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Abstract

Electrical signalling is key to a vast number of biological processes within
the nervous system. For this to occur, specific types of transmembrane
proteins, named voltage-gated ion channels, are utilised. In voltage-gated
sodium (Nav) channels, recent advances in structural biology are begin-
ning to solve structures in complex with so-called “auxiliary” [ subunits.
These transmembrane proteins are multifunctional and interact with the
main « subunit of the Nav channel, in addition to having a cell adhe-
sion function through their extracellular immunoglobulin (Ig) domain. In
Navl.5, 53 has been found to cross-link subunits within the membrane,
as well as form trimers and higher order oligomers.

In this thesis, both atomistic and coarse grained (CG) molecular dynamics
(MD) simulations are performed to gain an insight into the behaviour of
the a subunit, the a - # subunit relationship, and § subunit dynamics in
isolation.

Firstly, atomistic simulations are used to investigate a splice variant of
Nav1l.5. Two single point mutations that were responsible for a shift in
voltage-gating characteristics were investigated and found to most likely
disrupt gating through interruption of voltage-sensing arginine residues.

Secondly, a large number of simulations are performed to explore Nav 51
and (3 subunit behaviour in a simple membrane composition. Results
showed large differences between 1 and 33, with the latter exhibiting
increased fluctuations in Ig domain orientation. These differences are
attributed to key charged residues that influence Ig domain interaction
with the membrane surface. Protein - lipid interactions suggest that a
conserved glutamic acid residue is important in transmembrane domain
location, rather than being involved in observed oligomerisation.

Finally, the use of CG simulations examines the dependency of both «
and [ subunit clustering with various lipids in a complex membrane com-
position. Protein clustering of both subunits was primarily mediated by
glycosphingolipids present in the upper leaflet. The S subunit orienta-
tions adopted three states, one of which agreed well with an atomistic
trimer model of the §3 Ig domain. Large-scale simulations explored a
large (= 2 million particle) system within which multiple protein binding
events occurred. Conformations present between v and 5 subunits agreed
with experimental results from atomic force microscopy and increase our
understanding of Nav subunit interaction.

Overall, the in silico multiscale approach adopted in this thesis aims to
characterise Nav channel subunit behaviour in a variety of contexts. These
simulations demonstrate the predictive power of MD in characterising
channel function away from the pore, as well as informing potential future
strategies against various channelopathies.
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“Go placidly amid the noise and the haste,
and remember what peace there may be in silence.”

— Max Ehrmann, Desiderata
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Chapter 1. Introduction

1.1 Overview

The effective initiation, propagation, and termination of electrical signals is vital for
a large number of complex and finely tuned functions in the human body. Within
excitable cells, these signals are generated by the coordinated movement of specific
ions across the cell membrane. This movement is facilitated by a number of proteins
embedded within the membrane that control ion flux in a highly regulated and distinct
manner. At rest, a relatively constant concentration of ions across the membrane is
achieved by integral membrane proteins that set up a resting membrane potential.
However, upon excitation another class of integral membrane proteins, named voltage-
gated ion channels (VGICs), can disrupt this finely tuned balance. If the local resting
membrane potential undergoes depolarisation, VGICs rapidly transport ions with
high specificity across the cell membrane, inducing further changes in membrane
potential, that ultimately facilitate cell-to-cell communication.

Two types of VGIC, named voltage-gated potassium (Kv) and sodium (Nav) chan-
nels, are critical for the passing of potassium (K*) and sodium (Na') ions across the
cell membrane respectively. Structurally, Kv channels were one of the first channels
to be resolved due to their relatively simple homo-tetrameric architecture [1]. In
contrast, and until recently, Nav channels lagged behind in their structural determi-
nation. This delay is primarily due to the pore-forming a subunit of Nav channels
being made up from one continuous peptide chain [2] that provides a real challenge for
traditional crystallisation techniques. Fortunately, recent advances in cryogenic elec-
tron microscopy (cryo-EM) are now increasing the number of Nav channel structures
available. Not only are these structures elucidating previously ambiguous structural
details of the o subunit, but an increasing number are found in complex with addi-
tional transmembrane proteins, named 8 subunits [3-5]. Although not ion selective,
these auxiliary subunits influence a variety of Nav channel properties such as mod-

ulation of a subunit gating, recovery from channel inactivation, and influencing the
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spatio-temporal dynamics of channel clustering [6-8]. Currently, the characterisa-
tion of these [ subunits remains limited and a full description of their interactions
with Nav channels, other VGICs, and the various lipid species found in complex cell
membranes remains an open question.

Molecular dynamics (MD) simulations offer unparalleled analysis of protein dy-
namics at levels of detail relevant to various experimental techniques. Many aspects
of VGIC behaviour have been well characterised through this technique such as ion
permeation [9] and channel clustering [10]. Not only are simulations now used to ver-
ify experimental observables, but they are increasingly able to provide new avenues
for experimental research to pursue.

Within this chapter, a description of biological membrane composition and ex-
citable cell dynamics is given. Differences between cell types and their corresponding
architectures are described, before the general structures of Nav channel subunits

(and protein - protein interactions therein) are introduced.

1.1.1 Biological membranes

All membranes in eukaryotic cells provide a barrier between the cells’ interior and the
environment in which it occupies. Additionally, membranes present within the cell
serve to compartmentalise various organelles, facilitating a number of cellular pro-
cesses so that it can function correctly. These thin membranes, with a non-polar re-
gion often only around 30 - 40 A in width, are arranged as a bilayer of lipid molecules.
In a plasma membrane (PM), the composition of these ‘leaflets’ are typically made up
of glycerophospholipids, sphingolipids, and sterols whose overall distribution depends
on cell and organelle type [11]. The long acyl tails of the glycerophospholipids form
the hydrophobic core of the bilayer, whilst both sphingolipids and sterols contribute
to its fluidity and stability [12,13]. At the solvent exposed ends of both leaflets are

the polar and charged groups of specific lipid headgroups. Between leaflets, there
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is often an asymmetric distribution of lipids that leads to plasma membranes be-
ing anionic in nature [12-14]. Typically, the upper leaflet of mammalian cells is
enriched with phosphatidylcholine (PC), sphingolipids such as sphingomyelin (Sph),
and glycosphingolipids such as monosialodhexosylganglioside (GM3). The intracel-
lular leaflet is enriched in phosphatidylethanolamine (PE), phosphatidylserine (PS),
and phosphatidylinositols (PI) [13]. The structures of the wide variety of mammalian

lipid species are shown in Figure 1.1.

Lipid types
(a) Lipidtyp ®) v " "
—N 2 2--”002'
X-0 .
O Y‘o { 0 0
R $ o
“INH Choline (PC)  Ethanolamine (PE)  Serine (PS)
10 HO =0
—0 R%_ OH
O Ry 4 OH OH
o= o
e OH " HOY Y~ “0-P-0Or
i
General phospholipid o0 o O
',P\
o o
Glycerol (PG) Phosphatidate (PA) Inositol-4,5-biphosphate (PIP,)
OH
() Y 0 I  .oH
"
s~ ! )CJ)\
OH (%) o NH OH
Sphingolipid Cholesterol Sphingomyelin PC ;Q:OHT OH
H w O OH
(d) g o
Ceramide OH OH o o
o
Ri /\/\/\/\/\/\)LO Monosialodhexosylganglioside (GM3)
H
Myristic acid (C14:0)
0 o}
A~ ASAAA~A G N N NN T O
Palmitic acid (C16:0) Oleic acid (C18:1)
(0] o
/\/\/\/\/\/\/\/\)LOH /\/\/M\/\/\/\)LOH
Stearic acid (C18:0) Linoleic acid (C18:2)

Figure 1.1: The variety of lipids found in a typical mammalian cell membrane [11,
13]. a) The general structure of phospholipid and sphingolipid lipid types found in
mammalian cell membranes, as well as sterols such as cholesterol. Polar headgroups
and the start of lipid tails are shown in green and blue respectively. b) & c¢) Various
headgroup types present in phospholipids and sphingolipids. d) Common fatty acid
tails, both saturated (left) and unsaturated (right), present in lipid tails where lipid
numbers represent the number of carbon atoms and double bonds respectively.
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1.1.2 The action potential

Excitable cells such as neuronal and cardiac cells (cardiomyocytes), found in the
brain and heart respectively, utilise the movement of ions across cell membranes and
cause a change in membrane potential. These changes in potential ultimately lead to
the conduction of electrical signals throughout the body. Seminal work by Hodgkin
and Huxley on the giant squid axon [15] modelled this movement, describing the cell
membrane as a leaky capacitor capable of conducting various ions, namely Na®, K+,
and chloride (CI7).

Cell membranes possess an inherent low permeability to charged ions. Typically,
high concentrations of Na™ and C1~ ions outside (145 mM and 123 mM, respectively)
and K% ions inside (155 mM) the cell are established [16]. This is maintained by ion
pumps (transmembrane proteins that span both leaflets of the membrane) via active
transport, such as sodium potassium pumps [17]. The resulting concentration gra-
dient created is responsible for the resting membrane potential, as briefly mentioned
in Section 1.1. When ions move rapidly across the membrane via ion channels, a
sudden change in membrane potential is induced; the propagation of which is known
as the action potential (AP). The AP works on an all-or-none principal, that is, the
cell will produce the same AP regardless of stimulus strength [18]. Under no stimulus
the resting membrane potential is typically between —40 and —95 mV, depending
on the type of cell. Upon excitation, and if a threshold potential is reached, the cell
undergoes rapid depolarisation and shifts the membrane potential to more positive
values. This is followed almost instantaneously by hyperpolarisation of the cell that
typically overshoots the resting potential to more negative values. Following hyper-
polarisation, the cell slowly returns to its resting value during which no further APs
can be produced (known as the refractory period).

The passage of Na™ and K* ions across the cell membrane underpins each stage

of the AP and is facilitated by Nav and Kv channels respectively, that span both
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leaflets of the lipid membrane. Both Nav and Kv channels respond to changes in
local membrane potential by altering their conformation to permit the flux of Na*
and KT ions across the membrane. In neurons, Nav and Kv channels are closed at
a resting potential of -70 mV. When the threshold membrane potential of -55 mV
is reached Nav channels open and allow the high concentration of Na't ions outside
of the cell to enter. The influx of positively charged Na%t ions causes the membrane
potential to rise rapidly. Shortly after, Nav channels undergo fast inactivation (where
the pore is physically blocked by a set of conserved residues) and the passage of Na™
ions stopped. This is followed by the opening of Kv channels, causing KT ions to
move out of the cell to begin repolarisation. Due to the kinetics of Kv channels be-
ing slower than that of Nav, a refractory period is present that delays the return of
the membrane potential to the resting potential. A visual representation of the AP

process is shown in Figure 1.2.
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Figure 1.2: Cycle of ion movement during an action potential. (1) At the resting
membrane potential both Nav (blue) and Kv (green) channels are closed. (2) Nav
channels open to facilitate depolarisation of the cell, with Na™ entering the cell. (3)
Rapid repolarisation of the cell occurs with Nav channels undergoing fast inactivation
(indicated via a “ball-and-chain” cartoon, where the “ball” physically blocks the
pore) and Kv channels open. This causes KT ions to rapidly leave the cell before Kv
channels undergo inactivation (not shown). (4) Eventually both Nav and Kv channels
enter a closed state. After the AP is complete, the sodium-potassium pump (red)
works against the concentration gradient (via the hydrolysis of ATP) to restore the
resting membrane potential, this is achieved by moving three Na™ ions out of the cell
for every two K% ions transported into the cell. Purple and cyan arrows represent
the movement of Na® and K+ ions against their concentration gradients respectively.
ATP = adenosine triphosphate, ADP = adenosine diphosphate. Figure created with
BioRender.com.
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1.1.3 Neuronal vs. cardiac action potential

In cardiac cells, the AP shares similar features to the neuronal AP but also contains
some important differences. These differences are clearly seen in the AP profile of
atrial and ventricular myocytes’ (Figure 1.3b). Firstly, the cardiac resting membrane
potential lies at a more negative value of -90 mV. At a threshold potential of -70 mV
Nav channels open, causing Na* ions to flow into the cell shortly followed by their
rapid closure and the opening of Kv channels (analogous to the AP seen in neuronal
cells). One major difference present in the cardiac AP is the subsequent plateau
phase. This phase is maintained by the presence of delayed rectifier Kv channels that
allow KT ions to leave the cell interior after a delay from the onset of membrane
depolarisation. Also active during the plateau phase are long lasting voltage-gated
calcium channels (L-type Cav) that cause calcium ions (Ca*") to enter the cell. The
influx of Ca?" ions subsequently bind to ryanodine receptors that are responsible
for heart muscle contraction [19]. The balance of both the outward and inward flow
of KT and Ca?* ions keeps the membrane potential at an almost constant positive
value over the course of several hundred milliseconds. Repolarisation occurs with the
closing of Cav channels and the efflux of K* ions from the cell via both rapid and
delayed Kv channels. Eventually the resting membrane potential is restored to -90
mV by Nat and Ca?* being transported out of the cell, via ionic pumps, and K
restored to being inside the cell via inward rectifying potassium channels (Kir). Both

the neuronal and cardiac AP profiles are shown in Figure 1.3.

TOther types of cardiomyocyte, called cardiac pacemaker cells, are critical in the generation of
the cardiac AP that leads to coordinated contraction. However its AP is similar to that of neuronal
cells (with the additional dependence on Ca?* ions) and as a result will not be discussed here.
Hereafter the term ‘cardiomyocyte’ will refer exclusively to atrial and ventricular myocytes.
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Figure 1.3: Action potentials of neuronal and cardiac cells. (a) Typical AP profile
of a neuronal cell: (4) Membrane potential at rest (-70 mV). (0) Upon an external
stimulus, Nav channels open if the threshold potential (-55 mV) is reached (failed APs
are shown as dashed lines). (1) Rapid depolarisation of the cell as Nav channels open,
at the peak Nav channels undergo fast inactivation. (2) Almost simultaneously with
Nav channel inactivation, there is rapid repolarisation of of the cell with the opening
Kv channels. (3) Refractory period where a new AP cannot be initiated. (b) Typical
AP profile of a atrial / ventricular myocyte: (4) Membrane potential at rest (-90
mV). (0) Nav channels open in a similar fashion to neuronal cells but at a threshold
potential of -70 mV. (1) Initial repolarisation of the cell with the inactivation of Nav
channels and opening of Kv channels that set the membrane potential for the plateau
phase. (2) Plateau phase where Cav and Kv channels open, Ca®" ions flowing into the
cell cause a large intracellular release of Ca?" ions through activation of the Ryanodine
receptor. (3) Repolarisation of the cell to the resting potential via the closing of Cav
channels and restoration via the Kv channels. Note: The timescales are not equal
for the neuronal and cardiac AP, the neuronal AP is fast and typically occurs over a
few ms whilst the cardiac AP occurs over a much longer scale of approximately 300
ms.
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1.1.4 Cellular structure: Neurons vs. Cardiomyocytes

The differences in the AP profiles of neurons and cardiomyocytes is a direct conse-
quence of their unique cellular structures. Neurons are broadly classified into three
types: sensory, motor, or interneuron that play key roles in sensing, muscle contrac-
tion, and neuronal communication respectively. These simple classifications do not
cover all types of neuron, of which there are a large variety [20], however the basic
structure of each follows the same principles. The structure of a typical neuron is
shown in Figure 1.4. Input signals to the neuron are received at dendrites that propa-
gate the resulting change in membrane potential towards the axon hillock, a region of
the central neuron body (soma) located just before the axon. Clusters of ion channels
(such as Nav) at the axon hillock initiate the start of the AP if the combination of
incoming potentials exceeds the threshold potential, following the all-or-none princi-
ple (as described in Section 1.1.2). The induced increase in membrane potential to
more positive values causes a succession of Nav channels to open along the length
of the axon and the AP to propagate towards the axon terminal. Transmission of
the AP is retained via myelin-coated segments of the axon that act as insulators to
prevent the leakage of current. The nodes of Ranvier occupy unmyelinated regions
between neighbouring myelin sheaths and contain a high density of ion channels to
ensure that the AP is conducted rapidly through “jumps” between nodes, known
as saltatory conduction [21,22]. Once the AP has reached the axon terminal, local
depolarisation causes Ca?" ions to be released into the presynaptic terminal, lead-
ing to the eventual release of neurotransmitters across the synaptic junction. These
small molecules bind to ligand-gated ion channels in the post synaptic membrane to

transmit the AP to the neighbouring neuron.

10
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Figure 1.4: General features of a typical neuron. Yellow arrows indicate an AP
travelling down the axon, with vesicles in the presynaptic terminal shown as yellow
spheres. Figure created with BioRender.com.

Unlike neurons, cardiomyocytes are electrically coupled to neighbouring cells via
intercalated discs. These localised regions between cells contain an assembly of pro-
teins that form protein tunnels between neighbouring cell membranes, known as con-
nexons [23], and form the gap junction. As a result, when a neighbouring cell is
depolarised the ions are free to pass through to the next and induce further depolar-
isation via the activation of Nav channels exposed to the extracellular space. This
facilitates the uninterrupted propagation of the AP between neighbouring cardiomy-
ocytes and causes heart muscle to contract efficiently in a highly coordinated fashion.

A diagram of features present within cardiomyocytes is shown in Figure 1.5.

11
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Figure 1.5: Action potential through cardiomyocytes. Yellow arrows indicate an AP
travelling from one cardiomyocyte (cell 1) to another (cell 2) via a cluster of connexons
(purple) at the gap junction, located within the intercalated disc. Nav (blue) and Kv

(green) channels are shown in both the open and closed states between neighbouring
cells. Figure created with BioRender.com.
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1.2 Voltage-gated sodium channels

In both neuronal and cardiac cells, Nav channels play a critical role in depolarisation
of the membrane potential. The importance of Nav channels in excitable cells is
evident in their wide distribution throughout the nervous system [24]. As a result,
Nav channels are also implicated in many disease and pathological states including
cardiac arrhythmia [25], epilepsy [26,27], neuropsychiatric disorders [28], and chronic
pain [29,30]. Historically, the family of Nav channels were one of the first VGICs to
be discovered [31-34] and are regarded as the founding members of the large VGIC
superfamily [35]. Each of the nine Nav channels (Navl.X, where X = 1-9) contains
an « subunit that is made up of four homologous domains [36] surrounding a central
pore with a total molecular weight of 240-260 kDa [32,37].

Diversity within the Nav channel family is achieved through different isoforms
that are encoded by specific genes (SCNXA where X = 1-5, 8-11), facilitating their
utilisation across many different tissue types (Table 1.1). Broadly speaking, Nav
channels can be separated into two groups, based on phylogenetic branching, with
Nav1.1, Navl.2, Nav1.3, and Nav1.7 being the most closely related [38] and typically
found in brain tissue. The second group consists of Nav1.5, Nav1.8, and Nav1.9 that
are also close phylogenetically [38] and share similar resistance to tetrodoxin [39,40].
Both Nav1.4 and Nav1.6 are present on their own phylogenetic branch, distinct from

the others, as well as being distinct from themselves [38].

13
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Nav channel Typical localisation
Navl.1, 1.2, 1.3 CNS [41-45]
Navl.4, Navl.5 Skeletal muscle [46] & Heart [47]
Nav1.6 CNS / PNS [42,43,48,49]
Nav1.7, Nav1.8, Nav1.9 PNS [50-52]

Table 1.1: Localisation of Nav channels. CNS = Central nervous system, PNS =
Peripheral nervous system. In-table references are adapted from Duménieu et al. [53],
where the reader is directed for an in-depth review of Nav channel tissue expression.

Although the « subunit can function on its own, it is typically not found in
isolation in wvivo. So-called “auxiliary” S subunits are known to play multifunctional
roles in Nav channel dynamics and may well offer alternative therapeutic routes for a
variety of channelopathies [54]. In humans, there are four types of 8 subunit (51-4)
that are encoded for by the SCNXB gene (where X = 1-4). Additionally, a splice
variant of SCN1B gives rise to the soluble 51B isoform [55]. As with the a subunit,
various [ subunits are expressed in a variety of tissue types (Table 1.2). It is known
that 8 subunits function both independently and directly with VGICs, where they can
alter their gating properties and expression. For example, § subunits have been shown
to affect Nav channel inactivation kinetics [56-58] as well as channel density [58-60].

The binding of each § subunit to the pore-forming « subunit is dictated by the
presence (42 & [4) or absence (51 & 53) of a free cysteine bond in the extracellular
immunoglobulin (Ig) domain (the structure of which is described later, in Section
1.2.2), that facilitates either covalent [61,62] or non-covalent [63-65] interactions re-
spectively. The Ig scaffold is homologous to the variable domain (V-set) motifs present
in the Ig superfamily of cell-adhesion molecules (CAMs) [60,63,66,67]. The adhesive
properties of the 5 subunit’s Ig domain give rise to a number of non-conducting pro-
cesses that include interactions with extracellular proteins such as tenascin-C/R [68],

participation in homo- and heterophilic binding [69-71], as well as the promotion of

14
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neurite outgrowth and cellular aggregation [6]. This is in addition to the § subunit’s
recruitment of the cytoskeletal protein ankyrin-G to points of cell-to-cell contact [69].
Interestingly, Nav « subunit interactions with ankyrin-G have also been shown to
be required for channel clustering and efficient AP propagation at the axon initial

segment [72,73].

(8 subunit
Location 51 £1B 52 53 54
Nervous system
Hippocampal neurons [74] [58,75] [76,77] [75,78]
Cortical neurons [79]  [80,81] [58,75] [76,77] [75,78]
Purkinje neurons [82]  [80,81] [58,75] [77] [75,78]
Cerebellar granule neurons [82,83] - - - -
Nodes of Ranvier [71,74] - [58] - [78]
Dorsal root ganglia  [59,84] [80,81] [59,75,85,86] [76,77,85,87] [75,78,85]
Heart
Ventricular myocytes [88] [88] [88] [88]
Atrial myocytes [89,90] - [90] [90] [90]
Sino-atrial node [91] - [91] [91] [91]

Table 1.2: Localisation of  subunits. Table adapted from O’Malley et al. [8].

