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Abstract

The Cys-loop ligand-gated super family of ion channels and related proteins have
been studied using computational methods. Ligand-gated ion channels (LGIC) are
pentameric, neurotransmitter-gated, ion selective receptors which play a key role in
synaptic transmission. The nicotinic acetylcholine receptor (nAChR) is the archetypal
member of the LGIC family. Found at neuronal-neuronal synapses and neuronal-
muscular junctions, it is implicated in a variety of diseases and it plays a key role in
nicotine addiction.

Computational techniques are used to investigate different properties of LGICs, such
as ion selectivity, the location of the gate, the action of agonists, and the behaviour of
the binding pocket. The aim was to apply existing computational methods and
develop novel computational methodology to put forth hypotheses relating to both the
general function and smaller scale behaviour of this class of membrane proteins.
Binding pocket dynamics of AChBP, a high resolution crystal structure homologue of
the ligand binding domain of the nAChR, shows increased stability of the binding site
in the presence of a ligand. Discreet zones of persistent water molecules were
identified, which are involved in bridging ligands to residues in the binding site and
may play a structural role. Ensemble docking on ligand-bound and ligand-free
molecular dynamics (MD) trajectories illustrates the optimization of the binding site
to a bound ligand.

To overcome the lack of complete structures of LGICs, a method was developed to
generate model structures of membrane proteins by combining their separate domains.
A model of the a7 nAChR was generated from homology models of its extracellular
and transmembrane domains and the structure was used to analyze various properties
such as pore profiles, electrostatics and conformational dynamics. In silico
mutagenesis, together with MD and ‘ensemble’ docking, on the a7 nAChR
investigated the role of key residues in the binding site. Residues were identified with
computational techniques and verified with experimental work. This illustrates the
utility of combining computational and experimental approaches.

During this work, the electron-microscopy structure of the Torpedo marmorata AChR
became available. It agreed well with the previously modelled a7 nAChR model.
The Torpedo AChR structure was used to make models of other LGICs. Coarse-grain
MD allowed the identification of residues in the TM domain interacting with the
lipid-bilayer. Born energy profiles through LGIC pores reveal that the EC domain
plays a key role in ion selectivity.
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Chapter 1

1 Introduction

1.1 The cell membrane and membrane proteins

The 3 nm-thick, phospholipid bilayer, making up eukaryotic cell membranes is a
highly effective barrier, separating the inner contents of each cell from its outer
environment. Amino acids, nucleotides, phosphates, water and ions cannot freely
cross the tight barrier that a membrane provides. Thus specialized proteins are
required to facilitate the influx and efflux of molecules across the lipid bilayer (Figure
1.1). Membrane embedded proteins carry out diverse functions including transport

across the membrane, cell recognition, adhesion, signalling, and cell regulation.
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crystallography at high resolution at various intermediate states [10, 11]. Structurally,
the transmembrane spanning segment of membrane proteins is a-helical, while outer
membrane proteins of prokaryotes are typically B-barrels. Table 1.1 is a list of some

major families of integral membrane proteins.

Table 1.1 A summary of some major families of membrane proteins

Family Function Examples
Channels allow flow of molecules ion channels e.g. the
down their nicotinic acetylcholine

(electro)chemical gradient receptor, aquaporins

Pumps and transporters couple energy release from ABC transporters, MFS
one process to drive an e.g. LacY
unfavourable process (i.e.
ion flow against
electrochemical gradient)

Energy transducers convert one form of bacteriorhodopsin,
energy into another. i.e. members of the electron
light energy into chemical  transport chain
energy

Receptors signal transduction across  G-coupled receptors,
the membrane receptor-tyrosine kinases

1.2 Problems with structural studies of membrane proteins

The challenge in studying membrane proteins is the difficulty in attaining high
resolution crystal structures. Often there is poor expression of the protein and, due to
the nature of the lipid environment, it is difficult to obtain crystals of sufficient quality
for structure determination. Membrane proteins are usually extracted and studied in
vitro outside their native membrane environment. Problems also stem from the fact
that mammalian membrane proteins are present at low levels in a given membrane

and it is rare that a particular protein is a major constituent of the selected membrane.
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To get around this problem, these membrane proteins are expressed in a bacterial host
which brings a new set of challenges to the crystallization process. For mammalian
membrane proteins post-translational modifications may be required that cannot be
carried out in the bacterial host. During the crystallization process it is difficult to
ensure that the stability and function of the protein are maintained. For example, the
proteins can also form non-specific interactions with each other, causing the protein to
precipitate. When crystals are obtained it is difficult to ensure that the protein is in its
native state due to differences in its native membrane and the packing environment
[12].

There are few structures available for the ligand-gated ion channels (LGIC) which are
the focus of this thesis. There has been some success with cryo-electron microscopy
(EM), where initially a 4 A image of the transmembrane (TM) domain of the
acetylcholine receptor from Torpedo marmorata, was obtained [13]. Approximately
one million receptors were averaged, resulting in a 4 A resolution structure of the TM
domain of the acetylcholine receptor (AChR). This structure was used extensively
for both experimental and simulation studies to understand the mechanisms of gating
and permeation properties of LGICs [14, 15]. EM has also successfully determined
the structure of an aquaporin at high (~ 1.9 A) resolution, revealing details of
interactions with lipids [16-18].

Recently a more complete structure of a nicotinic acetylcholine receptor (nAChR)
was resolved by EM of the Torpedo marmorata ray postsynaptic membrane [19].
This 4 A resolution structure is the first of a LGIC to include the TM, extracellular
(EC), and intracellular (IC) domains (Figure 1.2). Although this structure is missing
many residues in the IC domain, it is the most complete structure to date of a LGIC.

This structure allows for the modelling of other receptors in the LGIC family and the
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Ion channels are composed of one or more pore-forming domains, usually associated
with other subunits. They are commonly tetrameric (K™ channels) or pentameric
(LGICs), however there are also a number of other compositions such as the dimeric
chloride channels [21] or heptameric channels like the mechanosensitive channel of
small conductance (MscS) channel [22]. The central pore through which ions move is
commonly lined by one o-helix from each subunit. Voltage gated Ca®>* (Cay) and Na*
(Nay) channels are composed of a single subunit with four similar repeated domains
while some K" channels are dimers with two repeated domains [14].

Pore-loop channels make up the largest family of ion channels and are evolutionarily
related. They include the human ether-a-go-go (hERG) channels, inwardly rectifying
K" (Kir) channels, and the glutamate receptor channels. Non-pore-loop channels are
grouped into several classes with no apparent evolutionary relationships. These
include the pentameric LGICs known as the Cys-loop receptors, the cystic fibrosis
transmembrane conductance regulator (CFTR) channel (a member of the ABC
transporter family) and chloride channels [14].

Recently high resolution structures of several ion channels have been obtained,
including the Kir [23], K, channels [24], the nAChR Cys-loop receptor [19], and
chloride channels [25, 26]. These structures contribute greatly to the study of channel

function.

1.3.1 Ligand-gated ion channels (LGIC)

LGICs are a class of membrane proteins whose functional state is modulated by the
binding of a ligand. Upon binding of their ligand, conformational changes take place
that open the ion pore and allow the passage of ions. Examples of LGICs are the

nicotinic acetylcholine receptor (nAChR), glycine receptor, gamma-aminobutyric acid
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(GABA,) receptors, and the 5-hydroxytryptamine(3) (5-HT3) serotonin receptor [13,
27-29]. These are also known as “Cys-loop” receptors due to a pair of conserved
cysteines in one of the ligand binding (EC) domain loops. The Cys-loop is considered
important in the gating mechanism of LGICs [30-32]. From the LGICs, the
acetylcholine and serotonin receptors have cation-selective pores, while the GABA,
and glycine receptors are anion-selective. Each receptor type is composed of five
subunits which can be of varying types (heteropentamers) or receptors can be
composed of five identical subunits (homopentamers). For example in the nAChR,
the five types of subunits are called a, B, v, 6, € and for a functional channel at least
two of them must be of a type. The ligand binds at the interface between an a-subunit
and an adjacent subunit (non-a type in heteromeric receptors, and a type in
homomeric receptors). Subunits of a type are identified by a conserved pair of
adjacent cysteines in loop C of the EC domain [33, 34]. In the TM domain, each
subunit has four transmembrane (TM) a-helices (M1-M4), where the M2 helical
segments line the pore and are considered important in the gating process [30, 35-37].
The extracelluar (EC) domain subunits each are composed of one a-helix, 10 stranded
B-sheets, and two 3j¢-helices [20, 38-41]. The intracellular domain is believed to be
mainly a-helical [19], however the complete structure of this segment has not yet

been resolved.

1.3.1.1 Selectivity

The ability of LGICs to allow for the passage of particular ions is attributed to the
distribution of charged residues in the receptor and the size of the pore [42]. The
LGICs discriminate between anions and cations, for example the AChRs permit flux
of several species of cations but not anions. Rings of negatively charged residues

facilitate the flux of cations for AChR and 5HT;. The anion-selective GABA, and
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glycine receptors have rings of positive charge to allow the passage of anions.
Experimental studies have been able to investigate the charge selectivity of LGICs by
mutating key charged residues in the ion channels [43-48]. The focus of much of the
charge selectivity studies has been on the M2 helical segment of the TM domain [48-
51]. This helix, which lines the pore, contains rings of charged residues that are
believed to influence ion conduction. Fewer studies have looked at the involvement

of the EC domain in ion selectivity; this is investigated in chapter 7 of this thesis.

1.3.1.2 The gate and gating

Biological signals such as the binding of ligands, changes in membrane potential,
changes in temperature, or mechanical stress regulate the opening and closing of ion
channels. Ligand-gated ion channels are gated via the binding of a ligand. The gate
of an ion channel acts as an energetic barrier to the movement of ions. The
mechanism by which a neurotransmitter opens a channel gate has been the subject of
several decades of study, with the greatest insights resulting from the study of the
ACh skeletal muscle receptor [13, 19, 52-54]. Gating of the Cys-loop receptors
without bound agonists occurs, but with low probability [55, 56]. The binding of a
ligand dramatically increases the probability of channel opening and it is fully
maximized with the binding of at least 2 ligands. Figure 1.4 shows a reaction scheme
for LGIC gating, where R denotes the closed state and R* is the open state [57]. A
represents the number of agonists and with increasing agonists the gating equilibrium
constant @ increases. The increase is thought to be around 10 million fold with the
binding of 2 agonist molecules. The dissociation constants K; and K, in the closed
state are in the micromolar range, although for the open state, Ki* and K,* are
estimated to be in the nanomolar range. Thus, there is a much greater affinity for

ligands in the open state. This predicts that the conformation of the binding site
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changes considerably between the open and closed state. As the opening rate can be
quicker than the dissociation rate, several re-openings can occur with one ACh

occupancy [57]. Binding site conformation is discussed in chapters 3 and 4.

K1* K2*
R*+A L% AR*+A TN ARY
6, 6, 6,
R+A AR + A AR
K, K,

Figure 1.4 The transition states between the closed (R) and open (R*) states of Cys-loop
receptors. A, represents a ligand and 6 is the gating equilibrium constant which
increases dramatically with the binding of the 2nd agonist. K, and K,* represent the
dissociation constants of closing and opening respectively. (Figure modified from Sine
and Engel [57])

In the nAChR a gating mechanism has been proposed where interactions across the
EC and TM domains cause rotations of the pore lining helices which initiate rotational
movements associated with channel opening [19, 58]. However the resolution of the
structure is not sufficient to confirm the process. More recent insight into gating
suggests that a cis-trans isomerization of a proline residue opens the gate of the SHT;
receptor [59]. The gate of the LGICs and the concept of a gate in general has been a
widely studied topic in ion channel research. Several studies have alluded to the
possibility of a ‘hydrophobic’ gate in the transmembrane domain of LGICs [13, 45,
60]. This stretch of hydrophobic residues along the pore of these receptors is well
conserved and serves as an efficient barrier to ion permeation in the closed state,
while a small increase in radius and/or polarity of this region could open the pore [61,

62]. Substituted cysteine accessibility method (SCAM) studies on the gate of the
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5HT3 receptor suggest that the gate is located at the centre of the M2 helix [63].
However other studies suggest that the gate is lower down in the TM domain [33, 45,
64-67]. Although rotation of the M2 pore-lining helix is believed to be involved in
gating [13, 19], some recent studies suggest [68] that there is minimal rotation of this
helix.

The question of gating has been approached from several experimental directions,
such as @-value analysis based on rate-equilibrium free energy relationship (REFER)
of mutants [69]. The value @ is a measure of the extent of the conformational change
at the transition state [70]. Analysis of @-values at different sites in the AChR
suggests that the opening of the ion channel occurs as a conformational ‘wave’ via a

sequence of domain shifts [68, 70-73] and is not dominated by one swift motion.

1.3.1.3 Ligand binding site

The binding site is buried at the interface of a ‘principal’ subunit and an adjacent
‘complementary’ subunit. In the muscle AChR the principal subunit is of a type and
the complementary subunit is of & or € subunits. Depending on subunit composition
(number of a-subunits), there can be up to five binding sites within a LGIC.
Mutational and site-directed labelling studies of ligand binding have been the main
avenues for studying the actions of a ligand on the ion channels in the LGIC family.
The crystallographic structure of the acetylcholine binding protein (AChBP) [20, 38,
74-78] from Lymnaea stagnalis was the first atomic resolution structure with
structural and sequence homology to the EC domain of LGICs. This allowed for the
application of computational and experimental approaches for studying ligand
behaviour at atomistic detail. Some of the X-ray structures of AChBP have been
resolved with different ligands and their interactions with residues in the binding

pocket can be explored via atomistic molecular dynamics and docking studies. The
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bridging water molecules in the binding site has also been reported for other proteins
[83, 84] and will be investigated in this thesis (Chapter 3).

The structure of the binding site is different in the presence and absence of ligands.
Recent molecular dynamics (MD) and tryptophan fluorescence data have suggested
variable positions for loop C: a ‘capped’ state in the presence of a ligand and an
‘uncapped’ state in the absence of one [85]. Ligand-free structural data of the
Torpedo nAChR [19] and the Aplysia AChBP [78] have confirmed uncapped
conformations of loop C. The structure of the binding pocket, the protein-ligand
interactions, and the role of water in the binding site are further investigated in
chapter 3. The computational identification of key residues and side-chain
conformations in the binding pocket in conjunction with experimental mutational

testing is discussed in chapter 6.

1.3.1.4 Coupling agonist binding to gating

The X-ray structure of AChBP and the electro-microscopy structure of the TM
domain of Torpedo marmorata [13] allowed for the study and better understanding of
ligand binding in the EC domain and the key residues involved in forming a gate in
the TM domain respectively. However many questions remain on the mechanism by
which the binding of ligand signal is transmitted approximately 50 A from the binding
site to the TM pore, within tens of microseconds [86-89].

Mutational studies of key residues in the EC and TM domains have demonstrated
impairment in gating [80, 90-100]. But it is the critical communication between the
two domains that needs to be understood and recently there have been advances in
this area. The interface between the B-sheet EC domain and the a-helical TM domain
of LGICs has been the subject of multiple studies. Communication between the two

domains is expected to involve the B1-B2, Cys, B8-B9-10 loops of the EC and the
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Mutational studies confirm that altering any of the mentioned residues significantly
affects the gating of the receptor [96]. Thermodynamic mutant cycle analysis (MCA)
have been used to study the interdependence of residues in proteins by measuring the
gating equilibrium constant @ with single, double, or triple mutations of key residues
[103]. MCA studies confirm the interdependence of Arg 209 and Glu 45 and provide
evidence for physical interactions between the two domains by correlating proximity
and interdependence of residues.

More recent insight into the coupling of ligand binding to channel gating has been
obtained from unnatural amino acid substitution for Pro 272 in the M2-M3 linker
region [59] of the SHT; receptor. ECso analysis (the concentration of agonist that
generates 50% of the maximum response) for channel gating showed reduced potency
by amino acid substitutions at Pro 272 that preferred a trans conformation. It is
thought that the cis conformation of Pro 272 may bend the M2-M3 loop, which can

alter the conformation of M2 and result in an open channel.

1.3.2 Nicotinic acetylcholine receptors

A substantial proportion of this work focuses on the nicotinic acetylcholine receptors
(nAChRs) which are cation-selective channels allowing the passage of Na*, K*, and,
less commonly, Ca’" ions, and are activated by the neurotransmitter acetylcholine
(ACh). They mediate fast synaptic transmission at neuronal-neuronal synapses and at
neuromuscular junctions [33, 104]. They are involved in Alzheimer’s disease [105],
myasthenic syndromes [106], epilepsy [107], nicotine addiction [27, 31], and are
targets for insecticides [108]. The nAChR proteins are pentamers composed of
identical or highly homologous subunits each containing 6 loops (A-F) that make up

the ACh binding site [109]. Homo-pentameric nAChRs are composed of either of a7,
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a8, or a9 subunits [27], and hetero-pentameric nAChRs are composed of various
combinations of a (a1 (muscle), 02-a10 (neuronal)), B subunits (B2-p4), 6 (muscle) , €
(muscle), and v (muscle) [27, 31, 34].

Neuronal nicotinic receptor subunits (02-10; 2-4), contribute to a range of receptor
subtypes depending on subunit composition [110], and are important targets for new
drugs. Some of the drugs being developed are analgesics and drugs for ameliorating
symptoms of Alzheimer's disease [111, 112], as well as drugs used to treat
Parkinson’s disease and schizophrenia [113]. Mutations in neuronal o4 and 32
nAChR subunits result in autosomal nocturnal frontal lobe epilepsy [107, 114, 115].
Also the underlying cause of several diseases are autoantibodies directed against
nAChRs; these include myasthenia gravis (muscle nAChRs) [116], Rasmussen
encephalitis (a7) [117] and autonomic neuropathy (a3) [118]. As well as human
diseases discussed here, the nAChRs of insects are the targets for Imidacloprid, a
neonicotinoid insecticide used extensively worldwide [108]. Nematode nAChRs are
important targets for anthelmintic drugs which act against parasites, these drugs
include Levamisole, Pyrantel and Morantel [119]. Docking studies of these
compounds are carried out to investigate the protein-ligand interactions and subunit

composition of the nAChRs in collaboration with experimental colleagues (Chapter

6).

1.3.2.1 The a7 nAChR

The a7 nAChR is a neuronal homopentameric cation conducting channel found in the
central and peripheral nervous systems [28, 34, 120, 121]. It is involved in cognitive
function, neurological disorders, and nicotine addiction [31, 33] and thus represents
an important drug target. It shows some functional differences from muscle nAChR,

in particular a relatively high permeability to Ca®" ions [122]. The functions of wild-
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type as well as many mutants of the a7 nAChR have been well characterized by
electrophysiology in heterologous expression systems [109, 123] and thus it provides
a good system to study as it allows comparison with experimental work.

Several a7-like receptors are also investigated in this work, namely the ACR-16 [124,
125] receptor, which is insensitive to the anthelmintic Levamisole, and also some
Levamisole-sensitive subunits are investigated, although the subunit composition of
these receptors is not yet clear.

