematic view of the pertameric channel
Sfrom the membrane plane {grevl. The newrotransmitter binding site is located in the ECD. (C)
Each subunit consists of an extensive Netwermivial ECD, the four transmentbrane helices M-
M4, and a long loop conmecting M3 with MY forming the JCD, The C-terminus is located on
the extracellular side.

Each subunit is comprised of an ECD, a TMD and an 1CD with the N-
and C-terminus located on the extracellular side (Figure 3C)". The extensive
ECD folds mostly into f-sheets and compriscs the orthosteric site for neuro-
transmitter binding. Most of the mammalian pLGICs contain a conserved
region between two evsteine residues i the ECD that form a disulfide bond.
giving rise 1o the term “Cys-loop receptor” by which many members of this
channel family are known.

The TMD comprises four a helices (M 1-M4) that span the membrane and
are connected to each other through loops. Helix M2 is the pore-framing
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helix and is therefore of high importance for ion flux through the channel.
The loop connecting transmembrane helix M3 to M4 is extended in mamma-
lian channels and forms the ICD™. Of the whole channel, the 1CD exhibits
the highest sequence diversity, but is an important interaction partner for
other proteins in the cell. However, characterized bacterial pLGICs lack this
ICD and deletion studies of the 5-HT:-R”, GABA,-R™ have shown that
even channels with only a short connecting loop between M3 and M4 are
capable of functional expression.

3.2.2 High-resolution structural data

Nigel Unwin’s 2005 structure of the torpedo nACh-R determined bv crvo-
EM was the first pLGIC that allowed the identification of side chains for the
full receptor”. Although some of the residue placements have later been
found incompatible with high-resolution structures, thev enabled the first
real structure-function studies in this channel family, and were the starting
point of a decade of structure determination representing all major classes of
mammalian pLGICs as well as multiple model systems (Figure 4).

GluCl  GABA,-R SHT-R Gly-R
-

Figure 4 Catalog of the major represemtatives of pLGIC structures wntil the beginning of
2008 The different clannel tvpes are listed with their name, organismis) they originated
Srem, vearis) that the structures were published, and the conformational states they were
assigied to: * closed. @ desensitized or locally closed and © open.

ELIC was the first channel to be crvstallized and solved to an atomic
resolution of 3.3 A™. The channel validated the overall architecture of the
ECD and TMD of nACh-Rs. The pore of the first ELIC structure published
15 so narrow. that it would not allow ion passage. and the channel was there-
fore predicted to be in a closed conformation. Over the vears. 25 different
structures of ELIC were deposited in the protein data bank (PDB); manv of
them showing mutated channel forms or channels that were co-crvstallized
with various ligands and modulators such as sleep-inducing and psvcho-
tropic drugs. The pore profiles of all ELIC structures are highly similar to
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cach other, raising questions as to whether the possible gating end points
have really been reached.

Between 2009 and 2017, over 70 different structures of GLIC have been
deposited in the PDB. As GLIC is the focal point of papers I1-1V, T will pro-
vide a more detailed description of the structural features of this channel
{Figure 5).

extra-
cellular
domain

membrane
domain

Figure 5 Representation of a crystallographic structure of GLIC (PDE 1D JHFT). Left:
Fiew from the membrane plane, the two subuwniits in the front are removed to get a better view
aof the pore fhluel. The ECD consisis of a f-sandwich with the owter sirands colored in red
Thes and the inner ones ir green Tes. Traonsmembrane helices M2 are coloved in tan and
peore lining residues of ove subunil are vepresemied as sticks, colored based en heteroatoms
ired: oxvgen) and labeled with prime notations. Right: Top view of the channel from the
extracellilar side. The three subunits from the left view ave shown with the ECD while the
two otfer subunits are shown in a cross-sectional view revealing the four transmembrane
helices (MI-MA) per submil,

The ECD features a B-sandwich of five inner (B1, B2, B35, p6 and (%) and
three outer strands (f7. (9, 10) connected by loops that have been shown to
be critical for channel function”'. Although lacking the characteristic disul-
fide bridge. the f6-B7 loop structurally corresponds to the Cys-loop of cu-
karvotic receptors. As GLIC naturally lacks the ICD, helices M3 and M4 are
only connected by a short intracellular loop that has contributed to the suc-
cess of crvstallizing the channel without truncation. To facilitate compari-
sons between different channels, residues in M2 are conventionally num-
bered in prime notation starting from the intracellular side of the pore. Typi-
cal for cation-selective channels, residues facing the extracellular half of the
pore are primarily hydrophobic (1240/16°, A237/13" and 1233/97) while polar
side chains (S230/6°, T226/2" and E222/-27) provide a hvdrophilic environ-
ment in the intracellular half of the pore. Both acidic residues at the extracel-
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lular (E243/19’) and intracellular end (E222/-2”) contribute to a negative
electrostatic environment; however, it is the ring of glutamates at the -2’
position that has been assigned the role of the selectivity filter in GLIC. Se-
lective mutations at this site have shown to convert GLIC into an anion-
conducting channel, in agreement to similar experiments on eukaryotic
pLGICs™ .

GLIC has been crystallized in multiple conformations, and it has become
possible to not only compare different structural states but also to analyze
the dynamic changes involved in channel opening and closing (cf. 3.3). The
large catalog of GLIC structures, to which we contribute in paper III, addi-
tionally comprises a multitude of GLIC variants and complexes with small
molecules. The co-crystal structure of GLIC with propofol (PDB ID 3P50)
was the basis of papers II-1V (cf. 4.3.3).

GluCl.,ys was the first eukaryotic pLGIC resolved at atomic resolution,
and the first system in which structures for both an open*” and a closed”’
state could be determined to higher resolution than 4 A. Multiple structures
have since been added to the catalog, some of them with the neurotransmitter
glutamate bound in the orthosteric site and ivermectin bound to an allosteric
site. These co-crystal structures further highlight the opportunity of this crys-
tallographic construct as a model system to study mammalian pLGICs.
However, the a-subunits that build the homomeric channels were significant-
ly modified to enable crystallization and it remained unclear whether the
activation and modulation processes of this channel actually resembled
mammalian pLGICs to a high enough extent to make GluClg. useful as a
homology model. The studies in paper I validate the use of the channel as a
model system for human Cys-loop receptors, and suggest that both the gat-
ing pathway and modulation by anesthetizing agents are conserved.

From Nigel Unwin’s first structure, it took almost ten years to resolve the
first high-resolution structure of a human pLGIC. In 2014, the structure of
the homomeric p3 GABA4-R was published at a resolution of 3 A”®. For
overexpression and crystallization, the intracellular loop was truncated and
over 100 residues were replaced by a seven amino acid long linker. The
channel was co-crystallized with the agonist benzamidine bound to the neu-
rotransmitter-binding site, likely representing a desensitized state with the
narrowest point at the intracellular end of the pore’®.

The same year, a homomeric mouse 5-HT34-R was presented at a resolu-
tion of 3.5 A, with nanobodies stabilizing the receptor in a non-conducting
conformation”. Parts of the ICD were cut away, leaving the receptor split
into two parts. Nevertheless, the channel assembled correctly and the X-ray
structures revealed part of an a-helical ICD.

In 2015, several Gly-R structures consisting of homomeric zebrafish a-1
subunits were resolved to a resolution of 3.9 A using cryo-EM®. The chan-
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nels were resolved with the antagonist strychnine resulting in a closed chan-
nel, a glycine-bound state leading to an open conformation, and complexed
with glycine and ivermectin in which case the channel was found to repre-
sent a desensitized state. Interestingly, the open state showed a much wider
pore than previously observed in presumably open states of other pLGICs,
and has therefore put a question mark behind the possible end-point of gat-
ing. Shortly afterwards, a higher-resolution co-crystal structure (3.0 A) of the
human o-3 homomeric Gly-R together with strychnine was released®' along
with a co-crystal structure with glycine, ivermectin and an additional poten-
tiator that increase the resolution to 2.85 A™. These structures allow explora-
tions of molecular recognition between proteins and small molecules, and
present details useful for structure-based drug discovery.

The first high-resolution heteromeric pLGIC structure was eventually
solved in 2017 in the form of the human a4B2 nACh-R, which constitutes
the most abundant nACh-R subtype in the brain®. With a resolution of 4 A,
identification of specific side chain interactions between the heteromeric
subunits or with the co-crystalized ligand nicotine are hampered; however,
the structure has established a protocol for heteromeric structure determina-
tion and has likely set the path for structure determination of channels with
more diverse subunit composition.

3.2.3 How good are homologs as models for mammalian pLGICs?

The relative ease of crystallization of non-mammalian pLGICs has made
them interesting systems for molecular studies of this channel family. How
representative these pLGICs really are of pharmacologically relevant chan-
nels is a major topic of this thesis.