1.2.1 Structure of the o subunit

The structure of the o subunit is shown in Figure 1.6. Each of the four domains con-
tain six transmembrane helices (S1-6), where S1-4 form the voltage-sensor domain
(VSD)" and S5-6 contribute to the pore-forming domain. The S4 helix in each VSD
is lined with four positively charged residues (arginine and lysine) that are extremely
sensitive to changes in local membrane potential (i.e. voltage) across the membrane
and are primarily responsible for the channel’s voltage-sensing. The outward move-

ment of the S4 helix to the extracellular side of the membrane induces a conforma-

TFor brevity, VSDs of domain X (where X = I-IV) will be abbreviated as VSDX hereafter.
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tional change in the S5 and S6 helices through the S4-S5 linker, causing the pore to
open. Upon pore opening, ion conduction is governed by the membrane-reentrant
pore loops (P) located between the S5 and S6 helices. The P-loop of each domain
contributes to the channel’s selectivity filter, where aspartate (P-loop I), glutamate
(P-loop II), lysine (P-loop III) and alanine (P-loop IV) form a DEKA motif that is
critical in Na™ selectivity over K*. The region in the a subunit responsible for in-
activation is the isoleucine, phenylalanine, methionine (IFM) motif, located between
the S6 and S1 helices of DIII and DIV respectively [92,93]. Although all domains are
homologous, results from experiment have challenged this. In contrast to activation,
where DI-III activate with similar kinetics, DIV is markedly slower and contributes

most to channel inactivation [94].
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Figure 1.6: Structure of the Nav « subunit. (a) Schematic of the Nav « subunit.
Domains I-IV are coloured green, pink, cyan, and yellow respectively. The positive
charges present in the S4 helices in each domain are indicated with ‘+” symbols. The
extended loop regions containing the selectivity filter and DEKA motif are shown
between the pore lining S5 and S6 helices (outlined in bold) in each domain. The
IFM motif (responsible for inactivation) is shown as an orange circle between the S6
and S1 helices of DIIT and DIV respectively. The lipid bilayer is indicated by a grey
rectangle. (b) Structure of DI with key regions indicated. (c) Intracellular view of
the entire o subunit with the residues of the IFM motif indicated as orange spheres.
Structures taken from Pan et al. [4] (51 subunit not shown) with domains coloured
as in (a), all loop regions are coloured in light grey.
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1.2.2 Structure of the 5 subunit

With the exception of $1B, all g subunits are single-pass transmembrane proteins
consisting of an Ig-type extracellular domain (ECD), with a short linker region to a
single transmembrane helix in the transmembrane domain (TMD) and an intracellular
domain (ICD) that is predicted to be unstructured.

Typically, the Ig-fold contains two [ sheets that consist of anti-parallel 3 strands,
these in turn form a central hydrophobic core, stabilised by a buried disulphide bond
between neighbouring cysteine residues [95]. The § subunit V-set Ig domain generally
follows a Greek-key topology [96,97] and due to their abundance has several labelling
systems [98] that reflect the hydrogen bonding pattern of g strands. A 2D topology
map of how V-set Ig domains are constructed is shown in Figures 1.7a & 1.7b. It
is important to note that in 51 and (3 subunits, the A § strand is not present and
instead, a conserved disulphide bridge stabilises the region. For an in-depth overview
of Ig domain architecture the reader is directed to a detailed review by Bork et al. [98].
A short linker region, made of typically &~ 7 residues, connects the Ig domain to the
transmembrane helix. The overall structure of the Ig domain and full # subunit is

shown in Figure 1.7.
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Figure 1.7: The structure of the 5 subunit. (a) Schematic of the V-set, [ strand rich,
Ig domain common to all Nav g subunits. Thick and narrow arrows correspond to (8
strands on different faces of the domain with orange and cyan colouring representing
common and non-common cores across all families of Ig domain respectively. The
‘A’ strand is present on either face in different V-set Ig domains, as indicated by the
striped and filled arrows. Image adapted from Bork et al. [98]. (b) The structure
of the Ig domain in the 3 subunit, with conserved disulphide bridges highlighted as
yellow sticks and indicated by an asterisk. Colouring and labels of the § sheets are the
same as in (a) with a notable lack of the ‘A’ § strand. (c) Full length structure of the
1 subunit with the Ig, linker, and transmembrane domain indicated in blue, grey,
and pink respectively. The ICD is predicted to be unstructured and has currently not
been resolved.
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1.3 Binding between a & [ subunits

Until recently, the definitive structure of full length g subunits TMD was unknown, in
particular the precise location of the TMD could only be predicted via the sequence
similarity of related proteins. Further clarification was given by the publication of
the eukaryotic Nav1.4 structure with a 51 subunit bound from Electric Eel [3], solved
at a resolution of 4 A. Here, the fully resolved 81 subunit interacts via its TMD
and Ig domain with VSDIII and extracellular loops of the « subunit respectively.
Shortly after, the nearly identical human structure of Nav1.4 was solved [4] with 51
again bound to VSDIII at an improved resolution of 3.2 A. In another cryo-EM
structure this time with the human Nav1.7 « subunit, not only could the position of
B1 be resolved, but also the position of 2 (albeit only the Ig domain) and various
toxin molecules [5]. The length of the TMD helix was revealed to be much longer
than initially predicted and further clarifies potential binding sites that § subunits
can occupy around the « subunit. These structures (shown in Figure 1.8) support
the historic working hypothesis that VGIC structures operate as heterotrimers [34].
However, recent results from atomic force microscopy (AFM) revealed that the «
subunit can in fact be decorated with several 53 subunits at once and can facilitate
cross-linking events between neighbouring channels [99]. The same AFM results also
highlighted the ability of a subunits to cross link with themselves (independently of
the $3 subunit) and suggest an intrinsic propensity to oligomerise, a result supported
by other experimental results that find o subunits can assemble and gate as dimers

[100].
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Figure 1.8: Crystal structures of Nav « - # complexes. Pan et al. [4]: Extracellular
(a) and side view (b) of human Navl.4 in complex with 51, bound at the VSDIII.
Shen et al. [5]: Extracellular (c) and side view (d) of human Nav1.7 in complex with
£1 and 52, bound at the VSDIII and VSDI respectively. «, £1, and 52 subunits are
shown in cyan, red, and purple respectively. Dashed lines in (b) and (d) indicate the
approximate location of the lipid membrane.

Understanding the interactions between the a and g subunits of Nav channels may
help elucidate the structural basis for a multitude of Nav channelopathies, in particu-
lar the often hard to treat diseases of the heart and the corresponding Nav1.5 isoform.
For example, people with mutations in the 53 subunit show cardiac conduction prob-
lems [6], and in mice the deletion of SCN3B leads to cardiac arrhythmias [101,102]

as well as being linked to Brugada syndrome [103].
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1.4 Outline

Clearly, the interactions between the v and [ subunits of Nav channel are complex,
affecting both gating properties as well as the spatio-temporal dynamics of individual
channels. Experimental studies have been successful in identifying the likely interac-
tion sites between subunits. However, a detailed description of « - 3 interactions, and
in particular g subunit dynamics in isolation of other channels, remains to be fully
characterised. Investigation of such behaviour is well-suited to MD simulations that
can explore the likely dynamics of individual proteins in both simple and increasingly
realistic membrane compositions.

Recent evidence from Namadurai et al. [99] has challenged the assumption that
subunits are simply “auxiliary” and they may in fact play an important role in Nav
channel localisation in various tissue types. Their work was conducted on the cardiac
Nav1.5 isoform, a channel that is known to be critical in the rapid depolarisation of
cardiomyocytes and initiates heart contraction. Understandably, the pore-forming o
subunit of this isoform has often been treated with caution from a pharmaceutical
perspective given its tissue location. An increased understanding of 5 subunits’ indi-
vidual dynamics, in addition to how they cluster both with and without « subunits,
may lay the foundation for future research into alternative treatments away from the
pore for a myriad of cardiac and related VGIC diseases.

The work conducted here aims to elucidate the behaviour of both the Navl.5
a subunit and the 3 subunit in a variety of contexts. Firstly, a splice variant of
Navl.5 is examined with key single-point mutations present within the VSD that
alters channel gating. Secondly, mutational studies on 3 Ig trimer are performed
to address the critical importance of key residues. Thirdly, the dynamics of both
the f1 and (3 subunits is investigated which, to date, have not been extensively
characterised in the absence of « subunits. Finally, the higher order clustering of

both « and S subunits is addressed.
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Chapter 1. Introduction

1.5 Work presented in this thesis

In Chapter 2, the theoretical basis, key mathematical concepts and various modelling
procedures are introduced that underpin the simulations performed within this thesis.

Chapter 3 focusses on the Navl.5 a subunit and a particular splice variant that
has been found to alter channel gating via shifting of the voltage-dependence of
activation. Atomistic simulations are utilised to investigate two mutations in VSDI
that were shown to be responsible for an entire observed shift in conductance-voltage
recordings.

In Chapter 4, the dynamics of both the 1 and (3 subunits are investigated,
including their likely interaction with the lipid bilayer and orientational analysis of the
Ig domain. Additionally, experimental observations of the importance of a conserved
disulphide bridge is confirmed along with the construction of a full length 33 trimeric
model. Protein - protein and protein - lipid interactions are characterised for all
systems, as well as the potential important role glycosylation of the Ig domain plays.
The stability of the TMDs of both subunits is also investigated as well as the likely
contribution a conserved glutamic acid residue makes.

Chapters 5 and 6 use CG MD to investigate oligomerisation of a - «a, 3 - (53
and « - 3 subunit binding in a generalised mammalian membrane composition.
The potential role different lipid species have on protein clustering is investigated
in addition to the conformational states occupied by (3 subunits. Binding events
between the a and 3 subunits indicate the possibility of multiple interaction sites,
in agreement with experiment [99], and highlight the potential for cross-linking events

between channels.
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“Forget this world and all its troubles and if possible
its multitudinous Charlatans—everything in short but
the Enchantress of Numbers.”

— Ada Lovelace
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Chapter 2. Methods

In this chapter the theoretical basis and methods used in this thesis are explained.
MD at both atomistic and CG resolutions are discussed as well as the advantages
and disadvantages each provides. Throughout this chapter it is assumed the reader

is familiar with Hamiltonian mechanics (for a brief explanation see Appendix A.1).

2.1 Methods in computational chemistry

The structures of proteins offer a wealth of information about how amino acid se-
quence can translate to a three-dimensional structure [104]. However, these only offer
a static view of the protein and how these structures behave in their local environ-
ment, over various time and length scales, is important to understand how they may
function in vivo. Computational methods, often in parallel with experiment [105], can
be used to probe how proteins carry out their function. As with any experiment, the
choice of technique must be appropriate for the scientific question and in simulation,
this comes down to the correct choice of time and length scales, as well as what is
most computationally efficient.

At the smallest scale, methods based in quantum mechanics (QM) offer unpar-
alleled detail into molecular mechanisms. At their heart, QM methods work with
the electronic wavefunction, ¥, motivated by the wave-like behaviour of the electron.

The behaviour of U is described by the Schrédinger equation [106]:

H|U) = E|0) (2.1)

Where H is the quantum mechanical Hamiltonian, |W) is the state of the system,
and F is the energy of the system. For a molecules with n electrons and N nuclei

(with charges Z;) the expression for H can be further expanded as:
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. —R2_,
n N n
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The terms in Equation 2.2 correspond to the kinetic energy, electron - nuclear
attraction, and interelectronic repulsion respectively. Where & is the reduced Planck’s
constant, y is the reduced mass of the electron, V? is the Laplace operator, e is the
charge of the electron, r;; is the separation of the i electron and I'*" nucleus, ¢ is
the permeability of free space, and r;; the separation of electrons 7 and j.

The complexity of these equations can be reduced by decoupling the molecular
system into electronic and nuclear parts. The separation of electronic and nuclear mo-
tion in electronic structure calculations is known as applying the Born-Oppenheimer
(BO) approximation [107] and is motivated by the large difference in mass between
electrons (e,,) and nuclei (Z,,) where Z,, : e,, ~ 2000 [108]. Application of the BO
approximation has allowed the advancement of a number of methods to calculate
properties of the electronic wavefunction, such as Hartree-Fock (HF) [109,110] or
density functional theory [111,112]. Their in-depth evaluation is beyond the scope of
this thesis; for a full description of modern electronic structure theory approaches and
underlying theory see a detailed perspective by Sherrill [113] and / or a comprehensive
introduction by Helgaker et al. [114].

Biological phenomena tend to occur at time and length scales that render the use
of QM methods impractical. Although highly accurate, the computational cost for
such problems is high and limited to small systems typically made up of hundreds of
atoms. Pioneering work by Levitt, Karplus, and Warshel aimed to “bridge the gap”
using a combined QM /molecular mechanics (QM/MM) theory [115]. This culminated

in the three of them winning the 2013 Nobel prize in Chemistry for “the development
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of multiscale models for complex chemical systems”. Briefly, properties in the region
of interest are calculated using highly accurate QM methods whilst the rest of the
molecule is treated with classical mechanics. The latter is described using a molecular
mechanics (MM) force field (described later in Section 2.2). The QM /MM method has
found particular success in computational enzymology where the active site, usually
only involving a few residues, is key to biomolecular function [116].

At larger system sizes the benefits of the QM /MM approach begin to decrease
as the cost of calculating a large QM region becomes computationally impractical.
On the other hand if one decreases the QM region the system will need an increased
MM region at the cost of decreased accuracy. At such system sizes the exact QM
description of molecule may not be necessary and how its dynamics change over longer
time frames as well as any large conformational changes becomes a more relevant
questions. For such problems, MD simulations offer a “computational microscope”
[117,118] on processes at temporal and spatial scales that are often hard to probe
experimentally. MD has become a cornerstone of modern computational research.
The powerful technique has applications in many aspects of modern science from
materials science [119] to protein simulation [118,120]. One of the first simulations of
a protein using such a method was in 1977 where McCammon et al. [121] simulated
bovine pancreatic trypsin inhibitor, a small globular protein, for a total of 8.8 ps.
Since then, efforts in the field coupled with the increase in computational power
now allows for much larger system sizes to be routinely simulated for hundreds of
nanoseconds or even microseconds [122]. This vast increase in time scales has been
enhanced by the utilisation of graphical processing units that are now routinely used

by modern software packages [123-127].
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2.2 The molecular mechanics force field

The molecular mechanics force field is a crucial set of parameters used to define the
functional form of the potential energy function, which describes the interactions be-
tween particles in the system. Beginning with a general form this can be split into

the bonded and non-bonded contributions:

UTotal = Z U<rN) (23)
= Z Ubonded + Z Unon—bonded (24)

Where U represents the potential energy and r"V the coordinates of N particles in
the system of interest. The terms in Equation 2.4 can be expanded in various func-

tional forms. Representation in accordance with the AMBER [128] potential gives:

Z Ubonded == Z kr‘(T - TO)Q + Z ]{9((9 - 90)2 (25)

bonds angles

Yy %Vn[l + cos(nr — 8)

torsion n
12 6
( o ) ( o )
rij Tij

Z Unon—bonded - Z Z 4Eij

i i
4iq;
17 2.6
- E 2 Zor, (2.6)

Where the terms of the bonded contribution (Equation 2.5) represent the inter-
actions with respect to bonds, angles, and torsions. For the non-bonded contribution

(Equation 2.6) each term represents the interactions through Van der Waals (VAW),
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and electrostatics respectively. The following sections will now describe the theoreti-

cal basis for each of these terms and define all variables.

2.2.1 Bonded interactions

In MD simulations the covalent interactions are modelled by a simple harmonic and
often based on Hooke’s Law [129] due to its simplicity. Other forms such as the
Morse potential [130] exist that capture the physics of bond breaking, this form is of-
ten used in the calculation of spectroscopic data where the dynamics of bond breaking

is important. The potential between two particles as a result of their bond is given by:

Ubond(hj) = —lj(n‘j - T%)z (2-7)

Figure 2.1: Schematic of a simple harmonic potential between particles ¢ and j.

Where r;; is the instantaneous bond length between two particles, kJ; is the co-
valent bond strength (i.e. spring stiffness) and r‘?j is the equilibrium bond length. A
similar expression can be obtained for the bond angle that now requires three parti-

cles to be defined.

0

Uangle(eijk) - Tjk(emk - gi)jk)Z (28)
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J

Figure 2.2: Schematic of the angular potential between particles 7, 7, and k.

Where 0,5, is the bond angle between three particles, kfjk is the angle bending

0

constant and 6, is the equilibrium bond angle. Extension of the angular terms to

j
include four particles leads to an expression for the dihedral, or torsional, angle. This
is defined as the angle created between two intersecting planes, where one contains

particles ¢, j, k whilst the other contains particles 7, k, [.

Usiorsion = Z %Vn[l + cos(nt — 0)] (2.9)

l

Figure 2.3: Schematic of torsional potentials with proper (left) and improper (right)
dihedrals between particles ¢, j, k, and [.

Equation 2.9 is a Fourier-expansion of the torsional terms where V,, is the torsional
barrier, ¢ is the phase, n is the periodicity and 7 is the torsional angle. Often, to
save computational effort, the torsional term is set as a truncated Fourier-series, only

including a set amount of multiplicities (i.e. n values) [128].
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2.2.2 Non-bonded interactions

The non-bonded interactions can be characterised by contributions made from both
VdWs and electrostatic terms. Typically the VAW interactions are described with a
pairwise potential between pairs of atoms as a function of their internuclear distance,

this often takes the form of a Lennard-Jones (LJ) potential [131]:

Uvaw (rij) = Urs(ri;)
o 12 o 6 (2.10)
:4%‘[(5) ‘(E)]

ULy(rij)

Figure 2.4: Qualitative plot of the Lennard-Jones potential.

Where 7;; is the interatomic distance, ¢;; is the well-depth and o;; is the VAW
radius (the distance at which the internuclear potential is set to zero). The first and
second terms in Equation 2.10 represent the short-range repulsive and long-range
attractive forces respectively.

Contributions from electrostatics arise from ionic species and the uneven distri-
bution of charge in molecular systems in the form of partial charges. The use of a
non-polarisable force field fixes these values and in AMBER these are derived from

restrained electrostatic-potential fitting of high-level ab initio QM calculations, such
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as HF at the 6-31G* level of theory [132]. If needed, the partial charges can be
changed during the course of a simulation as the system evolves and is implemented
in a number of polarisable force fields such as AMOEBA [133,134] (for a detailed list
see a topical review by Cieplak et al. [135]). However, with the added complexity
that such models introduce this often comes with an increase in computational cost.

In the non-bonded term, electrostatic contributions can be modelled using a

Coulomb potential, Usouioms, defined as:

L ag
47T€0 Tij

UC’ouIOmb(rij) = (211)

UCoulomb (rij )

rij

Figure 2.5: Qualitative plot of the Coulomb potential.

The (47eo) ! term represents Coulomb’s constant (where &g is the permittivity of
free space) and the ¢ values are the charges on atoms ¢ and j separated by distance

Tij~
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2.3 Molecular dynamics theory

In a MD simulation, a system of N particles is evolved over time by solving Newton’s
equations of motion [136]. These particles interact by a predefined potential, Uryta,
as described in Section 2.2. From this, the forces in the system may be derived
(Equation 2.12) and Newton’s equation of motion integrated to give the positions of

all particles, r, at some time ¢, with time step At > 0 (Equation 2.13).

F = —VUTotal(I') (212)

F(t)

r(t + At) =~ 2r(t) —r(t — At) + 7&2 (2.13)

Where M is the mass matrix of the system. Once r(¢ + At) has been calculated,
the positions are updated (i.e. the current positions become the old positions and the
new positions become the current positions) and the process is repeated.

In any MD simulation the evaluation of forces is the most computationally expen-
sive part. One way to reduce this is to evaluate the forces less frequently, if our choice
of integrator allows for longer time steps the computational cost will be reduced. An-
other important point is that of energy conservation, which can be split into short and
long-time components. Typically the Verlet (and related) algorithm(s) have moder-
ate short-time energy drift but benefit from little long-time drift. Additionally any
simulation that is repeated with the same set of initial conditions will diverge from
the “true” trajectory due to errors incurred by limited machine precision. Since the
aim of MD is to gather statistical data on a particular process, this need not be a
huge problem as statistical averages of properties in a system will suffice. Similarly,
it may be expected that integrators are time-reversible, but due to machine preci-

sion this is not the case and only in the limit of a infinite machine precision would
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the trajectory be truly time-reversible. This leads to a final but important point
about area preservation in phase-space. If our system is evolved over time following
Hamiltonian mechanics, it would be expected that the magnitude of, for example,
the volume in phase-space would remain unchanged. If this property had changed,

energy conservation would be broken and lead to a drift in energy.

2.3.1 Integrators
2.3.1.1 The Verlet algorithm

Equation 2.13 outlines how the positions of particles can be found by integrating
Newton’s equations of motion and is more commonly known as the Verlet algorithm
[137]. This formalism is readily derived from the Taylor expansion about point r
and does not involve the velocities of each particle to be solved. One drawback to
this method is the fact that velocities are only accessible once r(t + At) has been
evaluated, this in addition to errors arising from a small O(At?) term. For a full
derivation of the Verlet algorithm, and how velocities may be obtained, see Appendix

A, Section A.2.

2.3.1.2 The Leapfrog algorithm

An equivalent algorithm to Verlet is the Leapfrog algorithm. In this, the velocities

are computed at half-integer time steps and then used to compute the new positions:

r(t+ At) =r(t) + Atv (t + %) (2.14)
V(t+%) :v(t—%) +At% (2.15)
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From Equations 2.14 and 2.15 it is apparent that the positions and velocites are
evaluated at different times (Figure 2.6). As a consequence the kinetic and potential
energies are not directly accessible at the same time. Since the Leapfrog algorithm
is derived from the Verlet algorithm it gives rise to identical trajectories. Its main
benefit lies in the fact that large differences between two quantities are taken and so
the chances for loss of precision are minimised [138]. All simulations in this thesis

were performed using the Leapfrog algorithm.