The fivefold symmetry of the homopentameric nAChRs provides considerable
advantages from a modelling and simulation perspective, especially since the template
(AChBP) is also a homopentamer. Of the homopentameric nAChRs, the chicken a7
receptor has been the most intensively studied, both experimentally [109, 126, 127]

and computationally [128-131].

1.4 The AChBP as a model

The acetylcholine binding protein (AChBP) is the first X-ray structure with high
structural and sequence homology to the EC domain of LGICs. This 210 amino acid
protein forms a stable homopentamer and it is most closely related to the a-subunits
of nAChRs [20, 38, 77]. The AChBP binds known nAChR agonists and competitive
antagonists such as nicotine, acetylcholine, and a-bungarotoxin. Most of the
conserved residues in nAChRs, including those involved in ligand binding, are
present in AChBP [132]. Binding sites in AChBP are located at subunit interfaces as
in nAChRs and other LGICs. AChBP has sequence similarity of 15%-20% with
GABA,, glycine, and serotonin SHTj; receptors, and 20%-27% sequence similarity to
nAChRs [40, 41]. More recently, higher resolution crystal structures of AChBP have
been solved with various ligands bound. These confirm earlier studies of the
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1.5 Computational studies of LGICs

Computational methods facilitate extrapolation from molecular models of a structure
to interpretation of physiological function and provide an opportunity to extend
experimental data. Much of the earlier computational work in the LGIC area was
focussed on the transmembrane domain and more specifically on the pore-lining M2
helix [35, 134-136]. The determination of the structure of the AChBP was a
significant breakthrough for the computational study of LGICs and thus a number of
investigators have used this as the basis of modelling and simulation studies of the EC
domain of the nAChR and its interactions with various ligands [128].

Molecular modelling and simulations can provide further insight into mechanisms of
channel function. A number of simulation studies of the TM domain components of
the nAChR have been carried out. In order to explore the dynamics of TM helices,
simulations on individual M2 helices, as well as M2 helix bundles have been carried
out in a variety of environments [35, 134-137]. The structure of the AChBP has been
used for a number of modelling studies of the EC domain of nAChR [128] and of
other LGICs [138], largely focussing on receptor-ligand interactions. Insights into the
symmetry breaking patterns in subunit dynamics of the a7 EC domain, which may be
related to channel gating, were gained via MD simulations [129]. Simulations of the
intact a7 nAChR have also been carried out by combining homology models for the
different domains [130, 131]. To understand the electrostatic contribution to the
energetics of cation permeation, studies of permeation through open vs. closed models
of the acetylcholine receptor have been reported [139, 140].

Due to the difficulty in cystallizing membrane proteins, and the resulting membrane
proteins fragments, an approach is developed in this thesis to construct LGICs from

their different domains.  Computational methods allow one to take partial
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crystallographic, NMR, or microscopic data, along with other experimental evidence
to hypothesize a plausible complete structure. The method developed here has been
used for the a7 nAChR, GABA,, glycine, and 5HT; receptors. The computational
docking studies carried out here identified residues which play an important role in
protein function, such as controlling ligand access to the agonist-binding site (chapter
6). Based on these results, experimental studies have been carried confirming the
importance of these residues. This demonstrates the benefits of combining

computation with experiment and vice versa.
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2 Methods

Various computational methods were used to study the nAChR and related proteins in
the ligand gated ion channel (LGIC) family of membrane proteins. These methods
range from atomistic molecular dynamics simulations to non-atomistic coarse-grain
simulations, and other conformational sampling methods. Computational tools such
as docking and in silico mutations are also used to explore ligand binding. An
important part of this project has been developing methods to study membrane
proteins. These are discussed along with other tools used to generate and study

structures of membrane proteins.

2.1 Homology modelling

When the 3D structure of a protein has not been resolved with x-ray crystallography,
NMR, or electron microscopy, we can use homology modelling to generate its
structure based on a known (homologous) template structure. The sequence of the

protein with unknown structure is aligned with the sequence of a homologous protein
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of known structure, and the combined sequence and structural knowledge is used to
generate a model structure. Modeller (versions 6.2 to 8.0) http.//salilab.org/modeller/
[141-143] was used to carry out homology modelling in this thesis. Newer versions
of Modeller were used as they were made available for further homology modelling.
Modeller is used for homology modelling of three-dimensional protein structures
given the PDB coordinates of the template and the sequence of the protein of interest
to be generated based on the template’s structure. Modeller uses a sequence
alignment of the template protein and protein to be modelled to generate the new
structure. For each model generated by Modeller, alignments were obtained from
MultAlin [144]. The algorithm implements structure modelling by satisfying spatial
restraints extracted from the template structure. Further restraints can be derived from
multiple sources such as NMR experiments, rules of secondary structure packing,
cross-linking experiments, fluorescence spectroscopy, site-directed mutagenesis,
residue-residue and atom-atom potentials of mean force, image reconstruction in
electron microscopy, etc. [141-143]. These restraints operate on distances, angles,

dihedral angles, and other spatial features.

2.2 ZAlign

For proteins whose full structure is difficult to obtain, such as membrane proteins,
partial structures or homologues of individual domains can be used [20, 29, 58, 145].
The problem then becomes how to re-assemble these different parts into the full-
length structure. I wrote a program to take the different domains of a protein and
combine them by aligning their central axis and optimizing interface distances. This

is done for proteins with equal number of subunits in each of the domains to be

combined.
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In order to combine the domains, the n-fold rotational axis of each domain of the
protein is aligned using a calculated central vector for each domain. One domain is
held static while the other domain rotates and translates in the space specified in order
to determine the optimal model. The parameter space for alignment of the separate
domains must be determined by the user: x° rotation about the z-axis and -a <z < +a
translations on the z-axis (a full 360° rotation is possible, however for homo-meric
proteins, a full rotation is not necessary, i.e. for a homo-pentamer, a 72° rotation will
suffice). The two domains are brought close together, and rotations and
corresponding translations are carried out. User defined rotations and translations,
typically 1° rotations and 1 A translations, around and on the pore (z)-axis
respectively are used to generate the data. However, these can be altered to achieve
the desired accuracy. At each step (rotation and respective translation) a score is
calculated based on the following criteria:

1. The number of bad contacts, B, between atoms of the different domains. A ‘bad
contact’ is when the interatomic distance is less than 1.5 A.

ii: The distance, T, between the C-terminus of one domain and the N terminus of the
other domain. An approximate van der Waals collision distance of 4.0 A is used.
This criterion was used for the nAChR and can be used when combining domains of
the same protein i.e. joining the Co atoms of termini residues - however when
combining a protein complex, this value may have to adjusted or omitted i.e.
combining AcrB (inner membrane protein) and TolC (outer membrane protein).

iii: Additional criteria, A;.. ,, defined by the user depending on the protein of interest.
There may be specific distances or contacts between certain residues which have been
shown to be important. These measurements can be incorporated into the scoring

function. The overall scoring function S = wgB + wrT + (wuAd; ,), is a linear
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combination of the separate scores with the individual weights adjusted to give equal
weight to each criteria.

Contour plots are generated, one for each scoring criteria, and one for each linear
combination (linear combinations can be made from any two or more criteria). The
best model corresponds to the lowest value of S. The scoring system can be extended

by the user, however, the bad contacts, B, criteria is universal for all proteins.

2.3 Molecular dynamics simulations

Molecular dynamics (MD) solves Newton’s equations of motion for N interacting
atoms of a system [146, 147]. The position of every atom is recorded with respect to
time and the interactions between atoms are defined by a force-field [146]. Running
MD on proteins allows us to visualize and study what happens to a protein on a very
small time-scale. With today’s computational capabilities, we can run simulations up
to hundreds of nanoseconds [146]. This time-scale is still inadequate for observing
some physiological phenomena such as channel gating, but is a vast improvement on
what could be achieved a few short years ago. Different types of protein motions of
different time-scales can be observed [148]. Table 2.1 describes the different types of

protein motions and related time-scales.
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Table 2.1

Type of Motion Time scale Functionality
Local motions — atomic Femtoseconds (fs) to Ligand docking studies
fluctuations i.e. side chain  picoseconds (ps), 107" -
motions 10125
Medium scale motions — Picoseconds (ps) to Active site conformational
rigid body motion, loop microseconds (ps), 10™'% - changes, binding
motions 10°s specificity
Large scale motions — Microseconds (us) to Allosteric transitions (i.e.
domain and subunit milliseconds (ms), 10® -~ channel gating), hinge-
motions 102 s bending motions
Global motions — Millisecond (ms) to hours, Protein function
Folding/unfolding, subunit 107> —10*s
association

The data established can be interpolated, and used to hypothesize on the larger scale
motions using various techniques, including principle component analysis (PCA).
Molecular dynamics provides a useful complement for experimental structural
biology and is used here, along with various other methods, to study the structural
variability and behaviour of proteins.

The principal approximation made in MD is the Born-Oppenheimer approximation
[146]. This is based on the difference in size between nuclei and electrons. Since the
mass of electrons are much lower than those of the masses of nuclei, electrons rapidly
adjust their position to any change in the nuclear position. This enables the electronic
and nuclear terms to be separated and thus the potential energy of a molecule in its
ground electronic state can be considered as a function of the nuclear coordinates only
[146] . This approximation enables us to simplify the description of the dynamics of
atoms, and it also allows us to represent the interactions and repulsions among atoms
as functions depending on the nuclei position only. In this assumption the classical

Newton's laws of motion are used.
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Newton’s equation of motion for a system of N atoms [146] :

a°’r,
ma, =F. ——» m,

’ " or?

This equation describes the motion of a particle of mass m; along a coordinate r; with

=F,i=1.N 2.1

force Fi. The force at time t, F{(¥), is calculated for all pairs of particles of the system
at position r(z). From the force F(f), the acceleration a(f) is computed and by knowing
the velocity v(¢) and acceleration a(f), the new position r(¢t+A¢f) and the new velocity
v(t+At) are obtained. At is the time interval called the time step and the force is
assumed to be constant during the time step. The initial velocities are obtained from
Maxwell-Boltzmann, Gaussian, or uniform distributions. The Verlet [149] and leap-
Jrog [150] algorithms are most commonly used to integrate the equations of motions
for molecular dynamics simulations. These assume the positions, velocities and
accelerations can be approximated as Taylor series expansions. Positions are updated
using the forces F(?).

The force on each atom is the negative derivative of a potential function V(r,, r,, ...,

rN):

i 2.2

The Hamiltonian (/) describes the energy function composed of the kinetic energy
term (K) and the potential energy term (¥), also known as the interaction function

term [146, 148].

H(p,r)=K(p)+V(r) 2.3
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K depends on atomic masses, (p represents the momentum), and V is the interaction
function composed of bonded and non-bonded interactions (r is the atomic
coordinates).

The force-field describes the total potential energy of the system [146, 148]. The
potential energy function of the system is broken down into the various energy types
of the system i.e. bonded and non-bonded interactions (Equation 2.4). It also
determines the parameters used for force-constants and atomic charges. These
parameters are based on experimental data such as x-ray crystallography, NMR,

Infra-Red spectroscopy, and quantum mechanical calculations, to name a few [146].

V(r) — Vbonded (r) + Vnon—bonded (r) 24

The non-bonded interactions are those between atoms that are separated by three

bonds (1,4 interaction) or atoms from different molecules.

J/non—bonded _ o der-Waals + electrostatic interactions

2.5

Bonded interactions are those between atoms directly bound to each other in the same

molecule.

Vbonded ( I") — Vbond ( I") + Vangle ( I") + VimproperDihedral ( I") + Vdihedral ( I") 26

In equation 2.7, b; is the bond length with b;, being the reference value with k; ; as the

force constant.

Neop
Z Voonds = f ki,b (bz' - bi,O )2
i=1

2.7
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In equation 2.8, ; is the bond angle value and 8y is the reference angle with k; ¢ as the

force constant.

N

angles

2 Vangles = Z ki,e (91 - Bi,O )2 2.8
i=1

The dihedral term, which represents the energy term for rotating about the central
bond between four consecutively bonded atoms (Figure 2.1), has force constant &, n is
the periodicity or multiplicity, and & is the phase. @ represents the angle between two

planes.

Figure 2.1 A schematic for a dihedral angle showing rotation
about the central bond.

N ginedrais

2 V dinedrats = 2 ki [1 +cos(ng, -6, )] 2.9

i=]

In order to keep the planar groups planar and to prevent molecules flipping over to
their mirror images, improper dihedrals are used. ¥ represents the torsion angle

between four atoms of a molecule.

N impDihedrals

Z I/impDihedrals = 2 ki,l// (Wz - Wi,O )2 2.10

i=l

For the non-bonded interactions, the electrostatic term is calculated using a

Coulombic potential (equation 2.11). g; and g; are the charges on the atoms i and j, r;
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is the separation distance on the atoms i and j, and & is the relative permittivity of free
space.

pairs(ij) qq
)

Z I/electrostatics = 471'80 ’;j 2.11

Van-der-Waals interactions describe the dispersive and exchange-repulsive
interactions between atoms and are modeled using the Lennard-Jones function
(equation 2.12). The collision diameter is o (the energy is zero at this separation) and

the well depth is &.

pairs(if) o 12 o 6
2 VVan—der—Waals - 2 4gij _— —

2.12

There are various MD packages with different force-fields. Some of the more widely
used MD force-fields are AMBER [151], CHARMM [152], GROMOS [147, 153],
and OPLS [154]. Each can offer certain advantages depending on the system being
simulated. Where MD studies have been carried out in this work, the GROMOS96
force-field in the GROMACS MD package has been used [147]. This is a united
atom force-field where there are no explicit non-polar hydrogens. These hydrogens
are characterized with the carbon atom to which they are associated and thus these
carbon atoms are given correspondingly larger van der Waals radii. This process
reduces the computational cost of the system by decreasing the number of degrees of

freedom, without sacrificing accuracy to any great extent.
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2.3.1 Periodic boundaries

In order to mimic a bulk fluid environment such that all particles experience forces
not restrained by boundaries, periodic boundary conditions are used [146, 147]. This
enables a simulation to be carried out with a small number of particles with
characteristics of a much larger and fluid environment. This also enables
‘macroscopic’ properties to be calculated from simulations using a relatively small
number of particles. In this method, the simulation box in 3-dimensional space is
surrounded by 26 boxes (much like a 3x3x3 cube, each unit representing a periodic
image, minus the original square in the middle). This ensures that when a particle
leaves the box during a simulation, it is replaced by an image particle that enters from
the opposite side and thus the number of particles in the central box remain constant
[146]. Other shapes can also be used; however in the studies carried out in this work,

the boxes used were cubic.

2.3.2 Long-range electrostatic interactions and PME

The calculation of non-bonded interactions (electrostatic and van der Waals) is the
most time-consuming part of a MD simulation [146]. In principle non-bonded
interactions should be computed between every pair of particles in the system
including their images; however this is inefficient and arguably unnecessary. For this
reason, the calculation can be approximated using a cut-off. It is assumed that the
largest contribution to the potential and forces comes from the near neighbours of the
particle and a truncation can be made. The interactions between pairs of particles
further than a spherical cut-off value are set to zero. For van der Waals interactions,
the potential becomes insignificant beyond ~ 10 A in the Lennard-Jones potential,

thus these interactions are considered to be short range.
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On the other hand, electrostatic interactions are long range interactions and their
effects are felt at a considerably greater distance than the cut-off commonly used for
short-range interactions [146, 147]. A variety of methods have been developed to
calculate long-range forces, however the most commonly used is the Ewald
summation method [155]; a variant of this method is employed for the simulations in
this thesis. This method can be employed for calculating the full electrostatic energy
of a unit cell. In the Ewald sum method, each point charge in the system is
surrounded by a charge distribution of equal magnitude and opposite sign; this
distribution is conveniently taken to be Gaussian and acts like an ionic atmosphere to
screen the interactions between neighbouring charges. Now the screened interactions
are short-ranged and the total screened potential is calculated by summing over all the
particles in the central box and all the images in real space. Then another charge
distribution of opposite sign is added to the first added Gaussian distribution and this
cancelling distribution is summed in reciprocal space.

A fast implementation of the Ewald summation is the Particle Mesh Ewald (PME)
method [156, 157]. In this method Fast Fourier Transformations are used to
approximate the reciprocal space term of the Ewald sum. Here charges are
interpolated to grid points. This procedure greatly reduces the computational cost of

the reciprocal space sum.

2.3.3 Temperature and pressure coupling

It is necessary to control the temperature and pressure of a system due to drift as a
result of integration errors, force truncation, and heating due to frictional forces. Both
the weak coupling scheme of Berendsen [158] or the extended ensemble of Nosé-

Hoover [159, 160] is available for use in the GROMACS package. The Berendsen
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algorithm uses weak coupling to an external heat bath with first-order kinetics given
temperature 7j. This means that a temperature deviation decays exponentially with

the time constant .

dar 1,-T
dt (-

2.13

This system is efficient for relaxing a system to the target temperature and thus is the
method of choice during the equilibration phase of an MD simulation. However, once
the system has reached equilibrium, it is important to use a more accurate
thermodynamic ensemble. The method introduced by Nosé, and later modified by
Hoover, introduces a thermal reservoir and a friction term in the equations of motion.
The friction parameter or ‘heat bath’ variable is a dynamic quantity with its own
equations of motion. This is the method of choice after the equilibration stage,
although usually the differences are negligible.

Pressure Coupling;:

The Berendsen algorithm [158] and the extended Parrinello-Rahman [161] are
supported by GROMACS for pressure coupling. The coordinates and box vectors are
rescaled at every step with a matrix pu. This matrix has the effect of a first-order

kinetics relaxation of the pressure towards a reference pressure P,.

dP _E-P
dt Tp

2.14
The Berendsen scaling in GROMACS can be done isotropically or semi-isotropically.

Isotropic scaling factor is equal for all three directions i.e. for water which is an
isotropic system. Semi-isotropic pressure coupling is where the x/y directions are

scaled independently from the z direction i.e. applicable for lipid bilayer; and in
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anisotropic coupling, the scaling factor is calculated independently for each of the
three axes [146].

When we are interested in calculating the thermodynamic properties of a system, the
fluctuations in pressure and volume are important and therefore constant-pressure
simulations using the Parrinello-Rahman method are employed. This method is
similar to the Nosé-Hoover temperature coupling scheme. In the Parrinello-Rahman
method, the equations of motion for the particles are changed [146] such that the box
vectors, represented by a matrix, obey the equations of motion. It is recommended
that Berendsen pressure coupling is used to reach the target pressure and this is
followed with Parrinello-Rahman pressure coupling to maintain the correct pressure
of the system. Usually Nosé-Hoover temperature coupling is used together with the

Parrinello-Rahman pressure coupling.

2.3.4 Constraints

Constraints are requirements that bonds and angles are forced to meet throughout the
simulation without affecting the other internal degrees of freedom. If molecules are
allowed flexibility, it will result in conformational changes. The two most common
method for applying constraints in MD are the SHAKE [162] and LINCS [163]
algorithms.