GLIC and ELIC crystallize even without sequence modification, and the
natural simplicity of these homomeric channels facilitates studies of complex
phenomena such as gating transitions and modulation. So far, all of the eu-
karyotic structures only depict channels that were extensively modified in
order to allow adequate diffraction. Many of them are homomeric channels
with limited pharmacological relevance and are therefore—despite their
mammalian origin—substantially different from native channels in the brain.
Structures of mammalian channels have not yet reached the resolution that
allows exploration of exact binding poses for small molecules that bind at
relatively high doses—a requirement if one wants to study the molecular
interaction partners between protein residues and general anesthetics. Co-
crystal structures of GLIC and propofol however, have revealed multiple
binding sites, offered insights into the role of these sites in modulation and
even allowed speculation about the mechanism behind allosteric modulation
(papers II-1V). Additionally, high-resolution structural data from different
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conformational states have made model channels attractive starting points
for computational studies that allow predictions about gating transitions (pa-
per I) and even rational drug development (paper II).

The simplicity of non-mammalian pLGICs, along with their homologous
structure and function, justifies the continued use of these model systems for
the exploration of basic channel function. As I will discuss in chapter 4.3 and
papers II-IV, functional studies further confirm the value of these model
channels to study modulation by anesthetizing agents.

3.3 Conformational states and gating transitions

The simplest way to describe pLGIC activity is with a two-state scheme
where the receptor is either in an open/conducting or in a closed/non-
conducting conformation. However, it has been observed that under pro-
longed presence of an agonist (in the millisecond range), the channels show
decreased current and cannot be activated by subsequent agonist application.
This state is called a desensitized state®. While more complex models have
emerged, the basic three-state model is sufficient to discuss effects of allo-
steric activation and modulation. As general anesthetics and other modula-
tors change the apparent probability to find the channel in an open state, it is
important to understand how activated states actually differs from closed
states.

The next two sections will focus on the open structure of GLIC but will
also offer some parallels to other members of the pLGIC family. Studies on
GLIC offer a significant amount of structural, computational and functional
information regarding different conformational states and the transition be-
tween them. Notably, deciding whether a crystal structure depicts a truly
open (conducting) or a fully closed (non-conducting) state is challenging and
debates about the structures representatives of gating end-point are ongoing.
Alternative nomenclature such as liganded versus un-liganded, dilated versus
resting or apparent-open versus apparent-closed, is sometimes used as a
more precise descriptor, but by convention I will refer to these states as open
and closed.

3.3.1 The activated state of GLIC

GLIC is distinct from classical neurotransmitter channels, as it is proton-
gated, and thus activation does not occur by classical binding of a ligand to
the orthosteric site. However, the ECD appears to be significantly involved
in activation, as chimera channels constructed with the ECD of GLIC and
the TMD of Gly-Rs* or ELIC** render the normally neurotransmitter-
activated channels proton-activated. Extensive mutational studies have iden-

21



tified several key titratable residues below the classical orthosteric site, as
well as residues at the ECD-TMD interface, to account for the proton-
activation abilities of GLIC™. The protonation of these residues leads to the
contraction of the orthosteric binding site similar to observations made in
Cys-loop receptors (cf. chapter 3.3.2). As seen in chapter 3.2, the orthosteric
binding site for mammalian pLGICs is located at the ECD-ECD interface of
two neighboring subunits. Numerous structural. labeling and computational
studies have revealed striking similarities of this process in different types of
pLGICs, and identified interactions of the neurotransmitter with a conserved
aromatic box formed by aromatic residues in loops A, B and C of one subu-
nit and loops D, E. F of the neighboring one™. In most heteromeric channels.
only two of the five possible interfaces actually create ligand binding sites,
while binding to three non-consecutive subunit interfaces produces the long-
est opening time in homomeric chan-
nels™. How ligand binding can affect
ion permeation through the pore
around 63 A awav will be discussed
extensively in chapter 4.

The extracellular Tacing part of the
pore contains hvdrophobic residucs
while hvdrophilic residucs lrame the
intracellular Tacing part. Hyvdration of
the hvdrophobic region around the 9
residue has been shown to be the de-
ciding factor for gating” . Additio-
nal information about the ion permea-
tion mechanism comes from a high-
resolution crystal structure (2.4 A) of
GLIC in an open stale (Figure 6)". Figure 6 Zoomed-in view on the open
Complementing molecular dyvnamics por;*- aj; GLIC r};'DB ;D 4HFI). a’:j'cmrgcrm

1 1 a . FOIECHNES propaiale e prore of e exira-

{pwﬂ?}‘:cm;?':ﬂz?nfhzh]x:: Tﬁclrl; d;?; cellular wﬂpfaﬂowd Ih_':' the Ifg.l'n mm.'

: loase water pentagon around 6" and -2

presence of detergent molecules im-  regpectively. 4 Na' ion was detected

pedes the study of hydration by crvs-  berween the two rings af water molecules.
tallization. iImage used with permission’)

While traveling through the hy-
drated extracellular facing part of the pore, the Na™ ion retains its hydration
shell. To cross the constricted hvdrophobic gate, the ion has to give up its
original hvdration shell, but can instead interact with the tight self-stabilizing
water pentagon in the 6 region. The serine at the 6° position thereby directly
interacts with the permeant ion and organizes the present water molecules.
At the -27 level, the Na' ion interacts with the water molecules of the loose
lower pentagon as well as with the negatively charged glutamate side chain

22



at -2’ that also serves as a selectivity filter for the permeant ion™™. lon per-
meation is thought to take place in similar fashion in cation-conducting
mammalian channels, although cation selectivity may arise from alternative
structural elements such as helix dipoles rather than charged side chains

3.3.2 Gating transitions between the open and closed channel state

The gating transition or gating pathway describes the global structural rear-
rangement that channels undergo between the open and closed states. It has
been shown that channels can undertake the transition spontancously, but in
general, the receptor 15 closed in the absence of a ligand: when a ligand is
present, the receptor is mainly found in an open or desensitized confor-
mation.

Crystallographic studies of GLIC have revealed closed. open and so-
called locally closed (LC) states. The backbone carbons of a closed (PDB 1D
4NPQ) and an open (PDB 1D 4HFI) states differ by 1.5 A RMSD from each
other. The TMD of a LC state (PDB 1D 3TLT) differs by 1.3 A from the
open state and 0.3A from the closed state while its ECD differs by 0.3 A and
0.8 A, respectively (calculated on Ca atoms using the MatchMaker function
in UCSF Chimera™).

The gating pathway resembles a conformational carthquake that is initiat-
ed at the orthosteric site in the ECD, propagates to the ECD-TMD interface
and finally arrives at the TMD; ulimately leading to a change in pore diame-
ter that allows ion passage.
Experimental results suggest
that the necessarv structural
rearrangements for the transi-
tion mav take several micro-
seconds and involve a num-
ber of intermediate states™.
Capturing these motions on a
full atomistic level in unbi-
ased computational simula-
tions remains challenging and
likely wield incomplete or
anccdotal representations™””,
Yel, recent improvements in
the field mcreasingly allow
valuable insights into these
processes '™

One of the mﬂjﬂf compd-  Figure 7 Cwverall conformational changes between
nents of the gating transition e closed (lefi, red) and open state (right. green) of
is a gcncrai quaternary twist CrLIC viewed from (A) the c::.'r_ac‘v.fhifm.‘ -5.i'ff-.+fﬂ.l'rff [{i7]

; the membrare plane. (Tmage with permission’)
caused by rotation of the

Effect of pH on ECD
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ECD opposite to the TMD around the pore axis (Figure 7A). In the open
state, the ECD is relatively straight and parallel to the ion pore with the -
sandwich in a condensed shape. In the initial stages of the gating pathway,
the ECD undergoes a radial motion (blooming) followed by a tangential
twist"”®,

More detailed motions in the transition from the open to the closed state
include an outward tilt of the ECD that causes movement of the inner B-sheet
with respect to the lower outer B-sheet leading to the detachment of the low-
er end of the p-sandwich"”’. The expansion of the B-sandwich introduces
structural changes in the B6-$7 loop and the ECD-TMD interface, leading to
lost stabilizing interactions between pre-M1 and the M2-M3 loop’””’. The
importance of the M2-M3 loop has been highlighted in many pLGICs’"**'"",
The deflection of pre-M1 allows M1 to kink at the proline in position 204
that acts as an important hinge also in other channels of the pLGIC family'*.
This introduced 5° increase in kinking of M1 breaks stabilizing interactions
with the top of M2, allowing an inward tilt of M2 that consequently leads to
the occlusion of the pore (Figure 7B)"”. Disabling the collapse of M2 by
crosslinking it to the upper part of M3 has been shown to lead to a channel
with a gain-of-function phenotype'”. Detachment of M2 through lost stabi-
lizing interactions with the rest of the helices could potentially be determin-
istic for open and closed pore channels as shown in paper III. It has been
suggested that the closure of the pore occurs through an asynchronous dom-
ino-like effect, as the collapse of the first helix initiates the collapse of
neighboring helices’’.

The process of channel opening does not follow the same order as closing
but is generally triggered by a contraction of the B-sandwich that conse-
quently changes the ECD-TMD interface®’. At this stage, the channel likely
reaches a similar conformation as seen in the LC structures in which the
ECD and the TMD resemble open and closed channels, respectively. The LC
state is therefore a likely candidate for a pre-active state of GLIC'®. Opening
proceeds with straightening of M1 and changes in the M2-M3 linker leading
to the stabilization of the top of the M2 helix away from the pore’’.