Zo T )
l l l l l l (N
I I I I I I L4
V1 U3 Us
2 2 2
to tl tl t§ t2 t§
2 2 2

Figure 2.6: A schematic of the Leapfrog algorithm in one dimension. Positions (x) and
velocities (v) are calculated at different times (¢) and as such are said to “leapfrog”
over one another.

2.3.1.3 The velocity Verlet algorithm

If the velocities and positions are required at the same time, it is possible to refor-
mulate the Verlet algorithm to the velocity Verlet algorithm [139] (Equations 2.16,
2.17). In this representation the positions, velocities, and forces are all calculated at
the same time. The original Verlet algorithm is recovered via removal of the velocity

terms in the position calculation.

r(t+ At) = r(t) + v()At + %M (2.16)

F(t+ At) + F(t)

v(t+At) =v(t) + Wi

At (2.17)
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Due to their explicit calculation of velocities, if the user requires high precision
for thermodynamic parameters (such as temperature) the velocity Verlet or Leapfrog

algorithm should be used.

2.4 System setup protocol

In this section the typical steps and considerations taken to prepare a system for
simulation will be outlined. This is a generalisation and, where necessary, specific
details of each simulation setup performed in this work will be outlined in the relevant

chapters.

2.4.1 Periodic boundary conditions

All systems in MD simulations will contain boundaries that, if not accounted for,
can lead to unphysical behaviour [140]. One way to mitigate this problem is to use
periodic boundary conditions (PBC) and defining the system as the unit cell that
contains replicas surrounding it in all dimensions to create an infinite lattice (Figure
2.7). This is easily applied in three dimensions where periodic images are repeated in
the z, y, and z dimensions. PBC conditions are usually employed with the minimum
image convention that ensures that only interactions between a particle and the clos-

est periodic image of its neighbours are considered [141].
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Figure 2.7: A 2D illustration of periodic boundary conditions. The system under
investigation (centre, bold boundary) is surrounded by periodic images of itself. If a
particle (red) moves out of the simulation box its periodic image enters at the other
side (arrow).

2.4.2 Energy minimisation

Once a system is setup an energy minimisation step is needed to remove any high-
energy interactions between particles as defined by the force field. Typically, a steep-
est decent algorithm is followed and the system coordinates adjusted to reduce the
overall net forces acting upon them. This method is repeated until some user-defined
energy cut-off or maximum step number is reached. Once minimised, the system is

ready to undergo a series of equilibration steps.
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2.4.3 The thermodynamic ensemble: temperature & pres-

sure

Any thermodynamic system can be described by the number of particles in the sys-
tem (), the temperature (T'), and the pressure (P). These parameters describe
macroscopic observables of the system that are determined by underlying microscopic
details, or microstates. A large number of unique microstates, each with their own po-
sitions (q) and momenta (p), occupy a multidimensional space known as phase space
(T"). Different points in phase space can reproduce the same macroscopic observable
(Aobs) and so as the system evolves over time it should pass through all points con-
tained within I', as described in Equation 2.18. The collection of all points in phase
space is known as an ensemble. If averaged over infinite time this should represent
the single system and is often referred to as the ergodic hypothesis. A set of differ-
ent macroscopic observables will give rise to different ensembles, which are detailed
in Table 2.1. Each ensemble will have an associated density of phase space points
(p(T')) that represents the probability of finding the system in a state at points p, q.
In a simulation, time is discretised and extension to infinite time is unfeasible. To
circumnavigate this problem, the ergodic hypothesis is employed and the average over
ensembles (Equation 2.19) can be used instead of averaging over time. As a result,

the amount of sampling in phase space is often a major bottleneck in MD simulations.

Agbs = (A)time = <A<F(t)) >time

~ lim /tobsA(I‘(t))dt (2.18)

tobs—inf tObS

= <A>ensemble (219)
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Ensemble Abbreviation Fixed parameters
Microcanonical NVE Number of particles, volume, energy
Canonical NVT Number of particles, volume, temperature
Isothermal-Isobaric NPT Number of particles, pressure, temperature
Grand canonical uVT Chemical potential, volume, temperature

Table 2.1: Common thermodynamic ensembles.

2.4.3.1 Thermostats

Control of temperature can be achieved through the coupling of the system to a heat
bath. One of the most simple ways to achieve this is through direct rescaling of the

particle velocities to a reference temperature as the simulation progresses:

——~ =1, T — T(1)) (2.20)

Where T'(t) is the instantaneous temperature at a particular time step, Trer is
the reference temperature and 7; is the coupling of the system to the bath. This
method is motivated by the direct relationship of the kinetic energy of the system
to its instantaneous temperature (Equation 2.21) and is the algorithm used by the

Berendsen thermostat [142, 143)].

i=1 (2.21)

3
= °NkgT
3 Nks

Where E}, is the kinetic energy, m; and v; are the mass and velocity of particle ¢
respectively, N is the number of particles in the system, kg is the Boltzmann constant,
and T is the temperature.

Although the Berendsen thermostat is useful for getting systems to a target

temperature, it has been shown that the correct canonical ensemble is not repro-
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duced [144,145], in addition to the introduction of artefacts. For these reasons it is
typically only used for the initial equilibration stages of a simulation.

The velocity rescale thermostat [146] (Equation 2.22) is an extension of the Berend-
sen thermostat that does reproduce the canonical ensemble by introduction of a
stochastic term. Instead of using a strict reference, the temperature is periodically

drawn from the canonical equilibrium distribution from the kinetic energy of the

IKK,., dW
AK = 77 (Kpop — K)dt 42, | ——rel 227 2.29

Where K is the kinetic energy of the system, N is the number of degrees of

system.

freedom, and W a Wiener process (the stochastic term).

Once a system has been equilibrated, an extended system thermostat (where the
system is in contact with an external heat bath) such as the Nosé-Hoover thermo-
stat [147,148] can be utilised. This introduces additional degrees of freedom to the
Hamiltonian of the system. The central idea is to incorporate the coupling of the
heat bath as an integral part of the system by the introduction of a virtual variable
s, with an associated mass () and velocity §. The corresponding Hamiltonian now

takes the form:

N 2 2
pi ps
H(q,p,s,ps) = E ST +Vi(q) + 20 + gkTlns (2.23)
i=1 v

Where the first and second terms describe the kinetic and potential energy of
the system, respectively. The third term represents the kinetic energy of the virtual
system s and the final term is the potential of s (where g represents the degrees of
freedom in the system). The Nosé-Hoover thermostat does reproduce the canonical
ensemble but suffers from being nonergodic for some small systems [149].

Sometimes it may be appropriate to use a stochastic approach, such as the Langevin
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thermostat. In comparison to Nosé-Hoover, stochastic methods introduce a random
force into the equations of motion as well as a frictional term that is proportional to
the particles velocities [150]. At each time step the thermostat adds this frictional
term to the equations of motion, as well as a random force drawn from an appropriate

probability distribution.

2.4.3.2 Barostats

In a similar fashion to the Berendsen thermostat [142], the pressure can also be
rescaled in accordance to a reference pressure bath:
dP(t)

% (Prey —P(1)) (2.24)

This is the Berendsen algorithm, where P(t) is the pressure at a particular time
step, P,.s is the reference pressure, and 7, is the coupling of the system to the bath.

The algorithm scales the system coordinates (r) and volume (V) every npc step

according to the matrix p [151] (Equations 2.25, 2.26 & 2.27).

r' = ur (2.25)

V' =1tV (2.26)

where the prime notation represents the scaled variable, and p is defined as:

npo/\t
pij = 055 — ——Bii{ Pres,; — Pyj(t)} (2.27)

37p

where f3;; corresponds to the isothermal compressibility (for water at 1 atm at 300 K

this is 4.6 x 1071° Pa™1).
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For simulations in water, the pressure coupling will be isotropic (i.e. the same
value for all box vectors), however if the system is completely anisotropic u takes the

form:

,umc ,uxy + ,uya: ,ua:z + ,Uza:
p=10 Mgy Myt ey
0 0 Hzz

In membrane simulations the x and y box vectors are often coupled and scaled
by the same amount whilst the z vector (defined as normal to the membrane) will be
scaled independently. This is known as semiisotropic coupling.

The Berendsen algorithm for pressure coupling is useful in reproducing the average
pressure of the system but fails to sample from the correct NPT ensemble. To sample
from such an ensemble, the Parrinello-Rahman algorithm [152,153] can be used in a

similar fashion to that of the Nosé-Hoover thermostat.

2.4.4 Long-range interactions

On average, the most computationally demanding part of any MD simulation is cal-
culation of the non-bonded interactions. The number of particles (V) in any MD
simulation can be large. Since each particle, by definition, must interact with every
other, the resulting calculation scales as N? and thus becomes unfeasible to run on
current computer architectures. In order to tackle this problem several schemes have
been developed that reduce computational demand whilst retaining the accuracy of
the simulation.

As seen in Section 2.2.2, the non-bonded interactions can be split into contribu-

tions made from both VAW and electrostatics. The LJ potential, that describes the
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VAW forces, contains a r~% term that captures the behaviour of the long-range at-
tractive forces. This term notably decays rapidly towards zero as the particle-particle
distance increases. Intuitively, several cut-off schemes have been introduced to only
consider particles within a particular distance for LJ calculation. The simplest of
these is to use a “hard” cut-off where the potential function (v.(r;;)) is truncated
at a defined distance (r.), although this may introduce slight errors it dramatically

reduces the number of calculations needing to be performed at each step (Equation

2.28).

v(rij) 1rij < re
Ve(ri;) = (ria) 7 (2.28)

0 Tij > Te

Since particles at the boundary of such a scheme may experience unphysical forces
during the simulation, a shifted-force potential (vgr) can be used (Equation 2.29).
Here the potential is shifted by v. and a linear term added so that the derivative at

T is zero [154].

vsr(rij) = (2.29)

The benefit of the above approach is that now the discontinuity (as in the “hard”
cut-off case) is now only present in the gradient of the force. This conserves energy and
removes any instabilities within the equations of motion and as a result is commonly
used in the CHARMM [155-158] and MARTINI [159-166] force fields (described later
in Section 2.5.1.1).

Since the electrostatic potential falls as r~!

with increasing distance, the use of
simple cut-off schemes may lead to artefacts in the force calculation [167]. To tackle
this, it is common to use Particle Mesh Ewald (PME) summation [168]. By use of a

simple identity, the r~! term in the Ewald summation [169] can be expressed as:

44



Chapter 2. Methods

o _f0) 1= f0)

r r

(2.30)

Equation 2.30 represents the two terms that need to be calculated. The first is
in direct space and corresponds to the central box, represented by the point charge
distribution screened by Gaussian distributions (p?(r)). The second is in reciprocal
space and is constructed as a charge distribution of the same shape and sign as p?(r),

as shown in Figure 2.8 and can be solved quickly by Fourier transforms.

Figure 2.8: One-dimensional illustration of the Ewald sum. Left: Point charges with
screening distribution. Right: Cancelling distribution. Image adapted from [170].

Unfortunately, Ewald summation scales as O(N2) and so is computationally inef-
ficient. Instead, PME uses a grid based approach that replaces the continuous point-
charges by grid-based charges. This is to facilitate the use of Fast Fourier Transforms
that increase the speed of this calculation and improves scaling to O(Nlog(N)).

An alternative to the use of PME is that of the reaction-field approach. This
method treats the Coulombic contributions inside a spherical region of the system
explicitly, but once past a certain cut-off there is an assumed continuum of uniform
dielectric constant [171,172]. Although this approach saves computational expense
there are issues when a particle crosses the cut-off boundary. As discussed by Allen

& Tildesley [173], when such an event occurs there is a discontinuous jump in energy
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between the cavity and in the reaction-field contribution. These do not cancel exactly
and can lead to poor energy conservation.

Typically, PME is the method of choice for electrostatic contributions and on
modern computer architectures its evaluation (and associated Fast Fourier Trans-
forms) perform very efficiently. This now leads to a new bottleneck: calculation of
the contribution of electrostatics from every atom with every other in the system.

An additional tool to increase efficiency is the use of neighbour lists, the most
common of which is the Verlet list, shown schematically in Figure 2.9. The approach
stores the neighbours in a list (the Verlet list) within a certain radius (r;) of particle 1.
In the next calculation step if the maximum displacement of the particles is less than
r; — 1., where r. is a radius surrounding particle ¢ that is < r;, then only particles
contained within the Verlet list are considered. As soon as one of the particles moves
a distance greater than r; — r. then the list is updated. Although using such a
scheme scales as N2, the Verlet list contains considerably fewer particles than the
entire system and its use on systems with a large number of particles (i.e. > 100) is

justified.

Figure 2.9: The Verlet list: A particle ¢ (orange) only interacts with particles j (grey)
within .. The Verlet list contains particles that are within a sphere of r; > r. (pink).
Image adapted from Frenkel & Smit [174].
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2.5 Multiscale modelling

Biological processes take place over various spatio-temporal scales and in order to
tackle this a number of computational techniques have been developed [175-177]
(Figure 2.10). At the smallest scale the natural choice are QM calculations where the
behaviour of electrons is key. On a larger scale, all atom models are more suitable and
lend themselves well to the study of protein dynamics. As system size increases CG
models may be utilised that incorporate several atoms into one representative particle
reducing the number of degrees of freedom that need to be calculated. Similarly,
mesoscale models decrease the number of particles again, whilst at the furthest end
of the spectrum there are continuum models where the collective motion of particles
is more important than individual interactions. The spirit of multiscale modelling is

to use the most suitable level of theory for the scale that a given problem pertains to.

A
S
Continuum
,%é ms Mesoscale

]
n
<]
5

s

Coarse-grained
ns
Atomistic
fS Ab Initiol

L 2

A nm pm mim m

Length scale

Figure 2.10: Multiscale methods across various time and length scales.
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The benefit of a multiscale approach increases computational efficiency when
choosing the right level of theory to use for a particular problem. For biological
questions concerning, for example, an enzyme’s active site it would be appropriate to
use QM (or QM/MM) methods [178-180]. Measuring protein folding lends itself well
to an all-atom approach, but tackling problems relating to protein oligomerisation or
membrane undulation often requires a CG description [10, 181, 182]. Finally, large

scale collective motion would be captured well using a mesoscale model [183].

2.5.1 Coarse-grained molecular dynamics

Typically atomistic simulations are the primary tool to study protein dynamics, how-
ever as system size grows the computational cost increases and as a result a number
of CG force fields have been developed. The underlying principle is a simple com-
bination of several atoms to form a single particle. The effect of this reduces the
number of degrees of freedom and particle number contained within the system of
interest. Although this will clearly induce a loss of accuracy there is an increase in
computational efficiency and the level of coarse-graining ultimately depends on the

biological problem of interest.

2.5.1.1 The MARTINI force field

The MARTINT force field is one of the most popular CG force fields used for biomolec-
ular simulation. Initially it was developed for lipid only simulations by the groups of
Marrink and Tieleman [162]. Subsequent releases increased the models use for work
with proteins [160], DNA/RNA [163,164], carbohydrates [165], polymers [166], and
nanoparticles [184,185].

At the centre of the MARTINI model are four particle types: polar (P), nonpolar
(N), apolar (C), and charged (Q). For more complex chemical moieties, such as struc-

tures containing rings or small molecules, an S-type particle is used. Additionally,
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each of these particle types has its own subtype that allows for greater flexibility and
more accurate chemical descriptions (Figure 2.11). The basic design principle of the
MARTINI model is a simple 4-to-1 mapping of heavy particles (as well as any bound
hydrogens) to one coarse-grained bead. In the case of S-type particles, the mapping
is altered to an increased resolution of up to 2-to-1. The various combinations of
particle types and subtypes gives total of 18 fundamental particles to construct rep-
resentations of molecules from and are crucial in accurately modelling amino acid
side chains (Figure 2.12). How these particles interact can be found in the interaction

matrix outlined by Marrink et al. [161].

[ Particle Type]

polar  apolar nonpolar charged rings
— ~ _/
Subtype
H-Bond

Figure 2.11: Different particles in the MARTINI model. Various interactions between
particles can be made by alternative combinations of particle type and subtypes.
Polarity varies from very weakly polar (1) to very strongly polar (5). Hydrogen bond
ability is defined as either acceptor (a), donor/acceptor (da) or neither (0).
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Figure 2.12: MARTINI particle type mapping to amino acid side chains. Image
adapted from [160].

Bonded & non-bonded interactions

Bonded interactions in the MARTINI force field are typically designed using structural
data derived from atomistic simulation using a standard set of potential functions as
outlined in Section 2.2.1. When simulating proteins the atomistic structure from the
Protein Data Bank (PDB) [186,187] can be used as a reference. This is usually used
in combination with an elastic network approach, such as EINeDyn [188], that con-
strains the protein’s secondary structure to a particular conformation. The EINeDyn
methodology applies a set of harmonic potentials (i.e. springs) between the backbone
particles of the protein within a certain distance cut-off. In this approach the back-
bone particles are centred on the Ca atoms, whereas in the MARTINI force field the
backbone particles are centred on the centre of mass of the backbone atoms (N, Ca,
C, O). To solve this the EINeDyn model adapts the MARTINI bonded parameters
(as well as mapping for aromatic residues). For a given EINeDyn model the cut-off,
R, is set to 0.8 - 1.0 nm with a force constant, Kying, of 500-1000 kJ mol™' nm™2.
All CG simulations in this thesis used R, = 0.9 nm and Ky, = 500 kJ mol 1.
Non-bonded interactions are described using a 12-6 LJ potential with a well depth
of g;; = 2.0-5.6 kJ mol ™! for interactions between polar and apolar groups or strongly

polar groups respectively, thus mimicking the hydrophobic effect. Typically, all par-
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ticles in the model have the same effective size of ¢ = 0.47 nm, however ring-like
molecules use a sightly reduced value of ¢ = 0.43 nm and ¢;; is scaled to 75% of
its original value. Charged interactions within the non-bonded parameters are cap-
tured using charged particle types, Q, that interact via a Coulombic energy function.
These interactions are implicitly screened with a dielectric constant of ¢ = 15. In
order to mimic the effect of distance-dependent screening, the MARTINI model uses
the non-bonded potential energy functions in a shifted form, with a cut-off interac-
tion distance r.,; = 1.2 nm, the LJ potential shifted from 0.9 nm to r.,, and the

electrostatic potential shifted from 0.0 nm to 7.

Water model

In MARTINI, four atomistic water molecules are represented by one coarse-grained
particle. Clearly, reducing the complexity of solvent interactions will alter the effects
of polarization and screening in the system when compared to an all-atom system.
To address these issues, a number of alternative water models have been developed,
namely the polarizable and continuum models. In the polarizable MARTINI model
[189,190], additional charged particles (WP and WM, carrying charges +¢ and —q
respectively) are bound via a harmonic potential to the central W particle. Their
rotation is controlled by a harmonic angle potential that allows the dipole moment
to vary. Although useful, the cost of simulating extra interactions that arise from
such a model is often high in terms of computational power. Since the philosophy of
any coarse-grained technique is to simplify the interactions, it is often unnecessary
to use such a model. If solute-solvent interactions are of critical importance to the
system, an atomistic representation will yield far more accurate results. For very
large systems it may be appropriate to use a continuum based model such as Dry
MARTINI [191]. In this approach, all water molecules are modelled implicitly and so

the computational cost is reduced. For these systems, macroscopic effects are much
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more important and so the fine details of solute-solvent interactions are not necessary
in order to capture the correct physics of the process of interest. For all MARTINI

simulations in this work the standard water model was used.

2.6 Homology model generation

Over recent years there has been a large increase in the number published of high
resolution protein structures deposited in the PDB, with &~ 40,000 between 2015 -
2018 [192]. Several methods are utilised by experimental groups such as X-ray crys-
tallography, nuclear magnetic resonance (NMR), and cryo-EM. Often, a combination
of several methods, sequence knowledge, and related domain structures are needed
to produce refined atomic structures of proteins. Although powerful, sometimes it is
not possible to experimentally resolve the entire structure of a particular protein and
often certain regions are missing. For example, if the protein under study is large
and has several domains, only a few of these may be resolved and it is up to the user
to reassemble these. Additionally if there are regions of the protein that are highly
flexible, such as loops, these may not be resolved (in the case of NMR this is not a
problem as an ensemble of loop structures are captured).

Fortunately, a number of software packages exist to model in missing residues
of a protein based on a solved structure (the template) and its sequence (the tar-
get). Usually a protein will be part of a much wider family of related proteins with
conserved residues that are important to their biological function. These patterns
in conservation can be captured using a multiple sequence alignment (MSA) of the
template, target, and a number of closely related proteins in the same family. The
MSA can be used to include the newly aligned sequence of the target into the mod-
elling software of choice and a series of homology models created. In this thesis the

MUSCLE [193,194] web server was used to create all MSAs and homology models
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were constructed using Modeller (v9.16) [195].

Once created, the quality of each model must be assessed and given a score.
Scoring can be based on a number of statistical potentials, one of which is Discrete
Optimised Protein Energy (DOPE) function [196] that is implemented within the
Modeller software package. DOPE is an atomic distance-dependent statistical po-
tential that measures the quality of a generated model based on a native reference
state as a sphere of uniform density and finite size. Additional assessment can be
made by composite scoring functions such as Qualitative Model Energy ANalysis
(QMEAN) [197,198]. This function works by defining five geometrical descriptors
used to assess a particular model that include torsional angles, a secondary structure
specific distance-dependent pairwise residue potential, a solvation potential, and two
terms to assess agreement between predicted vs. calculated secondary structure and

solvent accessibility. All protein models constructed in this thesis were assessed using

both DOPE and QMEAN scoring functions.
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“Everything has an end,
and you get to it if you only keep all on.”