LINCS is a more recent non-iterative constraint algorithm implemented in
GROMACS, which is faster and more stable than SHAKE, which is iterative. In
LINCS bonds are reset to their correct lengths after an unconstrained period of the
simulation. Constraints are used to increase the time-step of a simulation. The time-

step is dependent on the high frequency motions (e.g. bond vibrations), which are of
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less interest than lower frequency motions of a protein; with constraint methods, the

high frequency bond motions are ignored.

2.3.5 Energy minimization

An important step in setting up a simulation is minimizing the energy of the system.
Energy minimization removes atomic clashes and bad geometry that may cause
simulation instability. A system which is energy minimized corresponds to a stable
arrangement of atoms. We obtain a low-energy configuration of the system by
finding the nearest local minimum of the potential energy landscape. Two of the
more common energy minimization algorithms are the steepest descent and conjugate
gradient methods, both based on the first derivative of the potential energy function
[146].

In the steepest descent method, a line-search is used to locate the minimum value in
the function along a line through the multi-dimensional space and the current step is
not dependent on the previous step. This method is good for relieving the highest
energy features of an initial configuration and thus is useful when the system is far
away from its energy minimum. The conjugate gradient method takes the previous
step into account and refines its direction of movement down the gradient. This
method performs better when the system is near the energy minimum [146]. The
steepest descent method is used for the energy minimizations carried out in this work

as it is ideal for removing bad contacts in high energy configurations.

2.3.6 Analysis of protein fluctuations

The overall dynamics of a protein can be assessed by the mean-square fluctuation

(MSF) where a time window w is defined:
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N S 2
MSF,, = N‘IS‘IZ’;(XU -(X,)) 2.15
N is the number of atoms in the system, S is the number of snapshots in the sampling
window, X is the positional vector of atom i in the snapshot j and (X ,.) is the
average of the positional vector over all the snapshots in the window.
To assess the extent of conformational sampling, ‘block analysis’ of the MSF can be

carried out for different lengths of time window w. Therefore, a time-averaged MSF

1s defined as:

W
MSF =W MSF, 2.16
w=]

W is the number of windows with a window length L and a simulation time 7T is

w=TL".

2.4 Conformational sampling methods

2.4.1 Gaussian network models (GNM)

GNM [164-166] (code obtained from Dr. Robert L. Jernigan’s Laboratory website

(Iowa State University) http://ribosome.bb.iastate.edu/software.html) allows the

identification of the flexible regions of protein. It considers each residue as a ‘ball’
and distances between residues as ‘springs’. There is a spring from a residue to all
surrounding residues within a cut-off distance. The greater the number of
neighbouring residues, the less freedom of motion that a residue is allowed. GNM
was tested on a range of proteins including the HIV-1 reverse transcriptase [167] and
influenza virus hemagglutinin [168].  Global motions and surprisingly finer

interpretations have been seen with this method.
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GNM produces distance matrices and generates theoretical B-values [167]. In
equation 2.17, AR, represents the fluctuation in the separation R;=|R-Ri| between the
ith and jth Co atoms in the protein. The fluctuations are assumed to obey a Gaussian

distribution.

W(AR,)=(y /)" exp(=y AR ) 2.17
In equation 2.18, {AR} represents the N-dimensional column vector formed by the

fluctuations {AR), AR;,..., ARy} of the Ca atoms. K is a constant, I' is a symmetric

matrix known as the Kirchoff matrix [169].

Z,, = K exp(—{ART}T{AR}) 2.18

Equation 2.19 outlines the elements of I" which is the stiffness matrix where the mean
square fluctuations of the Ca atoms are evaluated. r. is the cut-off distance defining
the range of non-bonded contacts. y* is the normalization constant which is the
counterpart of the single parameter in the Hookean potential [170]. Hooke’s law is
commonly encountered as the spring equation relating the force exerted by a spring to
the distance it is stretched. The potential of this force is a parabolic function with the
equilibrium distance resting at the middle of the parabola (lowest energy). The
summation I'; is performed on all off-diagonal elements on the ith column or row and
represents how many other residues are connected to residue i.

—y'ifi# jand R; <7,

I, =<0ifi#;jandR; >, 219
YT, ifi=j

izj

\
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The mean square fluctuations of the Co atoms are evaluated from the diagonal

elements of I'" using <ARk2>=[F_] :Ikk The isotropic temperature (B) values are

related to the mean square fluctuation and can be found using:

B, :§;[—2<AR13>=—[F_1]“ 2.20

2.4.2 CONCOORD

This method generates random structures by satisfying distance constraints extracted
from the input structure [171]. CONCOORD has been tested on various proteins and
the distance restrictions have been refined and show compatibility with protein
structures. The differences between the generated structures are used to look at the
structural variability of the protein. Furthermore, essential dynamics of the randomly
generated structures can be carried out.

Given an initial structure, hundreds of new structures are generated within given cut-
offs to allow for the conformational sampling of the protein. There are two separate
steps in the program; in the first step all pair-wise interatomic distances of the given
structure are measured. Different types of interactions are considered based on their
distance. The values of the distance criteria were obtained from distance fluctuations
in MD simulations of the B1 IgG-binding domain of streptococcal protein G [171].
Once all the distances for all the pairs of atoms are defined, the second step generates
structures that fulfill the constraints defined in the first step.

Structures are each generated by starting from random coordinates and iteratively
correcting those positions that violate the distance constraints. If the algorithm does
not converge, meaning that not all distance constraints are satisfied, the structure is

rejected and a new set of random coordinates is used. The structural ‘space’ is more
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efficiently sampled than in MD where each structure is correlated with the previous.
There is no correlation between any two structures that are generated as all of them
start with random coordinates i.e. time-dependent structural ensemble.

This method is fast compared to MD and the information can be used to gain insight
into the prominent modes of motion for the protein being studied. Validation of this
method has been carried out using normal modes analysis (NMA). In NMA a
diagonalization of Hessian matrix is carried out whose elements correspond to the
second derivates of the potential energy with respect to the coordinates. It was found
that these eigenvectors correspond very closely to those generated with MD

simulations [171].

2.4.3 Coarse-grained molecular dynamics simulations

In an approach to increase the time scale and system size of simulations, coarse-
grained (CG) models treat groups of atoms as single particles. This type of coarse-
grained MD uses one CG particle to represent four heavy atoms (not H) [172] (see
Figure 2.2). The parametrization of amino acids was based on methods derived by
Marrink and colleagues [173, 174]. Soft harmonic terms maintain bond lengths and
angles and CG particles interact via Lennard-Jones and Coulombic potentials (only
the charged particle types). Only four CG particle types are used: “polar” (P),
“mixed/apolar” (N), “hydrophobic/apolar” (C), and “charged”, (Q) groups along with
subtypes for the N and Q particles which reflect hydrogen bonding capacities by fine-
tuning of Lennard-Jones interactions. The secondary and tertiary elements are
restrained by a network of harmonic potentials i.e. elastic network, between Ca
particles within a typical cut-off of 7 A. Non-bonded interactions are described using

Lennard-Jones potentials. The assignment of appropriate particle types is based on
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partial charges and hydrogen bonding potentials of the amino-acid atoms. Therefore,

for each amino acid residue, a single backbone particle of type N (mixed polar/apolar)

is assigned, in addition, between zero and two side chain particles are also designated

to each residue. The backbone particles subtypes (N) depend on the H-bonds within

the backbone of the starting atomistic structure. i.e. NO (no hydrogen bonding), Nd

(hydrogen bonding donor), Na (hydrogen bonding acceptor), or Nda (hydrogen

bonding donor and acceptor). The assignment of side chain particles is described in

Table 2.2.

Table 2.2 CG amino acid side chain particle assignnients

Residue

Side chain particle ty;;e

Explanation

Ala, Ile, Leu, Pro, Val
Phe

Met, Cys

Asn, Gin

Ser/Thr

Tyr/Trp

His

Asp/Glu

Lys/Arg

C
C+C

NO

Nda

C+Nd

C+Nda

c+Qd

Hydrophobic
Large hydrophobic

Mixed polar/apolar and no
hydrogen bonding with
water, but sulphur
containing group has a
strong dipole.

Hydrogen bonding donor
and acceptor

Polar residues

Hydrophobic and hydrogen
bond donor capacity

Hydrophobic ring and
hydrogen bonding acceptor
and/or donor

Charged with hydrogen-
bonding acceptor capacity

Charged with hydrogen-
bonding donor capacity

* Arg has been changed to
N+Qd 1n the newer
implementation
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For a dataset, here an MD trajectory of atomic coordinates in the form of x,y,z, the

mean is subtracted from each of the data dimensions [176].

n

Sx
X =4zl 2.21
n

Then the covariance matrix is calculated.

n

2(X-X)(¥,-Y)
cov(X,Y) =+ 2.22

(n-1)

The covariance is always measured between two dimensions so if we have a dataset

with more that 2 dimensions, we will have more than one covariance [176].
Therefore for an n-dimensional data set, we have:

n!
(n—2)1*2 2.23
different covariance values. We use the eigenvectors and eigenvalues of the

covariance matrix:

mxn . .
C = (C,.’j, C,= cov(Dzm,.,Dzmj)) 2.24
which tell us how the data sets are related to each other. The eigenvector with the
highest value is the principle component of the data set. The eigenvectors are ordered
from highest to lowest which gives the components in their order of significance or

the most important modes of motion of a protein [176].

2.5.2 Grouping of eigenvectors

Principle component analysis from MD simulations is often very crowded with

information. =~ The server DYNAMITE [178] analyzes MD trajectories (or
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CONCOORD data) and generates covariance plots or porcupine depictions of the first
few modes of motion (principle components). These representations are also usually
very complicated and hard to comprehend, especially for large proteins such as the
nAChR and related LGICs. At the same time, understanding the major modes of
motion of these proteins is of great importance because it would shed light on how a
large protein of such arrangement functions. It is useful to be able to look at the
motion of certain larger sections of the protein to see how they move with respect to
each other. This is helpful in understanding how pentameric proteins function in
general, and may be applied to hexamers, heptamers, etc.

I have written a program (EigenGrouping) to take covariance information from MD
simulations and group the resultant eigenvectors according to the specifications of the
user. Here the PCA data is grouped such that one can see the major modes of motion

in different parts of a protein, such as different domains.

2.6 AutoDock

Autodock [157] is used to dock small molecules onto proteins. It is useful in studying
drug candidates and looking at possible binding modes of a ligand. Autodock 3.0.5
was used to carry out all the docking studies in this thesis. Autodock consists of three
separate programs: Autotors, Autogrid, and Autodock, which carry out the docking in
steps. Step 1 (Autotors) defines the rotatable bonds of the ligand. Step 2 (Autogrid)
calculates the three-dimensional grid of interaction energy based on the receptor’s
coordinates. The user can define the grid spacing in the 3D interaction grid. Grid
spacing defines points on a grid map, centered on a selected region of the

macromolecule, which store the potential energy of a ‘probe’ atom to all the atoms in
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the macromolecule [179]. Step 3 (Autodock) carries out the actual docking based on
the grid parameters and bond information established in the first two steps.

The free energy scoring function is based on the AMBER force-field [151], regression
analysis, and a large set of diverse protein-ligand complexes with known inhibition
constants. Simulated Annealing (SA) is the original search method employed from
the earliest version of Autodock, however Autodock 3.0.5 allows for the genetic
Algorithm (GA) method which is more efficient than SA.

The user defines a rectangular box around the receptor, specifies the rotatable bonds,
and a starting configuration, and Autodock generates the docks.

A GUI has been made to facilitate preparing and running Autodock jobs.

AutodockTools (ADT) http://www.scripps.edu/mb/olson/doc/autodock/tools.html

allows the user to visualize the grids, and run the three steps via the GUI rather than
from command line. It also allows for analysis of the output once Autodock has
finished running. For all Autodock runs in this thesis, the macromolecule files were
prepared using ADT, the ligands were also prepared using ADT, however, ligand
charges were obtained from Spartan [180]. 50 Genetic Algorithm (GA) runs were
carried out for each dock, with 100x100x100 grid points and 0.375 A grid spacing
(lower for acetylcholine — see chapter 4). Complete details about the docks carried

out are in chapter 4 of this thesis.

2.7 Poisson-Boltzmann calculations with APBS

The potential of mean force (PMF) is the free energy required to position a particle,
such as a water molecule or an ion, at position x; relative to a reference state.
Carrying out a PMF calculation is highly CPU intensive, therefore to save time and
computational resources an estimate of this value can be obtained from a static
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structure using Poisson-Boltzmann calculations. Here only the ‘fixed’ or static charge
of the protein interacting with an ion or another protein is calculated as interactions
are reduced to electrostatic contributions only. The solvent is treated as a continuum
to reduce the size of the calculation and averaging effects are incorporated. Water is a
continuous medium with a dielectric constant &, = 78.5 and proteins are given 2 <g, >
16.

The Born energy is the energy it takes to move an ion of a certain radius from vacuum
to water. The Poisson equation is concerned with finding the electrostatic potential
for a set of fixed charges i.e. the protein. Mobile ions are treated as continuous
distributions as in the Debye-Huckel theory [181]. Their electric potential is derived
from the Boltzmann distribution, and the total charge p := ps + p+ + p. (pr 1s the
charge of fixed atoms, p: is the contribution of the mobile positive ions, and p.
represents the charge of the negative ions) gives us the Poisson-Boltzmann equation.
The program Adaptive Poisson-Boltzmann Solver (APBS) [182] is used to solve the
Poisson-Boltzmann equation by discretizing the problem on a grid. Sample points
along the pore axis at which to place the ion were derived from the program HOLE
[183]. PDB2PQR [184] is then used to assign partial charges and radii for the atoms
based on the CHARMM?22 force-field. The energy of a cation or anion placed at a
sample point on the pore centre line identified by HOLE for each data point (sample

points are usually 0.5 A or 1 A apart along the z-axis) is calculated.
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3 Simulation studies of AChBP with
nicotine, carbamylcholine, and HEPES

3.1 Introduction

ACHBP is the first LGIC ligand binding domain homologue to have its structure
determinted by X-ray crystallography. It has since been the subject of many studies,
including being co-crystallized with various ligands and from different species.
Running MD simulations of the AChBP allows us to study to the structural dynamics
of this protein and possibly gain insight into the dynamics of the nAChR and other
LGICs. It is also a useful complement to the modelling work done on the a7 nAChR
(chapter 5) and a7 nAChR EC domain simulations (chapter 6).

There are advantages and disadvantages of using AChBP to study the function of the
nAChR and other LGICs. The advantages include the structural similarity, the high
sequence identities (20-26% [38, 77]), the atomic resolution of the structure, and the

availability of ligand bound structures with several different ligands [20, 38, 75-78,
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185] which are also ligands of the nAChR. Thus, ligand-protein interactions may be
well characterized using AChBP as a template to study LGICs.

Obvious disadvantages are the fact that the AChBP is not a membrane protein or an
ion channel. The AChBP lacks the TM and IC domains of the LGICs and thus the
structural changes resulting from ligand binding which translate to channel gating
cannot be observed using the AChBP. However, currently this is the best structure
available to investigate the dynamics of LGICs. Using MD we can gain insight into
possible modes of motion and thus mechanisms of function of LGICs. It may be most
useful for finer-focussed MD studies such as the ligand-protein interactions of the
binding pocket which may be easily transferable between the AChBP and LGICs.

In this chapter I will discuss 6 simulations, 3 of which have ligands bound, 3 are the

same structures in a ligand-free state (Table 3.1).

Table 3.1 Summary of simulations.

Simulation Number of Number of - Number of T PDB code
Ligands atoms Water
Molecules

NCT 5 nicotine 64011 17782 1UW6
molecules

NCT-apo O nicotine 63507 17618 1UW6
molecules

CCE 2 carbamylcholine 61151 16873 1UVé6
molecules
(between subunits
C/D, and D/E)

CCE-apo 0 carbamylcholine 59332 16267 1UVé6
molecules

EPE 4 HEPES 39560 9621 1UX2

molecules (one
missing from
subunits B/C -
occupied with
SO4)
EPE-apo 0 HEPES 65094 18163 1UX2
molecules
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Here, the structural changes which take place in the presence and absence of ligands
on both larée scale and small scale motions are studied. The simulations carried out
are all 10 ns long. This is clearly not long enough to observe the complete
conformational dynamics of the protein, but we can use the MD data to look at
motions beginning to take place, we can extrapolate longer range motions and also
look at the interactions taking place at an atomic level. Tools such as PCA can be
used to define the major modes of movement in the protein given a trajectory.
Current computational resources only allow us to simulate proteins on the nanosecond
time-scale at the atomic level. Large proteins such as the AChBP are more CPU
intensive, thus each ns calculated on two processors took approximately 5 days to
complete, taking 50 days for a 10 ns simulation. Motion analysis techniques were
used to studying differences in the presence and absence of ligands. Since MD cannot
completely address longer-term motions, Gaussian network models (GNM),
CONCOORD, PCA, and coarse-graining of eigenvectors were used to look at the
large scale motions (see Methods chapter).

The MD data was used to focus on the smaller-scale motions such as the protein-
ligand interactions taking place in the binding pocket which are well characterized.
Distances and dihedrals of residues in the binding pocket were measured along the
trajectory to observe changes in local structure in the presence and absence of ligands.
The behaviour of nicotine and carbamylcholine in the binding pocket was studied.
During the analysis of the binding pocket, it became apparent that there exists a strong
network of water molecules involved in bridging between the ligand to the
macromolecule. A closer look was taken at the dynamics of water in the binding
pocket of the AChBP in the presence and absence of ligands. The results from the

small-scale analysis shows 1) A more stable structure of the binding pocket is

55



Chapter 3

maintained in the presence of a ligand 2) Waters exist in discrete pockets inside the
binding pocket that may be useful in the design of ligands. These water molecules act
as bridges between ligand and protein; they also create a network of hydrogen bonds
that has structural implications and 3) Ligands exhibit varying degrees of mobility
within the binding pocket, nicotine seems to prefer one mode of binding and shows
little flexibility, while carbamylcholine shows some flexibility of its chain and
specifically the quaternary nitrogen CHj; groups. Modes of binding seem relatively

stringent, with some degree of flexibility dependent on the structure of the ligand.

3.2 Methods

The six protein molecular dynamics (MD) simulations carried out in this chapter
corresponding to both ligand-bound and ligand-free states of AChBP are listed in
Table 3.1 (simulation names from this table will be used for the remainder of this
chapter). Crystal structures of AChBP (see Table 3.1) were used with their crystal
waters included. Ligand-free structures were generated by removing the ligands but
retaining any crystal waters within the binding pocket. The simulation with nicotine
had 5 nicotine molecules bound, one to each binding site. The simulation with
carbamylcholine had 2 molecules bound to the binding pockets located between
subunits C and D and subunits D and E (the three remaining binding pockets were
ligand-free). The simulation with HEPES bound had 4 HEPES molecules, one
missing from binding pocket in the interface of subunits B and C.