Drugs like anesthetics may influence the conformational changes linked
to gating transitions, a process that we will focus on in the next chapter.
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4 Activation and modulation of ligand-gated
ion channels

The regulation of pLGIC function is crucial to physiological processes and
necds to be tightly controlled. Control mechanisms exist at different points
of protein expression and degradation, as well as via the control of activity
levels'. This chapter will focus on the latter with special atiention to allo-
steric modulation.

Like manv other proteins, pLGICs can be conceived as receplors with
three tvpes of distinet functional sites: the channel pore that serves as the
biologically active site; an orthosteric regulatory
site, at which endogenous ligands trigger channel

activation; and an allosteric regulatory site, topo- e e

graphically distinct from the other two (Figure site) <+ \sgite,

8)". Notably, a protein can have several physical- \ /

Iy distinct locations for each such class of site. N el
I have already introduced the pore (the biolog- T

ically active site) in chapter 3.3. Now, [ will fo-

cus on the two regulatory sites, and will discuss

how binding to the orthosteric or allosteric sile  Figure 8 Schematic over-
can lead to changes at a topologically different view of the three linked key
site—a process referred to as allosterv. [ will start  #es common fo all recep-
by blishing the fund tal terminologv that tor  superfamilics. ‘Irfﬁ'lﬂ‘gﬂ
13" ¢stabhs |n51 e 1l.|1'1| amenta ﬂ'!'llnﬂ ogy 1ha wsed with permission’)

15 used to describe binding to these sites.

4.1 Molecular recognition

Molecular recognition describes, in a broad sense. how two or more mole-
cules interact with cach other and form a complex'”. Here. I will focus on
the binding of a small molecule to pLGICs. Binding occurs due to intermo-
lecular forces that include Van der Waals- and electrostatic interactions as
well as the hvdrophobic effect and additional entropic components. Binding,
especially in reversible cases, 1s generally noncovalent (i.¢. not involving the
formation of a canonical chemical bond) and imvolves association and disso-
ciation of the small molecule'"”. The extent of dissociation gives a measure

ol how strong the protein and the substance interact and 1s called affinity.
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Besides affinity, a drug interaction is also quantified by efficacy, which re-
flects the maximum effect that a given drug can induce. Potency is depend-
ent on both affinity and efficacy as shown by the concentration needed to
evoke a given effect'®.

Neurotransmitters are the natural ligands of mammalian pLGICs and bind
to the orthosteric site with a certain affinity. Their efficacy is measured in
how efficiently they act as agonists to cause or stabilize the open state, ulti-
mately leading to the biological response in form of current'®. Agonists that
bind to a site distinct from the orthosteric site are termed allosteric agonists’.
Allosteric modulators on the other hand do not activate the channel directly,
but rather change the extent of activation evoked by the agonist’. Positive
allosteric modulators enhance the effect caused by agonist binding, while
negative allosteric modulators reduce the effect (see also Figure 17). Allo-
steric modulation offers an attractive type of control for therapeutic drugs as
it allows up- or down-regulation of the natural response like a dimmer rather
than an on/off switch, potentially leading to fewer side effects. Additionally,
allosteric sites are often less conserved than the orthosteric sites and there-

fore decrease off-target adverse effects'”.

4.2 The concept behind allostery

It is intriguing how binding to a regulatory site can mediate structural chang-
es at a distant biologically active site, and possible underlying concepts have
been re-evaluated for over a century''’. The field of allostery has emerged
from studies conducted on enzyme selectivity and catalysis that delivered the
first basic theories of molecular recognition. The so-called “lock-and-key”
hypothesis for the molecular recognition between enzymes and their sub-
strates was postulated in 1894 by the organic chemist Emil Fischer'''. The
theory was based on his observation that an enzyme (lock) is able to distin-
guish between the different stereoisomers of sugars (key) calling for very
specific positioning of the sugar relative to the enzyme’s functional group in
order for the enzymatic reaction to proceed. Fischer proposed that, like for a
key to unlock a lock, exact complementarity has to be present for it to cause
a biological effect. Similarly, if the interaction geometry is incomplete, noth-
ing happens; just like a lock will not open with the wrong key''".

However, observations on several different systems, such as the changing
hemoglobin affinity constants for oxygen as well as conformational effects
in other protein systems, could not be explained by the lock-and-key
model'"’. By the mid-20" century, this growing body of evidence called for a
revision of the stiff lock-and-key theory. Two alternative models for alloster-
ic regulation of oligomeric proteins have emerged which recognize the pos-
sibility that binding to an allosteric site may affect the stability of a protein-
ligand complex and/or alter the energy barrier(s) for conformational
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change . Each of the models will first be introduced separately before
possible combinations are discussed.

4.2.1 The induced fit model

Dan Koshland introduced the term “induced fit” into molecular recognition
to explain enzvmatic data of hexokinase. and proposed its applicability to
other protein svstems''*. Instead of stifl interactions between an enzvme and
its substrate, he suggested that both components have moderate flexibility,
analogous to a hand and a glove. It builds on the lock-and-key model. since a
certain complementarity between the unbound ligand and the protein has o
be fulfilled, so initial binding can induce three-dimensional changes in the
active site. The conformational change is herewith induced afier the binding
of the ligand. In 1966, this model was then extended to oligomeric proteins
that could adequatelv explain the observed binding data of oxvgen to hemo-
globin and became known as the KNF model'"”. In a receptor protein. this
induced fit model describes a subunit that is initially present in state A; bind-
ing of a ligand induces a conformational change in the binding region that
further improves binding (Figure 9). The cnergy released from this im-
provement fuels further conformational changes that propagate to the biolog-
ically active site and ultimately transforms the subunit from state A to state
B'I'I-II

In this model, agonist binding would initiate conformational changes
leading to channel opening while binding of an allosteric modulator would
introduce conformational changes that increase either affinity or efTicacy of
the agonist.

state A state B
L
&
‘ ® o i
. = —
. [ L
&

Figure 9 Schematic representation of the induced fit model. The ligand binds to e chavnnel
i a state A, forming an initial complex that induces the conformational change imo state B,

Crvstallographic studies that demonstrated the higand-free (state A) and
ligand—bound (state B) svstems helped the model to gain general acceptance
in a wide range of protein interactions'”. The third. middle. state has long
hampered the success of this modzl. as the existence of such an initial com-
plex 1s thermodyvnamically unfavorable. In recent vears however, crvstallo-
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graphic evidence for such conformational states emerged. demonstrating the
feasibility of the induced fit model in molecular recognition''”,

Although the induced fit mode! appears intuitive and is supported by nu-
merous experiments, it offers no explanation for the observation of fully
active protein conformations even in the absence of the ligand''’. Various
structure determination methods, functional experiments and computational
methods have established the existence of spontancous conformational Nuc-
tuations with a pre-existing equilibrinum between different functional states
of oligomeric proteins'"*. The second theory of allostery is based on exactly
this phenomenon.

4.2.2 Conformational selection

Based on the observations of the oxvgen-hemoglobin binding affinity,
Monod, Wyman and Changeux proposed the model of conformational selec-
tion as an underlving mechanism for allostery (the MWC model)'"”. On its
basis lics the observation that oligomeric proteins pre-exist in equilibrium
between different conformational states with all subunits in each macromol-
ccule populating the same state. The distribution of the equilibrium can be
shifled by the allosteric ligand that binds to the state of higher affinity. In
this scenario, the conformational change occurs independent of ligand bind-
ing (Figure 10},

state A state B
o % »
) y L )
— —_—
—~ L -~ - .
| . . '
e L]

Figure 10 Schematic represemtation of the conformational selection model. The channel
pre-exisis in two conformationally distinct states A and B, State B has a higher affinity for
tire ligand and is stabilized upon hinding,

This model satishes experimental observations ol a wide range of biolog-
ical binding events and holds up where the KNF model fails'"®. Here. an
allosteric modulator influences the thermodynamic landscape but the effects
are only measureable in the presence of an agonist. Recently, the model was
validated on a full framework of different nACh-Rs variants'”’ and also sup-
ports the hypothesis for the mechanism proposed in paper I11.
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4.2.3 Combinations and novel takes on the conformational selection
model

Combined models that include elements of conformational selection as well
as induced fit are likely to best represent molecular recognition'>. The “ex-
tended conformational selection model” is largely based on the conforma-
tional selection model and includes a state structurally similar to state B that
only differs from state B in the local binding environment'>'. Binding to this
state will release free energy that optimizes the interaction through small,
induced conformational changes. A likely example includes the rearrange-
ments of loop C upon neurotransmitter binding of pLGICs. This conforma-
tional change does not initiate the gating pathway, but just optimizes binding
to an almost-open state of the subunits and stabilization of the open state.

Whether changes in other regions of the ECD, specifically loop F, are just
linked to ligand binding or are actually involved in the gating pathway, is
part of the discussion around the data presented in paper I.

4.3 Molecular mechanisms of general anesthetics

Before the advent of effective anesthesia, surgical interventions meant un-
bearable pain, trauma and often death, and were only performed in life-
threatening situations. Various cultures used plant-based preparations such
as large amounts of alcohol, cannabis or coca leaves to ease the pain but the
impact of these measures was often insufficient. The birth hour of modern
anesthesia was in 1846 when William T. Green Morton publicly demonstrat-
ed the successful use of ether as an anesthetic during a tumor removal sur-
gery. Shortly after, the much more potent agent chloroform was introduced

for general anesthesia by James Y. Simpson'>.