— Peter Waterbury, in The Railway Children, by E. Nesbit
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Chapter 3. Navl.5e splice variant

This chapter is based on the manuscript: Alternatively-spliced isoforms of the cardiac
Navl.5 sodium channel modify channel activation by distinct structural mechanisms,
Adamo S. Mancino, William G. Glass, Yuhao Yan, Philip C. Biggin and Derek Bowie.

in prep.

3.1 Introduction

In this section, the concept of alternative splicing is introduced and how this applies
to Nav channels. More specifically, focus is drawn upon a specific splice variant and
relevant single-point mutations highlighted by Mancino et al. [199] that were then

simulated using MD.

3.1.1 Alternative splicing

In eukaryotes, a particular gene is constructed from coding and non-coding regions.
During transcription, all regions are included to form pree-mRNA, after which a num-
ber of post-transcriptional modifications take place, with one such process being RNA
splicing. This removes non-coding regions from pre-mRNA whilst retaining and lig-
ating coding regions, these regions are named introns and exons respectively. The
splicing of pre-mRNA is catalysed by five small nuclear ribonucleoproteins and a
number of associated proteins [200]. These make up a huge and dynamic ribonucle-
oprotein complex [201], named the spliceosome. The simple removal of introns from
pre-mRNA is named consecutive splicing. However, more commonplace is alternative
splicing that is regulated by the spliceosome.

Alternative splicing plays a crucial role in dramatically increasing the number of
mRNA isoforms formed from a single gene. This allows for increased diversity in the
proteome of a specific organism. In humans, this allows for the approximately 20,000-

30,000 protein-coding genes [202] to increase the protein isoforms they can produce
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more than tenfold [203]. Typically this process is tightly regulated and depends
on factors such as cell-type and cell-cycle [204]. Figure 3.1 details the variety of
mechanisms used in alternative splicing. In humans, exon skipping is most prevalent,
however a variety of other mechanisms exist such as mutually exclusive exons, intron
retention, and alternative 5 and 3’ splice sites.

Once mature mRNA is formed after (consecutive or alternative) splicing, it can
then undergo translation to eventually form a functional protein. Although similar, a
protein that has been formed via alternative splicing will have a different amino acid
sequence to that of its canonical form.

Alternative Splicing Events

Exon | [[Exon | Exon | (i) Exon Skipping (ES)

| Exon (ii) Mutually Exclusive Exons (MXE)

Intron

[ Exon | S et E ]
L ot S 1 Exon ! (iii) Intron Retention (IR)

Exon ; |
@ _BE | (iv) Alternative 5’ Splice Site (AS5SS)

Exon @ B (v) Alternative 3’ Splice Site (A3SS)

Figure 3.1: Overview of the common mechanisms of alternative splicing in gene ex-
pression. In humans, exon skipping is the most prevalent form of alternative splicing.
Image adapted from Chaudhary et al. [205].

3.1.2 Alternative splicing in Nav channels

In addition to specific Nav channel isoforms (described in Section 1.2), increased
diversity in channel behaviour can be achieved through alternative splicing. Each
of these isoforms possesses their own unique alternatively spliced variant, but there

are common splicing features shared across the family of channels. In six of the Nav
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channel isoforms there are two forms of the gene that encode for the S3-S4 helices
in VSDI and in Navl.5 these are exon 6b and 6a (or the analogous exon 5a and
5b in Navl.l, Navl.2, Navl.3, Nav1l.6, and Navl.7). Inclusion of exon 6a encodes
for the “adult” form, whereas inclusion of exon 6b gives rise to the “embryonic”
form. Alternative splicing in the S3-S4 region of the VSDI has a profound affect
on channel gating properties. In Navl.l, Nav1.2, and Navl.7, inactivation of the
channel is altered [206-208] whilst in Nav1.5 the voltage-dependence of activation is
shifted [209].

3.1.3 Navl.5e: D211K & T207S mutations

The aspartic acid to lysine switch at position 211 (D211K) has been shown by Onkal
et al. [209] to be responsible for the entire shift in Navl.5e. However, the molecular
mechanism that causes the observed depolarised activation profile remains elusive.
Interestingly, there are around seven amino acid differences between the human (mH1)
and embryonic (Navl.5e) isoforms of Nav1.5 (Figure 3.2). In order to investigate the
impact that any of these other amino acids had on channel activation, in addition to
D211K, Mancino et al. [199] ran single point mutations of each of the seven residues

in both the forward (mH1 — Navl.5e) and reverse (Navl.5e — mH1) direction.
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L —  Fxonbb—m98 ——=

m Nav1.5/mH1 VI VMA SALRTFRVLRALKTISVIE |GLKT IV
[ Nav1.5e VIVMA SALRTFRVLRALKTISVI GLKTIV
200 205 220 225 230 235 240

(a) Exon 6

(b) Top down (c) Side on

Figure 3.2: The voltage-sensor (S1 - 4) of domain 1 in Nav1.5. (a) Diagram of exon
6 in both mH1 and the Nav1.5e splice variant with a total of seven amino acids differ
between the two, reproduced with permission from Mancino et al. [199]. (b) Top
down view of the VSDI. S1 (green), S2 (pink), S3 (cyan), and S4 (orange) are shown
as helices, with linker regions shown in white. (c¢) Side on view of the VSDI with the
same colouring as in (b), key residues highlighted in a stick representation (T207 is
not shown for clarity). Both (b) and (c) are taken from the Nav1l.5 homology model
constructed from PDB code: 5X0M (see Section 3.2).

Surprisingly, and contradicting results from Onkal et al. [209], Mancino et al. [199]
found that the D211K mutation in both the forward and reverse direction caused only
a partial shift in activation (Figure 3.3a). A full shift was recorded for the forward
Nav1.5e-T207S mutation (Figure 3.3b), whereas only a partial shift was seen for the
reverse mH1-S207T mutation, suggesting that position 207 of exon 6 is important

in the differences seen between the mH1 and Navl.5e gating profiles. Additionally,
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applying the forward and reverse double mutations at positions 211 (ASP — LYS)
and 207 (THR — SER) gave an activation profile that overlapped with the one formed
by Navl.5e (Figure 3.3c), i.e. a complete exon swap. Conductance-voltage curves for
each forward mutation are shown in Figure 3.3. This suggests that both positions 207
and 211 in exon 6 are sufficient and necessary for the differences seen between the two
splice variants. In order to investigate the contribution that the T207S and D211K

mutations make to the structural stability of VSDI, MD simulations were utilised.
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O} m mH1- c =p
§ G 0.4+ V,,=-20.1 mV 8 0.4 ’\\1/1/2 1 ;8-2 mv
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Figure 3.3: Conductance-voltage curves for the Nav1.5/mH1 and forward point mu-
tations. (a) and (b) show the single-point D211K and T207S mutations respectively.

A full shift is achieved when both mutations are present, as shown in (c). All data
reproduced with permission from A. Mancino [199].
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3.2 System setup

The recent crystal structure of NavPaS (PDB Code: 5X0M) [210] was used to con-
struct a model of Navl.5/mH1. A total of 200 models were created using the mul-
tiple sequence alignment of full length human Navl.5 with Nav1l.X (where X=1-9)
and the 5X0M crystal structure sequence (Figure 3.4). The sequence identity be-
tween the NavPaS structure and Navl.5h was 45.1%. All sequences were obtained

from UniProt [211].

Lo N
220 230

tr|DOEOC2 |DOEOC2_PERAM . 238
sp|P35498|SCN1A_HUMAN NGNVSALRTFRVLRALKTI 227
sp|Q99250 | SCN2A_HUMAN BGNVSALRTFRVLRALKTI 228
sp|Q9NY46 | SCN3A_HUMAN NGNVSALRTFRVLRALKTI 227
sp|P35499 | SCN4A_HUMAN NGNISALRTFRVLRALKTI 230
sp|Q14524 | SCNSA_HUMAN BGNVSALRTFRVLRALKTI 230
sp|Q9UQDO | SCNS8A_HUMAN BGNVSALRTFRVLRALKTI 231
sp| Q15858 | SCN9A_HUMAN NGNVSALRTFRVLRALKTI 225
sp|Q9Y5Y9 | SCN10A_HUMAN .RGIBGINRAURVIRGYY 226
splQ9UI33|SCN11A_HUMAN TI\YSYIPGITIKLLPRESIAUFIINNIAN 233
consensus koookn sk ik ok nrokokokokokokokokokokok ok k ok ok

0000000000000

S4

KX non conserved
>50% conserved
> 75% conserved

Figure 3.4: DI S3-4 multiple sequence alignment used for Nav1l.5 homology model
generation. Both T207 and D211 in Nav1.5 are indicated by red arrows whilst con-
served positive arginine and lysine residues are indicated with black arrows. The
approximate location of the start of the DI S4 helix is also shown.

Each model was created and scored using the DOPE function [196] in the Modeller
(v9.16) software package [195]. The 10 best models were ranked using the QMEAN
scoring function [197] in SWISS-MODEL [212] and the final model chosen with the
highest QMEAN score. All mutations in the final model were performed using PyMol
(v1.4) [213].
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All simulations were performed using GROMACS 2018 [214] with the following
force fields: AMBER ff99SB-ILDN [215] for protein and ions, SLipids [216-218] for
lipids, and TTIP3P [219] for water. Each system was prepared by overlaying the protein
in a 1-palmitoyl-2-oleoyl-sn-glycero-phosphocholine (POPC) bilayer and using the In-
flateGRO methodology [220] for embedding into the membrane. In-house scripts were
used for final adjustment of the embedded channel. The system was solvated with
water and neutralised with Na® and C1~ ions at a concentration of 150 mM. Energy
minimisation was performed using the steepest decent algorithm. Equilibration steps
consisted of a short (1 ns) and long (5 ns) equilibration whilst position restraining

2 All simulations were

the Ca atoms with a force constant of 1000 kJ mol™! nm™
carried out in the NPT ensemble. The temperature and pressure were set to 323 K
and 1 bar with semi-isotropic pressure coupling and isothermal compressibility set
to 4 x 107° bar~!. Temperature and pressure were controlled using the Berendsen
thermostat and barostat [142] in the short equilibration with coupling constants set
to 0.5 and 5.0 ps respectively. In the long equilibrations and production runs the
Nosé-Hoover thermostat [147,148] and Parrinello-Rahman barostat [152] with cou-
pling constants of 0.8 and 5.0 ps respectively were used. The VAW cut-oftf was set
to 12 A with dispersion correction for energy and pressure. Electrostatic interactions
were treated using the smooth PME methodology with a real space cut-off and grid
spacing of 12 A and a grid spacing of 1.6 A used to obtain the reciprocal energy term
in k-space with cubic interpolation. Bonds containing hydrogen were constrained us-
ing the LINCS algorithm [221]. The Verlet cut-off scheme was used with a buffering
tolerance of 0.005 kJ mol~! ns™! per particle to construct the pair list. A total of four
independent simulations were run for 400 ns each and coordinates written out every
2.5 ps. Analysis was performed using MDAnalysis [222,223] and in-house scripts.
All visualisations were performed in VMD [224]. All graphs were produced using the
Seaborn [225] and Matplotlib [226] Python libraries.
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3.3 Results

3.3.1 Model stability & S4 movement

The D211K, T207S, and double D211K/T207S systems were constructed from the
homology model of mH1. To measure the overall stability of the subunit the root
mean squared deviation (RMSD) was calculated from the backbone atoms C, N, and

Ca for the entire protein (Figure 3.5). All systems remain stable over 400 ns with an

RMSD between 6-7 A.
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Figure 3.5: Mean RMSD of WT (blue), D211K (orange), T207S (green), and double
D211K/T207S (purple) system over 400 ns. Standard deviations are shown as shaded
areas.

As discussed in Chapter 1, the S4 helix is lined with positively charged residues,
with the movement of this helix being key to pore opening and channel function. Both
the D211K and T207S mutations are present at the top of VSDI and are close to the

arginine residues lining S4 (R219, R222, and R225). To investigate the movement
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of these residues in each system, the z-coordinate from the centre of mass of the
terminal nitrogen atoms (NH1 and NH2) was taken and compared to the first frame
in each simulation (Figures 3.6, 3.7, 3.8, & 3.9). Although hard to determine, the
crystal structure was resolved at zero voltage and as a result the S4 helices would be
expected to be close to the extracellular side of the membrane (i.e. close to the final
stages of S4 movement towards the extracellular side of the membrane). Conversely
in the resting state (i.e. at a resting membrane potential) the S4 helix would be
expected to be “down”, that is to say, closer to the intracellular leaflet. Due to the
difficulty in assigning definitive stares, the focus taken in these studies is made on
the S4 residues propensity to move towards or away from the extracellular side of
the membrane plane. The movement of these residues in mH1 is highly dynamic.
Over the relatively short simulation time of 400 ns there was not a clear pattern of
R219, R222, and R225 movement, with residues tending to fluctuate by only a few
angstroms from their starting value.

Comparing to the D211K, T207S, and double D211K/T207S mutants to mH1, it
can be seen that the likelihood across repeats for these residues to move towards the
ECD is somewhat reduced. The reduction in movement was most pronounced for the
D211K system where in runs 2-4 (Figures 3.7b, ¢, & d), where there is either little
net movement or the displacement of residues towards the ICD when compared to
mH1. In contrast, run 1 (Figure 3.6a) exhibits a very slight movement of all residues
towards the extracellular region of around 3 A.

For the T207S system, this trend of restricted movement continues. All repeats
display little change from the first frame positions, with only run 3 (Figure 3.8¢c)
exhibiting pronounced movement downwards of R225 to around 5 A.

In the double D211K/T207S runs (Figure 3.9) the trend is somewhat unclear. In
run 3 (Figure 3.9¢), there is little movement of all three arginine residues throughout

the course of the simulation. Here, there is a combined steric blocking from D211K
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and increased interaction with E208, as will be examined further in Section 3.3.4. In
run 2 (Figure 3.9b) there is minimal movement of R219 and R225, however R222 is
forced downwards and towards the intracellular side. Interestingly, run 1 (Figure 3.9a)
shows a general movement of all residues to the extracellular side of the VSD, whilst
run 4 (Figure 3.9d) shows the opposite. In run 4 there are a number of conformations
visited, the two extremes of which are shown in Figure 3.19 (Section 3.3.4), where
increased interaction of D211K with lipid and / or the increased interaction of E208
with S4 arginine residues may restrict S4 movement. An interaction was counted if

< 5 A from a POPC phosphorus atom.
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R219
[
=3
he]
<
(%]
R225 - 5.0
g ° g2 8 ¢ =
< — ~ ~ -25 [J]
Tlme (ns) Time (ns) g
) Run 1 b) Run 2 2
-00 O
N
R219:
-2.5
[
=3
bl
S R222 -
o
<
i -5.0
R225 -
> ' o' o oo oo o' oo
TE S EEIRSRBE § 88388 8¢8
Time (ns) Time (ns)

c) Run 3 d) Run 4

Figure 3.7: Movement of arginine residues z-coordinate (Z) in the S4 helix in the
D211K mutant.

66



Chapter 3. Navl.5e splice variant

3
=3
T
>
3
o
<
wv

—

=

(]

Tlme (ns) L:,

) Run 2 ©

-

i)

00 O

R219- N
[
=]
=

$ R222- ‘

o
<
wv

Figure 3.8: Movement of arginine residues z-coordinate (Z) in the S4 helix in the

T207S mutant.

R225 -

8888
Time (ns) Tlme (ns)
¢) Run 3 d) Run 4

S4 Residue

o o o

o o 9 =3 =3 =3
§ ® & © I @ 54

- = NN ~N

Time (ns) Time (ns)

) Run 1 ) Run 2

R219
R222
5.0
R225
oo o o ) i .

o' o'oo o cogo'c o' o' o o o
< @

Z Distance (4)

U1

S4 Residue

R I X R I
Time (ns) Time (ns)
¢) Run 3 d) Run 4

Figure 3.9: Movement of arginine residues z-coordinate (Z) in the S4 helix in the
double D211K - T207S mutant.

67



Chapter 3. Navl.5e splice variant

3.3.2 D211K mutant
3.3.2.1 Interaction with lipid

The D211K mutation is located in the linker region between the S3-S4 helices in VSDI
(see Figure 3.2¢). Over the four repeats there was significant interaction of D211K
with the POPC lipid membrane (Figure 3.10). All distances were taken from the
terminal oxygen(s) / nitrogen of D211 / K211 and the phosphate group of POPC. In

D211 of mH1, this was taken from the centre of mass of the terminal oxygens.
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Figure 3.10: Interactions of D211 / K211 with POPC headgroups. Left: mH1, Right:
D211K.

Interaction with lipid headgroups is most pronounced in run 4 where D211K dra-
matically opens the top of the VSD (Figure 3.11a). In run 2 the converse is true
(Figures 3.11b & 3.11c), where there is decreased interaction with POPC. However,
in this run D211K positions itself “inside” the VSD, stabilised by the nearby N173
residue and a single POPC lipid. Positioned here, D211K is directly above the top-

most arginine residue (R219) in the S4 helix.
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(b) Top down (c) Side on

Figure 3.11: Various interactions of K211 (dotted lines) in the D211K switch system.
(a) Interaction of D211K with the headgroup of two POPC lipids in run 4. (b) & (c)
Interaction of D211K at the top of the VSD in run 2. D211K positions itself at the
top of the VSD and is stabilised by an oxygen in the nearby N214 residue as well as
a POPC phosphate headgroup.

3.3.2.2 Residue distance analysis

In order to assess the change in electrostatic contacts within the VSD between mH1
and D211K the distances over the course of each simulation run were measured. The
centre of mass of the terminal atoms of each of the negative and positively charged

residues was taken, and the distance matrix between all other charged residues cal-
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culated. Interactions present in mH1 and D211K are shown in Figures 3.12 & 3.13
respectively. Of the three arginine residues in the S4 helix, R219 is the closest to
the extracellular region and in close proximity to residue 211 (located in the S3-S4
linker).

In mH1, R219 interacts strongly with D152 (located in the S1-S2 linker) with
a mean distance of below 5 A in three of the four repeats. This trend is followed
with E161 (located at the top of the S3 helix), albeit at a slightly increased and
variable distance across repeats. The interaction between E208 (located at the top of
the S3 helix) follows a more convincing trend across repeats, with a fairly consistent
interaction of below 10 A. With the D211K mutation, a positive lysine residue is
introduced in the S3-S4 linker and so in close proximity to R219. In D211K the
average distance between D152 and R219 slightly increases in runs 1 and 3, with a
more dramatic change seen in runs 2 and 4 where the distances increase to around
10 A. This difference can be attributed to the steric blocking of R219 by K211 in run
2 and the “pulling apart” of the top of the VSD in run 4, making interaction with
D152 less probable. Similarly the interactions between D152 and R225 also follow the
same pattern. With E161 and E208 distances there is little change when compared

to mH1.
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Figure 3.12: Salt-bridge interactions present in the mH1 VSDI.
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Figure 3.13: Salt-bridge interactions present in the D211K VSDI.
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3.3.3 T207S mutant
3.3.3.1 Dihedral angle analysis

In mH1, the T207 residue contains a hydrophobic methyl group that preferentially
orientates itself to face outwards and away from the centre of the VSD helices, as

shown in Figure 3.14.

) T207 pose 2
(a) T207 pose 1

Figure 3.14: Two poses adopted by T207 in mH1 simulations. (a) The methyl group
is pointing away from the VSD and towards the lipid membrane. (b) The methyl
group is pointing towards the centre of the VSD, part of the S3-S4 linker removed
for clarity. S1-4 helices are shown in green, pink, cyan, and orange respectively, with
linker regions shown in white.

This outward facing mode is preferential due to the hydrophobic effect present
between the methyl group and POPC lipid tails. Additionally, the hydroxyl group
(present in both threonine and serine) will preferentially take part in hydrophilic
interactions. Since the inner lining of the VSD is exposed to water and ions from
the extracellular and intracellular regions, the hydroxyl group would be expected to
prefer orientating itself towards this region. Loss of the methyl group (as in T207S)
would not only disrupt this balance of interactions, but also decreased branching of

the side chain would be expected to lead to an increase in conformations sampled
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by S207. Indeed, it became clear that the loss of the methyl group caused S207 to
become much more flexible over the course of each repeat simulation performed. To
quantify the preferred orientation T207 adopts in mH1 (and similarly S207 in T207S)
the dihedral angle (1) was measured. x; was defined between the atoms C, Ca, CB,
and OG1 in T207 and atoms C, Ca, CB, and OG in S207 (Figure 3.15).

0G1 OH o) O

C 0G e, Jc

Co
CB on HO” CB OH
NH, NH,
(a) Threonine (b) Serine

Figure 3.15: Structures of threonine and serine with atoms used for dihedral angle
calculations shown.

A comparison of dihedral angles (xi) adopted in all runs of mH1 and T207S
is shown in Figure 3.16. In mH1, the dihedral angle of T207 occupies a relatively
narrow region of values with the highest density present at y; =~ 38° with a much
lower density of spread between —20° < 0° < 20°. In T207S, x; samples a much
wider range with a bimodal distribution. Although density remains in the y; ~ 38°
region it is much less compared to mH1 with a much wider distribution of angles

sampled between —40° < 0° < 20°.
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Figure 3.16: Dihedral angles of T207 in mH1 (blue) and S207 in T207S (red). Dihedral
angles were collected over all repeats.

3.3.3.2 Salt-bridge analysis

The increase in conformations sampled by S207 in T207S may destabilise the top
of the S3 helix and potentially disrupt any salt-bridges formed with the VSD. One
residue that is in close proximity to position 207 is E208, located in the S3-S4 linker
region (Figure 3.17). The destabilisation caused by the increased flexibility of S207 in
T207S may cause a change in the interactions E208 is involved in. To investigate this,
salt-bridge measurements were analysed within the VSD for each run (see Appendix
B, Figure B.1) with a particular focus made on the distance between E208 and the

positively charged residues in the S4 helix, notably R219 and R222.
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Figure 3.17: Location of E208 in relation to T207 in mH1. The S1 helix is shown in
green, S2 is removed for clarity, S3 and S4 helices are shown in cyan and orange, linker
regions are shown in white. Relevant residues are shown as sticks with hydrogens
removed.