Molecular dynamics simulations were carried out with GROMACS v 3.1.4

(www.gromacs.org) [186-188] and the GROMOS96 [147] force-field parameters

were used. Simulations were done under constant temperature, pressure and number
of particles. The Berendsen method [158] was used for temperature and pressure
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coupling during equilibration, whereas the Nosé-Hoover method [159, 160] was used
for temperature coupling along with the Parinello-Rahman method [161] for pressure
coupling in production runs and the thermostat was held at 310 K. Long range
electrostatic interactions were evaluated with PME [156, 157, 189, 190] and LINCS
[163] was used as the constraint algorithm for bond lengths. Integration time steps of

2 fs were used for all runs.

3.2.1 Preparing the ligand: generating topologies for nicotine,
carbamylcholine, and HEPES

In order to run the MD simulations of AChBP with the three ligands in the crystal
structure, topology files for the ligands had to be created. The initial structures of the
ligands were those from the crystal structures of AChBP [77]. Nicotine was taken
from 1UW6, carbamylcholine from 1UV6, and HEPES from 1UX2.

It is believed that the pyrrolidine nitrogen in nicotine, carbamylcholine and HEPES is
a positively charged quaternary N group [20, 191, 192], which is the case in
acetylcholine, the endogenous ligand of nAChR. The crystal structures do not contain
information on the protonation state of the ligand, therefore, before carrying out
charge calculations to generate the topology, InsightIl (Accelrys, San Diego, CA) was
used to protonate the ligands. Once the correct ligand structure was generated,

PRODRG [193] (http://davapcl.bioch.dundee.ac.uk/programs/prodrg/) was used to

assign atom types and initial backbone of the topology file for each ligand. However,
PRODRG at that time did not produce GROMOS96 topology files, which was the
force-field of choice for these simulations. Refinements had to be made so that the
atom-types, bond-types, and dihedrals matched that of the GROMOS96 force-field.

Spartan [180] was used to assign atomic charges to the ligands. Although

computationally costly and relatively slow, this is the most accurate way of assigning
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charges to molecules because the charges are calculated from first principles; they are
not a generalization or estimation, and not based on data from other structures.
Spartan adds on all hydrogen atoms and produces charges for each separately. The
charges for the non-polar hydrogens have to be combined with the root atom of that
group as GROMOS96 is a united-atom force-field and does not account for non-polar
hydrogens separately. Charges for nicotine, carbamylcholine, and HEPES were
calculated with 6-31G* basis sets using Spartan, and the charges replaced the charge
estimates suggested by PRODRG.

Once the topology file is generated, the ligand is energy minimized and simulated in a
box of water for 1 ns. This short simulation allows for the study of the behaviour of
the ligand and ensures that the bonds and angles of the ligand meets with the expected
stereochemistry of the molecule [191, 194-196].

The topologies generated were stable in both the energy minimization and production

runs. Thus the ligand (Figure 3.1) is combined with the protein to carry out the MD

runs of AChBP with ligands.
Figure 3.1 The ligands
N7 X @) used for simulations in
| PH3 o= é_ 0 this chapter, nicotine,
__ NH+ Y carbamyicholine and
HEPES, are shown.
Topology files are
+ HEPES available on CD.
Nicotine i”\j
O ?Hs N
+
N
07 >"\CH
H,N °
Carbamylicholine CH, 0O
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3.2.2 Preparing the macromolecule

For the ligand-bound simulations, the ligands were positioned according to their
respective crystal structures. The ligands were removed from the crystal structure or
the ligand-free simulations (during the first few hundred ps of simulation, water
molecules fill the cavity where the ligand was held). Each system was energy-
minimized using < 1000 steps of steepest descent method until convergence. Energy
minimization was carried out with position restraints, then molecular dynamics with
position restraints for 100 ps, followed by energy minimization without position
restraints, then equilibration for 1 ns, and finally the production run was carried out
for 10 ns for each simulation.

The 2.2 A crystal structure of AChBP (PDB: 1UW6) has one nicotine molecule per
binding site. Each of the five nicotine molecules were protonated and included in the
simulation in the position of the crystallographic nicotine molecules. All crystal
waters were included in the simulation and counter-ions were added to neutralize the
system. This simulation was later extended for another 10 ns, however, the analysis
presented here involves the first 10 ns only.

The 2.5 A crystal structure of AChBP, with carbamylcholine bound, has two
pentameric AChBP molecules in the deposited PDB file (1UV6). One of these has
two carbamylcholine molecules bound and the other has one. I chose the AChBP
with two ligands bound for the simulation as it is believed that the open (activated)
state of the Cys-loop receptors is associated with two bound agonists [197, 198].
Similar to the 1UW6 simulation, all crystal waters were kept for the simulation. For
the CCE-apo simulation the crystal structure was stripped of the two carbamylcholine
molecules to obtain a ligand-free state. This allows us to compare the difference in

behaviour in the presence and absence of carbamylcholine.
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Of the three structures used in this study, the crystal structure of AChBP with HEPES
bound has been resolved at the highest resolution (2.1 A). There are 4 HEPES
molecules bound to the binding pockets of the protein, the binding pocket between
subunits B and C has an ammonium sulphate molecule instead of a HEPES molecule,
the ammonium sulphate is removed for the MD simulation. HEPES is present in the
crystallization buffer and it is not an agonist or antagonist of AChBP or any of the
LGICs. Thus the HEPES bound AChBP is believed to be structurally similar to the
desensitized conformation of LGICs [128], however, this is not yet confirmed. The

HEPES molecules are bound in two different orientations, both observed in previous

studies [20, 40, 77].

3.2.3 Analysis of MD trajectories

The GROMACS suite of programs was used for analysis of the MD trajectories.
Protein-ligand interactions were visualised with LigPlot [199] and VMD [200].
Distance and dihedral calculations were carried out with VMD. Persistent water
molecules were identified with an in-house program, WatRes, developed by John
Holyoake. The water density calculations are carried out using Gromacs 3.2.1
program g ri3D developed by Oliver Beckstein and the related picture and several
others are generated with Chimera [201]. Principal component analysis (PCA) was
carried out using Gromacs programs, in particular g_covar and g_anaeig. Covariance
and porcupine plots were generated with Dynamite/DynaTraj [178]. Gaussian
network models [164, 166, 167] and a program I wrote for the simplification of
eigenvectors ‘EigenGrouping’, are used as coarse-grained approaches for studying the
large-scale motions of AChBP. Ligand diagrams are drawn with ISIS/Draw

(http://www.ch.cam.ac.uk/cil/SGTL/MDL/ISISdraw.html).
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3.3 Results

3.3.1 Global behaviour of AChBP

All simulations are stable after an initial rise in the first ~2.0-2.5 ns of their root mean
square deviation (RMSD) values. For the duration of the simulations, all ligands
remain inside their respective binding pockets. Overall, the subunits of the protein
exhibit asymmetrical movement and there is no obvious single mode of motion that
can be discerned visually. Such asymmetry has also been reported for simulations of
a model of the a7 nAChR EC domain pentamer [129]. Table 3.2 displays the average
Ca RMSD values, calculated for the final nanosecond of each simulation discussed in

this chapter.

Table 3.2 Average (final ns of simulation) RMSD values for each simulation

Simulation Ca RMSD (nm) -
name averaged over the
final ns of simulation

NCT 0.268
NCT-apo 0.266
CCE 0.247
CCE-apo 0.274
EPE 0.234
EPE-apo 0.247

The RMSD graphs for each simulation with ligands bound and their corresponding
ligand-free simulations are shown below (Figure 3.2 and Figure 3.3). Overall, the
structures are stable with little deviation from the original structure with RMSD
values as expected. The RMSD graph for NCT and apo-NCT is shown in Figure 3.2
(a); Figure 3.2 (b) displays the RMSD values for each subunit. There is not a
significant difference between the ligand-bound and ligand-free RMSD values for

these two simulations, which is likely due to the short time of the simulation.
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The difference in displacement between the ligand-bound and ligand-free states is not
as clear in the NCT and EPE set of simulations. The loops have higher displacement
in the ligand-free states i.e. loop C, but the higher displacement in the core regions of

CCE-apo is not as apparent in the other two apo simulations.

3.3.2 Large scale analysis

3.3.2.1 Structural flexibility and convergence

MD data for the large scale motions of AChBP displayed asymmetry among the
different subunits. Although AChBP is a homo-pentamer with five-fold rotational
symmetry, the subunits do not have identical dynamics. The movement was more
pronounced in two of the five subunits. Most of the movement is seen at the termini
for the both the ligand-bound and ligand-free simulations, while the central B-sheet
regions are generally more rigid in the ligand-bound states, specifically in the binding
pocket regions. The ligands kept their location and orientation throughout the 10 ns
simulation. None of the ligands rotated during the simulation, indicating the strong
interactions and favourable position from the starting structure.

RMSF plots of NCT against CCE, and each against their ligand-free states (NCT-apo,
CCE-apo) are shown in Figure 3.5 (a) NCT (black) and CCE (red) RMSF values
averaged along the five subunits. NCT has slightly higher RMSF values for both the
core segments and the loops. (b) RMSF plot of NCT-apo (black) and CCE-apo (red),
both ligand-free simulations show very similar RMSF values. and Figure 3.6. NCT
and CCE have very similar RMSF values when plotted against each other (Figure 3.5
(a)). NCT-apo and CCE-apo also display similar RMSF values (Figure 3.5 (b)). The
ligand bound forms display lower RMSFs for the core secondary structure regions of

the protein but higher RMSF for some of the loop segments such as the Cys loop.
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PCA of the large-scale motions from ligand-bound simulations reveal a breathing
motion of the protein, this has also been recently observed for a model of the a7
nAChR [130]. The breathing motion in that study was illustrated using radius of
gyration calculations and could be part of the opening and closing motions of the ion
channel. The projection from the first eigenvector of the simulations carried out here
shows this breathing motion of the protein (see supplementary CD). The covariance
analysis (Figure 3.9 (a) and (c)) identifies the residue pairs which move together
during the simulation (covariance of > 70%). The highest covariance is seen at the N-
terminal and C-terminal segments. In particular the functionally important Cys loop
and B1-B2 loop have significantly higher covariance than the rest of the protein
(Figure 3.9 (c)). High covariance is also seen at the N-terminal helices and loops,
perhaps suggesting that the top segment of the protein has a key functional role and is
more involved in the gating mechanism than previously thought. Intra-subunit motion
is also apparent in all of the six simulations, regardless of the presence of a ligand.
Each subunit displaying a circular pattern of ’spikes’ running between the two ends of

a subunit.
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involved in the conformational transition between a closed and an open state of the
nAChR. In principle, this might be achieved by long time-scale atomistic molecular
dynamics simulations via MD analysis methods such as PCA. However, the absence
of the IC domain from the model may result in conformational instability in such
simulations in the absence of restraints (Hung and Sansom, unpublished results), and
also extended timescales (>> 20 ns) would be required to see any significant motions.
Therefore a more ‘coarse-grained’ approach, which omits atomistic detail but has
been shown to allow prediction of overall patterns of mobility in a number of proteins
[164, 165, 204, 205], is used in this section. GNM (See Methods) was used to predict
the equivalent of crystallographic B-values (i.e. residue-by-residue fluctuations) for
AChBP. Such models have been shown to give good predictions of experimental B-
values for a number of proteins [164, 165, 204, 205].

GNM model calculations for the first and final frames of the three sets of simulations
were carried out. From visual inspection of the calculated relative mobility mapped
onto the structures from NCT (Figure 3.13), it can be seen that there are number of
“hotspots™ i.e. regions for which the predicted mobility is higher than for the
remainder of the structure. These correspond to loop C in the EC domain, in particular
the residues at the tip of this loop, as was also seen in the average displacement
figures of CCE and CCE-apo. It is interesting that the linker region (where EC comes
close to the TM in nAChR) is of high predicted mobility; in the ligand-bound case,
the B1-B2 loop has higher mobility than that of the ligand-free structure. This loop is
believed to come into close promixity of the TM domain and may be part of the
mechanism responsible for transmitting ligand-induced conformational change from

the EC to the TM domain in the nAChR [13, 57]. The higher mobility of loop C, Cys
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of the ligand. This behaviour is also reported in the PCA analysis of the simulations,

as well as average displacement calculations (Figure 3.4).

3.3.3 Small scale analysis: the binding pocket

3.3.3.1 Rigidity of the binding pocket

As it 1s unclear how agonist binding leads to structural changes and channel gating in
the homologous nACh receptor, the structural behaviour of the binding pocket of
AChBP was investigated. The dynamics of residues, the ligand-protein interactions,
the role of water molecules, and the network of hydrogen bonding in the binding
pocket are explored in this section. Distances were measured between the ligands and
residues in the binding pocket, and also between different residues of the binding
pocket, to look for structural stability differences in the presence and absence of a
ligand. Side chain dihedrals of residues in the binding site were calculated to look at
the differences in the flexibility of residues when there is a ligand present and when
there is no ligand. Dihedrals of the ligands themselves were also measured in order to
observe the internal movement of the ligands inside the binding pocket. This could
shed light on the modes of binding for each ligand.

Much of the binding site is buried at the interface of two adjacent subunits, one
subunit makes up the ‘principal’ side and the other the ‘complementary’ subunit
(Figure 3.14). Loop C from the ‘principal’ side, covers the ligand binding pocket and
is an integral part of the binding region of the protein (Figure 3.14). This loop of
LGICs has been the subject of several experimental and computational studies as it
may play a key role in the binding of ligands [74, 77, 206]. This loop is believed to
move in and cover the ligand once one is bound, while in the absence of a ligand its

structure is less likely to be constrained.
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mobile in the absence of a ligand as observed in subunits of both the NCT-apo and
CCE-apo simulations compared to simulations with ligands bound. Simulations with
bound ligands exhibited smaller fluctuations suggesting that the ligand brings about
lower structural mobility to the binding pocket.

To study the structural difference of atoms in the binding pocket which interact with
ligands, in the presence and absence of a ligand, RMSD calculations of several atoms
(Metl14 N, Trp143 O, Trp143 HE1, Thr145 O, and Tyr192 HH) from all 5 subunits
have been carried out (Figure 3.16 (b) and (c)). Residues involved in a great number
of interactions with the ligand are indicated on Figure 3.16 (a) and Figure 3.21. These
come into close proximity of the ligand and previous studies on nAChRs have
indicated their importance in receptor activation [15, 33].  More recent
crystallographic studies have also highlighted the role of these residues in their
interactions with ligands [74, 76, 77, 185].

In the NCT and CCE simulations, RMSD values of these atoms are lower in
comparison to the respective atoms in NCT-apo and CCE-apo simulations.
Furthermore, there is greater variability of RMSD values for ligand-free states. This
represents more structural variability for these atoms in the ligand-free simulations
and illustrates their increased stability in the presence of a ligand. Thus it appears that
the ligand brings structural integrity to the binding site of the protein, which is in

agreement with the large-scale analysis in the earlier sections.
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simulations, the range of dihedral angles for the same residues were considerably
higher.

As well as calculating Co RMSD values and dihedral angle calculations of the
binding pocket residues, the distances between residues and between the ligand and
neighbouring residues of the binding pocket were measured to observe how the shape
of the binding pocket changes over the course of 10 ns (Figure 3.17). Cys187 (loop
C), Thr144 (88), Trp143 (B8), Met114 (loop E), Leul02 (loop E), and GInSS5 (loop G)
were specifically considered due to their interactions with the ligand. The ligand-free
simulations (NCT-apo and CCE-apo) and subunits without a ligand in the CCE
simulation (subunits A, B, and E) exhibit larger fluctuations in these key distances
compared to those with nicotine or carbamylcholine bound. For example, the
distances between Metl14 and Thr144, considering all 5 subunits, for NCT ranges
from 0.75 to 0.9 nm, but a much larger range of 0.65 to 1.12 nm exists for the NCT-
apo simulation. The distance between Cys187 of loop C and Thr144 on loop B has a
range of 0.98 to 1.65 nm, with very small fluctuations in distance for 4 of 5 subunits
in NCT (Figure 3.17). For NCT-apo, the range is much higher at 0.63 to 1.68 nm and
there are considerable fluctuations in the distance, showing that loop C is not being

held in place as in the NCT simulation.
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of the 6' ring. There is very little conformational flexibility observed from the
trajectory and dihedral data (Figure 3.18 (a)). Nicotine has a very high affinity for
AChBP compared to carbamylcholine and this is partly due to the greater number of
contacts between nicotine and residues in the binding pocket [77, 207]. Docking
studies (chapter 4) also illustrate that nicotine prefers one mode of binding. This has
also been suggested by experimental studies [77, 78, 130, 132, 207, 208].

The dihedral data for carbamylcholine shows more flexibility of the chain (Figure
3.18 (b)). Although, the molecule does not flip around in the binding pocket and
maintains its orientation, there are rotations at both ends of the ligand. This is
apparent by visual study of the trajectory and also validated by dihedral data. The
main movement in this molecule is from the rotation of the quaternary nitrogen, this is

also observed in solid state NMR data of acetylcholine binding [209-211].
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Figure 3.19 (a) The RMSD of 5 nicotine miolecules from NCT, one to each binding
pocket. The nicotine’s are relatively rigid in the binding pocket, 4 of the 5 show a flip of
the 6’ ring and this is the cause of the deviation. (b) RMSD of 2 carbamylcholine
molecules from CCE. There is very little deviation from the original structure.

The nicotine molecules move very little from their positions in the binding pocket.
The RMSD plots of individual nicotine molecules are different; in some subunits
there are very low RMSD values because the 6' ring is not flipping due to hydrogen
bonding patterns with surrounding residues (Figure 3.20). The chain flexibility of
carbamylcholine and the resulting RMSD is higher for the first ~2.7 ns and then
relaxes. This ligand also did not have much displacement from its original position in
the X-ray structure (< 0.15 nm).

Figure 3.20 shows the RMSD of the five nicotine molecules inside the binding sites of
the protein. The nicotine molecules did not show much movement throughout the
simulation indicating the strong interactions which exist between the ligand and the

surrounding residues in the binding pocket of the protein.
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Figure 3.20 Nicotine remains in the binding pocket in the same position as in the crystal
structure for the 10 ns duration of the simulation. The jump in RMSD values for 4 of
the 5 nicotine molecules is the flip of the 6' ring.