4.3.1 Meyer-Overton and lipid-based theories

The use of general anesthetics for surgeries kindled the interest of scientists
in the 19" century for a deeper understanding of narcosis and the reversible
effects cause by anesthetics. At the turn of the century, Hans H. Meyer as
well as Charles E. Overton discovered a strong dependence between a com-
pound’s lipophilicity and its potency as an anesthetic; an observation known
as the Meyer-Overton correlation (Figure 11)'*"'**,

As the relationship held true for a structurally diverse class of compounds
and over 1000-fold solubility range, a unifying mechanism for all general
anesthetics based on nonspecific lipid interactions seemed likely. Amongst
others, theories included expansion in membrane volume upon incorporation
of general anesthetics'”’, increases in membrane fluidity'>® or changes in

lipid organization'?’.
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However, these theories conflicted with observations that an elevated
bodv temperature (which would enhance membrane fluidity to about the
same extent as ancsthetics do) increases rather than decreases the minimum
concentration of an anesthetic needed'™". Additionally, a number of com-
pounds that do not follow the Mever-Overton rule were identified, as they
did not induce anesthesia at the predicted concentration based on their lipo-
philicity' """, Furthermore. the potency of primary alcohols as anesthetics
only increases with chain length to a certain “anesthetic cut-ofT™ where the
increase in potency abruptly drops off""'. Convincing evidence for the in-
volvement of protein targets was the observation that the (+)isomer of isoflu-
ranc had a higher potency as an anesthetic than the (-)isomer' ™. As stercose-
lectivity arises from interaction with an optically active protein site, the fo-
cus for anesthetic targets was shifted from lipids to protein binding sitcs.

4.3.2 pLGICs as important targets for general anesthetics

Over the years, scientific evidence from various sources concluded that in-
travenously administered anesthetics, such as the clinically used substances
propofol and etomidate, lead to anesthesia through interactions with
GABA,-Rs'”. At clinically relevant concentrations, general anesthetics
commonly enhance the effect of GABA and therefore contribute to the pre-
vention of an action potential, overall leading to dampened neuronal
activity' ™. Using positron emission tomography, it was possible to show the
direet correlation between the potency of general ancsthetics in vive and
their modulation of GABA ,-Rs'*". It has also been shown that the receptors
are stercoselective for the two different isomers of etomidate'™. Genetically
engineered mice with point mutations introduced at residue N265 (157) in
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the GABAA-R B2 or B3 subunit were observed to be insensitive to propofol,
powerfully demonstrating the importance of GABAa-R for anesthetic
action'’’,

Intravenous general anesthetics not only modulate GABA,-Rs but also
other pLGICs, and propofol has been shown to potentiate many subtypes of
Gly-Rs"* while inhibiting nACh-Rs and 5-HT3-Rs"*’. However, these results
are mostly based on in vitro studies and likely only contribute to a minor
extent to the endpoint effect of general anesthesia.

Further factors that play a role for general anesthesia can be the identifica-
tion of brain structures that are important for anesthetic action as well as the
cellular location of the receptor that are targeted; here however, I will focus
on the location of the binding sites in the receptors and how binding to these
sites leads to local changes in membrane potential.

4.3.3 Identification of binding sites for propofol in pLGICs

The properties of allosteric binding sites in pLGICs open a window into
understanding allostery and help to evaluate the necessary attributes of new
modulators in rational drug discovery. Three principal binding sites for in-
travenous general anesthetics and other anesthetizing agents such as bromo-
form and ethanol have been identified in the TMD of pLGICs (Figure 12).
The characterization of these binding sites and their role in modulation is a
focal point in papers II-IV; I will briefly introduce each of the sites in the
next three paragraphs.

The propofol insensitivity of mice with a mutation at the 15” position in
GABAA-R, a residue pointing to a cavity between two adjacent subunits, has
made the intersubunit cavity a likely candidate for potentiation by this
agent"”’. This site overlaps with the site for ethanol and volatile anesthetics
in Gly-Rs and GABA,-Rs'* and specific mutations of cavity-defining resi-
dues in the two receptors were shown to control allosteric modulation'*'"**,
Introducing a mutation at the 15 position in GLIC abolishes ethanol potenti-
ation, while a mutation at the 14’ position to a smaller residue inverses the
modulatory effects, causing GLIC to closely resemble GABA4-Rs and Gly-
Rs in their sensitivity and response to general anesthetics and ethanol'*”. The
co-crystal structure of this 14’ variant with bromoethanol and bromoform
confirmed binding to an intersubunit site, and consequent potentiation'*. In
some nACh-Rs, the same interfacial site was labelled by positive allosteric
modulators in photoaffinity assays'*; however, the side appears to be gener-
ally less accessible for anesthetic binding, consistent with the minor role of
anesthetic potentiation in nACh-Rs'®.

The same labeling studies as well as additional ones with propofol ana-
logs have revealed further interactions between general anesthetics and pore-
lining residues in the hydrophobic half of the nACh-R pore'*®. Co-crystal
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structures of ELIC with bromoform and isoflurane show binding to the 6
position where it too was linked to an inhibitory role™"’. Computational
studies have also identified binding of general anesthetics to the pore of
GLIC and binding to the closed pore of anionic pLGICs was thus linked to
inhibition"",
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Figure 12 A) Sites of general anesthetic modulavion in GLIC illusirated in a cui-away view
Srawm the membrane plane (lefil and viewed from the extracellular site (right). B) Sequence
alignment of helices MI-M3 from 1. sapiens Gly-R, GABA -R. nACHh-R and 5-HT R, ax
well as GLIC, Channels above the dotted line are generally patenitiated by general anesther-
ics while the ones below the dotted line are primarily inhibited. Specific residues related 1o
anesthetic binding are highlighted. (Tmages from paper V)

The ervstal structure of the apparent open GLIC channel reveals a third
membrane accessible cavity amongst the transmembrane helices of each
subunit (intrasubunit site) in the upper part of the TMD'™. A tightly bound
lipid penectrates into this cavity, possibly stabilizing the open form of the
channel'™"™". In co-crystal structures of GLIC with propofol, desflurane, and
bromoform., this lipid is displaced by general anesthetics™'*, The anesthet-
ics can position in several poses, indicating a degree of mobility in the cavity
that could also be observed in the MD simulations conducted in paper IV,
Clinically relevant concentrations of general anesthetics inhibit GLIC similar
to the modulation seen in nACh-Rs. Photolabeling and radioligand assay of
propofol analogues on nACh-Rs revealed binding to the same intrasubunit
site as observed in GLIC, suggesting a role of this site in allosteric inhibition
by general anesthetics'”. However, although inhibition should arise from
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stabilizing or inducing a closed state, the co-crystal structures show a chan-
nel in an open conformation and the role of this site therefore remains
somewhat controversial. Paper II proposes new allosteric modulators for this
intrasubunit site and characterizes it through site-directed mutagenesis that
are extended in paper IV to explore the properties of the binding cavity.

The sites of allosteric modulation by general anesthetics appear to be con-
served between channels of different type (sequence alignment in Figure
12B) and the net modulatory effect may result from preferential binding to
one or several of the three topologically distinct sites in different conforma-
tional states. The determined structures presented in paper III, along with the
electrophysiology results, allow the proposal of a comprehensive model for
allosteric modulation by general anesthetics through the three distinct sites
and also identify interactions necessary to stabilize the channel in either a
closed or open conformation.
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5 Principles and practice of electro-
physiology

5.1 Electrical models of membranes and ion channels

Nerve, heart, muscle and sensory cells all have the ability to respond to an
electrical stimulus and propagate signals to other cells— that is, they are
electrically excitable. Ion channels are a core piece of this excitability as
they passively allow the change of the membrane’s electrical state. It is pos-
sible to describe the electrical properties of cell membranes entirely through

simple yet efficient electrical models'".

5.1.1 The membrane as a capacitor

As ions strongly prefer an aqueous environment over the hydrophobic one of
the lipid bilayer, the cell membrane acts as an extremely thin insulating layer
that separates internal and external conducting solutions and can be viewed
as a parallel-plate capacitor”'. Active separation of charges across a capaci-
tor creates a potential difference (E) that is measured in volts and can be
calculated as:

E=% i
C

where Q is the amount of charge transferred and C the capacitance, which
reflects the ability of the membrane to store charge.