Both R219 and R222 are located at the top of the S4 helix and are close to E208.
In mH1, E208 seems to take part in transient interactions with the positively charged
residues in the S4 helix (Appendix B, Figure B.1). It may be expected that the
interactions between E208 and R219 would be more frequent and closer in length
than with R222 due to their spacial proximity. However, between repeats of the mH1
system it seems that the interactions are non-specific, with only a slight preference
shown for R222. In contrast, there is a subtle change in salt-bridge interaction with
the T207S switch. In these runs the interaction between E208 and R222 is persistent,
with an average distance consistently below 6 A.

The transient interaction between E208 and R219 can be seen in Figure 3.18a,
where a histogram of distances collected over all repeats shows very little difference
between mH1 and T207S, possibly due to R219 being further away than R222 in the
VSD as well as exhibiting increased dynamics due to being closer to the extracellular
region. The same analysis was performed for the E208 - R222 distance, and conversely

there is a noticeable difference between the E208 - R222 distance in mH1 and T207S
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(Figure 3.18b). In T207S the distance E208 - R222 distance is typically around a

value of 4 A, exhibiting a much more restricted set of distances when compared to

mH1.
1.0 1.0
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Figure 3.18: Histograms of E208 distances to R219 & R222 in T207S VSDI.

3.3.4 Double D211K & T207S mutant
3.3.4.1 D211K dynamics

As highlighted in Section 3.1.3, both T207S and D211K in exon 6 are necessary for the
differences seen in activation between mH1 and Navl.5e. Although subtle, there is a
disruption to the top of the VSD where now the combined effects of the D211K and
T207S switch are realised. The introduction of lysine at position 211 again causes a
general increase in distance between K211 and the positively charged arginine residues
that line the top and middle of the S4 helix, as seen in the single D211K switch in
Section 3.3.2. This is most notable in run 4, where the top of the VSD opens up
with a persistent interaction of K211 with the phosphate headgroups of surrounding
POPC lipid (Figure 3.19a). However, K211 is dynamic and in the same run adopts a
“snorkelling” orientation, protruding towards the ECD. This allows E208 to interact
with the arginine residues at the top of the S4 helix and is accompanied by increased

distortion at the top of the S3 helix (Figure 3.19b).
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Figure 3.19: The two orientations typically adopted by K211 in the double
D211K/T207S switch. (a) K211 interacts strongly with the phosphate group of the
surrounding POPC lipid. (b) K211 protrudes upwards, towards the extracellular do-
main, with increased interaction of residue E208 and the arginine residues at the top
of the S4 helix.

3.3.4.2 Salt-bridge analysis

In the single T207S switch, there is increased interaction of residue E208 with the
arginine residues in S4. In the double D211K/T207S switch this pattern is present
again. All repeats exhibit a general decrease in distances between E208 and the S4
arginine residues, notably at the top of the S4 helix (see Appendix B, Figure B.2
for the full set of salt-bridge distances in each repeat). This change is subtle and is
most easily seen through a histogram of distances between E208 and R219 / R222, as
shown in Figure 3.20. Here, the change in distances between E208 and R219 is not
so obvious, however the change in distances between E208 and R222 is much clearer.
Both of these trends follow the same pattern as seen in the single T207S switch (see
Figure 3.18). Upon the double D211K/T207S switch, the distance between E208 and
R222 tends to decrease across repeats to a value of approximately 2.5 A, in addition

to a second distance just over 5 A. This is in contrast to mH1, where the distance is

7



Chapter 3. Navl.5e splice variant

highly variable, sampling distances over the range of ~ 4-17 A.
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Figure 3.20: Histograms of E208 distances to R219 & R222 in Double D211K/T207S.

By analysing the dihedral angles visited by T207S in the double D211K/T207S the

same general trend of a wider range of 1 sampled (as seen in the single T207S switch)

is observed. The double D211K/T207S switch gives rise to a bimodal distribution

of x1 values (Figure 3.21), centred around 38° and -18° that correspond to pose 1

and pose 2 (as detailed earlier in Figure 3.14). The range of each x; distribution is

roughly the same as in the single T207S switch (Figure 3.16).
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Figure 3.21: Dihedral angles of T207 (blue) and S207 (red), in mH1 and T207S

respectively. Dihedral angles were collected over all repeats.
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A possible combined effect of the double D211K/T207S switch can be seen in
Figure 3.22. In this orientation, K211 is orientated towards and inside the VSD,
potentially blocking S4 movement via unfavourable electrostatic repulsion between
K211 and R219 / R222. Favourable electrostatic interaction is achieved through the

attraction between E208 and R219 / R222.

Figure 3.22: Combined E208 and K211 interaction with R219 and R222 in the S4
helix. Snapshot taken from run 3 of the double D211K/T207S simulation. S3 and S4
helices shown in blue and orange respectively, with the linker region shown in white.

3.4 Discussion

3.4.1 D211K dynamics

Position 211 is located in the S3-S4 linker region of VSDI. This region sits on the
extracellular side of lipid membrane and adopts a loop structure. In this study, MD
simulations revealed that the interactions of D211 in mH1 with the positively charged
residues of the S4 helix were generally specific to R219 and R222 that line the top of
the S4 helix. However, these were typically unstable and over the course of each run
D211 tended to partake in several different interactions within the VSD. Analysis of

R219, R222, and R225 reveals a general movement towards the extracellular region

79



Chapter 3. Navl.5e splice variant

that may be promoted, in part, by the presence of D211 in the S3-S4 loop. This
was supported by lipid analysis of D211, where there is generally little interaction
with the surrounding membrane, firstly due to the afore mentioned favourable charge
interaction and secondly due to the short carbonyl chain in aspartic acid that restricts
its reach out towards the surrounding membrane.

As highlighted in Section 3.1.3, the D211K in both the forward and reverse direc-
tion only caused a partial shift in activation, in disagreement with Onkal et al. [209],
who proposed that the entire shift was due to the D211K mutation alone. In the
simulations performed here, there is indeed a difference when compared to mH1. For
instance, lipid contact analysis reveals a much higher frequency of contact of K211
compared to D211 in mH1. The longer carbonyl chain of K211 allows the residue to
extend further out into the surrounding membrane and so increases the likelihood for
the positively charged -NH; headgroup to interact with the negatively charged phos-
phate groups in the surrounding POPC bilayer. Contact of K211 with other charged
residues in the VSD is altered too, there is a general increase in distance between the
positively charged arginine residues at the top of the S4 helix.

Initially, it is sensible to assume this is due to the positive - positive charge repul-
sion between the arginines of S4 and K211 in the S3-S4 linker. However, simulations
reveal that there may be multiple mechanisms through which S4 motion is restricted.
For example, in run 4 there is large distortion of the top of the VSD due to K211
interacting strongly with the POPC lipid but in run 2 it appears that K211 enters
the VSD and is stabilised by N214 and a POPC molecule, allowing it to position
itself above R219 (Figure 3.11). In both of these runs there is restricted movement
of the S4-lining arginines, with some residues moving downwards and towards the
intracellular region.

These findings, although subtle, are in agreement with the results found from

Mancino et al. [199]. In this study, simulations of the D211K switch suggest that K211
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is much more flexible than D211 in mH1. The alternative conformations adopted by
K211 in the S3-S4 linker are an example of this region’s flexibility within the VSD.
When K211 is orientated away from the VSD helices there is pronounced interaction
with the surrounding lipid bilayer, however when orientated towards the VSD the
positively charged -NHJ group is able to sit above the S4 helix and stabilised by lipid

species and / or surrounding residues.

3.4.2 T207S dynamics

The full shift in activation seen in Navl.5e experimentally [199] was only achieved
through the additional mutation T207S. The structural basis for how this switch
could recover the Navl.5e shift seems obscure, however simulations show that the
single T207S switch causes the top of the S3 helix to become more unstable. This
instability can be attributed to the loss of the methyl group in the threonine side chain,
allowing the residue to explore an increased conformational space when compared
to mH1. In T207, the hydroxyl group is positioned in such a way as to promote
helix stability through hydrogen bonds with the helix backbone atoms, whilst the
bulkier methyl group points out towards the membrane. In S207, this bulky side
chain is lost and dihedral angle analysis reveals that roughly two rotomeric states
are occupied. Although the loss of a methyl group is a relatively minor change, the
increased instability at the top of the S3 helix allows the neighbouring E208 residue
to become more flexible. Distance analysis between E208 and the positively charged
arginine residues reveals no significant change in interaction with R219, however the
overall interaction with R222 is increased with a bond distance of around 4 A being
most favourable. This increased interaction between E208 and R222 may inhibit
the overall movement of the S4 helix by pinning R222 within the VSD. Analysis of
the translocation the S4 arginine residues supports this, with neither promotion or

inhibition of R222 movement over the course of each simulation.
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3.4.3 Potential inhibition of S4 movement by combined D211K

& T207S interactions

As stated previously, the combined D211K and T207S switches are required to pro-
duce the full depolarised shift in activation. Simulations of the double D211K/T207S
switch show the presence of multiple conformations in VSDI that may inhibit the
movement of the S4 helix and subsequent opening of the ion conducting pore in
Navl.5e.

As seen in the single D211K, there is substantial interaction of D211K with the
surrounding lipid bilayer in double D211K/T207S. When not interacting with POPC,
K211 exhibits highly dynamic behaviour above the VSD that can be attributed to
its longer carbonyl tail. Interestingly, in one run, K211 faces towards the VSD,
interacting with E208 that stabilises R219, R222, and K211 at the top of the S4 and
S3 helices where it remains for almost a third of the trajectory. This is somewhat
analogous to the single D211K case, where K211 enters the VSD and is stabilised in a
position above the S4 helix by N214. Focusing on the T207S mutation in the double
D211K/T207S, there is again a bimodal distribution of dihedral angles visited as seen
in the single T207S switch. This is also accompanied by a bimodal distribution in the
E208-R222 distances, with a distance of around 4-5 A preferred, as well as a bond

distance between 5-10 A.

3.4.4 Conclusions

The D211K switch removes the presence of a negative charge in the S3-S4 linker and
replaces it with a highly mobile, positively charged lysine. At first, it may be sensible
to assume that the electrostatic repulsion between K211 and R219 at the top of the
S4 helix would be responsible for the inhibition of S4 movement and eventual pore

opening. In this work, it has been shown that the situation may be more complex.
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Firstly, the D211K induces steric strain to the top of the VSD through increased
interaction with the surrounding lipid bilayer, granted by the low-branched nature
of the lysine side chain. Secondly, when facing towards the VSD, K211 is able to
extend further over the S4 helix. This conformation is not necessarily stable and in
simulations is typically stabilised by surrounding residues or lipid molecules. Upon
the introduction of the T207S mutation, the E208 residue is allowed to interact more
frequently with residues in the S4 helix, as well as stabilising K211 inside the VSD.

Overall, the introduction of both the D211K and T207S switches disrupts the
carefully tuned electrostatics within the VSD. The movement of the S4 helix is crucial
in the ion channel’s ability to sense a change in voltage and its movement relies upon
interactions with negatively charged residues, predominantly located within the S2
helix [227,228]. The swapping of charge in the S3-S4 linker, as well as the rotomeric
instability caused by T207S in the S3 helix, alters the overall structure of the VSD
and impinges S4 movement through a variety of conformational changes.

More generally, the specific activation order and importance of each VSD in Nav
channels remains an active area of research. Recently DIV has been shown to be
important in channel inactivation [94], whilst VSDs in domains I-III are responsible
for channel activation in the order DIII — DI — DII, as verified by voltage-clamp
fluorometry [229,230]. This demonstrates DI’s central role in the channel’s ability to
function correctly and may explain why there is such a high level of splicing in the
DI S3-4 region across the family of Nav channels [206-209].

For future studies, it is worth highlighting that the model used in this work was
based on a relatively low quality crystal structure isolated from cockroach at 3.8
A resolution [210]. More recent human structures such as those found by Pan [4]
and Shen et al. [5] (described earlier in Chapter 1) may be more suitable in model

construction, as well as having a higher sequence identity with human Nav1.5.
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“You’ve got to think, eat, live, and breath it.”
— Wendy (mother)

Atomistic simulations of the 53 subunit
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Chapter 4. Atomistic simulations of the voltage-gated sodium channel 3 subunit

Note: Parts of this chapter are based on the open access publication [231]: W. G.
Glass, A. L. Duncan, and P. C. Biggin, Computational Investigation of Voltage-Gated
Sodium Channel 53 Subunit Dynamics, Frontiers in Molecular Biosciences, vol. 7,

p. 40, 2020. DOT: https://doi.org/10.3389 /fmolb.2020.00040

4.1 Introduction

The « subunit of Nav channels has been heavily studied due to its critical role in
the initiation of the action potential. As discussed previously, the movement of the
S4 helices in each of the four VSDs are ultimately responsible for the central pore
opening and the subsequent influx of sodium ions into the cell. In Chapter 3, it was
shown that electrostatic disruption in the VSD can cause a change in the finely tuned
conformational dynamics.

On a structural level, the exact location of where 3 subunits bind to the a subunit,
and facilitate any change in gating dynamics, is uncertain. Additionally, the exact
ratio of a:f subunits is also not very well characterised and may vary depending on
tissue type and the cellular environment [232]. Evidence from fluorescence studies
suggests that both 43 and 1 can bind to the « subunit and may alter the rate
of fast inactivation through interaction with VSDIII and VSDIV respectively [233].
The advent of cryo-EM is beginning to improve our understanding of how the «
and [ subunits may interact. Recently, structures from Yan and Pan [3,4] (PDB
codes: 5XSY and 6AGF respectively) exhibit the 51 subunit bound to Navl.4 in
both Electric Eel and Human variants. In both of these structures the $1 subunit
is bound to VSDIII (between DIII and DIV) and close to the IFM motif that, in
combination with DIV, is critical to fast inactivation [4,92,94,234].

Increasingly, there is evidence to suggest that Nav channels may in fact operate in

higher order complexes, such as dimers [100], and can also form complexes with many

86



Chapter 4. Atomistic simulations of the voltage-gated sodium channel 3 subunit

other proteins involved in a variety of signalling pathways [235]. As outlined earlier
(Chapter 1, Section 1.2), 5 subunits also function independently as CAMs [60,75,236]
and may play a role in Nav channel clustering at the nodes of Ranvier [71] to promote
the propagation of the AP. Additionally, evidence from Namadurai et al. [99] suggests
that the 53 subunit can oligomerise to form higher order structures and even cluster
multiple a subunits on the cell membrane.

The exact dynamics of 3 subunits remain to be fully characterised in isolation. In
this study, the isolated 53 trimer and more recent full-length 51 subunit are used as a
starting point for atomistic MD simulations. These offer a highly detailed description
of how these related proteins may behave in vivo and help to explain the structural

basis of observed higher order organisation.

4.1.1 (33 Ig trimer

The ability of # subunits to form higher order oligomers gained substantial experi-
mental grounding with the crystallisation of the 83 Ig domain. Namadurai et al. [99]
characterised, by atomic force microscopy (AFM) and ultracentrifugation, the Ig do-
main in a variety of oligomeric states. These included monomers, dimers, and trimers
(Figure 4.1a). Interestingly, the o subunit forms dimers and trimers independently,
with such structures more prevalent when in the presence of 53 subunits. Higher
order 3 oligomers also tend to cross-link « subunits (Figures 4.1b, 4.1c, 4.1d) and

increase clustering of protein species on the plasma membrane.
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Figure 4.1: Structural features of the 83 Ig domain. (a) Component sedimentation
coefficient distribution with monomeric, dimeric, trimeric (and larger) species. (b)
Low magnification AFM images of a sample containing coisolated Nav «/f3 sub-
units. Arrowheads indicate « subunits singly decorated by 3 subunits (left panels)
or doubly decorated at either ~ 90° (centre panels) or ~ 180° (right panels). Scale
bar = 200 nm; height scale = 0-5 nm. (c) Examples of decoration events involving
multiples of either o subunits or 53 subunits, as indicated. (d) Examples of double
(upper panels) and triple (centre panels) a subunits and of o subunits connected by
[3-subunit oligomers (lower panels). The numbers in the lower panels indicate the
stoichiometries of the various particles. Scale bar = 20 nm; height scale = 0-3nm.
All images adapted from Namadurai et al. [99].

At the centre of the crystallised $3 trimer, three hydrophobic residues (V27, V29,
and P30) are responsible for the favourable interaction between each chain. Typically,
the first 10 amino acids of Ig domains are stabilised by an antiparallel 5 sheet, but in
(3 this is not the case. The region is stabilised, and constrained, by an intramolecular
disulphide bond (C26-48). Increased stability is also coupled with the E28-R139

intramolecular salt-bridge that forces the key hydrophobic residues to point out and
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Chapter 4. Atomistic simulations of the voltage-gated sodium channel 3 subunit

away from the main body of the Ig domain, causing them to be surface-exposed which
may promote the observed oligomerisation. Other contributions to stability include
the formation of hydrogen bonds within the Ig domain between R124 and T58. These
interactions are highlighted in Figure 4.2, for an in-depth overview of all interactions
the reader is directed to Table 3 in the original paper [99].

Namarudai et al. highlight the importance of the C26-48 bond using a C48A
mutant. Critically, the increased flexibility granted by the C48A mutation causes the
hydrophobic patch responsible for the favourable interaction at the trimer interface
to become unstable. The increased flexibility results in a reduced number of observed

(3 oligomers, with those that are present in a “splayed” state.

Protomer C Protomer B Protomer A

Figure 4.2: Schematic of the location of key trimer interface residues. For clarity,
protomer A (green) is removed from the rest of the trimers by application of 180°
rotation around its centre of mass and rightward translation. Image adapted from
Namadurai et al. [99] with residue numbering -24 of the canonical sequence.
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Chapter 4. Atomistic simulations of the voltage-gated sodium channel £3 subunit

4.1.2 Overview of states: a paradox

The recent structures of the Nav v / 5 subunit complexes revealed that the 51 Ig do-
main adopts a conformation such that the long axis of the Ig 8 sheets sits parallel to
the membrane surface. When bound to the pore-forming « subunit, this orientation
allows residues 20-27, that are analogous to the hydrophobic Ig interface responsible
for observed (33 olgomerisation, to interact with the top of the VSDIII. When ex-
tending this bound conformation to 53, it becomes apparent that if the 53 subunit
adopted the same trimeric structure as observed for the Ig domain only, its interac-
tion with the membrane would most likely require some substantial conformational
re-arrangement. Figure 4.3 indicates the unrealistic conformation adopted by the 51

subunit if it were to form a similar trimer to that found in (3.

Figure 4.3: Overlay of the 51 model with the 53 Ig trimer. Left: 53 Ig trimer model.
Separate chains are shown in green, cyan, and pink. Centre: [1 model. Right:
Overlay of the Ig domains of the 51 subunit and the trimeric structure of the 53 Ig

domain. The approximate position of the membrane is shown as a grey rectangle
bound by dashed lines.
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Chapter 4. Atomistic simulations of the voltage-gated sodium channel 3 subunit

This paradox highlights the need for, at least, the $3 subunit to change its orien-
tation whilst embedded in the membrane. Critically, this relies upon the flexibility
and dynamics of the short linker region between the top of the TMD and the start
of the Ig domain. This is primarily due to the Ig domain essentially acting as a rigid

body, since it contains a large number of highly stable § sheets.

4.1.3 A conserved glutamic acid residue

The trimeric crystal structure of the Ig domains does not include the single-pass TMD
and the extent to which the TMD is involved in binding of multiple 5 subunits (as
well as a subunit cross-linking) is unclear. Furthermore, across the § subunit family
a conserved glutamic residue (E177/E176 in 51/33 respectively) is present in the
middle of the predicted transmembrane helix. In 3, this is predicted to be located
between residues 160 and 180, positioning E176 close to the intracellular side of the
helix. The Pan et al. [4] structure reveals that the analogous E177 in f$1 is in fact
present in a much longer helix between residues 155 and 190, around 15 residues
longer than in #3. Interestingly, E177 is positioned facing away from the « subunit,
suggesting it may not be directly involved in a-f binding. The alignment of the 51
helical sequence from Pan et al. [4] and the predicted helical sequence of 53 is shown

in Figure 4.4.

Helix

160 170 180 190
betal ARTTERRVENG VI ViR IRV ADERERIKET AARATET] 192
beta3d THEIVISIZESUY TIMLYFIL AL TINeRdeRIV SKEIE . EX 190
000000000000000000000

Predicted helix

Figure 4.4: Alignment of the TMD of the $1 and (3 subunits. Location of resolved
helix by Pan et al. [4] is shown in black and the predicted 83 helix location is shown
in red. Numbering of 1 residues is shown above both sequences.
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4.2 Methods

4.2.1 Model generation
4.2.1.1 (1 monomer

The model used for f1 simulations was constructed directly from the Navl.4-51

structure [4] (PDB code: 6AGF) since all residues had been resolved.

4.2.1.2 33 monomer

The recent crystal structure of the 51 subunit in the human Nav1.4-51 complex [4]
was used to construct a model of the human 53 subunit. A total of 200 models
were created using the sequence alignment of full length human 3 with the crystal
structure sequence (sequence identity = 48.8%). All sequences were obtained from
UniProt [211]. Each model was created and scored using the DOPE function [196] in
the Modeller (v9.16) software package [195]. The 10 best models were ranked using
the QMEAN scoring function [197] in SWISS-MODEL [212] and the final model
chosen with the highest QMEAN score.

4.2.1.3 Glycosylated 53 monomer

The Ig domain of the 43 subunit contains four predicted N-linked glycosylation sites
[211] at N95, N109, N113, and N121. Using the generated 3 monomer (see Section
4.2.1.2), a single N-Acetylglucosamine (GlcNAc) species (structure shown in Figure
4.5) was added to each of the four asparagine residues with the recently developed
doGlycans package [237], utilising the GLYCAMO6h force field [238]. Each GlcNAc
moiety added was in the 8 anomeric form and in the energetically favourable *C;
conformation. This conformation was based on the two resolved GlcNAc residues in
the Pan et al. [4] structure at N113 and N121. The final glycosylated model was

visually inspected using VMD [224] for any steric clashes, of which there were none.
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Figure 4.5: Structure of GlcNAc.