3.3.3.3 Water in the binding pocket

Ligand-protein interactions which lead to structural changes in the protein that
ultimately open and close the channel are not well understood. Heavy involvement of

water molecules in the binding pocket and in the binding of the ligand to the protein
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throughout the simulations with bound ligands was observed. Other studies have
alluded to the role of water in agonist binding in other LGICs such as the glutamate
receptor [83, 84, 212-215], and mass spectrometry and thermodynamics studies have
revealed the role of water molecules in complexes which are formed between SH2
domains and phosphopeptides [214]. The work by Chung and colleagues suggests
that water molecules appear to make a favourable contribution to the free energy of
binding and that they contribute to the specificity of the interaction [216-219]. Thus,
the role of water both in ligand-protein interactions and its structural role in the
binding pocket were further investigated. Figure 3.21 shows interactions of nicotine
and carbamylcholine with surrounding residues in the binding pocket through
bridging water molecules. Figure 3.21 (a) shows a snapshot at ~5 ns of nicotine (at
the interface of subunits B and C) interacting with Trp143 and Thr144 through the
same bridging water, while Leul02, Met114, and Leull2 are also interacting with
nicotine through a bridging water molecule. Averaged across all 5 subunits, water in
this location is present for 92% of the duration of the simulation and water in the
former location is present for 45% of the duration. Figure 3.21 (b) shows
carbamylcholine at ~6 ns interacting with surrounding residues through 2 water
molecules. One water molecule is bridging Trp143 to carbamylcholine and the other
is bridging Leul02 and Met114 to carbamylcholine. Averaged across the 2 subunits
with carbamylcholine bound, a water molecule bridging Trp143 is present for 79.5%
of the simulation, and the other, bridging carbamylcholine to Leul02 and Met114, is

sustained for 92.5% of the time.
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Hydrogen bonds are also calculated between the protein, this time including the water

molecules, and the ligand (Figure 3.22 (b) and (d)). For both nicotine and

carbamylcholine, the number of hydrogen bonds to the ligand is higher when water

molecules hydrogen bonded to the protein are accounted for.
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Figure 3.22 (a) NCT - and (c) CCE - The number of hydrogen bonds in each frame
between the ligand and the protein. (b) NCT - and (d) CCE - The number of hydrogen

bonds between the ligand and the protein but accounting for solvent insertion (bridging
water molecules). When water molecules are accounted for, the number of hydrogen

bonds to ligand is higher.

Ligplot was used to examine the interactions between the ligands and surrounding

residues. 1 ns snapshots from each simulation were taken to observe the interactions
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thought to be functionally important as they are evolutionarily highly conserved
among the LGICs. Also recent MD data has shown that loop C moves in and covers
the binding pocket in the presence of a ligand [130, 206] and thus the hydrogen
bonding with the ligand, observed here, could play an important role in determining
the behaviour of loop C. Other bridging waters commonly exist between the ligand
and GInS55, and also with Tyr165. Tyrl65 has its side chains facing upward in the
binding site, which enables hydrogen bonding with the ligand. Table 3.3 (NCT) and
Table 3.4 (CCE) list the top 10 water molecules, based on number of occurrences,
bridging the ligand to a surrounding residue via a water molecule. An interesting
observation which arose from this analysis, is that two of the five nicotine molecules
(NCT 18814 and NCT 18817) have the greatest number of hydrogen bonds to
neighbouring residues via bridging water molecules. Previous studies of nAChR have
suggested that only 2 of the 5 subunits are required for the action of the nAChR [13,
58] and thus the bulk of the interactions with the ligand may also take place in two
subunits which is observed here. PCA from the large-scale analysis sections of this
chapter also showed asymmetry between the five subunits, with two of the five
subunits having greater movement during the simulation of AChBP (Figure 3.9). The
two binding sites with the mentioned nicotine molecules are on the interface of

subunits B/C and E/A.
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Table 3.3 Top ten water molecules bridging nicotine to a residue in the binding pocket in
NCT (Chain identifier indicated in brackets)

Number of
Water molecule Residue 1 Residue 2 occurences
SOL1256 Met527 (B) NCT 18814 1870
SOL7253 Met527 (B) NCT 18814 1342
SOL1078 Met115 (E) NCT 18817 1056
SOL1078* Trp968 (E) NCT 18817 620
SOLS5732* NCT 18813 Ser143 (A) 308
SOL13378 NCT 18817 Trp968 (E) 188
SOL1256* Trp350 (B) NCT 18814 147
SOL7253* Trp350 (B) NCT 18814 130
SOL17829 Tyr165 (E) NCT 18817 100
SOL6834 NCT 18816 Trp762 (D) 79

Note: The water molecules with *’s indicate that the same water is now bridging the
ligand to a different residue in the binding pocket (may not be displayed, only top ten
shown).

Table 3.4 Top ten water molecules bridging carbamylcholine to residues in the binding
pocket in CCE (Chain identifier indicated in brackets)

Number of
Water molecule Residue 1 Residue 2 Occurences
SOL9297 Met729 (C) CCE 1026 2003
SOL14171* CCE 1027 Trp758 (D) 1387
SOL14171 CCE 1027 Tyr807 (D) 1386
SOL1428 CCE 1026 Tyr602 (C) 580
SOL6702 CCE 1027 Trp758 (D) 505
SOL1428** CCE 1026 Trp553 (C) 429
SOL1428* CCE 1026 Thr554 (C) 403
SOL6702* CCE 1027 Tyr807 (D) 377
SOL11808 Met934 (D) CCE 1027 354
SOL16192%* CCE 1027 Try807(D) 315

Note: The water molecules with *’s indicate that the same water is now bridging the
ligand to a different residue in the binding pocket (may not be displayed, only top ten
shown).

Now that water molecules bridging the ligand to the protein along the trajectory have
been identified, a more detailed look at these water molecules is necessary to
determine the percentage of time they occupy these locations in the binding pocket.
Analysis of ‘persistent’ waters (those present for > 40% of the simulation within a
cut-off of 0.1 nm) in the binding pocket revealed five distinct zones where a water

molecule was preferentially found over the course of 10 ns. The persistent water

molecules were identified by calculating the standard deviation of their x, y, and z

93



Chapter 3

coordinates for a given window of the simulation using an in-house program. There
were other areas where waters were commonly found in the binding pocket, but here
the 5 most commonly occupied zones and those occupied for the longest stretches of
time are described (see Table 3.5) (see supplementary CD). For the CCE simulation
with only 2 ligands bound in adjacent subunits, the greatest number of static waters
were found in the ligand-bound subunits throughout the simulation. For the binding
pockets that do not have a bound ligand, water molecules were observed in these
zones, but were more mobile and stayed for a shorter amount of time than waters in

the binding sites with ligands bound.

Table 3.5 Average percentage of time each zone is occupied by at least one water
molecule.

ZONE Average for NCT Average for CCE

(5 subunits) (2 subunits)
1 92 92.5
2 45 79.5
3 40 89.5
4 60 76
5 55 50

Figure 3.24 (a) is a snapshot of the final frame of NCT showing the five zones that
represent the location of persistent waters in the binding pocket. Zone 1 lies within
loop E between Leul02 and Met114. This location is occupied with at least one water
molecule > 90% of the time in both the NCT and CCE simulations. Notably, waters
in this position have also been observed in crystallographic studies [77]. Water
molecules can be seen ‘competing’ with each other for this location, usually if one
water molecule leaves the site, another will quickly replace it (Figure 3.26),
suggesting a strong functional role for water in that location of the binding pocket.

Zone 2 is the area near the Trp143/Thr144 of loop B (B8 sheet) where there is a
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bridging water connecting the ligand with either one or both residues in both the NCT
and CCE simulations. Zone 3 describes the low BS sheet (loop A) of the binding
pocket with residues Tyr90 and Ile93 that are believed to be involved in ligand
binding from previous experimental studies [76]. In several nanoseconds of the
ligand-bound simulations, this location is occupied with one or more water molecules,
however this is seldom the case in the ligand-free simulations. Zone 4 is at the base
of loop C near Glu194 and Tyr192. Tyr192 is heavily involved in hydrogen-bonding
to the ligand. Waters in this zone may play a role in keeping the integrity of loop C
and obstructing its movement in the presence of a ligand. Zone S is at the tip of loop
C where there are two adjacent cysteines forming a disulfide bridge. These cysteines
have been the focus of many studies and are highly conserved in the a-subtype of
nAChRs, which make up the ‘principal’ subunit of every binding site in the nAChR
[65, 220, 221]. It is believed that the cysteines on loop C interact with the ligand in
the binding pocket of nAChR and loop C has recently been reported to ‘close off” the
binding pocket in the presence of a ligand [130, 131]. As stated above, RMSD plots
show lower structural deviations for loop C in the presence of a ligand. There are
several bridging waters in position between the cysteines on loop C and the ligands;
this key interaction keeps loop C closed in and near the ligand when one is bound.
Figure 3.24 (b) shows an average water density plot for one of the binding pockets
from the NCT simulation. There is higher density of water in the defined zones of the
binding pocket in this simulation compared to other locations of the protein and to the
corresponding ligand-free simulation. In comparison to bulk water, the density of
water molecules in the binding pocket is much greater, and the densities are in
discreet zones, which indicate that the position of these waters is highly conserved.

The highest densities of water molecules are in the zones identified in this work.
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Table 3.6 The percentage of time water molecules are resident in the identified zones in
(a) NCT and (b) CCE

(a) (b)

Zone Subunit Water m-e Zone Subunit Wmn-e
1 A 1164 35 1 A 1041 100
A 1120 100 B 1067/1069 100
B 1256 60 B 1034 87
C 1327 100 C 1062 85
C 1285 100 C 1065 85
D 1397 100 D 1075/1083 94
D 1399 100 D 1059 100
E 1078 100 D 1076 72
E 1421 20 E 1048 72
E 1049 73
2 A 1167 25 2 C 1061 82
A 4290 20 D 1079 73
B 2598 100 D 1086 64
D 1029 100 D 1058 77
E 1080/1047 53
3 B 7382 100 3 C 1064 100
B 6730 74 D 1071 79
D 7254 100 E 1087 77
4 A 1036 44 4 A 1036 45
A 1042 98 A 1042 97
C 1031 100 C 1031 100
C 1032 100 C 1032 100
D 1074/1091 100 D 1078 50
D 1077 23 D 1074 52
E 1054 78
5 A 1044 75 5 B 1055 100
B 1055 100 D 1076 15
D 1050 100 D 1050 100
D 1076 5

The consequence on the structure if a water molecule in one of the identified zones
moves out was examined. Figure 3.26 shows the disruption of interactions of the
ligand with surrounding residues as a water molecule moves out of zone 1. Here three
water molecules in zone 1 of one of the subunits are followed for the duration of the
simulation. The distance between the O atom of each water molecule to the N atom

of Leul02 is measured. Two water molecules are positioned in zone 1 between
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residues Leul02 and Met114 on loop E (zone 1). A third water molecule enters and
displaces one of the two waters and replaces it in the exact position. This water then
remains in that position for most of the simulation. Upon leaving (just before 9 ns),
the B-sheets of loop E collapse closer together and the nature of interactions with the
ligand is altered. The hydrogen bonds from the bridging water molecule to the ligand
are no longer present and the ligand makes fewer contacts with its neighbouring
residues. The network of hydrogen bonds from the bridging waters plays an important
role in the binding of the ligand to the protein, and it also participates in structural
changes that may be involved in the function of the protein. This stresses the
important function of water molecules in the binding pocket both structurally and in

ligand-protein interactions.
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NCT and NCT-apo do not show a large difference between the two states, although
RMSD values of functionally relevant segments, such as the binding pocket, are lower
in the ligand-bound state. This could be attributed to the starting crystal structure
having five bound ligands versus only two for CCE, and the longer time needed to
achieve an ‘apo’ state.

GNM shows changes between the first and final frames of the ligand-bound
simulations, in particular in functionally important loops, such as loop C, where
higher flexibility of the loop is observed at the final state. With computational tools
such as PCA and the GROMACS suite of programs, both global conformational
changes and more local conformational changes in the binding site can be studied.
PCA data shows that there is asymmetry in the motion of individual subunits, even in
NCT a homo-pentamer with a ligand bound to each of the five binding sites. This

asymmetry has been observed in other MD work [129, 130].

3.4.2 Binding pocket flexibility

One of the main objectives of this work was to take a more detailed look at the
binding pocket. The structural changes that take place in the presence and absence of
ligands and the role of water molecules in the binding site both as structural
components and as a bridge between the ligand and the protein are studied.

Binding pocket flexibility was studied using distance calculations between residues in
the binding pocket, dihedral angle behaviour calculations of binding pocket residues,
and RMSD calculations of atoms and protein segments involved in ligand binding.
The distance calculations between residues in the binding pocket show greater
fluctuating distances for the ligand-free (NCT-apo and CCE-apo) simulations.

Distance calculations between the ligand and surrounding residues (NCT and CCE
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simulations only) show stable distances throughout the simulation, illustrating the
limited movement of the binding pocket residues. Our distance calculations show that
there is less flexibility and movement of loop C in the presence of a ligand. The
distances between residues on loop C and residues inside the binding pocket are
highly variable in the ligand-free state compared to more stable distances in the
ligand-bound simulations. Earlier studies also show that in the event of ligand
binding, loop C comes in and ‘caps’ the binding site and exhibits less mobility [130,
131].

Dihedral angle data of side chains of residues in the binding pocket (Met114, Ser102,
Leul02) shows less sampling of conformational space when a ligand is bound to the
binding site, the side chains show more movement in the ligand-free simulations.
RMSDs of atoms interacting with the ligands are considerably lower and less variable
in the presence of a ligand. These atoms are more mobile in the absence of a ligand,
stressing the structural disorder, thus it appears that the ligand brings structural

integrity to the binding pocket.

3.4.3 Ligand flexibility

The behaviour of nicotine and carbamylcholine in the binding pocket was studied to
better understand how the conformation of the ligand and ligand-protein interactions,
may lead to structural changes in the ion channel. Both ligands did not move away
from the binding pocket for the duration of the simulation. Carbamylcholine has
more flexibility, specifically at the ends of its choline chain, this also agrees with
previous experimental and computational studies [77, 78, 130, 132, 207-211].
Nicotine was much less flexible overall, exhibiting only one mode of binding, with a

slight tilt of the 6' ring which agrees with our docking studies and published
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experimental data [77, 207]. Nicotine interacts with surrounding residues through
both N atoms in most frames of the NCT simulation, these hydrogen bonds on the two
separate rings of nicotine, keep the molecule rigid when bound to the channel. CCE
interacts through its O and N atoms which are at the same end of the molecule,

leaving the other end more mobile.

3.4.4 Water in the binding pocket

Nicotine and carbamylcholine interact with surrounding residues via bridging waters
and this commonly results in a network of hydrogen bonds that extend beyond the
initial ligand-residue bond and adds rigidity to the residues in the binding site.
Several zones of ‘persistent’ waters have been identified in the binding pocket of the
AChBP. During the ligand-bound simulations (NCT and CCE), these zones have a
high average density of water molecules and waters in these zones commonly act as a
bridge between the ligand and the protein. A single water molecule can act as a
bridge to several residues at one time. Persistent waters are not as common in NCT-
apo and CCE-apo and they are not maintained for the same duration as in the ligand-
bound simulations. Certain zones are occupied for greater than 92% of the time on
average in the NCT and CCE simulations. In ligand-bound simulations, if a water
molecule leaves one of the defined zones it is quickly replaced by another, and at
times water molecules ‘compete’ for particular zones in the binding pocket. This
phenomenon seldom happens in the NCT-apo and CCE-apo simulations, where water
lost from one of the zones is not replaced and water densities in the described zones
are lower and display asymmetrical distribution.

The hydrogen bonding network in the binding pocket is not only important in ligand-

protein interactions, but may also play a structural role. Loop C residues such as
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Cys187 are commonly hydrogen-bonded to the ligand through water molecules (zones
4 and 5). Therefore the position and flexibility of loop C is affected by the hydrogen
bonding through the water molecules and is an example of how the structure of the
binding site is contributed to by these waters. Loops A and B are also held more
rigidly in the presence of water, which are more abundant and persistent in the NCT
and CCE simulations. These bonding patterns have structural implications for the
binding site which are likely to be important in the homologous nAChR proteins. The
high density of water in zone 1, and the resulting dense network of hydrogen bonds,
keeps the loops of the ‘complementary’ subunit, such as loop E, in a structurally
stable state. Zone 1, where water molecules commonly ‘compete’ for a position, is
also a short distance away from the highly conserved and functionally important Cys
loop which comes into close proximity of the TM domain of LGICs.

The observations made regarding persistent waters in the binding pocket, such as their
residence in certain zones for long stretches of the simulation, their maintenance of
the binding pocket structure through hydrogen bonding networks, and their role in
bridging loops in the binding site (i.e. loop C) and the ligand, illustrates their crucial
role in the structure and function of the protein.

Due to the short length of the simulations (10 ns) the longer term behaviour of the
binding pocket of the AChBP and the possible mechanism by which structural
changes are transmitted to the TM domain of the nAChR during gating (millisecond
time-scale) can only be inferred. However, with molecular dynamics data the
structural differences of binding pockets with and without ligands, and the dual role of
water molecules, both at keeping a rigid binding site and at acting as a bridge from the

ligand to residues in the binding site, have been illustrated. Further studies can be
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carried out to see how docking of ligands is affected in a ligand-free (less rigid)
binding pocket and in the presence and absence of bridging waters molecule.

The work in this chapter shows the structural instability that results with the removal
of a ligand in ligand-free MD simulations. The ligand maintains a more stable and
symmetrical global conformation of the protein. Small scale analysis conducted on
the binding pocket show that the ligand maintains its position and conformation in the
binding site and water molecules play a key role in ligand-protein interactions; the
network of hydrogen bonding, amplified in the presence of a ligand may also have

structural implications.
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4 Docking studies of AChBP: an MD
ensemble approach

4.1 Introduction

The AChBP simulations discussed in the previous chapter were used to carry out
docking studies with several ligands of pharmacological interest.  Nicotine,
acetylcholine, carbamylcholine were docked onto the AChBP crystal structures and
followed by docking onto successive frames of MD simulation trajectories of AChBP.
The aim was to better understand the ligand-protein interactions at a structural level,
to see if docking of ligands onto MD trajectories is improved or hindered as the
protein goes through structural changes, and to observe the binding modes for each of
the ligands. It is of interest to see how the starting crystal structure and the
subsequent simulation can influence the docking of ligands and if a particular ligand-
bound simulation is more accommodating to that ligand when docking back onto the
structure. Also, the study of whether and how docking improves or deteriorates along

a trajectory is important in understanding the ligand-protein interactions and the
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structural state for optimal binding. A few other studies have used the combined
methodology of molecular dynamics and docking, one which discusses the inclusion
of protein flexibility via MD to improve ligand docking [222]. The others are studies
of dihydrofolate reductase which use MD on different docked conformations in order

to identify plausible modes of binding [223, 224].

4.2 Methods

4.2.1 Docking

AChBP was used as a docking target for nicotine, acetylcholine and carbamylcholine
(Figure 4.1). All of the docking was carried out with the program Autodock [179]
(see Methods chapter for Autodock parameters used). Ligand atom types had their
charge calculated as follows. The charges on ACh were assigned according to Segall
et al. [225]. Charges for the other ligands were calculated with the 6-31G* basis set
using Spartan [180] (see complementary CD for charges). All docking results were
visualized with VMD [200] and UCSF Chimera [201]. A script was written to carry

out docking onto multiple frames of the AChBP simulations (see section 4.2.3).
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Figure 4.1 The three ligands used for the docking studies in this chapter.
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4.2.2 Molecular dynamics (MD) simulations

Molecular dynamics simulations were carried out as described in chapter 2. For
docking studies onto the AChBP trajectories (see section 4.2.3), the simulations from
chapter 3 were used (see Table 3.1). The simulation names in this table will be used

for the remainder of the chapter.