5.1.2 Ion channels as conductors

In membrane biophysics, each ion channel acts as a conductor, spanning the
insulating lipid bilayer and allowing specific ions to pass through to the oth-
er side. The flow of ions (charges) produce a current (I) that depends on the
membrane potential as well as on the conductance (g) that serves as a meas-
ure for the ease of flow of current though the pore, and is specific to the ion
channel™'. At equilibrium, Ohm’s law describes the relation of these terms
as:

I=g*E 2
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Resistance (R) is the reciprocal conductance and is ofien used in electrical
discussions. Ohm’s law may therefore also be written as

E
== 3

Pure lipid bilavers have a conductance

close to zero and the passage of ions Figure 13 Classical

through the membrane without the RC circuit with a
presence of membrane proleins is neg- RM Lo resistor (Rl and
|Iglb|¢ T capacifor (Cyl con-
. nected in parallel.
The ion channels and the membrane = e

can be viewed in a classical RC circuit
(Figure 13) where an applied potential
over the membrane discharges through ion channels and therefore decreases
over time'”'. The decrease-rate of the membrane potential under a current I
can be calculated using Ohm’s law together with the derivative of equation |
with respect to time:

5.1.3 RC Circuits in a biological environment

In 1952, Alan L. Hodgkin and Andrew F. Huxley made ground-breaking
discoveries in the field of ion channel kinetics when they managed to de-
scribe excitable cells simply by applying thermodynamic laws without the
need to include the molecular components of the svstem (el chapter 5.3).

Bascd on these experiments we now know that living cells normally keep
themselves Tar from equilibrium in order to maintain a driving force for bio-
logical processes. ATP-driven pumps generate the chemical gradients and
separate charges that build up an excess of positive charges on the outside of
the cell leading to a standard membrane potential of -70 mV. Tvpical ion
concentrations inside |$]; and outside |S]. of a neuron can be found in Table
I and, together with the charge of the ion z,, determine the electrochemical
gradient that drives ion flow.

If we take a Na gradient of 8:1 (out-  Table 1 Tvpical ion concenira-
side:inside) and assume that we have a mem-  fion across a wewronal mem-
brane with only Na'-selective channels at a  franve (adapted')

membrane potential of 0. the Na' ions will :
L . N Intracellular | Extracellular
flow down the chemical gradient into the [

151 - 2 ) Na' | 18 mM 145 mM
cell”". The influx of positive charges will P — E—
build up an electrical counterforce against the [ : -

. . . ko 135 mMl 3 mM
chemical gradient. As the Mux of ions general- -
Ca™ | 100 nM 1.2 mM

Iv has a greater impact on the electrical poten-
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tial than the chemical gradient, the two forces will at some point balance
cach other and no net flux of ions can be detected. This point is called the
equilibrium or reversal potential. The equilibrium potential can be calculated
using the Nernst equation:

ReT (Na+],
* [N
Zna+*F [Na+];

5

Eyar =

with R as the gas constant (8.314 JAK mol)). T the temperature and F the
Faraday constant (89485 C/mol). This means that in cells containing only
Na ions and open Na -selective channels, the ions will flow through the
channel until the equilibrium potential of Na' is reached at around +60 mV.
Using the Mernst equation, the equilibrium potentials for CI' (-82 mV), K’
(-110 mV) and Ca™ (+133 mV) can be established equivalently.

The gradient between the membrane potential and the equilibrium poten-
tial works like a batterv creating an electromotive force that is placed in se-
ries with a resistor as depicted in Figure 14

Extracellular ?

Bua Dea Ga T

Figure 14 The elecirical circuit
eguivalent of an excitable cell The
maodel mcludes the membrane as a
—CmMm VM capacitor (Cyl linked in parallel o
the branches for the conduction of

fu  JEa |E
T T .I- T Na', Ca', O and K ions (left 1o

| righih. fadapted )

Intracellular (L

5.2 Concepts of electrophysiology

The foundations of experimental electrophysiology date back to the 17"
century and were first limited to whole body parts and organs before more
isolated experimental techniques on nerve cells were established in the mid-
19" century'*. The initial concept of negative membrane potential in resting
cells was introduced already in 1868'" and by the 1930s the concept of the
lipid bilaver membrane with ion-conducting pores was established' ™™™,
However, the electrical theory of the excitable cell needed more direct phys-
iological data. The introduction of the squid giant axon revolutionized the
ficld and enabled ground-breaking discoveries in ion channel mechanism
and function'™. From the first electrophysiological preparations of the squid
giant axon until today, the setup has been used for intracellular recordings of
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resting and action potentials, studies of current and voltage clamping, mea-

surements of gating currents and even for single-channel recordings'”’.

5.3 Voltage clamp electrophysiology

As an action potential changes with both voltage and time, it was not trivial
to decipher the underlying mechanisms involved. Voltage clamp is used to
control the voltage across the membrane of a small or isopotential cell by an
electronic feedback circuit. It therefore eliminates the voltage variable and
enables the study of ionic currents over time'**. The first technological ad-
vance for this technique was made by George Marmont who, in 1947, devel-
oped a chamber for the squid giant axon that made it possible to restrict cur-
rent measurements to only a short segment'”. He also introduced the use of
a coated silver wire inserted longitudinally into the axon to create isopotenti-
ality over the measured axon region. Kenneth S. Cole further optimized and
used the setup to study action potentials'®. The technique’s full potential
was then revealed under Hodgkin and Huxley. Together with Bernard
Katz'®, they further developed the voltage clamp technique to two internal
electrodes and conducted a small series of crucial experiments that allowed
to dissect the underlying ionic mechanisms of the action potential into an
inward sodium current and the outward potassium current”'*"'*. In 1963,
Huxley and Hodgkin were awarded the Nobel Prize in Physiology for their
work on the role of voltage-gated ion channels and the development of the
technique to study these events.

5.3.1 Principles of TEVC electrophysiology on Xenopus oocytes

The two-electrode voltage clamp (TEVC) technique developed by Hodgkin,
Huxley and Cole relies on two intracellular electrodes to measure the net
flow of current; the cell used for this type of experiments therefore needs to
be large enough to accommodate the two microelectrodes'>®. While the squid
giant axon provides an excellent system to study the natural properties of
excitable cells, the unfertilized oocytes of Xenopus laevis have become the
system of choice for heterologous expression of ion channels studied by
TEVC electrophysiology'®’ (cf. 5.4).

Ion channel expressing Xenopus oocytes are placed into a recording
chamber connected to a perfusion system (Figure 15). A steady flow of suit-
able (roughly physiological) buffer is provided by peristaltic pumps. The
perfusion buffer can be changed to a buffer of different composition in order
to test channel activation and modulation. Microelectrode tips are pulled
using a glass capillary puller, filled with 3 M KCIl solution and mounted onto
the electrode holders with pre-attached Ag/AgCl wires.
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Micromanipulators are used to lower the tips of the two electrodes until
they pierce through the oocyvte membrane into the cytosolic environment.
The membrane potential (V) is set to a certain level (usually -70 mV) and is
constantly measured by the voltage electrode that is connected to a voltage
follower'™. This signal is fed into a clamping amplifier that compares the
measured voltage (Vi) o Ve

Aar neggative laedback amplifier = _ ) )
Lo Figure 15 Schematic representation
af a rmwo-electrode veltage clamp
voltage monftoring o recording  set-up. The  expressing
smpliier ) oocvle i placed in a  perfusion
clamber  supplied by peristaltic
s alt the in- and outlet. Two
microelectrodes  comnected via a
negative-feedback  amplifier  are
inserted ima the oocvie for voliage
measurements and current injection
respectivelv. The current needed 1o
counteract the ion flux through tre
e channels is digitized and contin-

wernesly plestied

When ion channels are activated. ions cross the membrane and evoke a
change in Vy;, The clamping amplifier detects the deviance from Ve, and a
current proportional to the difference between Vy and V. is forced to flow
through the current electrode. This current is equal but opposite to the cur-
rent flowing through the sum of open channels in the membrane. which
means that Vi, will be kept very close to V.. The injected current 1s meas-
ured. digitized and plotted' ™

5.3.2 Data output from TEVC electrophysiology

The output of TEVC data are the current traces that form peaks in the nega-
tive direction when ions flow from the outside to the inside of the ion chan-
nels and positive when the flow is in the opposite direction. These peaks can
be analvzed based on size and shape. Currents should be big enough to be
distinguished from noise and possible background effects upon ligand appli-
cation; an upper limit is posed by the amount of current that can be forced
through the tip of the current-injecting electrode. Although modern high-
voltage amplifiers and the use of clectronic compensation for series re-
sistance have enabled large improvements to this issue, it is generally advis-
able to adjust recording conditions to currents of only a few microam-
peres' ™. As the measured current is the sum of all currents flowing though
the channels expressed on the surface, the current amplitude is highly de-
pendent on the expression level at the specific time point of recording and
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varies between oocvies and davs. In order to minimize the influence of
changes in expression level, the data presented in this thesis are based on the
comparison between relative currents. In the case of GLIC, this means that
in order to establish a pH-activation profile, cach pH activation (¢.g. pH 4.0)
is accompanied by activation at a set pH (e.g. pH 5.0) that is used in every
single measurement of this channel tvpe. All responses are therefore relative
to the response of the set pH and can be compared to one another even if
thew are derived from oocvies with different expression levels (Figure 16).

Ligand e - -
- T
£
3
Ligand - o o = _g
ey, T =
variant | | ‘E"

log ligand concentration

Figure 16 Extablishing the activatiem prafile for a channel Left: Representalive current
traces for the current measured under increasing lgand concentrations of a wild-type (1T
elramel (blackh and a variam of it (grevh. Right: The relative currents can be plotted against
the logarithmic concentration of the figand wwmally revealing a sigmoidal concentrarion
response crve observed for pLGICs. In the example here, the variant shows lower ligand
sensitivity, and higher concentrations are needed 1o proveke the same level of activation.