4.2.1.4 p33 ECD

The crystal structure of the 43 subunit [99] (PDB code: 41.1D) was used as a template
to construct a model of the trimeric extracellular region. A total of 200 models were
created and each model was scored using the DOPE function [196] in the Modeller
(v9.16) software package [195]. The 10 best models were ranked using QMEAN [197]
in SWISS-MODEL [212] and the final model chosen with the highest QMEAN score.
The monomeric 3 ECD was created by extraction of one chain from the trimer

model. All mutations were performed in Pymol (v1.4) [213].

4.2.1.5 3 trimer

Over the course of the simulations of the 3 monomer model (see Section 4.2.1.2),
a large variety of conformations were visited. To construct the 43 trimer model a
frame from the first run was taken at a pitch angle of 44.7°, with the Ig domain
approximately perpendicular to the plane of the membrane. This was aligned with
each chain of the trimeric 3 ECD crystal structure (see Section 4.2.1.4). After the
model was constructed, it was checked for steric clashes, of which there were none.

All alignments were performed in PyMol (v1.4) [213].
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Chapter 4. Atomistic simulations of the voltage-gated sodium channel 3 subunit

4.2.2 Molecular dynamics simulations

Simulations were performed using GROMACS 2018 with the AMBER ff99SB-ILDN
force field. All full length protein models were embedded in a POPC membrane,
prepared using the InflateGRO methodology [220] and in-house scripts for final ad-
justments. Each system was solvated with the TIP3P water model [219] and neu-
tralised with Na™ and Cl~ ions at a concentration of 150 mM. Energy minimisation
was performed using the steepest decent algorithm. Equilibration steps consisted of
a short (1 ns) and long (5 ns) equilibration whilst position restraining the Ca atoms
with a force constant of 1000 kJ mol~* nm~2. All simulations were carried out in the
NPT ensemble. The temperature and pressure were set to 300 K and 1 bar using the
Nosé-Hoover thermostat and Parrinello-Rahman barostat with coupling constants of
0.8 and 5.0 ps respectively.

A summary of all simulations performed is outlined in Table 4.1. In the following
results sections the reader is referred to this table for details of each simulation unless

where otherwise stated.

System Domains Box type  Box dimensions (nm) Duration (ns)
1M Full length  Rectangular 9x9 25 x 400
83 M Extracellular Triclinic - 10 x 200
B3 T Extracellular Triclinic 9.3 x 9.3 25 x 200
B3 T Full length  Rectangular 13 x 13 4 x 400
B3 M Full length  Rectangular 9%x9 25 x 400
B3 (GlcNAc) M Full length ~ Rectangular 9x9 6 x 400

Table 4.1: Overview of atomistic # subunit simulations performed. M = monomer
and T = trimer. Box dimensions correspond to the x and y dimensions only.
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Chapter 4. Atomistic simulations of the voltage-gated sodium channel 3 subunit

4.2.3 Ig domain orientation analysis

Assessment of the Ig domains favoured orientation in the constructed full length £
subunit models was achieved by calculating the principal axes (PAs) at each frame.
These were then used to find and measure the Tait-Bryan angles (see Appendix A,
Section A.3) using the basis e, e,, e, as a reference (where e, = [1,0,0], e, = [0, 1, 0]
and e, = [0,0,1]). In order to calculate the PAs, the centre of mass was calculated
for any residue involved in secondary structure within the Ig domain (i.e. the -
sheets and 3-10 helices). This was chosen so as to minimise any noise associated with
flexible loop movement over the course of each simulation. The PAs p1, p2, and ps
were obtained via the diagonalization of the moment of inertia tensor, I, derived as

shown in Equations 4.1 & 4.2.

A=U"IU (4.1)

N 3
I:Zmi {(ri-ri)ZeaQbea—ri@ri (4.2)

=1 a=1

Where m; and r; are the mass and coordinates of the i*® particle respectively. e,
(with o = 1,2, 3) represents the orthogonal Cartesian basis vectors, and ® represents
the tensor product. Finally, U = (p1, p2, p3) and A is a diagonal matrix of eigenvalues
that correspond to the principal moments of inertia.

At every frame, the PAs were used to define a rotation matrix and from this
the Tait-Bryan angles computed. Using an intrinsic rotation formalism of ZYX,
the yaw, pitch, and roll angles were defined. An example schematic of the pitch
angle calculation between a frame and the starting structure is shown in Figure 4.6.
All angle analysis was produced from in-house python scripts using the MDAnalysis
0.19.2 [222,223] module (see github.com/glass-w/protein_orientation). All graphs

were produced using the Seaborn [225] and Matplotlib [226] Python libraries.
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Figure 4.6: Schematic of the pitch angle calculation the Ig domain of the g subunit.
The crystal structure conformation is indicated in light grey and the current frame
as solid black lines. The Ig domain is represented as an ellipsoid, the short linker and
unstructured ICD domain are shown as wavy lines, and the TMD is represented as
a cylinder. The approximate position of the membrane is shown in thick black lines
and grey rectangles. The pitch angle, 0,, is defined as the angle between the principal
axis (thick green arrow) of the current frame and a reference (the basis vectors e,,
ey, and e,, not shown) following the Tait-Bryan angle formalism.
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4.3 Results

4.3.1 (3 Ig stability

The crystallised Ig trimer is stabilised by hydrophobic contacts between each of the
three domains. As described in Section 4.1.1, critical to this interface are the hy-
drophobic V27, V29, and P30 residues. In order for these residues to remain in their
established conformation they rely on the C26-48 disulphide bond. As found by Na-
marudai et al. [99], when this is disrupted through a C48A mutation the number of
observed oligomers decreases on the plasma membrane, with those that do form in a
“splayed” state. To address why this occurs, MD simulations were performed on both
the monomeric and trimeric Ig domains of 53. Models were constructed as outlined

in Section 4.2.1.4 to produce both the WT and the C48A mutant.

4.3.1.1 Monomer

The WT monomer systems remained stable over the course of each 200 ns run, with
RMSD values centred around 15.4 A. However, in C48A the destabilising effect caused
by the loss of the C26-48 disulphide bridge causes a large conformational change in
several repeats, most notably in run 9 (Figure 4.7b, 4.7d) where residues 24 to ~ 34
move away from the [g domain and explore a variety of conformations within solvent.
When assessing the radius of gyration (R¢) across all repeats, there is a general trend
for the C48 A mutation to destabilise the Ig domain. Calculation of R was performed
using all Ca atoms positions. Figure 4.7a indicates a rightward shift in Rg values
with a significant amount of density still overlapping with W'T values. Additionally,
the root mean squared fluctuation (RMSF) of each residue in the Ig domain (Figure
4.7c) shows a general increase for residues ~ 24 to 30. Other residues show little

change in RMSF between WT and C48A.
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Figure 4.7: The effects of the C48A mutation on 53 ECD monomer dynamics. (a)
Distribution of R¢ values for both WT and C48A. (b) Heatmap of R values in C48A,
large values correspond to the region defined between residues 24 to ~ 34 breaking
away from the Ig domain. (¢) RMSF of residues in the 83 Ig domain. Inset focused
on the first few residues where destabilisation occurs. (d) Snapshot of 43 monomer
with residues 24 - 30, and C48A, shown as sticks.

4.3.1.2 Trimer

Similar analysis was performed on the 53 trimer. Both WT and C48A 3 subunits
were reported to form oligomers on the plasma membrane where the C48A trimers
exhibited a “splayed” state. In complex with other Ig domains, the effect of the

C48A mutation may be examined both intra- and intermolecularly. As shown previ-
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Chapter 4. Atomistic simulations of the voltage-gated sodium channel 3 subunit

ously, the C48A mutation causes destabilisation of the residues responsible for this
oligomerisation but how these residues interact assuming the same trimeric scaffold
remains unknown. To quantify the splaying observed by Namarudai et al. [99], the

R¢ values for both the 3 WT and C48A trimer were measured, shown in Figure 4.8.
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Figure 4.8: Radius of gyration of the 43 ECD trimer. (a) Variation of Rg with time
across 25 repeats for both WT and C48A. (b) Distribution of Rg values between WT
and C48A.

The Rg of WT tends to decrease over the course of the 200 ns simulation while
C48A remains consistently higher. It is important to note that WT 33 oligomers
were found to be present in a number of oligomeric states on the plasma membrane,
with the trimeric state being less favourable than the dimer or monomer. The overlap
between between both WT and C48A R values supports this, indicating that even
in WT there is some inherent instability in some of the runs.

The (£3 trimer is conformationally restricted, especially at the trimer interface
where residues V27, V29, and P30 in each chain are in close contact through favourable
hydrophobic interactions. Due to the steric hindrance induced by the trimeric con-
struct close to C26, the effects of the C48A mutation were also assessed using the
torsional angles, ¢ and ¢, in the form of a Ramachandran plot (Figure 4.9). The 1
and ¢ angles for P30 were not calculated due to the residue’s incorporation of its side

chain with the protein backbone.
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Figure 4.9: The ¢ and ¢ angles sampled by V27 and V29 in the 53 trimer model.

In WT, the torsional angles for V27 are 90 < ¢ < 180 and —180 < ¢ < —45, for
V29 there is an increase in spread with 0 < ¢ < 180 and —180 < ¢ < —45. Although
subtle, the changes in torsional angles sampled by both valine residues highlight the

region’s increased flexibility as a result of losing the C26 - C48 disulphide bond.
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4.3.2 Dynamics of the full length monomer construct

Structures of the 51 subunit have only been isolated whilst in contact with the central
« subunit [3-5]. Additional experimental techniques such as AFM, as discussed in
Section 4.1.1, have also been successful in identifying the multi-oligomeric states that
the B3 subunit may adopt @n witro. The trimeric crystal structure only contains
the extracellular domain and the question of how the TMD may interact within the
membrane, both as a monomer or as a higher order complex, remains to be fully
characterised.

Models of both subunits were constructed as described in Section 4.2.1. In or-
der to probe the likely conformation of the TMD and ECD in both 1 and 3 a
total of 25 unbiased, atomistic MD simulations were performed for a total of 400
ns each. The large number of repeats enables a higher degree of sampling from the
conformational landscapes of both subunits. Additionally, a direct comparison can
be made to see if there are any conserved structural changes that may promote or

hinder oligomerisation.

4.3.2.1 Helix analysis

In the Nav1.4 - 81 crystal structure, the TMD of 1 is almost perpendicular to the
membrane plane, with residues in the helix directly interacting with the S2 helix of
the VSDIII. To address the dynamics of the TMD in both 1 and (3, the tilting
and bending were analysed. For analysis, the HELANAL library [239] was used from
MDAnalysis.

Briefly, four contiguous Ca atoms are used as a sliding window across the helix,
this defines local helix origins and calculates properties such as local bend and helix
shape. The helix tilt is defined through a vector of best fit through the calculated helix
origins. The angle between this vector and the vector approximately perpendicular

to the membrane plane (i.e. [0, 0, 1]) was used to define the helix tilt (Figure 4.10a).
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Analysis was run over all repeats for both the f1 and 3 subunits.

The tilt of both the 1 and 83 helices is not static and in fact occupies a somewhat
large distribution of angles as shown in Figure 4.10b. A tilt angle of 0° corresponds to
the helix aligned perpendicular to the bilayer, whilst an angle of 90° corresponds to
the helix aligned parallel to the bilayer. The 83 subunit tilt exhibits a peak centred
around =~ 36 — 38° whilst the $1 subunit shows a slight increase in tilt value of around
~ 40 — 42° with slight shoulder at ~ 25°.

The hydrophobic effect is a well known driving force for the stability and posi-
tioning of TMDs embedded in a lipid bilayer [240]. Additionally, charged residues
present at either end of the TMD, in this case the « helix, contribute to the position
of the domain in the bilayer through electrostatic interactions with the headgroups of
the POPC bilayer. As described in Section 4.1.3, prior to the release of the cryo-EM
structure from Pan et al. [4], sequence analysis highlights a somewhat out of place
conserved glutamic acid residue (E177/E176 in 51/33 respectively) in the middle of
the TMD where its functional role, if any, remains uncertain. In the cryo-EM struc-
ture this residue is placed at the bottom of the S2 helix, close to the headgroups of the
inner leaflet. To assess the interaction of this residue with the membrane, the mini-
mum distance between the centre of mass of the terminal oxygen atoms in E177/E176
and all POPC nitrogen atoms was measured. The favourable interaction between the
carboxylic group of the glutamic acid and the ammonium group of POPC positions
the residue close to the intracellular domain (Figure 4.10c). The distributions of min-
imum distances between E177/E176 and POPC are shown in Figure 4.10d. Both the
1 and 33 subunits exhibit essentially identical distribution profiles with a large peak

centred at ~ 4.5 A and a smaller shoulder at ~ 6.5 A.
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Figure 4.10: Helix analysis of the § subunit. (a) Schematic of the angle used to
measure the tilt angle in the TMD of the 3 subunit. Phosphorus atoms of the POPC
bilayer are shown as orange spheres. (b) Distribution of helix tilt angles between §1
and #3. (c) Snapshot of E176 - POPC interaction in 3. (d) Distribution of the
minimum distance between the conserved glutamic acid residue (E177/176) 51/53
and POPC headgroups.
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The position of E177/E176 during simulations seems to fluctuate, however the
most persistent interaction seems to be close to the lipid headgroups of the intracel-
lular leaflet. The slight shoulder in Figure 4.10d is indicative of the E177/E176 being
positioned just inside the bilayer. Coupled to this favoured orientation is significant
helix tilting, presumably to accommodate itself within the membrane and increase
hydrophobic matching between TMD residues and the POPC lipid tails.

Throughout each simulation of both subunits the TMD helices did not retain
their secondary structure. Notably, there was increased distortion and bending in
the helix at both the extracellular and intracellular ends. To quantify this, the local
bending angle of each residue in the TMD (residues 154-191 in 51 and 156-185 in
(3) was calculated using the same HELANAL script described previously. Although
not exact to each residue, the local bending angle gives information about the degree
of distortion about a residue and in this case is used to highlight loss or depletion of
secondary structure. Figures 4.11a & 4.11c show examples from one run of the g1
and 3 subunit respectively. Over the course of 400 ns, both subunits show bending
at the ends of the helix, with #1 containing localised bending at the intracellular end,
namely residues K183 - A188. Similarly, there is a large increase in local bend angle
for residues K183 to S185 in 33 as well as distortion around residues V156, V157,
and S158. Averaging across all repeats, these trends can be seen in Figures 4.11b &

4.11d.
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Figure 4.11: Helix bending in the $1 and 3 subunits. Example of local bending
angles in one run of (a) the f1 and (c) $3 subunit. Average local bending angles in
(b) the 51 and (d) 3 TMD helix across all repeats.

Coupled with the increased local bending angle in both subunits, the RMSF also
increases towards the end of the TMD helix in both 51 and 3 (Figure 4.12). The
increase in RMSF close to the C-terminus is expected due to the region’s close prox-
imity to the charged lipid headgroups and may reflect the beginning of the predicted
disordered intracellular domain. Overall, the 51 subunit has a lower RMSF across all
residues when compared to 3. In contrast, all residues in 53 exhibit an increased

RMSF when compared to 51 in both the Ig domain and TMD.
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Figure 4.12: RMSF of both (a) the 51 and (b) 43 subunits. The residues contained
within the Ig and TMD are indicated by light pink and light green boxes respectively.

4.3.2.2 Protein - lipid interactions

The Ig domains of the both the 51 and (3 subunit interact with the membrane
in which they are embedded. To determine which residues within these domains
are important in membrane interactions, analysis of contacts made between the Ig
domains and the POPC headgroups was performed. The distances between the centre
of mass of side chain atoms in the [ subunit and the phosphorus atoms of the POPC
membrane were calculated over all frames. A residue was deemed to be in contact
with the membrane if the minimum distance was < 5 A. The resulting protein - lipid
contact information was then averaged across all 25 repeats for both subunits.

By mapping the interactions to the sequence of each subunit model (Figure 4.13),
the preference for 51 to bind to the membrane becomes clear. There are favoured
hotspots of interaction between the charged residues K37, K44, K45, R46, R85, R89,
N93, and R96 in the Ig domain with little spread over residues when compared to 3.
In the 3 subunit, interactions within the Ig domain are much more sparse, reflecting
the dynamic nature of membrane binding. Regions of relatively high interaction
consisted of charged residues K50, R51, R65, K70, and K98. As expected, additional
protein - lipid interactions are present at both ends of the TMD region of both
subunits. In 1, these consisted of charged residues K149, N151, R152, D153, E160
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on the extracellular side whilst E177, K183, and K184 account for interactions on
the intracellular side. A similar picture is seen in 33, with charged residues D152
and E159 at the extracellular end and E176, R182, K183, and K186 towards the
intracellular region. Interactions with the intracellular side of the TMD seem to be
somewhat more frequent in 53 and coupled with a decrease in interaction at the
extracellular side when compared to f1. This may reflect the decreased stability at
this end of the TMD due to the highly flexible linker region. In 1, there are more
residues interacting with the membrane, possibly due to the restricted movement of

the linker due to stronger binding of the Ig domain to the membrane surface.
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4.3.2.3 Orientation of the Ig domain

The dynamics of the Ig domain was assessed in terms of pitch angles, as described
in Section 4.2.3. Analysis was performed using 25 repeats of 400 ns and each trajec-
tory was post processed to centre the protein, with the membrane plane kept in the
approximate starting zy plane throughout. A pitch angle of 0° corresponds to the
Ig domain approximately parallel to the membrane plane. Conversely, a pitch angle
of 90° corresponds to the pitch vector approximately perpendicular to the membrane
plane with the long axis of the Ig domain pointing up, and away from the membrane.
Finally, a negative pitch angle corresponds to the long axis of the Ig domain pointing
down towards the membrane surface. Comparison between both subunits (Figure
4.15) shows that the 1 subunit exhibits a tight clustering of pitch angles close to
0°, indicating a favoured orientation of the Ig domain close to the membrane. The
sampling of pitch angles in the $3 subunit is much more varied, with angles spread
across a wider range centred roughly around 30°. Structurally, the restricted sam-
pling of angles in 51 reflects the orientation of Ig domain closer to that of the bound
B1 crystal structure whereas in 33 the number of confirmations visited is much larger

with no single conformation favoured over another.
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Figure 4.15: Distribution of pitch angles visited by the 1 and 33 subunits. Polar
histogram of pitch angles in the (a) 1 and (b) 3. Heatplots of pitch angle in each
repeat for the (c) 51 and (d) $3 subunits.
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The restricted movement of the f1 Ig domain can be understood in terms of the
increased membrane interaction as described in Section 4.3.2.2. Within the Ig domain
of 1 there is a region of high interactiont at R96, located between the D and E 3
strands. A closer look using the MSA between the 1 and 3 subunits (Appendix
B.5, Figure B.8) reveals that this residue is not conserved in 33. In the simulations
performed of the 51 subunit, 60% of the runs (Rpounq) feature the Ig domain binding
to the membrane surface, where it remains for the rest of the simulation. Visual
inspection of R96 across these runs reveals that it essentially “pins” one face of the
Ig domain to the membrane surface. Analysis of these Ryoung Tuns were assessed in
terms of both the R96 residue’s distance to the membrane and the RMSD of the §1
subunit. The centre of mass of the terminal nitrogen atoms in R96 was calculated at
each frame and the minimum distance between that and the phosphorus atoms of the
POPC lipids recorded. At approximately 200 ns, there is a significant reduction in
R96-POPC distance in all Ryyyng simulations, with a slight levelling off of the RMSD
at ~ 12.5 A, as shown in Figure 4.16a. A snapshot of R96 bound to the membrane
is shown in Figures 4.16b & 4.16c. The R96 distance and RMSD of all g1 runs is

shown in Appendix B, Figure B.3.

T After the peer review process for the publication by Glass et al. [231], results presented in this
section have been revised. The reader is referred to the publication for the updated results.
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Figure 4.16: Binding of the 41 Ig domain to the membrane surface’. (a) The distance
of R96 from the membrane over the course of a simulation (left) with an associated
plateau of the whole 1 subunit RMSD (right). (b) Final frame of one 51 run in
which the Ig domain is bound to the membrane. (c) Location of R96 in the bound
Ig domain with the residue highlighted as sticks and phosphorus atoms of POPC
represented as orange spheres.

T After the peer review process for the publication by Glass et al. [231], results presented in this
section have been revised. The reader is referred to the publication for the updated results.
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4.3.3 An investigation of 53 glycosylation sites

The addition of glycosylation sites to the Ig domain of £33 was investigated using the
model as described in Section 4.2.1.3. Briefly, a single GIcNAc species was added to
each of the four predicted N - linked glycosylation sites: N95, N109, N113, and N121
as a [ anomer based on the two GlcNAc residues at N13 and N121 conformations in
the Pan et al. [4] structure. Of the four sites, two are positioned on each face of the
Ig domain with one located on § strand F (N121), whilst the other is located on the
D g strand (N95). The remaining two sites are located at the N-terminal end of the
E g strand (N109) and the other located in a short 3-10 helix between the E and F
f strands (N113). Spatially, N109 and N113 are towards one end of the Ig domain
and near to the short linker region, causing them to be close to the membrane surface
at the start of the simulation. For definitions of the g strand labelling system, the
reader is referred to Chapter 1, Figure 1.7.