4.2.3 Automated docking along an MD trajectory

In order to dock ligands onto the AChBP MD ensemble of structures, successive
frames of each trajectory were used to dock ligands back into the structure. 100
frames were used from each trajectory, 1 every 100 ps for a 10 ns simulation (see
Figure 4.2). This should provide enough sampling as major conformational changes
of side-chains generally do not occur faster than 100 ps. Taking 100 frames instead of
10000 also saves on computational resources and time. Each system (100 frames)
takes approximately 24 h on a single processor desktop computer. The docking script
uses Autodock to dock the ligand onto each of the 100 frames of the trajectory. 50
genetic algorithm (GA) docks were performed for each frame and were ranked
according to their energies. Ligands with high affinity for the binding site are
expected to have one or a few favourable modes of binding. Thus the 50 docks
should fall into one or a small number of docking clusters, all clusters are ranked by
their energies (lowest to highest). The analysis script records the top dock (lowest
ranked energy) and also the number of docks out of 50 in the top ranked cluster for
each saved frame of the simulation. A flow-chart describing this process is shown in

Figure 4.2.
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10000 ps (10 ns)
MD simuiation

l

one frame every 100
ps is saved = 100
frames saved

l

Multiple-frame docking script:
Dock ligand onto each frame
(100 frames) — 50 docking
attempts per frame

l

Multiple-frame docking analysis
script:
Saves the data from the top
ranked dock of each frame (data
for 100 frames is recorded)

Figure 4.2 A flow-chart showing the docking process onto 100 frames of each simulation
starting with a 10 ns simulation. One frame is saved every 100 ps. A docking script is
then used to dock the ligand onto each saved frame. An analysis script records the top
ranked dock for each franie.

4.3 Results

4.3.1 Docking of nicotine, carbamylcholine, and acetylcholine onto
AChBP

The crystal structures of AChBP [77] with nicotine bound (PDB code 1UW6) and
carbamylcholine bound (PDB code 1UV6) were used as controls; nicotine,
carbamylcholine and acetylcholine were docked back onto the structures. This
provides assurance in the docking methodology for docking other ligands onto the
same structures and also for docking onto the MD trajectories of these structures.
Nicotine (Figure 4.3 (a) and (b)), carbamylcholine (Figure 4.3 (c¢) and (d)), and
acetylcholine docked onto the structures in the same modes proposed by the crystal
structures (assuming acetylcholine docks in the same mode as carbamylcholine [77]).

Carbamylcholine and acetylcholine needed finer grained parameters (smaller grid
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4.3.2 Docking ligands onto MD trajectories

Nicotine, acetylcholine and carbamylcholine were docked onto successive frames of
the four simulations listed in Table 3.1. These simulations are discussed in detail in
chapter 3. NCT was run with nicotine in each of its five binding sites, NCT-apo had
the nicotine molecules taken out for a ligand-free simulation. CCE was run with two
carbamylcholine molecules in binding pockets at the interface of subunits C/D and
D/E and one of the ligand-bound subunits was used for the docking studies.

Two general trends have been observed with the docking of nicotine, acetylcholine,
and carbamylcholine along the trajectories of AChBP MD simulations: one is the
improved docking of ligands across the trajectories of ligand-bound simulations (and
deterioration on ligand-free simulations) and second, ligands docked most favourably
(lowest energies, correct binding mode, and good consensus amongst docking
attempts) onto the simulation of AChBP with the same or similar ligand bound. For
example, nicotine docks back most favourably onto the simulation of AChBP with
nicotine bound (PDB code 1UW6).

Nicotine, carbamylcholine, and acetylcholine docks on NCT frames are compared to
docks onto NCT-apo frames to observe the difference when docking a ligand back
onto a ligand-free versus a ligand-bound simulation (Figure 4.4). All three ligands
show improved docking on the ligand-bound NCT simulation while the docking
declines on the ligand-free NCT-apo. The most striking difference is observed for
nicotine, which docks very well onto NCT such that the docking energies continue to
improve along the trajectory. However, for NCT-apo the docks do not improve and
nicotine ends up out of the binding site towards the end of this simulation (Figure 4.4

(a)). The same trend is true for both carbamylcholine in Figure 4.4 (b) and
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is only one main mode of binding for this particular ligand, however acetylcholine
and carbamylcholine usually have several clusters with similar binding modes. The
small size and rotatable bonds of acetylcholine and carbamylcholine may make it
more difficult for docking programs to distinguish one mode, if indeed there is only
one binding mode. Fortunately, there is an X-ray structure of AChBP with
carbamylcholine bound which provides one mode of binding, although others could
be possible.

For NCT, nicotine has a very high number of docks in its top ranked cluster; the
number of docks in this cluster are close to 50 in some frames (100% consistency)
(Figure 4.9 (a)). Thus there is agreement for one mode of binding as most of the 50
docking attempts of each frame fall into one cluster. Interestingly, the number in the
top cluster is decreasing slightly, even though docking is becoming energetically more
favourable.

There are more clusters, but, a relatively high number of docks are in the top ranked
cluster for acetylcholine and carbamylcholine docks on NCT (Figure 4.9 (a)). These
are in agreement with the binding mode of the X-ray structure of carbamylcholine.
Significantly, in NCT-apo (Figure 4.9 (b)) all the top ranked clusters have fewer
docks and this result is particularly noticeable for nicotine, whose numbers
completely deteriorate in the apo state. The number of docks in the highest ranked
cluster is also lower for acetylcholine and carbamylcholine and the modes of binding
do not match those of the X-ray structure in many frames, with some docks

completely outside of the binding pocket.
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the binding pocket with time such that docking a ligand back onto the final frames of
ligand-bound simulations is most favourable.

Nicotine docked best onto the simulation which was run with nicotine bound (NCT)
and had the lowest energy of docks on CCE as well. Carbamylcholine and
acetylcholine had similar docking energies in both simulations, with acetylcholine
having slightly better docks. This behaviour suggests that the binding pocket
conforms to a particular ligand and thus docking back the same ligand is more
favourable than docking a different ligand. Since the binding pocket becomes more
accommodating to a particular ligand, docking is dependent on the structure of the
binding pocket.

By carrying out docking on the MD simulation trajectories, ligand docks were studied
on the slightly different conformations of the binding site from the successive frames
of the simulations. Thus it was possible to distinguish the structurally favourable
binding pockets for ligand docking. Other studies which have also used the combined
method of MD and docking to 1 — account for protein flexibility [222] and 2 — to
identify correct modes of binding using several initial docked states [223, 224] have
reported successful results in comparison to using and trusting only one docking
mode.

With respect to the previous chapter, here it is observed that the structure of the
binding pocket is optimized to the bound ligand and thus docking back the same
ligand is energetically favourable with improvements along the trajectory. The shape
of the binding pocket is changing during the simulation and this change results in the
decrease of docking energies in the ligand-bound simulations. Also the structure of

the binding pocket in the ligand-free simulations is not accommodating to ligand
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docking, thus there is a distinct difference in structure of the binding pocket in the
presence and absence of a ligand as was reported in the previous chapter.

However, it was shown here that this type of ‘high-throughput’ docking may result in
some important data being overlooked as it is very time-consuming to go through
each dock for every frame of the simulation. It is also difficult to distinguish a good
dock from a bad dock by the docking energy assignments alone, as a dock with low
energy can lie outside the binding site and be in an incorrect binding mode, thus
visual inspection of every dock is important yet impractical with this method. These
docking studies could be further improved with better docking software that allows

for more obvious recognition of the correct binding mode.
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5 Generating the structure of the a7
nicotinic acetylcholine receptor

5.1 Introduction

Computational methods allow us to take incomplete structural data from various
sources and combine them to generate a more complete structure. Currently, there are
no high resolution X-ray structures available for a nAChR. However, there are
structures of separate components which enable us to ‘reconstruct’ the structure of the
nAChR at atomic resolution. Recently several high resolution X-ray structures have
become available for a water-soluble homologue of the EC domain, the acetylcholine
binding protein (AChBP) from the snail Lymnaea stagnalis and Aplysia californica
[20, 74, 77]. At the time this work was carried out, only one structure was available
for AChBP from Lymnaea stagnalis [20] and this is the structure which was used to
model the EC domain of the a7 nAChR. Unwin and colleagues [13, 29, 60, 226, 227]
have generated a 4 A resolution image of the TM domain of the nAChR from the

electric ray Torpedo marmorata using cryo-electron microscopy (EM) (Protein Data
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Bank (PDB) code 10ED). Furthermore, a chimeric protein formed by fusing the
AChBP with the TM domain of a nAChR homologue (the 5-HT; receptor) has shown
to form ligand-gated channels [101]. Since the structure of AChBP has been solved,
several groups have used this structure to carry out modeling and ligand-receptor
studies of LGICs [30, 31, 39, 128, 228].

Molecular dynamics simulations of a homology model of a7 nAChR extracellular
(EC) domain based on AChBP have also been carried out showing asymmetrical
patterns related to channel gating and structural changes in the presence of a ligand
[129]. Fewer studies have focused on models of an intact nAChR. Recently
however, an MD simulation has been carried out on a a7 nAChR model [131].
Preliminary studies on the electrostatics and energetics of cation permeation through
open and closed models of the acetylcholine receptor have been reported [139, 140].
The AChBP structure used here is believed to be structurally very close to the
desensitized state of the nAChR receptor, it is still unclear whether it closely
resembles the closed state of an LGIC.

Thus there were molecular structures of the TM domain of a nAChR based on EM
data, and an X-ray structure of a homologue of the EC domain. The intracellular (IC)
domain of the protein (formed by the region of polypeptide chain between M3 and
M4) is missing due to the absence of a template structure for this region during the
time of this work.

With models for the TM and EC domains, the remaining problem was how to
reassemble these fragments into a model of a (more or less) complete nAChR. Here
the process by which the structure of the a7 nAChR is created and used for structural
studies is described. This general method is applicable to other proteins and protein

complexes.
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The recent 4 A resolution structure of the full nAChR from Torpedo mamorata
(Unwin, 2005) has resolved of 80% of the 2335 residues and includes much of the IC
domain. However, there are still many missing residues mostly located in the M3/M4
IC loop, loops 7 and 8 of the non-o. subunits, and the C termini of & (12 residues) and
v subunits (17 residues). Also several of the loop regions are poorly defined and thus
prevent detailed interpretation [19]. This IC region may have important consequences
with respect to future calculations of ion conductance and selectivity [44]. The 4 A
nAChR structure is compared to the constructed a7 nAChR model later in this

chapter.

5.2 Methods

An outline of the method to generate an optimal model of an intact a7 nAChR, and
examine aspects of its predicted dynamic behaviour, is given in Figure 5.1. Briefly,
homology models of the a7 TM and EC domains were constructed independently of
one another, using the Torpedo TM domain (PDB code 10ED) and snail AChBP
(PDB code 1I9B) structures respectively as templates. The resultant models of the a7
TM and a7 EC domains were then ‘docked and joined’ by the procedure described in
more detail below. The stereochemistry of the final model was then adjusted by
energy minimization then stereochemical verification was carried out with procheck
[229]. The optimal structure was used for coarse-grain motion analysis, electrostatics,
and pore radius calculations. Gaussian network models (GNM) [164-167, 204, 230]
and CONCOORD were used for the coarse-grain conformational sampling analysis,
Poisson-Boltzmann calculations for the electrostatics calculations (described in [62],

and HOLE [231] for the pore-profile studies.
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5.2.1 Homology modelling of the EC and TM domains

For the structure prediction of a7 nAChR, the first step was homology modelling of
the separate domains of the receptor using available crystallographic and microscopy
data. Both the EC and TM domains were modeled as homopentamers, each domain
consisting of five a subunits. Given a structure template and a sequence of choice,
Modeller produced 100 possible structures. For the TM domain, the chicken a7 TM
domain sequence was modelled onto the Torpedo marmorata TM domain structure
(PDB code 10ED) [13]. For the EC domain, the chicken a7 sequence was modelled
onto the 2.7 A AChBP structure (PDB code 119B) [20]. The chicken a7 sequence is
homopentameric like the AChBP, which has 27 % sequence identity to the a7
nAChRs. Although the 2.7 A AChBP structure was used initially, more recent

models were generated using the newer structure at higher resolutions [77].
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Modeller 6v2 [141-143] was used to generate homology models of the chicken a7
nAChR sequence for each domain. The top 10 models for each domain were ranked
according to their Modeller energies. In order to choose the best of the top 10
structures, Procheck [186] was run to check the stereochemical quality of each
model. The model with the best overall Procheck score was selected and used in
subsequent structural studies. This same procedure was carried out for both the TM
and EC domains. The sequence alignment used is shown in Figure 5.2. The sequence
numbering scheme used in the remainder of this chapter corresponds to that of the
chicken sequence in the alignment shown. Residues 263 — 290 correspond to the M2
helix, which also corresponds to 1' to 28’ using the ‘prime’ numbering scheme for M2
of Auerbach and others [15, 51, 232]. Residue D289 (alignment) = D27’, situated at
the C-terminus of M2, corresponds to D5* in the ‘star’ numbering scheme used by
Lester et al. [15] for the M2-M3 linker. Residue D5* is proposed by Unwin and
colleagues [13] to interact with a residue at the tip of the f1-B2 loop of the EC domain
which could play a role in transmitting conformational changes from the EC domain
to the TM domain. In the chicken a7 model, an equivalent f1-B2 loop to M2-M3 loop

interaction between residues K68 and D289 (alignment numbering) is proposed.
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Figure 5.2 The Torpedo marmorata nAChR a subunit sequence (for the TM domain),
and the Lymnaea stagnalis (snail) AChBP sequence (for the EC domain), were used and
aligned with the chicken a7 nAChR sequence. Figure taken from [233].

After generating homology models for each domain, the goal was to combine both
domains in a restraint-based method to construct a model of the a7 nAChR which

includes both the EC and TM domains.

5.2.2 The alignment of multiple domains of proteins — ZAlign

In order to combine the two domains, the 5-fold rotational axes of the TM and EC
domains of the receptor were aligned. The bottom domain was held static while the
top domain was rotated and translated in the space specified in order to determine the
optimal model. The parameter space for alignment of the separate domains must be

determined by the user.
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In this case, a full 360° degree rotation about the z-axis and -8 <z > +8 A translations
on the z-axis were completed. Because the protein is a homopentamer, the program
was also run with 72° degree rotation. This served as a check against the results of
the complete 360° rotation, which produced matching results as expected. The two
domains were brought close together, and rotations and corresponding translations
were carried out. In this example rotations of 1° and translations of 1 A around and
on the pore (z)-axis respectively were carried out. At each step a score was calculated
based on various criteria. For the a7 nAChR model the scoring was based on three
criteria:

i: The number of bad contacts, B, between atoms of the EC and TM domains. A ‘bad

contact’ is when the distance between atoms of the separate domains is less than 1.5

-]

A.

ii: The distance, T, between the C-terminus of the EC domain and the N terminus of
the TM domain.

iii: An additional criteria, A, which is the distance between Ca atoms of K68 and
D289 which correspond to the proposed interaction between a Val at the end of the
EC B1-B2 loop and a Ser on the M2-M3 linker region of the TM domain. This
interaction is thought to play a major role in linking conformational transitions in the
EC and TM domains. The overall scoring function becomes: S = wgB + wrT + wWuA,
a linear combination of the three separate scores with all weights giving equal value to
each criterion.

Various contour plots were generated, one for each scoring criteria, and one for three
linear combinations were produced (Figure 5.3). The best model corresponds to the

lowest value of S.
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5.2.3 Stereochemical checks and energy minimization

Once the optimal model was chosen according to the scoring function from the
ZAlign program, Procheck was used to carry out stereochemical checks on the model.
This program allows assessment of model quality on the basis of bad contacts,
residues lying outside expected regions of Ramachandran space. The generated
structure was given a core score of 91.1% which is relatively high value for a model.
The structure was then energy minimized using GROMACS 3.1.4 (see Methods
chapter) and the energy-minimised model of the combined EC and TM domains was
used to investigate dynamic and energetic properties of this model in relation to
nAChR function.

The model generated here is assumed to correspond to a closed conformation of the
nAChR, as the AChBP crystallized with HEPES (N-2-hydroxyethylpiperazine-N’-2-
ethanesulphonic acid) is believed to be structurally similar to a closed state [77] and
the TM domain structure from Torpedo marmorata is also believed to be in a closed
state as the receptor was imaged in the absence of a ligand. In order to understand
how the structure relates to the function, it is of interest to attempt to predict the large-
scale motions of the protein and relate them to the plausible conformational transition
between the closed and open state of the receptor. This could be achieved by long
time-scale atomistic molecular dynamics simulations. This method has been
successfully employed for e.g. the EC domain of the a7 nAChR [129] and more
recently on the model of the a7 nAChR [131], but the absence of the IC domain from
the model may result in conformational instability in the absence of restraints [137]
and also extended timescales (>> 20 ns) would be required to see any significant
motions. It is important to note that at this stage there are several levels of error, due

to the fact that the two domains are modelled on structures from two different species,
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one is homopentameric, and the other a heteropentamer. Structural errors could have
occurred during the homology modelling of the separate domains, especially because
the TM domain is based on a relatively low resolution template. There may also be
errors during the combining of the domains, as all possible criteria for the joining of
two domains may not have been exhausted.

Given the possibility of error in the model, the value of performing molecular
dynamics simulations at an atomistic level is questionable. Therefore, more ‘coarse-
grained’ approaches were used, which omit atomistic detail but have been shown to
predict overall patterns of mobility in a number of proteins (coarse-grained MD
simulation of a7 nAChR and other LGICs will be discussed in chapter 7). The
Gaussian network model (GNM) [164-166] was employed along with CONCOORD
[171, 234]. Pore profile analysis using HOLE and electrostatics calculations using
Adaptive Poisson-Boltzmann Solver (APBS) [182] were also carried out (see

Methods chapter for details).

5.2.4 Electrostatic calculations

The Born energy of a Na' ion placed at successive points along the pore axis was
estimated using Poisson-Boltzmann (PB) calculations as described in Beckstein and
Sansom [62] (see Methods chapter). Sample points along the pore axis at which to
place the ion were derived from the program HOLE [183] which also yielded the pore
radius profile of the nAChR model. The energy minimized model of the a7 nAChR
was prepared for the PB calculations: PDB2PQR [184] was then used to assign
partial charges and radii for the atoms which generated a net charge of -45 e on the
a7. To simulate the effects of the lipid bilayer, the nAChR structure was embedded in

a low-dielectric slab with thickness 30 A.
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The PB calculation box with dimensions 96 x 96 x 210 A’  contained the slab-
embedded nAChR structure (the pore being oriented along the z-axis) and one cation.
The cation was placed at sample points, each 1 A apart along the z-axis. For inserting
the cation at a sample point with coordinate z, the PB potential of mean force (PMF)
was calculated as: AGpp(z) = Gachr+ionZ) — Giov — Gucwr . The charge on the
cation was +1 e with radius 1.68 A, equivalent to the Born radius of sodium [235]. A
dielectric constant of 2.0 was used for the nAChR and the membrane-mimetic slab
and for the solvent (water) the value was 78.5. The effective radius for a water

molecule, 1.4 A, was used as the radius of a solvent probe sphere.