The same concept is used to establish the effect of allosteric modulators,
As it has been shown that the effect of allosteric modulators is greater at
lower levels of activation, modulators are normally tested at a level of acti-
vation where the channel conducts 10% of their maximal current (EC,,) (Fig.
16, right)'”. Mutations. even distant to the pore or to the agonist binding
sites, can alter activation profiles. Therefore. the ECy, for cach channel vari-
ant is established before the concentration is used to measure the relative
effect of modulators (Figure 17).

The shape of the current can give a sense of channel kinetics. It is for
example possible to identifsy desensitization as a current decrcase under pro-
longed activation, or detect irreversible agonist/antagonist binding that
changes the current bevond the application time. However, variations in
shape can also be observed between oocytes, recording setups, and even
between multiple activations of the same oocvte, likelv related to turbulences
in perfusion buffer and the architecture of the oocvte membrane. We there-
fore refrain from drawing any conclusions from oocvte currents for precise
channel kinctics.
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Figure 17 Measuring allosteric modulation. Left: The effect of an allosteric modulator is
normally measured af an FC g level of activation and reported relative to the current ob-
served in the absence of the modwlator. Right: Modulators that increase the current lead 1o
positive modilation and are termed potentiotors {compennd 1} while alfosteric modulators
thar decrease the current fead te negative modulation and are referred 1o as inhibitors (com-
poterd 2).

An alternative way 1o gain access o kinetic information is 1o use single-
channel patch clamp electrophysiology, a technique developed by Erwin
Neher and Bert Sakmann (Nobel prize for Physiology 1991)' ™" Single-
channel recordings can determine channel conductance. opening an desensi-
tization times as well as opening probabilities'”". In the context of modula-
tors, single-channel recordings can also distinguish between compounds with
higher affinity (longer opening times) or higher efficiency (more frequently
opening channels)' . However, such measurements can be challenging or
impossible for channels with low conductance (GLIC WT 8 pS'”}. The re-
cordings are also more labour-, equipment- and analysis intensive, making it
inefficient to screen large numbers of channel variants.

5.4 Xenopus oocytes as an expression system

A surprising experiment in 1971 showed that unfertilized oocvtes of the
female South African toads Xenopus laevis can translate foreign injected
RNA into pmt{:ins“‘?. Since the first use of oocvtes for the expression of ion
channels, they have proven to be a powerful and reliable heterologous ex-
pression system for membrane proteins’ "% With a size of about 1.2 mm,
these single cells are so large that they allow the injection of RNA or ¢cDNA
directly into the cvtoplasm or nucleus, respectively (Figure 18). Compared to
the transfection of mammalian cells, direct injection presents a more reliable
way of transferring genetic material and allows variation of expression levels
over a wide range simply by adjusting the amount of genetic material inject-
ed'™. The oocvte’s endogenous enzvmes translate the genetic information
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and introduce post-translational modifications such as phosphorylation and
elvcosylation'”’. For a wide variety of ion channels it has been shown that
the proteins are then correctly sorted, targeted and assembled into the oo-
cvte’s cell membrane. The native oocyte only expresses low levels of endog-
enous channels on the surface, and it is therefore possible to study exoge-
nous proteins without considerable interference from background effects' ™.
Additionallv, oocvies are relatively robust and do not require sophisticated
culturing procedures necessary for mammalian cell lines,

The cell membrane of Xenopus cocvies differs significantly from mam-
malian cells both in structure and composition (Table 2), which could possi-
blv affect protein folding. function. and accessibility of the protein to the
solute. Additionally, batch-to-batch and seasonal variations can impede cer-
tain experimental procedures. However, given its simplicity and robustness,
the oocvie expression system remains invaluable for the functional studv of
membrane proteins, particularly when used in combination with electrophys-

iology'™.

Fable 2 Tvpes of phospholipics recovered from
Xemopus laevis oocvtes and manmmalion cells
respectively mdapma‘;

Type of phos- | Xenopus | Mammalian ol
pholipids {PL) lnevis (BHK21 cell line)
Phosphatidyleth- 1995 29%
anolaming (PE)
Phosphatidyvlcho- | 65% 26
line (PC)
- Phosphatidylino- | 10% 0,

sitol (P1)

Figure 18 Nuclear mjection of a Phosphatidylser- | 2% 5%

Nenopus oocvie from the animal pole. inc (PS)

The white arrow indicales where the Sphingomyelin 5% 24%

glass needle (coming from the right) Cholesterol PL 0.6-00.7 0.9

penetrates the oocvie membrane, (mol/mol}

5.4.1 Preparatory steps for oocyte expression

In vitro mutational studies are a powerful yet straightforward tool to study
the structure-function relationship of proteins. Selected mutations can be
used to explore the involvement of specific residues in difTerent mechanisms
of channel function. As working with Xenopus ococvies allows direct injec-
tion of genetic material, it is relatively efficient to introduce mutations into
the genetic material prior to injection, in order to be able to compare 1on
currents of different channel variants. The method is based on the use of a
template cDNA or plasmids that contain the ion channel gene'™. Short syn-
thetic primers are designed to be complementary to the template DNA ¢x-
cept for the nucleotides encoding the residue(s) desired to be mutated. Using
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a thermo-cveler, the DNA strands of the templates are first separated through
denaturation at a high temperature, followed by a reduction in temperature
that allows the primers to anncal to the complementary ¢cDNA, Added DNA
polvmerase subsequently elongates the primer sequence to an unmethylated
complementary ¢cDNA strand. This process is repeated in several cveles to
multiply the plasmids. Endonuclease treatment selectively digests the meth-
vlated template DNA while leaving the mutated cDNA intact (Figure 19).

Mutant strand synthesis {on of f Mutated plasmid ready
using thermal cycling e for transformation
- = =

Figure 19 Steps of site-divected mutagenesis. Mutagenic primers introduce the desived
mutation and are extended and incorparated while the template strand gets digested. The
miitated plasmid can then be wransfected into competent cells. (Adapted from Agilent, Site-
directed Mutagenesis Kit manual).

The plasmid containing the mutated cDNA sequence can then be trans-
fected into bacterial cells that are then selectively cultured for antibiotic re-
sistance' . The plasmids arc finally purified and the success of the site-
directed mutagenesis method can be confirmed by DNA sequencing. The
plasmid can cither be used directly for nuclear injections into oocyles or can
be transcribed into RNA, The introduction of mutations can influence level
and speed of functional ion channel expression in oocyte. Therefore, the
amount of genetic material injected and the duration of the incubation period
might need 1o be optimized accordingly belore successhul electrophysiologi-
cal experiments.

5.5 Complementary techniques to electrophysiology

5.5.1 X-ray crystallography on pLGICs

As discussed in chapter 3, structural knowledge of pLGICs has greatly im-
proved our understanding of the fundamentals of channel gating and regula-
tion. Structural techniques such as NMR or ervo-EM have the potential 1o
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reveal proteins under native-like conditions; however, so far these tech-
niques have yet to yield structures to a resolution that allows the identifica-
tion of specific residue interactions or the exact binding poses of natural
ligands, let alone transiently bound modulators. X-ray crystallography is
unique in that sense as it has delivered high-resolution structural data of
pLGICs in complex with small anesthetizing compounds®"'*.

X-ray crystallography is based on the diffraction of an X-ray beam by a
crystal'”. When the monochromatic finely focused X-ray beam strikes the
atom in the crystal, it gets scattered into many different directions. Most of
these diffractions cancel each other, but due to the repeating arrangement of
millions of molecules in the crystal, some of them will add up through con-
structive interference to reveal a two-dimensional diffraction pattern. Upon
addition of experimentally or theoretically derived phases, the pattern can be
deconvoluted into a 3D electron density. The technique relies on crystals
with a very homogenous distribution of identical (or close to identical) con-
formations. Producing these high-quality crystals is challenging for mem-
brane proteins, as the overexpression, purification and crystallization proce-
dures are more demanding than for soluble proteins. The hydrophobic parts
of membrane proteins require the introduction of detergents or lipids in order
to solubilize the protein; these agents can however interfere with the crystal
packing and reduce the quality of the structure. Nevertheless, optimized pu-
rification and crystallization procedures have led to a handful of successful
high-resolution structures of pLGICs. The use of heavy-atom containing
molecules such as bromoform or bromoethanol also allows clear identifica-
tion of even small transiently-bound compounds as the atoms lead to a
strong diffraction of X-rays at characteristic wavelengths and therefore to a
distinct anomalous signalm.

5.5.2 Molecular dynamics simulations

While experimental procedures measure the outcome of an event at a time
resolution of several hundred microseconds to milliseconds, MD simulations
can investigate dynamic changes in the femto- to microsecond time scale and
can offer insights into the underlying atomistic changes related to a specific
event'™. Therefore, MD simulations offer bridges between static molecules
from structure determination and functional results from electrophysiology.