In order to assess what impact, if any, the glycosylated residues had on the orien-
tation of the Ig domain their proximity to the membrane surface was assessed over the
course of each 400 ns simulation (Figure 4.17). The centre of mass of each GlcNAc
species (excluding hydrogen atoms) was calculated and used to find the minimum dis-
tance made between all phosphorus atoms of the POPC membrane. Across all repeats,
glycosylated N121 exhibits an increased distance from the membrane when compared
to the other glycosylated residues with an average distance of 28.7 A. Residues N95,
N109, and N113 were all closer to the membrane with average distances of 13.2, 8.8,

and 14.6 A respectively.
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Figure 4.17: Distances of GlcNAc groups of glycosylated residues in the 53 Ig do-
main. (a) Top down (left) and side (right) view of the Ig domain with glycosylated
asparagine residues indicated in a stick representation. Hydrogen atoms are omitted
for clarity. (b) Average distances of GleNAc groups from the membrane surface. (c)
Typical variation of GIcNAc - membrane distances over 400 ns.
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In order to gain a better understanding of how the Ig domain behaved on the
membrane, the pitch angles of the Ig domain were calculated using the same pitch
analysis used in Section 4.3.2.3. When calculating the centre of mass the GluNAc,
rings were not included. Exclusion of the GluNAc rings was chosen in order to
make a direct comparison between both the glycosylated and non-glycosylated species
without any difference between the calculation of the principal axes. Figure 4.18a
shows the change in pitch angle of the Ig domain over each run of the glycosylated
3 subunit. Over each repeat there is clear variability, with some repeats sampling
a variety of angles over the course of 400 ns whilst others (e.g. runs 5 & 6) tend to
sample less. Analysis of pitch angles sampled over all repeats (Figure 4.18b) reveals

that although variable, the bulk of pitch angles favoured by the Ig domain are between

20 — 40°.
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Figure 4.18: Pitch analysis of the glycosylated 53 subunit. (a) Pitch angles sampled
over 400 ns. (b) Histogram of pitch angles across all repeats.

Combining the results from the glycosylated residue proximity to the membrane
and the most sampled pitch angles, there is a tendency for one region of the Ig domain

to be closer to the membrane. On average, the GlcNAc residues present at N109 and
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N113 remain close to the membrane surface. The decrease in distance between N95,
located on one side of the Ig domain, and the POPC headgroups reveals a slight
tendency for the Ig domain to roll to one side allowing the face of the Ig domain
defined by g strands D, E, B, and A to also be in close proximity to the membrane
surface. When orientated away from the membrane, the glycosylated S3 subunit
adopts a conformation as shown in Figure 4.19. This orientates the Ig domain to be
almost perpendicular with the membrane plane and exposes the N-terminal residues

that are critical to the formation and stability of the observed 33 trimer.

Figure 4.19: Representative snapshot of the glycosylated £3 subunit on a POPC
membrane. Asparagine (and GlcNAc) residues are shown as sticks with hydrogen
atoms removed for clarity. The POPC phosphorus atoms are shown as orange spheres.
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4.3.4 Dynamics of the full length trimer construct

As discussed in Section 4.1.2, when the 83 ECD trimer and (1 crystal structures
are overlaid there is an unfeasible overlap between the Ig domain that results in the
« helix of the TMD to orientate itself parallel to where the membrane would be
located. In order for the full length 53 model to adopt an orientation that would
accommodate the trimeric scaffold, a significant change in Ig domain orientation
would be required. As a consequence of the large number of repeats performed for
£1 and £3 in Section 4.3.2, a number of conformations are adopted by both subunits
on the POPC membrane. To assess what contribution, if any, the TMD of the 83
subunit makes to trimer stability, a full length trimeric model was constructed from
a snapshot in one repeat of the monomeric 53 subunit (see Section 4.2.1.5 for details
of model construction).

At this point it is important to note that this was only carried out for the 33
subunit. Although both the 51 and /33 subunit share a high sequence similarity there
remains to be substantial evidence that $1 subunits can form higher order structures
on the cell membrane in vivo.

The choice of monomer model was made visually, with reference to the pitch
angles sampled by each repeat. The final monomer conformation was chosen with
an Ig domain pitch angle of 44.7° and the hydrophobic V25, V27, and P30 patch
exposed. In order for the TMD helices of each chain in the 53 trimer to accommodate
the restrained Ig domain conformation, the helix of each chain is located directly
below the Ig domain of its neighbouring chain. The final trimeric model is shown in
Figure 4.20a. A total of 4 x 400 ns simulations were performed, in all repeats the
trimeric construct remained intact (Figure 4.20b). Calculation of the RMSD of all
chains indicated that the ECD remained stable over the entire simulation, whilst the
dynamics of the TMD helices was much more variable and contributed to the large

shift in total RMSD, as shown in Figure 4.20c.
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Figure 4.20: Full length 53 trimer model construction. (a) Side on view, with dif-
ferent chains indicated by the colours green, pink, and cyan. (b) Example of a final
conformation of the $3 trimer model after 400ns. Protein chains are coloured as in (a)
with phosphorus atoms of the POPC bilayer shown as orange spheres. (c¢) The RMSD
over all repeats of the 53 trimer, with different regions of the protein indicated.
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When constructing the model, the conformation of the helices had to be oriented
perpendicular to the membrane plane so that the base of the Ig trimer could effectively
“sit” on the surface of the membrane. In terms of RMSD, over the course of the
simulation the Ig trimer seems to not be influenced heavily by the presence of the
POPC membrane. The membrane restricts tumbling that the Ig trimer can undergo
and throughout each simulation the complex remains orientated in approximately
the same starting orientation. The stability of the full length 83 trimer supports
the experimental observation of trimers present on the cell membrane [99], however
the nature of the TMD dynamics remains to be verified experimentally. As seen
previously in Section 4.3.2.1, the helix of monomeric $1/53 subunits adopts a large
tilt of around 38°. In the constructed trimer model, the helices cannot adopt this
somewhat artificial conformation and in fact adopt a tilt angle close to 0°. Given this,
it would be expected that there may need to be substantial helix reorientation when
forming higher order oligomeric structures in vivo. Measuring the RMSD of all TMD
helices reveals that these domains contribute the most to the overall increase in RMSD
of the whole protein complex, indicative of a large conformational change. Across each
repeat there is indeed a change in conformation of each helix, with substantial tilting
from the starting orientation. Although each helix is identical there seems to be no
definitive preferred tilt angle adopted across all three domains. Analysis of the tilt

angle in each helix over all repeats is shown in Figure 4.21.
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Figure 4.21: Bending of helices in full length 53 trimer model.

One helix exhibits a roughly bimodal distribution, with centres at ~ 12° and 27°
whilst the remaining helices have a slightly more restricted distribution centred at ~
12°. This is in stark contrast to the tilt angles sampled in the monomeric constructs,
where a single helix sampled a variety of angles with a peak centred between 36-38°
(Section 4.3.2.1, Figure 4.10b). In addition to helix tilting, there is also an associated
instability at either end of the helix, as observed in the 3 (and [1) monomers.
Although all helices in the trimeric construct are identical, each helix undergoes
bending to varying extents, both within the same run and between repeats.

For each chain, the RMSF is particularity stable within the Ig domains, however
there is a sharp increase at the N-terminal end of the TMD as seen in the monomeric
(3 case (Figure 4.22). Additionally, all chains within the trimer exhibit smaller RMSF
values when compared to those in the monomer simulations. This trend continues,
with both the Ig domain pitch angle and TMD movement being more restricted in

the full length 3 trimer model when compared to the full length 3 monomer.
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Figure 4.22: RMSF of the full length 83 trimer model. Different chains are indicated
as A, B, and C. The Ig and TMDs are indicated by light orange and light green boxes
respectively.

To assess the influence that the conserved E176 residue had on trimer stability,
its position in the membrane was measured. As seen in the monomers of both 1
and (33, the glutamic acid residue interacts strongly with the POPC lipids of intra-
cellular leaflet (Figure 4.10d). The density of the three E176 residues and the POPC
phosphorus atoms along the z-coordinate was measured over the course of the 400
ns simulation and is shown in Figure 4.23c. Although each helix in the trimer un-
dergoes substantial movement, when they are in close proximity the E176 residues
are orientated out and away from each other (Figures 4.23a & 4.23b). Coupled with
an increased interaction with the membrane, the behaviour of the E176 residue sug-
gests a role primarily involved with membrane insertion and location, rather than

interactions between 3 subunits.
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Figure 4.23: Position of E176 in the 33 trimer. (a) Side on and (b) intracellular view
of the C-terminus of the 83 trimer. E176 residues are shown in green and orientated
towards the phosphorus atoms of the POPC lipids (orange spheres). TMD helices are
shown in white. (c) Density of E176 and POPC along the z-axis of the the simulation
box. Protein chains are indicated in lower case letters.

Protein - lipid interactions

How the full length trimer model interacts with the membrane was assessed in the
same way for the monomeric species in Section 4.3.2.2. Protein - lipid contacts were
analysed over each of the 400 ns trajectories for each of the three chains. A residue
was deemed to be in contact with another residue if the minimum distance between
the centre of geometry of its terminal side chain atoms and the phosphorus atom of a
POPC molecule was < 5 A. A heatplot of lipid contacts and the protein sequence is
shown in Figure 4.24a. Residues in high contact with POPC include R65, E67, G68,
K70, and N113 in the ECD as well as T154, V156, V157, S158, Y163, Y179, C180,

123



Chapter 4. Atomistic simulations of the voltage-gated sodium channel 3 subunit

Y181, R182, K183, S185, and K186 in the TMD (Figure 4.24a).

Visualising these interactions reveals that the majority of the lipid interactions
are clustered, as expected, at either end of the TMD helices (Figure 4.24b). At the
intracellular end of each helix, there is a loss of secondary structure with the resulting
residues exhibiting partial interaction with the inner leaflet of the POPC membrane.
Towards the N-terminus, and extracellular side of the protein, the base of the Ig trimer
interacts with the membrane surface through a small number of residues (Figure
4.24¢). Within the Ig trimer and across all chains the positively charged residues R65
and K70 exhibit marked interaction with the membrane surface. Additionally R144,
located towards the C-terminus of the Ig domain and positioned close to the centre
of the trimer also interacts with POPC lipids located close to the short linker region.
In the small 3-10 « helix, located between the E and F [ strands, the polar N113

residue shows similar high interaction with the membrane.
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Figure 4.24: Protein - lipid interactions in the full length £3 trimer. (a) Heatmap of
one 3 chain (chain B) in the trimeric construct. (b) Protein - lipid contacts mapped
on to the 43 trimer model. Key interactions on one chain (Chain B) are highlighted.
(¢) View from the underside of the Ig domains (towards the ECD), regions of high
contact in each Ig domain are indicated. Protein chains are indicated in superscript.
Residues with high lipid interaction are shown as sticks. The colourscale in (b) and
(c) is the same as shown in (a).
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Over the course of the 400 ns simulation the Ig domains undergo little confor-
mational change, reflecting the same stability seen in the ECD only simulations in
Section 4.3.1.1. As discussed previously, the TMD helices tilt is restricted in the
trimeric construct. To assess the movement of the helices at both the extracellular
and intracellular ends the positions of Y181 and T154 in each helix were analysed.
Both Y181 and T154 were chosen from analysis of the final frame of each repeat since
they did not undergo significant helical distortion over the course of each simulation.
The positions sampled of each residue’s Ca atom are shown in Figure 4.25. At the
extracellular side of the TMD and defined by the positions of T154 in Figure 4.25a,
the residues move in a somewhat restricted fashion, primarily due to their close prox-
imity to the Ig domain. The converse is true at the intracellular side of the TMD
(Figure 4.25b), where the movement of Y181 suggests that the residues sample a large
number of conformations in an unspecific manner, reflecting this region’s increased

instability as shown previously from RMSF calculations (Figure 4.22).
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Figure 4.25: Distribution of T154 and Y181 in the /3 trimer construct. (a) 2D
histogram of the x and y coordinates of the T154 Ca atoms located towards the
extracellular end of the 83 helices. (b) 2D histogram of the z and y coordinates of
the Y181 Ca atoms located towards the intracellular end of the 33 helices. Data was
collected over each repeat.
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4.4 Discussion

4.4.1 The varied dynamics of the Ig domain

The isolated £3 trimer crystal structure from Namadurai et al [99] revealed the key
role that the hydrophobic V27, V29, and P30 Ig domain residues play in providing
an interface upon which other Ig domains can bind. As highlighted briefly in Section
4.1, the Ig domain in B3 differs slightly from typical features present in most Ig
domains [98], with the first &~ 10 N-terminal residues not being part of an antiparallel
[ sheet conformation. Instead, the C26-48 disulphide bond replaces the expected
(3 sheet motif. The C48A mutation performed by Namadurai et al. [99] highlights
the bond’s importance in facilitating oligomer formation. Similar studies on Basigin
(a dimer consisting of two Ig domains) describes similar destruction of N-terminal
disulphide bridges which leads to a reduction in ability to form higher order oligomers,
albeit in the central core of the Ig scaffold [241].

In Section 4.3.1.1, the importance of this bond was verified through the C48A
mutation in the 53 monomer, where results indicate an increase in Rg values when
compared to WT. Although in some cases subtle, the overall effect of the C48 A muta-
tion causes destabilisation in the critical region containing the hydrophobic residues
responsible for observed oligomerisation. Interestingly, not all C48A repeats undergo
such dramatic conformational changes, with a significant amount corresponding typ-
ically to W'T. This should not come as a complete surprise, since experimentally the
higher order structures of 33 still formed even with the C48A mutation in lower clus-
ter numbers and in “splayed” conformation [99]. Taking the results of monomeric
simulations into account, it can be hypothesised that on the plasma membrane some
Ig domains simply cannot form oligomers due to critical residues (V27, V29, and P30)
becoming destabilised to such an extent as to be distant in space from the Ig body,

causing the Ig domain to become partially disordered. The partially disordered Ig
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domains may simply take longer to orientate themselves in the correct position on
the plasma membrane, with an increased entropic cost for oligomer formation. The
C48A repeats that exhibit WT-like properties (i.e. little disorder at the N-terminus
and subsequent low R values) may in fact become partially disordered at longer
simulation time scales.

Extension of the C48A mutation to the trimeric construct in Section 4.3.1.2 re-
vealed a subtle change in splaying of the complex when compared to monomeric
simulations. Critically, it is important to note that the C48A mutation was applied
to the already constructed 53 trimer model and so it would be expected that there is
some inherent stability associated with the starting complex. This was verified with
only a subtle, and much less dramatic, increase in R values, with no large conforma-
tional change in the N-terminus of the Ig domains when compared to the monomeric
system. Torsional angle analysis verified that there is increased flexibility of V27 and
V29 with C48A, suggesting that the interface of the trimer is more flexible and may
be prone to dissociation, given longer sampling time.

In summary, the simulations performed of the monomeric and trimeric 83 Ig
domain in this Chapter reinforce the argument that the C26-48 disulphide bond is
critical to the overall stability of the Ig scaffold.

As described in Section 4.1, the § subunits of Nav channels are single pass type-1
transmembrane proteins. The construction and simulation of the full length S1 and
(3 subunits revealed that although similar in sequence and assumed « subunit binding
characteristics, their behaviour on the membrane is markedly different. Simulations
performed in this chapter suggest that the Ig domain of the $3 subunit is much more
dynamic than 1 through pitch angle analysis. Across each simulation of the 33
subunit a number of pitch states are sampled, with only a few corresponding to the
Ig domain’s long axis parallel to the membrane plane. Conversely, the S1 subunit

simulations provide evidence for more restricted Ig motion, with the long axis of
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the Ig domain parallel to the membrane plane in 60% of the simulations performed
and the non-conserved R96 seemingly responsible for the favoured Ig - membrane
interaction’. The extra positive charge in this region may encourage the observed
increase in propensity for the 51 Ig domain to interact with the POPC headgroups.
Since R96 is not present in 33, the Ig domain is less tightly bound to the headgroups
and so may contribute to the observed increase in sampled pitch angles. Additionally,
the binding of R96 to the membrane surface not only orientates the long axis of the
Ig domain parallel to the plane of the membrane, it also restricts the movement of
V21 and V22 whose equivalent positions in 3 are responsible for trimer stability.
Analysis of the MSA in the N-terminus of the Ig domain (Figure 4.26) also highlights
a key aspartic acid residue (D25) in 1 that in 83, at the equivalent position, is a
proline (P30). If the 81 Ig domain became unbound to the membrane and adopted
an orientation similar to that seen in the £3 trimer structure it may be hypothesised
that it could form similar oligomeric states. However, these would be predicted to
be much less stable due to the presence of the negatively charged D25 close to the

interface.

!
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Figure 4.26: Alignment of the N-terminus of the 1 and 3 subunits. An arrow
indicates the D — P switch from 1 — 3. Numbering for 1 residues is shown
above alignment.

T After the peer review process for the publication by Glass et al. [231], the discussion presented
in this section has been revised. The reader is referred to the publication for an updated discussion.
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4.4.2 Destabilisation of C-terminal residues in the (51 & (33

helices

Across all simulations of the 51 and (33 subunit there is substantial destabilisation
of the C-terminal end of the TMD. Through measurement of the local bending angle
in Section 4.3.2.1, both the 1 and £3 undergo extreme bending with average values
between 40-80°. This is coupled with large RMSF values in the TMD when compared
to the rest of the 8 subunit domains. A key question to address is why there is such
a large degree of distortion in this region in both subunits? It is important to note
that both models of the §1 and (3 subunit were based on the structure determined
by Pan et al [4]. A closer look at the electron density map (Figure 4.27) reveals that
the resolution from residues Y180-A192 in 1 (corresponding to Y179-A190 in 33) is
>4 A,
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51 Ig domain

Navl.4 o
31 TMD
28 32 36 40 44
Resolution (A)
(a)
Helix
160 170 180 190
betal ASIFEHINGVRIGVIE IRV ASMRIRIKEI AARMTETR 192
beta3  TEVIEIAIING I AL FIRLGAL TR ERRIGVSKINE . EFl 190

Bending
(b)

Figure 4.27: Examination of 8 subunit bending. (a) The electron density in the Pan et
al. structure, image adapted from [4]. (b) Alignment of the 81 and 43 TMD. Regions
that experience a large degree of bending are indicated in red braces. Numbering for
[1 residues is shown above alignment.

Furthermore, these residues also account for high protein - lipid counts as seen
in both monomeric and trimeric models. A somewhat large tilt [242] in both
subunits accompanies the increased C-terminal residues interaction with the lipid
bilayer and most likely reflects the TMD reducing hydrophobic mismatch. Thus, it
can be hypothesised that the region defined as the end of the TMD helix may in fact
be shorter than what the structure by Pan et al. [4] defines.

When 3 is present as a full length trimer, the degree of TMD tilting is reduced

when compared to the full length monomeric model studied in Section 4.3.2. The
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restricted conformational freedom in the full length trimer can be attributed to the
pre-formed Ig trimer restricting the short linker motion that ultimately influences the
positions of the TMD helices. Analysis of the protein - lipid interactions in the full
length trimer reveals that although tilting is reduced, the C-terminal residues that
exhibit high contact with lipid as a monomer also experience increased interaction
when part of the trimeric construct. A major difference between monomeric and
trimeric 43 lipid interactions is in the Ig domain. As part of a trimer, the Ig domain
is no longer able to sample large pitch states due to the favourable hydrophobic
interactions at the trimer interface (located at the N-terminus of each chain). As
such, the lipid interaction between the Ig trimer is markedly reduced when compared
to the monomer, with only a few charged residues (R65, E67, and K70) interacting
with the membrane surface. Interestingly, if the 53 subunit were to interact with the
VSDs of the pore-forming « subunit in a similar fashion to 51 [4], there would need to
be substantial rearrangement of the Ig domains. This leads to the question of what,
if any, the role that the TMD helices could play in a — 8 and / or § — [ interactions?
Lipid contact analysis in the TMD reveals that there is little difference between the
trimeric and monomeric constructs. Close to the Ig domain the restriction imposed
via the stable Ig trimer reduces translational motion, whereas at the intracellular end
the translational motion is much more dynamic with no clear preference for residue
- residue interactions between chains. These results suggest that the TMD of the 83
subunit does not have an overall stabilising effect on the 33 trimer and in fact may
only be required for correct positioning within the membrane. Additionally when the
helices of each 83 chain are in close proximity, the conserved E176 residue appears to
be orientated away from the trimer centre and preferentially interact with the POPC

membrane.
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4.4.3 Glycosylation: A preferred Ig orientation?

Carbohydrates facilitate and participate in a plethora of biological functions [243,
244]. Critically in proteins, and Ig domains in particular, glycosylation sites serve as
the basis for large and complex carbohydrate structures that can influence protein
function [245]. In both the 51 and 83 subunit there are a total of four glycosylation
sites all located in the Ig domains as illustrated in Section 4.3.3. Simulations of the
glycosylated 53 subunit performed in this chapter made use of the recently developed
DoGlycans [237] software package. Of the many types of glycosylation that can
occur [246], the DoGlycans package was used to model the N-linked glycosylation
present in 43 with a single GlcNAc moiety to each glycosylation site. In the non-
glycosylated form (i.e. WT) of 33, it was shown that the Ig domain visits a number
of conformations on the membrane surface (see Section 4.3.2.3). Surprisingly, when
modelling just one GlcNAc at each glycosylation site, the orientation of the Ig domain
is somewhat restricted when compared to WT. Although the number of simulations of
the glycosylated £3 subunit is smaller than those performed in WT, there is a general
trend for the Ig domain to be orientated away from the membrane. Contact analysis
between the GlcNAc rings and the lipid bilayer reveals that there is a preference for
one face of the Ig domain to interact with the membrane surface (glycosylated N95
in the D § strand). Additionally, glycosylated N109 and N113 interact persistently
with the membrane. Combining the afore mentioned asparagine interactions there is
an increased propensity for the glycosylated Ig domain to expose N-terminal residues.
The residues located in the N-terminus are either exposed laterally on the membrane
(through increased interaction between the membrane and N95) or, as revealed by
pitch analysis, are exposed to a greater degree with the long axis of the Ig domain
perpendicular to the membrane plane (with increased membrane interaction between

both N109 and N113).
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These observations are intriguing and suggest that glycosylation may play an
important role in Ig domain orientation. However, it is important to highlight some
limitations when modelling glycosylation sites. Firstly, in this study only a single
GlcNAc was added to each glycosylation site in the Ig domain. The addition of a single
GleNAc was motivated from the experimental structure from Pan et al. [4] where
GlcNAc molecules are resolved at positions N109 and N113. Due to the refinement
process of membrane proteins, the bulk of sugar moieties are often lost, whereas in
vivo the length and branching of glycans is often complex and can have a measurable
effect on protein dynamics [247]. Luckily, with increasing experimental resolution
we are now beginning to elucidate glycosylation sites more readily [248] and perhaps
one day reveal more complex glycan architectures. Secondly, the choice of force field
used to model carbohydrate dynamics is often non trivial [249,250]. Furthermore,
carbohydrates contain a large number of rotatable bonds that increase the accessible
conformational landscape, often requiring long simulation times to gain sufficient
sampling [251]. Although the modelling of carbohydrates is not simple, the results
presented here suggest that even simple models of GlcNAc may represent a change

in the dynamics of the 53 conformation on the cell membrane.