5.3 Results: using the a7 nAChR model for structural studies

5.3.1 Conformational sampling studies

5.3.1.1 Gaussian network models (GNM)

GNM allows the identification of flexible regions of proteins (see Methods chapter).
It produces distance matrices and generates theoretical B-values [164-166]. The
theoretical B values were put in the PDB file using a script in order to colour the
structure based on the flexibility information derived from GNM. Visual Molecular
Dynamics (VMD) [200] was used to visualize the structure, coloured by the
theoretical B-values, and thus identified the flexibility of different regions of the
protein. GNM was run on the full model as well as the separate domains. In Figure
5.4 (a), the GNM calculation for the homo-pentameric a7 model is mapped onto the
structure of the model. It can be seen that there are number of “hotspots” i.e. regions
for which the predicted mobility is higher than for the remainder of the structure.

These correspond to two loops in the EC domain, those around residues E184 and
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linking the EC domain to the TM domain is predicted to be quite flexible. There is a
gradient in the predicted mobility such that the EC ends of the TM helices are on
average of higher mobility than the IC ends. Also, there is higher predicted mobility
for the outer helices, especially M4, than the inner helices. This is perhaps expected
as M4 stands farther apart than the other three helices and is not bound to the rest due
to the missing residues in the IC domain. At the top segment of the TM domain, near
the EC domain, the alpha helices are farther apart than the bottom section where the
gate is situated, and the radius of the pore is small in this segment.

One should be careful not to over-interpret such results in terms of possible gating
models for the nAChR. However, the gradient in mobilities of the TM helices
suggests a model in which both inter- and intra-helical motions contribute to the
gating of the channel. It is important to note that both atomistic simulations [137] and
@-value analysis of the kinetics of mutant nAChRs [69, 70] are consistent with a
model where the upper half of the M2 helix moves relative to the lower (N-terminal)
half. Another recent study suggests that rotations of the M2 are minimal [68]. It is
interesting that the EC-M1 linker has higher predicted mobility whereas the mobility
in the vicinity of the suggested contact between the f1-p2 loop of the EC domain and
the M2-M3 loop has lower predicted mobility. The B1-B2 to M2-M3 linker contact in
the o7 model seems to be mediated by a salt bridge (K68 to D289; see Figure 5.4).
This may be an important part of the gating mechanism responsible for transmitting
ligand-induced conformational change from the EC to the TM domain. The link
between the two segments has recently been investigated experimentally [59] and is
believed to be the main interaction between the EC and TM domains which leads to

the gating of the channel.
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5.3.1.2 CONCOORD

CONCOORD [171] uses distance restrictions to generate protein conformations
around a given structure (see Methods chapter for details). CONCOORD was used to
produce 500 structures, with the predicted model as a starting structure. Using
DYNAMITE [178, 203], PCA is carried out on the CONCOORD structures, resulting
in a set of eigenvectors which identify the more dominant motions of the protein
[234]. Porcupine plots show the more significant motions of the protein and can
identify the protein segments which move together. CONCOORD was run on each
domain separately and also on the whole protein to study the changes that take place

when the full receptor is analyzed rather than its separate domains.

Separate domains:

The eigenvector plot of the TM domain, shows an increase in the magnitude of
motion moving towards the top of the domain, and the outer helices have more
movement than the inner helices (Figure 5.5 (a)). Also, two subunits show greater
movement, indicating a possible asymmetry in motion between subunits, as expected,
since the TM domain was based on the heteropentameric TM domain from Torpedo
marmorata [13]. There is also asymmetry between the subunits of the EC domain
Figure 5.5 (b)). Although it is a homopentameric structure, some have eigenvectors of
greater magnitude. This agrees with recent MD simulation studies where asymmetry
was observed in the EC domain of the a7 nAChR, with greater movement in two of
five subunits [129]. This is in agreement with atomistic MD studies of AChBP
presented in chapter 3 where there is greater asymmetry in the ligand-free

simulations.
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eigenvector), shows the rotation of the EC domain and TM domain in opposite
directions (Figure 5.5 (¢)). EC domain eigen-elements (spikes) all rotate to one
direction while the TM domain eigen-elements rotate to the opposite direction,
suggesting a twisting motion that may be involved in the opening and closing of the
pore. This behaviour has been noted in other more recent studies [236, 237] as well
as in the MD analysis of AChBP from chapter 3. The degree of rotation is less in the
middle of the protein, where the two domains join, and increases as you move away
from the centre of the protein. The second eigenvector (not shown) shows intra-
subunit movements, where each subunit undergoes twisting about itself. The
eigenvectors show the dominant motions of the receptor independently of each other,
thus a probable motion can be a combination of the motions identified by the
eigenvectors. There may be intra-subunit rotations of both the EC domain subunits
and the TM domain subunits, accompanied by a full body rotation in opposite
directions, which may result in the opening of the channel.

Covariance plots can also be generated using CONCOORD’s output. They show
which parts of the protein are closely related and could move together during the
motion of the receptor. Many residues are covaried in each subunit and there are also
strong links between subunits in the EC domain (Figure 5.6), which suggest that these
parts could move together. There are numerous interactions between residues within
each subunit in the EC domain (red areas), therefore there may be intra-subunit
motions which are transmitted to the TM domain, as was also shown in the procupine
plots. The EC domain subunits are closely linked at the top region of the domain,
thus there may also be some degree of rigid-body rotation of the entire domain as a

result of the intra-subunit motions, and also indicated by the eigenvector plots.
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Amiri et al. [233] which includes PMF calculations and umbrella sampling methods
(see Methods chapter); although computationally expensive, these methods could also
be extended to the EC domain in future work. The Poisson-Boltzmann (PB) equation
was used to estimate the Born energy (see Methods chapter) of a Na’ ion along the
length of the whole channel (broken line in Figure 5.7 (b)). The PB energy
calculations were for an ionic strength corresponding to 0.15M (physiological ionic
strength). There is a pronounced barrier to ion permeation in the constricted region of
the M2 helix bundle with a barrier height of > 25 kT which is considerably greater
than that for the PMFs of the atomistic simulations [233]. When the PB energy
profile calculation was repeated for just the M2 helix bundle of the a7 model, this
difference was less pronounced and it results in a barrier height of ~15 £7T. This value
is still greater than that from the atomistic simulations (~10 £7) which may be a
consequence of intrinsic overestimation of barrier heights for narrow (< 3 A) channels
by PB calculations vs. full atomistic PMFs [62].

An upper limit (ga4x) can be obtained on the conductance of the closed state of the a7
channel based on the free energy profile for the M2 bundle using a method developed
for the gramicidin channel [238]. This yields an estimate of gyux = 0.02 pS which is
well below the detection limit of patch clamp measurements of single channel
currents, and thus would correspond to a closed state of the channel, which is in
accordance to the proposed state of the model.

Figure 5.7 shows a broad energy well (depth ca. -2 kT) for Na' in the lower part of the
vestibule (from z ~ +10 A to +40 A). However to examine the possible role of the
vestibule in more detail, a range of conditions must be considered.

The vestibule generates a significant well for Na’ ions at a physiological ionic

strength (0.15 M), and thus may be expected to play a role in the overall ion
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The 4 A nAChR structure is a heteropentameric ion channel (Figure 5.9 (b)), formed
from a ring of homologous subunits: o, v, a, B, 8, arranged around a central axis. The
model of the a7 nAChR (Figure 5.9 (a)) is a homopentameric channel composed of all
a7 subunits. The EC domain is modelled on the homopentameric AChBP while the
TM is modelled on the heteropentameric Torpedo marmorata nAChR. Calculating a
Ca RMSD value of the two whole structures would not be very helpful as there are
differences in the number of residues, and the subunits of the Torpedo marmorata are
not identical as they are in the a7 nAChR, so undoubtedly there will be substantial
differences in the two structures. However, what is of importance is the structure of
the important regions of the proteins. Also, the 4 A nAChR is of relatively low
resolution and it is missing some structural data that is available in the EC domain of
this model of the a7 nAChR because it was modelled on a high resolution crystal
structure.

Profit [240] (Martin, http://www.bioinf.org.uk/software/profit/) was used to fit the Ca
atoms of residues from the two structures in order to obtain their RMSD values.
Several sections were chosen for an RMSD fit from an a-subunit of Torpedo
marmorata and one of the a-subunits of the a7 nAChR. There are two tables below
(Table 5.1 and Table 5.2), one showing the comparison between a-subunits of the
different proteins and one comparing an o-subunit of the a7 nAChR with a B-subunit
of the Torpedo marmorata structure. o-subunits are the major participant in ligand
binding and they have the highly conserved adjacent cysteines on loop C which are
believed to be functionally important, especially in ligand binding. One expects that
the a-subunits of these two different proteins should be structurally more similar than

the comparison between an a-subunit and a f-subunit.

150






Chapter 5

of the a7 nAChR generate a relatively high RMSD value when fit together. The EC
domain is split into three sections and then the functionally important regions are also
fitted separately.

The residues near and on loop C from both structures are more similar structurally.
This loop is believed to have great functional importance. Recent studies show that
loop C covers a bound ligand and is more flexible in the absence of one [130], also
discussed in chapter 3. The small differences could be the result of loop C being in
different states at the time of capture. The a7 nAChR is modelled on the AChBP
which had HEPES bound at the time of crystallization, but the Torpedo marmorata
images were taken without ligands bound so it is expected that their loop Cs are
slightly different.

Interestingly, the termini regions have the smallest RMSD values. Lining up the EC
and TM domains was the main challenge in generating the model and thus having the
termini regions agree with that of the Torpedo marmorata structure is encouraging.
The B1-B2 loop is believed to come into close proximity of the M2-M3 linker region
of the TM domain. The interaction between the two segments may transmit the
motion of the EC domain to the TM domain of the receptor [59] and has a low RMSD
in the a7 model, indicating that this region has been accurately modelled.

For further comparison, RMSD fits were carried out between the B-subunit of the
Torpedo marmorata structure and one of the a-subunits of the a7 nAChR. In this
case, most of the RMSD values are greater than the o/a comparison, this may be
attributed to the lower sequence identity. The top regions of the EC domain have
slightly less RMSD values than the o/ fit, however, all other sections, including the
functionally important loops, helices, and sheets, have higher RMSD values in the o/

fits.
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The B1-B2 loop and M2-M3 linker have a much lower RMSD value for the o/a fit
than the o/f fit. The o-subunits are where the ligands bind in the heteromeric
structure, so it is interesting that in the a-subunit fits these important sections have
higher structural similarity. The Cys loop has a relatively large RMSD value. This
could be partly due to the loop’s position on the outside of the receptor which gives it
greater freedom of motion. Also, this loop in AChBP, which was the template
structure for the EC domain, could be in a slightly different state because of the bound
ligand in that structure. The M2 helix of the o/a fit has a small RMSD value as
expected. This helix lines the pore of the ion channel and a small rotation of the M2
helix is thought to have a role in opening the gate and allowing for the passage of ions
[35, 49, 61, 64, 68, 241, 242]. Again, the small RMSD value is encouraging as it
validates the model by showing that the functionally important regions are very close
to that of the full structure of the Torpedo marmorata.

A model of the a7 nAChR structure was generated using the 4 A nAChR Torpedo
marmorata structure [19]. The chicken a7 sequence was used to make the homology
model and to provide another avenue of comparison to the model generated from two
separate structures. The new a7 TM domain is very similar to the generated a7
model, with greater symmetry than the Torpedo marmorata structure’s TM domain.
The TM domain used to generate the original a7 model was based on the same
Torpedo marmorata TM structure [13] (did not include the EC domain), thus the
similarity is not surprising. The EC domain’s B-sheets are not fully formed, with
more loop regions than expected; this is because the template structure is of low
resolution and the B-sheets are not as well defined as they are in higher resolution

structures such as the AChBP [77].
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5.4.1 Conformational sampling

The GNM results reveal several regions of elevated flexibility. The more flexible EC
loops (183-186 and 213-220) correspond to those where ligands bind. This is
suggestive of a model in which ligand binding may lead to a modulation of a
conformational equilibrium [243] as a component of the conformational transition
leading to channel opening. The GNM results also indicate that there is a flexibility
gradient along the length of the TM domain, down the pore axis. This suggests that
the extracellular half of the transmembrane domain may move relative to the
intracellular half. From analysis of the effects of point mutations on the gating
kinetics of the nAChR, a conformational wave that is propagated along the length of
the molecule from the EC domain to the TM domain has been suggested [70, 72].
This agrees with the TM mobility gradient seen in the GNM results, if the wave i1s

propagated along the TM helices from the EC to the IC end of the domain.

5.4.2 Electrostatics

A significant energetic barrier in the centre of the M2 helix bundle is revealed from
PB energy calculations (atomistic MD based PMF calculations are discussed in Amiri
et. al., 2005). This is consistent with a ‘hydrophobic gate’ model, in which a relatively
narrow hydrophobic region in the centre of the pore forms the barrier to ion
permeation in a closed channel. As shown by calculations in model systems, a modest
increase in radius and/or polarity of this region could open such a gate [61, 62, 244].
Free energy profile calculations on the TM domain of the Torpedo nAChR suggest a
similar hydrophobic gate region in the centre of the pore [245] which is also
consistent with the structural (EM) data [13, 60, 226] and with the single channel

kinetic analysis of mutational data [70]. On the basis of accessibility studies of
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cysteine mutations, it has been argued that the gate is at the intracellular end of the
transmembrane pore rather than in the centre [33, 45, 65, 66]. This does not readily
agree with the current calculations. However, it is important to note that application of
a similar cysteine accessibility procedure to the SHT; receptor [63] has yielded results
consistent with a gate located midway along M2, consistent with this study.

Other models of intact nAChR have been reported [139]. This study is the first to: (a)
present an explicit and objective protocol for combining the EC and TM domains in
one model; (b) provide a comparison of continuum electrostatic and atomistic (i.e.
MD based) free energy analyses of the barrier(s) to cation permeation in a closed state
nAChR; and (c) employ coarse-grain dynamics approaches to study the plausible
motions of the full receptor.

It is important to critically assess the possible limitations of the approaches employed
in this study. The main limitation is that the TM domain model is based upon
relatively low resolution structural data. However, there is little one may do to remedy
this as there is an absence of higher resolution structural data. In terms of the GNM
and CONCOORD calculations of residue mobility, it should be remembered that the
results are suggestive of motions that may be related to gating, but do not provide a
detailed atomic resolution mechanism for channel gating. Encouragingly, the twisting
motion observed with CONCOORD is supported by recent computational studies of
nAChR gating [236, 237]. Also the observed twisting motion fits in with the recent
study suggesting a reorientation and rigid body movement of M2 helix by the cis-
trans isomerisation of a proline residue on the M2-M3 linker, opens the channel pore
of the SHT}; receptor [59].

Future computational studies are likely to benefit from improved structural data on

which to base models, especially for the IC domain with its potential effects on ion
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selectivity [44]. A model including the IC domain would also allow unrestrained MD
simulations of the full structure of a nAChR in a lipid bilayer, which at present are
rather challenging due to the likely effect of the absence of an IC domain model on
structural stability during such simulations. Furthermore, once such a model is
obtained, it will be useful to develop an open state model by using computational
studies to integrate (low resolution) structural data and using indirect (e.g. mutational
data) in an objective fashion. Such a model could be used to probe, for example, the
high permeability of a7 nAChR to Ca®" ions, relative to other nAChR species.
Comparison of the 4 A nAChHR [19] to the generated model has been encouraging.
The key regions, which have been shown experimentally to play important roles in the
gating mechanism, exhibit small RMSD values when fitted together. The 4 A nAChR
was used to generate a model of the full a7 nAChR. However, as before, this
structure is of low resolution, compared with the AChBP structure which was used to
model the EC domain of the a7 nAChR model.

The construction of a7 nAChR from the combination of its TM and EC domains was
reported in this chapter. The model of the a7 nAChR was used to carry out various
structural studies to explore the conformational flexibility, plausible modes of global
motion, electrostatics, and pore characteristics. This method can be used to combine
domains in other protein and protein complexes with symmetry between the domains,

in particular of membrane proteins where there is a clear lack of structural data.
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6 A computational study of a7
nAChRs: directing experiment

6.1 Introduction

Due to the sequence homology between AChBP and the extracellular (EC) domain of
neuronal a7 nAChR, homology modelling, followed by ligand docking and MD, may
provide a useful tool to investigate ligand binding. An a7 nAChR EC model and four
o7 mutant EC models were generated based on the 2.2 A AChBP structure with
nicotine bound (PDB code 1UW6) [77]. Five corresponding simulations of the a7
nAChR (one wild-type and four mutants) were used to carry out MD ensemble
docking studies (as described in chapter 4) with several ligands of pharmacological
interest. Predictions from this study were tested and verified by experimental work
with our collaborators Dr. David Sattelle in Human Anatomy and Genetics,
University of Oxford. Electrophysiological studies, carried out by Shimomura and
others in collaboration with Dr. Sattelle and colleagues, confirm the in silico

acetylcholine binding predictions. Furthermore, these studies show that residue 1.118
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from a7 nAChR is also a major determinant for the behaviour of the insecticide
Imidacloprid (IMI) and its derivative Desnitro-Imidicloprid (DN-IMI). DN-IMI is a
derivative of Imidacloprid lacking the nitro group (see Figure 6.2). The guanidine
moiety of this compound is protonated at neutral pH.

The aim was to use computational methods to identify key residues involved in ligand
binding and study the binding modes for each of the ligands. Also the intention was
to better understand ligand-protein interactions from a structural perspective and study
whether docking on MD trajectories improves or hinders the binding of ligands as the
protein goes through structural changes. The functions of wild-type, as well as many
mutants of the a7 nAChR, have been well characterized by electrophysiology in
heterologous expression systems [109, 123]. This computational study shows how in
silico methods can help identify a residue in a7 which plays an important role in the
agonist-binding site and also affects the dynamics of the receptor.

Another homologue of nAChR, the ACR-16 (acetylcholine receptor) [124], which
closely resembles the a7 nAChR [124], and three other a7 nAChR-like receptors:
UNC63, UNC29, and LEV1 [246-248] are modelled and used for.docking studies.
Electrophysiological studies on the neuromuscular junction of Caenorhabditis elegans
have shown that there are at least two nAChR subtypes present; one which is sensitive
to the anthelmintic, Levamisole, while the other is unaffected [249]. Levamisole is
used for eradicating nematode infestations in domestic animals [250]. It causes
hypercontraction, paralysis, and death to wild-type C. elegans [246]. 1t is believed to
be a full agonist of nematode muscle nAChR however experimental work shows that
it does not show the same efficacy on mammalian muscle nAChR [251]. Recently,

ACR-16 has been shown to contribute to the Levamisole-insensitive receptor subtype
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[252, 253] which may represent a novel target for parasitic nematode control [119]
while UNC63, UNC29, and LEV1 are sensitive to the drug Levamisole.

Unc63, unc-29, and lev-1 are the genes which encode nicotinic acetylcholine receptor
subunits in C. elegans [246]. UNC63 is a o-type subunit (possessing two adjacent
cysteines) while UNC29 and LEV1 are non-a type [246]. Levamisole-sensitive
receptors in the body wall muscle of nematodes require the functional expression of
UNC63, UNC29, and LEV1 [246].