MD simulations are based on the laws of physics and are produced through a
step-by-step integration of Newton’s classical equations of motion'®'. Forces
act upon the molecules and ultimately lead to dynamic trajectories. The forc-
es usually result from the derivative of the potential energy, which represents
both the non-bonded interactions (electrostatic interactions) and bonded in-
teractions (covalent bonds, angles, etc.). For large systems such as pLGICs,
in a membrane environment surrounded by water and ions, these calculations
require substantial computational power. Recent improvements in hardware
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as well as in the development of algorithms and implementations have made
MD simulations as well as other computational simulation techniques attrac-
tive tools to study the energy landscapes of different conformational states

and predict molecular stakeholders of dynamic changes'®’.
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6 Summary of scientific papers

This section will provide a brief presentation and discussion of the results
from each of the papers included in this thesis.

6.1 Neurotransmitter activation and modulation in a
nematode model ligand-gated ion channel (paper I)

The intrinsic ability of pLGICs to open and enable ion flux across the mem-
brane is crucial for fast synaptic transmission. The underlying structural
changes of the gating pathway from open to close as well as the modifica-
tions induced by allosteric ligands are still not fully understood and have
been challenging to explore due to the complexity of heteromeric channel
systems and the lack of high resolution structural data from human pLGICs.
A modified construct of the glutamate-gated chloride channel (GluClgys)
from the eukaryote C. elegans has been crystalized in the closed state as well
as in an open-pore conformation. GluCl shares the simplicity of a homomer-
ic system and ease of crystallization with bacterial channels that have been
used as model systems for mammalian pLGIC in the past, but offer the addi-
tional benefit of higher sequence similarity to mammalian pLGIC. However,
due to the various modifications introduced to enable crystallization, the
functional and pharmacological relevance of this channel as a model system
for mammalian receptors has not been well established yet.

We used TEVC electrophysiology on Xenopus oocytes to characterize the
L-glutamate activation profile of a native-like GluClI channel as well as Glu-
Cliyst. The homomeric channel with the native-like subunits only showed
negligible activation by L-glutamate, while the crystallized construct actual-
ly presented a concentration-dependent activation profile. The L-glutamate
sensitivity of GluCly suggests that the crystallographic modifications re-
lieved alleviating elements eventually leading to a receptor with a compara-
ble activation profile to mammalian pLGICs. The sensitivity to L-glutamate
also allowed testing of anesthetizing compounds for potential allosteric
modulation. Indeed, GluCl,,ys was inhibited by primary short chain alcohols
as well as the general anesthetic agent propofol, demonstrating conserved
modulation properties in the pLGIC family.
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Additionally, the study tested single point mutations in the extracellular

region of loop F, previously suggested to be involved in the gating pathway
of this channel. In our functional experiments, specific mutations in this
region altered L-glutamate activation profiles consistent with evidence from
mammalian channels that indicate this loop’s involvement in the gating
pathway.
The accessibility of GluClyy for atomic-resolution structure determination,
along with the conserved mechanism of activation, modulation and gating
between GluCl.ys and mammalian pLGICs, validates GluCl as a valuable
model system for this channel family. The new insights support the ongoing
use of GluCl,y for structure-function studies and open up new possibilities
for drug discovery.

6.2 Functional validation of virtual screening for novel
anesthetic lead compounds (paper II)

Intravenously applied general anesthetics, such as the widely used sub-
stance propofol, have been shown to implement their actions by allosteric
potentiation of most GABA4-R, leading to dampened neuronal activity.
However, the exact mechanisms behind this allosteric effect have not been
fully understood as the heteromeric receptors in the brain present complex
structural effects; and as the lack of high resolution structural data has im-
paired the structure-function relationship for anesthetic binding. The well-
explored bacterial homolog GLIC has proven to be a good model to study
allosteric modulation of pLGIC and, as it was co-crystalized with propofol,
offers an interesting option as a starting point to perform a virtual docking
screening for new lead compounds with anesthetizing properties.

The co-crystal structure lacks most of the phospholipids that line the
propofol binding pocket and are likely to influence and constrain binding to
this site. Using MD simulations, the protein was therefore first embedded
into a lipid bilayer to obtain the conformations of the phospholipids in prox-
imity of the propofol binding site. A library of commercially available com-
pounds was parameterized and molecules were allowed to take on different
conformations. The compounds were then docked to the propofol binding
site and ranked according to their predicted binding energy. The 700 com-
pounds with the highest calculated score were further analyzed for features
not taken into account, such as novelty, diversity and physico-chemical
properties. Using this procedure, the virtual docking narrowed down the
screened 153,000 molecules to only 29 that we then tested on GLIC recom-
binantly expressed in Xenopus oocytes. We used two-electrode voltage
clamp electrophysiology to calculate the extent of modulation of each com-
pound at 50 uM. In total, 55% were identified as hits that inhibited GLIC to
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a higher extent than the solvent used in the preparation. Many of the hits
showed similar modulation as propofol and three compounds inhibited GLIC
to a higher extend than propofol. The potency of these compounds was not
correlated to molecular weight or lipophilicity. Compounds identified as hits
were tested on recombinant GABAA-R; over half of the compounds that
modulated GLIC were identified to also modulate the GABAA-R, but all of
them were less potent than propofol. These results suggest that the propofol
binding sites in GLIC and GABA,-R are similar enough to suggest com-
pounds that modulate both receptors but different enough for the screening
to select compounds that preferentially bind to the primary target GLIC.

Point mutations around the presumed binding sites were introduced in
both GLIC and GABA,-R to test for binding specificity. The results provide
insights into the exact location of the binding site and highlight the relevance
of the conformational state of the receptor for modulator binding. One of the
tested compounds—belonging to a different structure class than propofol—
showed similar allosteric modulation to propofol and was also affected by
the introduced mutations. These results suggest binding to the same site,
therefore making this compound an interesting candidate as a new lead sub-
stance.

In general, the study supports the use of GLIC as model system for
GABAA-R and validates the feasibility of virtual screening to discover new
compounds with general anesthetic properties on pLGICs.

6.3 Multisite model of allosteric modulation by general
anesthetics (paper III)

General anesthetics, as well as other anesthetizing agents, have been shown
to bind to conserved sites in different pLGICs but have the capacity to poten-
tiate some while inhibiting others. A conclusive understanding based on a
possible mechanism behind such allosteric modulation could not be pro-
posed in a single mechanistic model yet. In the GLIC model system, binding
to an intrasubunit binding site of the open channel has been linked to inhibi-
tion—though inhibition is generally considered to arise from the stabilization
of a closed state. An alternative site for possible inhibition for the anesthetiz-
ing agents bromoform, xenon and barbiturates has been seen in the pore of
closed pore GLIC. In this study, we provide an updated comprehensible
model for propofol binding in the context of different conformational states.
At its basis lie 10 new X-ray crystal structures accompanied by functional
experiments with TEVC electrophysiology.

Channel variants with altered electrostatic contacts in M2 and overall re-
duced proton sensitivity crystalized in a closed pore state. However, under
the same crystallographic conditions, but with the addition of bromoform or
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propofol, the channels adopted an open conformation with anesthetic bind-
ing in the intrasubunit binding site, suggesting the stabilisation of the open
state through bridging of stabilizing electrostatic interactions between M2
and intrasubunit contacts as well as with the neighbouring subunit. The po-
tentiating effects of bromoform and propofol seen in functional experiments
with these channel variants agree with the potentiating role of the intrasubu-
nit site in allosteric modulation. Further evidence for potentiation through
the intrasubunit site comes from a variant with a bulky substitution in M1
that is mostly potentiated by general anesthetics and exhibits increased stabi-
lisation of propofol in the intrasubunit site in co-crystal structures. Introduc-
tion of smaller residues facing a cavity in the subunit interface has previous-
ly been shown to reverse the anesthetic effect in GLIC. Our co-crystal struc-
tures of these GLIC variants show general anesthetics to bind in the inter-
subunit cavity (also known from GABAs-R and Gly-R) linking the interfa-
cial transmembrane site to potentiation as well. With multiple potentiating
sites in the TMD of the open channel, we investigated whether binding to a
closed state would correspond to an inhibitory effect of general anesthetics.
Indeed, crystallisation of a closed pore channel led to identification of
propofol in the pore around the 6’ position. Mutation of the 6’ residue in
functional studies could then further increase the inhibitory effect evoked by
propofol and bromoform.

The results enable us to propose a multi-site mechanism for bimodal
modulation of pLGICs based on seven sub-states that could all be document-
ed by X-ray crystallography. Such a model supports a unifying mechanism
for potentiation and inhibition by general anesthetics in pLGICs with net-
effects arising from a combination of distinct affinities and efficacies at each
site. Along with the insights from the specific interaction patterns that char-
acterize the stabilisation of open and closed states, this model impacts our
understanding of how allosteric modulators communicate their effects to the
biologically active site and thus provides valuable lessons for drug develop-
ment.

6.4 Propofol potentiation is mediated by a deep intrasubunit
cavity (paper 1V)

Our understanding of the mechanisms of action for general anesthetics has
evolved considerably from purely lipid-based theories to models that involve
binding to protein interfaces. Specifically, Cys-loop receptors have proven to
be important targets and, depending on the receptor type, are either positive-
ly or negatively modulated by general anesthetics. However, a structurally
detailed mechanism for these bimodal allosteric effects is still missing.
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Based on new co-crystal structures of the bacterial homolog GLIC and gen-
eral anesthetics, we proposed an allosteric model for anesthetic modulation
involving multiple state-dependent binding sites. One of these crystallized
channel variants with a point mutation in the first transmembrane helix
(M205W) shares the same membrane-accessible intrasubunit binding site for
propofol as the WT channel, but exhibits primarily potentiating rather than
inhibitory allosteric effects. We used MD simulations and TEVC electro-
physiology to understand how general anesthetics can evoke two opposite
functional effects while binding to supposedly the same allosteric site.

Comparison of the cavity volume of the two channels in simulations
demonstrated a more rigid binding cavity in the M205W variant. Further
introduction of helix-perturbing mutations at the same transmembrane posi-
tion led to channels that were potently potentiated even by low concentra-
tions of propofol. Additionally, these variants showed prolonged potentiation
for up to 40 minutes after exposure to moderate concentrations of propofol,
as opposed to an almost instantaneous washout in WT channels. The extent
of this prolonged effect was dependent on propofol exposure time, suggest-
ing that the mutations did not just change the affinity or efficacy of propofol,
but rather lead to accumulation of propofol in the membrane. Anesthetizing
agents with lower hydrophobicity potentiated these channel variants as well
but did not present persistent potentiation. At high acute doses of propofol,
an additional inhibitory effect was unmasked and appeared to be less affect-
ed by the introduced mutations as compared to the potentiating effect, con-
firming two topologically distinct sites for potentiation and inhibition. MD
simulations suggest better accessibility of the intrasubunit binding cavity in
these variants due to a deeper cavity size and increased hydrogen bonding
between propofol and the protein backbone. Prolonged potentiation could
therefore arise from a highly sensitive intrasubunit site that might sense re-
sidual propofol in the membrane for an extended time. The results confirm a
distinct solute accessible site for inhibition supporting stabilization of the
closed state by binding in the pore.

The suggested mechanism for general anesthetic modulation offers a link
between the lipid-based Meyer-Overton theory, postulated more than a cen-
tury ago, and the more complex receptor-based models. The insights inform
our understanding of the basic principles of allostery and may aid in the ra-
tional development of compounds that bind specifically to only one site,
potentially leading to reduced side effects.
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7 Conclusions and future perspectives

In the past decade, high-resolution structure determination along with rapid
progress in computational power has revolutionized the way we can study
pLGICs and their interaction with allosteric modulators. As highlighted in
this thesis, functional assays such as electrophysiology gain in strength when
combined with these newer, structure-based techniques. This multidiscipli-
nary approach has enabled us to validate the use of a new model system,
allowed us to propose a comprehensive allosteric model including mechanis-
tic insights underlying general anesthetic modulation and featured a virtual
screening approach for rational drug discovery in the model channel GLIC.
However, an important task will be to test the applicability of these insights
to mammalian systems and to fit this piece of the puzzle into the overall
context of the cell and the brain. Some of the current challenges in the field
will hopefully be overcome in the next decade and advance the field far
enough to decode the effects of general anesthetics on the brain to more con-
clusive detail.

To study the interactions of small molecules with their protein targets and to
understand the induced changes in protein structure and dynamic, high-
resolution structural data of pharmacologically relevant receptors are indis-
pensable. The step from homomeric to heteromeric channels in the latest
nACh-R* will only be the start of other emerging heteromeric structures at
higher resolution that will enable the detailed study of subunit interfaces and
the binding of small molecules to them. Similarly, it is only a matter of time
until structures of GABAA-R with subunit composition of higher physiologi-
cal relevance will emerge. As showcased by the determination of the Gly-R
structures®, cryo-EM has already advanced tremendously in the past years
and, together with better image processing, it will likely continue to expand
the boundaries of the field. The structural characterization of the ICD as well
as the interaction with the membrane environment through preparations with
lipid nanodiscs will be attractive goals to reach. Additionally, cryo-EM of-
fers the possibility to detect different conformational end states as well as
intermediate configurations in the same sample, allowing quantitative analy-
sis of the dynamic properties of the channel. Other structure determination
methods such as Nuclear Magnetic Resonance, Atomic Force Microscopy as
well as Small- and Wide-Angle Scattering techniques have the advantage of
capturing large, time-dependent structural changes of the channels in a more
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natural environment than achievable with X-ray or cryo-EM. Using a com-
bination of different structure determination methods will hopefully soon
lead to a better understanding of the molecular interaction between general
anesthetics with pharmacologically relevant receptors, while also informing
about the overall conformational changes in the channel.

Better structure prediction methods might make the field less dependent
on the quality of high-resolution structures in the future. Homology model-
ing and MD simulations have already become valuable allies to fill in the
gaps where structure determination methods stagnate and functional assays
can only speculate. Major advances in hardware and software architecture
have propelled this field forward at high speed possibly closing the time
resolution gap between simulations and functional experiments. The studies
in this thesis underline the importance of the dynamic aspect of conforma-
tional changes for the understanding of allosteric modulation and predict a
promising future for the use of virtual docking in rational drug discovery.
Better integration of functional and structural data from different sources
into MD simulations will be key in steering the computational effort into the
direction of biologically important observations, likely making computation-
al simulations a standard tool to study the underlying reasons for functional
results.

Electrophysiology remains an indispensible tool to study the functional
aspects of ion channels, as it is the only way to directly measure the con-
ductance of ions. Technological advances in the equipment will continue to
push the limits of the smallest measurable currents and the fastest time steps,
and will offer solutions to make the measurements simpler and more effi-
cient. Combinations of electrophysiology with labeling techniques are al-
ready on the rise, enabling the simultaneous measurement of structural
changes and functional responses.

As the field quickly advances, the lessons learned from the work in this
thesis will hopefully guide future efforts to a better understanding of alloster-
ic modulation by general anesthetics in human channels. Collaborative ef-
forts such as the large worldwide studies on the brain promise to put the
observation from the molecular level into the context of neurons and the
whole brain, thus enabling the development of safer anesthetics.
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8 Sammanfattning pa svenska

Pentameriska ligandstyrda jonkanaler &r en av de viktigaste komponenterna i
vart nervsystem. De dstadkommer den snabba synaptiska responsen genom
att selektivt ppna nir neurotransmittorer binder, och de &r viktiga méal for en
rad neuroaktiva ldkemedel som bensodiazepiner, alkohol eller mus-
kelavslappnande medel. Nagra av de tidigaste teorierna for hur allméin anes-
tesi fungerar byggde pé hypoteser om icke-specifika véxelverkningar med
lipider i cellmembran, numera &r det dock visat att anestetika binder direkt
till de pentameriska ligandstyrda jonkanalerna. Allmén anestetika fungerar
som positiva allosteriska modulatorer och forstirker effekten for de flesta
anjonledande kanalerna, men hdmmar dven katjonledande kanaler. Vi saknar
fortfarande bra molekyldra modeller for hur den hér typen av motsatta al-
losteriska effekter uppstér och fungerar.

Denna avhandling presenterar studier av struktur och funktion som ligger
bakom dynamiken i kanalaktivering samt utforskar mekanismerna bakom
allosterisk modulering via allmédnna anestetika. Nagra av de viktigaste mo-
dellsystemen dr GluCl-kanalen fran C. elegans som aktiveras av glutamat,
och kanalen GLIC frdn G. violaceus som aktiveras av dndringar i pH. Bada
proteinerna &r néra besliktade med flera pentameriska kanaler i didggdjur.
Dessa modellsystem bestar av fem identiska subenheter, vilket forenklar
studier av deras funktion samt framstillning av tillrickliga méingder for
strukturella studier. De funktionella studierna har utfoérts genom att rekombi-
nant uttrycka kanalerna i oocyter frdn X. /aevis, varefter tvd mikroelektroder
anvints for att méta jonstrommarna som uppstar nir kanalerna 6ppnas och
stangs. Dessa mitningar har kombinerats med strukturella studier inom ront-
genkristallografi och berdkningsmetoder for att foresld modeller for de struk-
turella mekanismerna som ligger bakom kanalernas komplicerade funktion.

Som en del i avhandlingen presenterar jag studier och validering av den
kristallografiska varianten av GluCl som ett modellsystem for att utforska
grundldggande fragor om funktionen av ligandstyrda jonkanaler hos digg-
djur. Ytterligare studier bidrar till forstielsen av grunden for allosterisk mo-
dulering genom att identifiera de bindningsstéllen som &r ansvariga for bade
potentiering och inhibition av GLIC via allménna anestetika och jag foreslar
en strukturell mekanism for dessa effekter. Arbetet presenterar ocksa en lidnk
mellan de modeller f6r anestesi som é&r baserade pé lipid- respektive recep-
tor-vixelverkningar. Slutligen har vi genom att anvénda “virtuell screening”
lyckats identifiera nya molekyler med beddvningsegenskaper som eventuellt
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skulle kunna utvecklas till lidkemedel. Sammanfattningsvis bidrar avhand-
lingen till den grundlidggande forstaelsen av allosterisk modulering i pen-
tameriska jonkanaler och ldgger en grund for ny ldkemedelsutveckling.
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