Here, computational modelling, MD, and ligand docking studies complement and

direct experimental work on a7 nAChRs.

6.2 Methods

6.2.1 Homology modelling and in silico mutagenesis

For the chicken a7 nAChR and ACR-16, homology models were made using AChBP
(PDB code 1UW6, which has nicotine bound) from Lymnaea stagnalis [77]. A pair
wise sequence alignment was generated with MultAlin [144] with ~27 % sequence

identity (Figure 6.1).
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6.2.2 Docking

The a7 nAChR homology model and the four a7 nAChR mutant models: o7 L118D,
a7 L118E, a7 L118K, and a7 L118R, were used to dock nicotine, acetylcholine
(ACh), Imidacloprid (IMI) and desnitro(DN)-Imidacloprid (DN-IMI). The ACR-16,
and combinations of UNC63, UNC29, and LEV1 subunits were used as docking
targets for nicotine, ACh, and Levamisole. All of the docking studies were carried
out with the program Autodock [179] (see Methods chapter). Autodock was run with
default parameters except for custom atom types for the ligand and with charges
calculated as below. The charges on ACh were assigned according to Segall et al.
[225]. Charges for the other ligands were calculated with the 6-31G* basis set using
Spartan (Wavefunction Inc. [180]) (charges are available on the supplementary CD).

All docking results were visualized with VMD [200] and UCSF Chimera [201].

6.2.3 Molecular dynamics simulations

For docking studies to be carried out on the MD trajectories of a7 nAChR model and
its 4 mutant models, five 10 ns simulations were run, one for each model (see Table
6.1). The simulation names in Table 6.1 will be used for the remainder of this
chapter. The methodology for these simulations follows those described in chapter 3.

All of these simulations were run without a ligand.

Table 6.1 Simulations of a7 nAChR and four mutant simulations of a7 nAChR.

Simulation name Number of T Approximate bo';( Duration (ns)
atoms size (nm)

a7 65169 92x9.1x84 10

L118D 67037 93x94x8.3 10

L118E 67039 93x94x83 10

L118K 67095 93x94x8.3 10

L118R 66464 9.5x9.5x8.0 10
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6.2.4 Automated docking along an MD trajectory

Ligand docking onto the a7 nAChR and mutants was studied by the MD simulation
ensemble docking approach described in chapter 4 (4.2.3). Successive frames of each
trajectory were used to dock ligands back into the structure. 100 frames were used
from each trajectory, 1 every 100 ps for a 10 ns simulation. An analysis script records
the top dock (lowest ranked energy) and also the number of docks out of 50 in the top
ranked cluster for each chosen frame of the simulation. (Note: the docking energies
recorded can only be used comparatively between different docks as the values

determined by the software are arbitrary and scaled).

6.2.5 Electrophysiology on recombinant wild type and mutant a7
receptors

Experimental studies on the wild-type and mutant a7 nACh receptors were carried out
by Dr. D. Sattelle and colleagues. Xenopus laevis oocytes were prepared as described
in Shimomura et al. [256]. Dose-response data were obtained by challenging oocytes
with increasing concentrations of agonist. Details of the experimental work can be

found in Amiri et al., Mol Pharm 2006 - submitted.

"This experimental work is carried out by M. Shimomura, M. Akamatsu, and K. Matsuda from the
Graduate School of Agriculture, Kyoto University, in collaboration with D. Sattelle and A. Jones from the
Department of Physiology, Anatomy and Genetics, University of Oxford.
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influence of L118 on the overall dynamics of the receptor and the behaviour of the

binding pocket.

6.3.1.1 Docking studies against the a7 nAChR and mutants

6.3.1.1.1 Wild-type a7 nAChR

Nicotine and acetylcholine, as well as IMI and DN-IMI, were docked onto the a7
nAChR homology model. The docking of nicotine and acetylcholine served as an
important verification of the models since crystal structures of a nicotine and
carbamylcholine (acetylcholine derivative) bound to the template structure are
available [77]. Thus the binding modes of these ligands can be checked and
compared to the crystal structures of AChBP. This is currently the only homologous,
high resolution, ligand-bound X-ray structure available with residues in the binding
site conserved across the LGIC family. If the binding modes do not match it is an
indication that the model may have incorrect side-chain conformations. Figure 6.3 (a)
shows the lowest energy dock of nicotine on a7 nAChR overlayed onto the X-ray
structure of nicotine in AChBP (PDB code 1UW6). The lowest energy docking result
with acetylcholine is shown in Figure 6.3 (b) and shows that the orientation of this
dock is in very close agreement to that found crystallographically for carbamylcholine

in AChBP (PDB code 1UV6)[77].
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ACh to snapshots from the wild-type, L118D and L118E simulations resulted in
docking solutions that were consistent with carbamylcholine bound in the X-ray
structure of AChBP [77]. Nicotine docks on L118D were also successful, with
improved energies and higher number of docks in lowest energy cluster for the first
few ns of the simulation. Following this, in the 4-10 ns duration of the L118D and
L118E simulations, the docking energies increased and ACh could not dock inside the
binding site. Conversely, L118K and L118R mutant simulations failed to produce
docking solutions with the ACh in the binding pocket at all, even in the first few
nanoseconds when the binding site is still intact. Nicotine docks were also much
worse for L118K and L118R; in most cases nicotine is not docked inside the binding
pocket. Thus the results from the in silico study suggested that the negatively charged
mutations (L118D and L118E) would retain the capability to bind ACh and nicotine,
but the positively charged mutations (L118K and L118R) would not.

There are two main modes of binding for IMI for the frames of the L118D simulation.
Towards the end of the wild-type simulation, IMI cannot enter the binding site as loop
C has moved in as there is no ligand present during the MD simulation. This agrees
with the AChBP docking results (chapter 4), where docking energies increase with
time during the ligand-free simulations.

Although there are two major modes of docking for IMI, it has lower energies of
docking and more docks in the binding pocket for L118D and L118E simulations
compared to L118K and L118R. Its structure could be sterically unfavourable with
the basic mutations, making it difficult to study this dock with the current
computational capabilities. Also the lack of protein flexibility in AutoDock may be

affecting the docking of IMIL
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6.3.1.3 Leul18 site-directed mutagenesis

A summary of the functional data produced by Shimomura, M. and colleagues (details
in Amiri et al., Mol. Pharm 2006 - submitted) is presented here.

The effects of L118D, L118E, L118K and L118R mutations on the functional a7
nAChR expressed in Xenopus laevis oocytes show:

1 - Control experiments on wild-type a7 show that IMI is a partial agonist, consistent
with earlier experiments [257].

2 - Responses of the a7 receptor to IMI were abolished following the L118D and
L118E mutations and the ECs values of ACh were increased by these two mutations.
3 - a7 L118D and L118E mutants still responded to ACh in complete contrast to the
responses by L118K and L118R mutations which blocked the responses to ACh, but
responses to Imidacloprid were observed.

4 - The maximum response to DN-IMI of the wild-type a7 nAChR was slightly
greater than the response to ACh, resembling results of a previous study [258].

5 - The L118D and L118E mutations did not significantly affect the maximum
response of a7 to DN-IMI but, the concentration-response curve of DN-IMI was
shifted to higher concentrations by these mutations (Table 6.2). In contrast with the
effects on the maximum response to Imidacloprid, the response to DN-IMI was
abolished in the L118K and L118R mutations and therefore the pECs, values for DN-

IMI could not be determined for these two mutant receptors.
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Table 6.2 pECsy, Imax and Hill coefficient values for acetylcholine, Imidacloprid and
desnitro-Imidacloprid on wild-type and mutant a7 receptors expressed in Xenopus
oocytes. Table from Amiri ez al., Mol. Pharm., 2006 - submitted.

Acetylcholine Imidacloprid

Imax* PECso Hill Imax pECso Hill
WT 1.03+£004 391+0.05 14+02 |049+£0.03 3.63+0.07 1.6+04
L118D 1.07+0.04 2.78+0.04 1.3+0.2 | ND** ND ND
L118E 0.97+0.02 3.12+0.03 1.7+£02 |ND ND ND
L118K ND* ND ND 1.14+£0.10 294+005 2104
L118R ND ND ND 1.07+£0.05 3.00+£0.02 24x04

Desnitro-Imidacloprid *Normalized maximum response.

Imax PECso Hill **Not determined because the
WT 121005 514+007 12+02 Tesponse to agonists was not detected
L118D 124011 421011 15+05 orverysmall
L118E 1.37+0.06 428+0.08 1.6+03
L118K ND ND ND
L118R ND ND ND

The concentration-response curves of ACh, Imidacloprid and DN-IMI for (a) the

wild-type, (b) L118D, (c) L118E, (d) L118K and (¢) L118R mutants are shown in

Figure 6.8. In comparison with the experimental work, the in silico work showed that

DN-IMI docks onto the wild-type and mutant forms of the receptor. In the wild-type,

DN-IMI docked very well with 36/50 docks in the top cluster of docks which also

matches that of one of the major modes of IMI docking. The docks improved

particularly well for L118D and L118E mutants, much like ACh, while less of an

improvement, or none at all, was observed for L118K and L118R. Although we do
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not have X-ray data for the binding of this ligand and we have chosen not to focus on
IMI docking, by using derivatives of a ligand we can gain insight into preferred

mode(s) of binding and the DN-IMI results match those of the experimental data.

(a) (b) (c)
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Figure 6.8 Normalized response curves plotted against ligand concentration (ACh,
IMI, and DN-IMI) in the wild-type and four mutants of a7 nAChR. Figure from Amiri
et al., Mol. Pharm., 2006 - submitted.

6.3.2 ACR-16

Both the vertebrate a7 subunit [120] and ACR-16 [124] form functional homomeric
ion channels when expressed in Xenopus laevis oocytes and they share high sequence
homology in their N-terminal ligand binding domains (56% amino acid identity and
75% similarity). Here a molecular model of the ACR-16 ligand-binding domain, as
well as the full ion channel, which represents the most complete three-dimensional
model of the ACR-16 (using the method described in chapter 5) to date, is described.

The complete model would allow for future MD studies of the channel and other more
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coarse-grained investigation of conformational dynamics such as GNM or coarse-
grained MD (see Methods chapter). Pore profiles and electrostatics calculations can
also be carried out on this model as it has the TM domain as well as the EC domain.
Docking studies of nicotine, acetylcholine and Levamisole were carried out on the EC
domain based on the AChBP structure. Homology models of Levamisole-sensitive
EC domains are also generated using UNC29, UNC63, and LEV1 subunits and

subjected to docking studies.

6.3.2.1 Generating the full structure

The full structure of ACR-16 was obtained by two methods. First, homology
modelling based on the 4 A resolution nAChR [19]. Second, ZAlign was used to join
the EC domain and TM domain of ACR-16 [233] (see chapter 2) using two different
structures as templates (Figure 6.9). The EC domain was modelled on the AChBP X-
ray structure [77] and the TM domain was modelled on the Torpedo marmorata TM
domain EM structure [13]. This model has an EC domain of higher resolution and
could be a better model to use when carrying out studies such as molecular dynamics
and docking of ligands. The limitations of this model are that the TM domain is
based on a heteromeric structure while the EC domain is based on the homo-

pentameric AChBP.
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model when docking all of the ligands. Also during the homology modelling process
a crucial residue in the binding pocket was identified by comparing the side-chain
orientations of the two top-scoring models with AChBP. The first model (called
‘incorrect-His’ model), would not allow the correct docking of acetylcholine,
however, the second model (called ‘correct-His’ model) docked the ligands in the

correct mode as the side-chains in the binding pocket matched those of AChBP.

6.3.2.3 Docking of nicotine, acetylcholine, and Levamisole onto ACR-16

6.3.2.3.1 Nicotine binding

In the first model selected from homology modelling, the ‘incorrect-HIS’ model,
nicotine bound with a flipped conformation. In the crystal structure the 6' ring is
facing the ‘complementary’ side, however in the docking studies using the ‘incorrect-
HIS’ model, nicotine is rotated around completely such that the 6’ ring is near the
‘principal’ side of the binding pocket. In the ‘correct-HIS’ model, nicotine is
positioned correctly, although the nitrogen on the 6’ ring is flipped in the top mode of
binding. This flipping of the ring is observed in molecular dynamics studies of
AChBP with nicotine bound (Amiri et al, PEDS, 2006 — submitted) (see chapter 3).
The 6' nitrogen is matching that of the X-ray structure in some of the other modes of
binding in the new model. Figure 6.11 shows nicotine docked onto both the
‘incorrect-HIS’ and ‘correct-HIS’ models of ACR-16 and compared to the crystal
structure of nicotine bound to AChBP [77].

Nicotine docked with the most favourable energies of the three ligands with docking
energies spanning a range of 0.07 kcal/mol. 49/50 docks were in the same docking
mode, closely resembling the binding mode of nicotine in the crystal structure of

AChBP with nicotine bound [77].
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conformation compared to the binding mode of carbamylcholine in the AChBP
crystal structure. Acetylcholine docks preferentially very close to loops D, E, and F
in the homology models used here. As well as His112, which completely altered
ligand binding in two slightly different conformations of its side-chain, a highly
conserved Leu on loop D in nAChRs, which is GIn55 in AChBP, could be a candidate
for mutational studies on ACR-16. Also Leul02 on loop E of AChBP which is
replaced with Thr in the other sequences, (this leucine is heavily involved in main-
chain hydrogen-bonding with the ligand via bridging water molecules in the AChBP
observed in MD studies of AChBP with nicotine and carbamylcholine bound — see
chapter 3). Thus further investigation of these residues may help the understanding of
binding modes of ligands in this group of receptors and why ACR-16 is insensitive to
Levamisole.

The lowest energy docks and the smallest number of docking modes for both nicotine
and acetylcholine were achieved with the ACR-16 model based on AChBP with
nicotine bound. The second lowest energy docking of nicotine was onto ACR-16
based on the Torpedo marmorata structure and finally least preferentially to the ACR-
16 model based on the a7 nAChR homology model. This is not surprising as the
AChBP structure has higher resolution than that of the Torpedo marmorata nAChR
structure and the chance of error is reduced in the first model compared to the third

model which is itself based on a model.

6.3.2.3.3 Levamisole Binding

Although it is believed that ACR-16 is a Levamisole-insensitive channel, in silico
docking studies show that Levamisole binds with favourable energies which span an
energy range of 1.12 kcal/mol (Figure 6.14 (a)). 46/50 docks were in the same

conformation in the lowest energy dock cluster, suggesting one main mode of
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energies. Nicotine’s largest cluster had 31/50 docks and matched the mode of binding
of nicotine in the crystal structure of AChBP (PDB code 1lUW6). Levamisole had the

same mode of binding as in ACR-16.

6.3.3.1.2 UNC63-UNC29

Nicotine and Levamisole docked very well onto this structure with only a few clusters
each. Nicotine had slightly lower energies than Levamisole, however the 6' ring of
nicotine is flipped around, not matching that of the X-ray structure as in the previous
model. Acetylcholine also docked successfully, but the dock closest to the mode of

binding of carbamylcholine was not in the top 4 cluster of docks.

6.3.3.1.3 UNC63-LEV1

This model resulted in the worst acetylcholine and nicotine docking of the three
models, with none of the top-ranked docks inside the binding pocket. Levamisole
docks were slightly better than those of nicotine and acetylcholine with fewer clusters
and one cluster matched the binding mode of Levamisole in ACR-16. Nicotine and
acetylcholine had a very high number of clusters suggesting various binding modes.
In most cases nicotine did not bind inside the binding pocket, with only 13/50 docks
matching the X-ray structure mode of binding.

A summary of nicotine, acetylcholine, and Levamisole docks onto the three models is
presented in Table 6.3. The homomeric combination had the best docking results and
this agrees with the experimental data that it forms functional homomeric channels

[246].
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vitro experiments, suggesting that the model is capable of capturing the binding of
ACh with homomeric o7 nAChRs. The experimental results show that substitutions
of L118 in loop E by acidic or basic residues strikingly affect the maximum responses
of a7 to ACh. A simple explanation for the effects on this mutation is that if L118 is
mutated to a positive side-chain, the interaction with the charged quaternary nitrogen
is strong enough to prevent binding to the pocket and thus abolishes binding and the
channel fails to open.

If the receptor conforms to a bound ligand (during a simulation or captured bound in a
crystal structure), then the model will suffer from being biased away from a
conformation that would bind Imidacloprid. Also, recent simulation studies on
AChBP [85] and on AChBP-based homology models of a7 [129] suggest that there
can be substantial changes in the shape of the binding pocket, in particular the
conformation of loop C (also chapter 3). Taking into consideration these limitations,
here a potential model that can rationalize the data is proposed.

The importance of electrostatic forces for the interaction of IMI with nAChRs have
been previously studied [259]. Imidacloprid possess a negatively charged nitro group
whilst its desnitro derivative (DN-IMI) possesses a positive charge at the guanidine
moiety. It is interesting to note that the effects of DN-IMI with respect to the
mutations are quite similar to ACh. The experimental work shows that Imidacloprid
itself is inactive against the L118D and L118E mutants, but is active against the
L118K and L118R mutants, suggesting that the electrostatic interaction between the
nitro group and this residue is critical in determining whether it will bind as an agonist
or not.

However, electrostatic interactions are not the only forces determining agonist

interactions with the a7 nAChR. The L118D and L118E mutations shifted the ACh
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concentration-response curve to higher concentrations, suggesting that such mutations
in loop E may lead indirectly to a conformational change in another region of the
receptor playing a key role in interactions with agonists. This is also supported by the
large fluctuations in the structure from the MD data illustrating the extended effect of
this mutation on the entire structure. Nevertheless, electrostatic interactions can
explain the changes in the concentration-response curves of the Imidacloprid
derivative DM-IMI lacking the nitro group. Consistent with this, the L118K and
L118R mutations abolished responses of the a7 nAChR to DN-IMI, whereas L118D
and L118E mutations permitted the agonist actions of this ligand.

In conclusion, molecular modelling and site-directed mutagenesis has been used to
predict that Leull8 of the a7 nAChR subunit contributes to agonist binding.
Interestingly, Leul18 is not conserved across the nAChR family. Thus, the residue at
this location may participate in determining subunit-specific responses to agonists.
Also loop E is highlighted as playing a key role in the binding of the insecticide,
Imidacloprid. These results, taken in combination with previous studies on loop C,
loop D, and F [256, 260, 261] are enhancing the understanding of the binding to

nAChRs of commercially important nicotinic agonists.

6.4.2 ACR-16

The ACR-16 model generated here, which includes both EC and TM domains (Figure
6.9), represents an important tool for identifying compounds that can potentially
interact with the receptor. This, in conjunction with the use of the highly tractable

genetic model C. elegans, allows for rapid screening for novel anthelmintics [119].
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Nicotine and acetylcholine were docked onto two different models, based on AChBP,
with different conformations of the His 112 side chain. One of the models would not
bind any of the ligands in the correct conformation and thus presented another case
for mutational studies of His112. A slightly different conformation of its side chain is
unfavourable for ligand binding. Nicotine bound very favourably to the ‘correct’
model of ACR-16 with only one docking cluster and very favourable energies,
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