4.5 Conclusions

In summary, the dynamics of Nav channel § subunits are highly variable. Simu-
lations performed in this chapter have outlined that although similar in binding to
the o subunit, there is an inherent difference in behaviour between the 51 and 83
subunits when in isolation on the cell membrane. Critically, the non-conserved R96
residue on one side of the Ig domain in S1 seems to be responsible for an increased
propensity for the Ig domain to be bound to the membrane surface. In contrast, the

Ig domain of the $3 subunit is much more flexible. When present as a monomer, 33
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can expose hydrophobic residues contained within the N-terminus of the Ig domain
that are responsible for observed oligomerisation, in a conformation that can also
be stabilised by incorporation of glycosylation sites. As a full-length trimer, the 33
subunit is stable with the TMD helices seemingly not involved in additional stabilisa-
tion. The intriguing E177/E176 in 1/43 located in the middle of the TMD seems to
in fact be closer to the intracellular membrane surface than initially predicted from
sequence analysis in all models tested. More generally, the results presented here
offer new insights into 8 subunit dynamics and act as the starting point to further

our understanding of Nav channel modulation and clustering.
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5.1 Introduction

As described in Chapter 1, membrane proteins are not present in isolation in vivo.
In eukaryotic cells, the cell membrane is a crowded and dynamic space with a large
variety of lipid and protein species, as well as higher order and complex biological
scaffolds. VGICs are no exception and typically Cav, Kv, and Nav channels are
often found in combination with a variety of proteins [252] within the membrane and
cytoskeleton [100,253-257]. As well as influencing channel gating, these proteins can
often function independently [258,259].

In Chapter 4, the dynamics of the “auxiliary” 3 subunit was examined. Atomistic
simulations revealed that the Ig domain undergoes a variety of pitch states with popu-
lations exposing the hydrophobic patch responsible for the stability of the crystallised
ECD trimer [99]. In this chapter, the use of CG molecular dynamics is utilised to
study the higher order oligomerisation observed in Nav 33 subunits. A CG approach
(described in Chapter 2, Section 2.5.1.1) is adopted to access longer time and length
scales than a typical atomistic simulation. Additionally the use of a CG model, and
in particular the MARTINI force field, allows for the construction of an increasingly

complex membrane consisting of a variety of relevant lipid species.

5.1.1 Lipid composition: A model of an in vivo membrane

Lipids constitute the main building blocks of cellular membranes in which membrane
proteins carry out various functions [260]. Compositional diversity in the membrane
varies greatly between organism, cell type, and cell leaflet [261]. This is in addition
to diversity at a chemical level that is achieved through the fine tuning of specific
lipid groups [11] which results in thousands of possible lipid types via alteration of
head groups and / or aliphatic chains [262]. In mammalian cells, differences in lipid

composition occur between the plasma membrane (PM), endoplasmic reticulum, mi-
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tochondria, and the nucleus [12,13]. Within the PM of mammalian cells, the typical
lipid species are glycerolipids (65%), sphingolipids (10%), and sterols (25%) [13].
The extracellular and intracellular PM leaflets are enriched with different lipids to
varying degrees, causing an inherent asymmetry within the bilayer [263]. Typically,
the extracellular leaflet is enriched in PC, sphingolipids such as Sph, and glycosph-
ingolipids such as GM3. Conversely, the intracellular leaflet is enriched with PE,
PS, and PI. The exact distribution of cholesterol in the PM is somewhat elusive,
with evidence suggesting its presence in both the extracellular [12] and intracellu-
lar [264,265] leaflets. Simulations of a PM model suggest that the exact distribution
is almost symmetrical between leaflets, with a slight preference for the extracellular
side, demonstrating cholesterol’s fast “flip-flop” rate between leaflets [266].

Due to the complex nature of lipid composition and chemical diversity in eu-
karyotic membranes, it remains a challenge to accurately model realistic in wvivo
membranes. To date, various CG MD studies have utilised so-called “generalised”
PM models to characterise various properties such as general membrane biophysics,
lipid - lipid, and lipid - protein clustering [266-269] as well as more complex mem-
brane topologies [270]. The lipid composition used in the CG simulations presented
in this chapter is taken from the work of Koldsg et al. [267] and includes POPC,
1-palmitoyl-2-oleoyl-glycero-3-phosphatidylethanolamine (POPE), Sph, GM3, Chol,
1-palmitoyl-2-oleoyl-glycero-3-phosphatidylserine (POPS), and 1-palmitoyl-2-oleoyl-
glycero-3-pho-sphatidylinositol-4,5-bisphosphate (PIP;) lipids. For an overview of
the general chemical structures of each lipid the reader is guided to Chapter 1 (Fig-

ure 1.1).
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5.2 Methods

As seen in Chapter 4, atomistic simulations of membrane proteins offer highly detailed
insight into biomolecular dynamics. In the case of the  subunit, the orientation of
the Ig domain was assessed in atomistic detail, with precise measurements of protein
- protein and protein - lipid contacts that ultimately relate to biological function in
vivo. However, sampling of relevant states remains a bottleneck in atomistic MD and
although a number of methods exist to increase sampling [271] it is often necessary
to exchange molecular accuracy for feasible simulation length. The use of CG MD
is one such way to achieve this, being particularly well suited for studying biological
processes at increasing time and length scales (see Chapter 2, Section 2.5.1). To study

the effect of 83 clustering, the MARTINI CG force field was used.

5.2.1 System setup

The full length atomistic model of the 3 subunit (generated in Chapter 4, Sec-
tion 4.2.1.2) was converted to a CG representation using the martinize.py script
(v2.4) [159] to generate topology and structure files with the MARTINI (v2.2) force
field [159-166] and an EINeDyn elastic network [188]. The resulting CG 3 model
was then embedded in a generalised mammalian plasma membrane composition, per-
formed using the insane methodology [272] with a specified ratio of lipids, detailed in
Table 5.1. A 6 x 6 grid of £3 subunits was constructed by tiling the single 53 subunit
embedded in a mixed membrane in both the x and y direction using the genconf
GROMACS tool. The resulting system contained 36 copies of protein with a total of
10,080 lipid species, with x and y box dimensions equal to 52 nm. Energy minimi-
sation was performed with the steepest decent algorithm. The resulting system was
solvated using the non-polarisable MARTINI water model with Na™ and Cl~ ions

at a concentration of 150 mM. Equilibration steps consisted of a short (20 ns) and
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long (100 ns) equilibration whilst position-restraining backbone particles with a force
constant of 1000 kJ mol~! nm~2. The orientation of each protein was randomised
in the membrane by position-restraining one backbone particle located in the short
linker region (G150) with a force constant of 1000 kJ mol™! nm™2 and another long
(100 ns) equilibration performed with no restraints on any other particles. All simu-
lations were carried out in the NPT ensemble at a temperature of 323 K and pressure
of 1 bar. Covalent bonds were constrained to equilibrium values using the LINCS
algorithm [221] and the leap-frog algorithm used with a 20 femtosecond timestep.
The V-rescale [146] temperature and Berendsen [142] pressure couplings were used
for short equilibrations, with coupling constants of 1.0 and 8.0 ps, respectively. The
V-rescale temperature and Parrinello-Rahman [152] pressure couplings were used for
long equilibrations, with coupling constants set to 4.0 ps and 8.0 ps, respectively. A
total of 3 x 10 us independent simulations were run from each of the randomised pro-
tein orientation starting systems. All simulations were performed using GROMACS
2019 [214,273-278].

Analysis of cluster sizes, protein - protein, and protein - lipid interactions was
performed using in-house scripts utilising the MDAnalysis [222,223], NetworkX [279]
and NumPy [280] Python libraries. Radial distribution functions were calculated
using the GROMACS gmz rdf tool. Visualisation of each system was performed using
VMD 1.9.2 [224]. All graphs were produced using the Seaborn [225] and Matplotlib

[226] Python libraries.
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Lipid ratio
Membrane leaflet  POPC POPE Sph GM3 Chol POPS PIP,
Upper 40 10 15 10 25 - -
Lower 10 40 - - 25 15 10

Table 5.1: Lipid composition of the generalised mammalian membrane from
Koldsp et al. [267] used in CG simulations of the 43 subunit. Where POPC
= 1l-palmitoyl-2-oleoyl-glycero-3-phosphatidylcholine, POPE = 1-palmitoyl-2-oleoyl-
glycero-3-phosphatidylethanolamine, Sph = sphingomyelin, GM3 = monosialodi-
hexosylganglioside, Chol = cholesterol, POPS = 1-palmitoyl-2-oleoyl-glycero-3-
phosphatidylserine, and PIP; = 1-palmitoyl-2-oleoyl-glycero-3-phosphatidylinositol-
4,5-bisphosphate.

Ovrr, O Chol

Figure 5.1: CG generalised mammalian membrane composition. Lipid species are
coloured separately and shown as spheres in the membrane cross-section, OL = outer
leaflet, IL = inner leaflet. Lipid labels are the same as in Table 5.1.
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5.3 Results

5.3.1 Cluster evolution of the 53 subunit

Each starting 6 x6 33 system contained a unique distribution of Ig domain orientations
after randomisation as well as different lipid distributions. Over the course of each
10 ps simulation of the large $3 system, higher order oligomers were formed (Figure
5.2b). As seen in Chapter 4, the § subunit is particular flexible at the linker region.
In order to mitigate any unrealistic clustering analysis, residues 25-150 were used to
define the protein centre. These residues were chosen as they make up the bulk of
the Ig domain that undergoes little conformational change and are structurally rigid
due to the presence of several [ strands. The centre of geometry defined by these
residues in the Ig domain was used to calculate the distance between each protein
copy at every frame. Proteins were considered to be part of a cluster if the centre of
geometry of the Ig domain was within a radius of 45 nm of another 53 Ig domain.
Additionally, each trajectory was post-processed to ensure that each protein copy
was made whole across periodic boundaries. Over the course of each 10 us, cluster
sizes generally increased. The most prominent protein cluster size was a monomer
or dimer, with significant populations involved in higher order clusters, as shown in

Figure 5.2c.

143



Chapter 5. Coarse-grained simulations of 53 subunit oligomerisation

-9

-8

-7
3 @
2 65
= [ -
£ 5 Q
g a
£ 'S

3

2

1

0 2.5 5 7.5 10
Time (us)

()

Figure 5.2: Cluster evolution of the 5 subunit in a generalised mammalian membrane
over 10 us. (a) Extracellular view of the starting arrangement of 53 subunits (shown
in green) at ¢t = 0 ps. Each 33 subunit’s orientation has been randomised prior to the
10 ps run. (b) Extracellular view of the final arrangement of 53 subunits as part of
higher order oligomers. (c) Evolution of cluster size that each 53 monomer is a part
of over 10 pus. Colour of lipid species is the same as shown in Figure 5.1.
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In all CG (3 runs, similar clustering patterns were formed (see Appendix B, Figure
B.4 for snapshots of other repeats). In the 25 x 400 ns atomistic simulations of the
(3 monomer (see Chapter 4), a variety of pitch states are visited by the Ig domain.
The protein - POPC interactions in these atomistic simulations was non-specific in
the Ig domain, reflecting the Ig domain’s dynamic motion on the membrane surface.
Although adequate to study short time-scale motion, a simple POPC bilayer does
not reflect the true lipid complexity present in eukaryotic cell membranes. In order
to assess whether the introduction of a more complex CG membrane influences the
pitch and overall conformation of the 3 subunit, the conformation of each protein
copy in the final frame of each simulation was extracted. Across all CG simulations
performed there was a distribution of approximately three Ig domain orientations,
coupled with more variability in the TMD. The majority of Ig domains were present
in a “down” state, resembling that of the 53 model constructed from the a - 51 crystal
structure, with the N-terminal ‘A’ 3 strand orientated above VSDIII of the o subunit
(as described in Chapter 1.3). Conversely, another population exhibits an “up” state
of the Ig domain, with the long axis of the Ig domain approximately perpendicular
to the plane of the membrane. Also present were Ig domains in a “rolled” state with
one face of the Ig domain bound to the membrane and exposing the hydrophobic
patch responsible for the observed trimerisation in the Namarudai et al. [99] crystal
structure. All protein copies were inspected visually and assigned a state based on
the afore mentioned descriptions. A summary of states in the final frame for each run

and representative structures are shown in Table 5.2 and Figure 5.3.
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Number of states

Run number Up Down Rolled

1 6 12 18
2 2 7 27
3 2 9 25

Table 5.2: Visual assignment of 53 states in each clustering run.

(a) Up (b) Down (c) Rolled

Figure 5.3: Different states adopted by 33 clusters.

5.3.2 Protein - protein interactions between 3 clusters

To assess the likely protein - protein interfaces between (33 subunits, protein contacts
were calculated across all repeats using in-house scripts described in Section 5.2.1.
At each frame, protein residues were considered to be in contact if their distance
was < 8 A. Protein - protein contact analysis was repeated for each run and the
average interaction for each residue recorded. The contact results for each run were
combined to give an overall average of protein - protein contacts and each residue
assigned a percentage of the total protein - protein interaction. The interactions were
then visualised on both the structure and sequence of the $3 subunit, as shown in
Figure 5.4. Overall, there are high regions of contact on the Ig domain and C-terminal

end of the TMD. In the Ig domain, one face seems to be favoured with most contact
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appearing at the “tip” (i.e. at the end of the long axis, between the F and G /3 strands)
of the Ig domain. At the opposing end of the Ig domain there are high regions of
contact, albeit slightly more sparse. Regions of contact in the TMD are located close
to the intracellular end of the helix with high areas of contact partially favouring one
side consisting of the conserved E176 residue as well as residues M177, C180, Y181,
K183, and V184. Taking a closer look at contact regions on the 53 sequence (Figure
5.4b) reveals other residues that are in close contact with other protein copies at a
lower interaction density. At the N-terminus, the residues responsible for the observed
trimerisation in the 53 Ig domain (V25, C26, V27, E28, V29, and P30) exhibit a low
interaction density. Other regions are located on the surface of the body of Ig domain
with low but numerous contact sites between residues Q82-D99 that make up the end

of the Ig domain closest (spatially) to the start of the short linker region.
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At first glance, the protein - protein contacts made between CG copies of the
B3 subunit seem somewhat counterintuitive when considering the trimeric crystal
structure isolated by Namadurai et al. [99]. The key hydrophobic patch that enables
the favourable interaction between the Ig domains seems to have low interaction
density, with most of the protein - protein contacts between subunits resembling an
“end-on” orientation at the extrema of the long axis of the Ig domain. However,
as highlighted in Figure 5.3 the 83 Ig domain is present in a number of states over
the course of a trajectory, analogous to those seen in atomistic simulations. Clearly,
alternative Ig domain orientations will lead to alternate binding patterns between
subunits. As seen in Chapter 4, atomistic simulations revealed that the 83 Ig domain
occupies a variety of pitch states but critically these simulations are performed in a
relatively simple POPC membrane. Conversely, in CG simulations the membrane is
highly heterogeneous and contains a multitude of different lipid species that ultimately

have an effect of how the Ig domain orientates itself on the membrane.

5.3.3 (33 protein - lipid interactions

Over the course of each 10 ps simulation, the 53 subunit interacts with the variety
of different lipid species present in the CG membrane. To quantify any preferential
binding the protein has to a particular lipid, the radial distribution function (RDF)
of lipid species around the protein copies was computed. Briefly, the RDF gives an
estimate for the likelihood of finding a particle at distance (r) from a reference point,
in this case the reference is the 3 subunit. Out of the seven different lipid types
constituting the generalised mammalian membrane, only GM3, PIP,, and cholesterol
interact strongly with the 3 subunit. Of species in the outer leaflet, GM3 shows
the strongest preference with a slow decay towards bulk (i.e. g(r) = 1), as shown in

Figure 5.5.
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Figure 5.5: Radial distribution function of lipids around 3.

In the lower leaflet, PIP, has the highest g(r), whilst Chol (known to flip-flop
between membrane leaflets) shows a slight increase in probability close to $3. The
resulting POPE, POPS, POPC, and Sph species all have a measured g(r) < 1 close to
the subunit g(r) increasing gradually to bulk at larger r values. Mapping the protein
- lipid interactions on to the starting model of the $3 subunit (Figure 5.6) reveals
that GM3 effectively coats one side of the Ig domain, as well as persistent interaction
with the short linker region at the top of the TMD. With PIP,, located exclusively in
the lower leaflet, the density is concentrated at the C-terminus. Due to the negatively
charged headgroup of PIP,, interactions are concentrated at the positively charged
R182, K183, and K186 residues (see Appendix B, Figure B.5). Cholesterol binds non-
specifically across most residues present in the TMD helix. POPE exhibits density at
both ends of the TMD and a small amount on the Ig domain, with a slight preference
for the same face as seen in GM3. As with PIP,, there is concentrated density of
POPS at the C-terminus whilst both POPC and Sph preferentially interact with

residues at the top of the TMD.
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Figure 5.6: Average (3 protein - lipid interactions. (a) Face 1 of the 33 subunit. (b) Face 2 of the 33 subunit. The first side

chain particle of residues that account for more than 2.5% of the total protein - lipid interactions are shown as spheres. Colour
scale is from least (white) to most interacting (black). All lipid abbreviations are the same as described in Table 5.1
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Visual inspection of all lipid interaction sites revealed that one face of the Ig
domain preferentially interacts with the membrane, as shown in Figure 5.6a. As
explained earlier, there are a number of states that the Ig domain occupies on the
membrane, with the “rolled” state most abundant (Table 5.2 & Figure 5.3c). The
interaction sites across all lipids in the Ig domain of 33 show that the face of the
Ig domain that points downwards and towards the membrane is the same face that
accumulates most lipid interaction from GM3, POPC, and Sph. Mapping the 33-
GM3 interactions onto the protein sequence reveals several regions of the subunit
that interact most frequently (Figure 5.7). Some of the highest regions of interaction
with GM3 include residues at the N-terminus of the Ig domain from C26 to V54.
In the $1 - Navl.4 crystal structure, this region is in close proximity to the top of
VSDIII and positioned just above the membrane plane. Additional high interaction
sites occur at R78, N79, G80, and H81 that make up the loop region between [
strands’ C” — (C’. Similarly in the loop between the E — D 3 strands, residues
96, 97, 98, and 99 also interact with GM3 and are close to the predicted N-linked
glycosylation N95 site. Within the short linker region between the Ig domain and the
TMD (residues E147 — D152) and at the start of the TMD helix there are regions

of high interaction at K148 — F153.

tThe reader is guided to Chapter 1, Figure 1.7 for a reminder of Ig 3 strand labelling convention.
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Figure 5.7: Regions of high interaction of the $3 with GMS3.

The density of each lipid type surrounding each (3 protein was calculated by
aligning the protein coordinates to C26 (located at the N-terminus at the start of
the ‘A’ 8 strand) at every frame and for each protein copy. The density of each lipid
species surrounding the protein within a 12 nm radius was recorded from the positions
of the CG headgroup particle. The distribution of lipids surrounding the 83 subunit
at various angles was also recorded to give a rough indication as to whether any side
of the protein was favoured for lipid binding. With reference to the RDF (Figure 5.5),
the two most interacting lipid species (GM3 and PIP;) are shown in Figures 5.8a &
5.8b. The clustering of GM3 typically accumulates below and to one side of the Ig
domain, as well as surrounding the extracellular end of the TMD helix. Analysis of
GM3 density at various angles (with C26 taken as 0°) reveals a slight preference for
one side of the 43 subunit and reflects the accumulation of GM3 on one “face” of the
Ig domain, as seen in Figure 5.6. Conversely, PIP, interactions are localised to the

C-terminal end of the TMD (Figure 5.8c). Unsurprisingly, highly interacting residues
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include the positively charged K183 and K186 residues that favourably interact with
the anionic PIP, headgroup. Additionally, residues V184, A187, and E188 also show
high interaction density that may be a reflection of their close proximity to K183 and
K186. There seems to be little angular preference for where PIP, binds to the TMD
with all angles equally sampled over the course of the trajectory (Figure 5.8d). The

full set of PIP, interactions are shown on the 3 sequence in Appendix B (Figure
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Figure 5.8: Lipid density surrounding the 3 subunit. (a) GM3 density. (b) PIPs
density. (c) and (d) show the lipid count at various angles around the protein. The
solid black arrow in (a) and (b) represents the vector that each $3 subunit was aligned
to at every frame and points from the centre of mass of the Ig domain to residue C26,
located at the N-terminus.
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5.4 Discussion

5.4.0.1 Ig dynamics in a mixed lipid membrane

The clustering of the $3 subunit on a generalised mammalian membrane gives rise
to varying degrees of cluster size within which a series of different protein confor-
mations were visited. Most prevalent of these was the Ig domain positioned in a
“rolled” state with the face containing  strands B, D, and E preferentially bound
to the membrane, leading to slight exposure of the hydrophobic patch responsible for
observed trimerisation. Interestingly, the population of “up” states of the Ig domain
is somewhat reduced when compared to atomistic simulations performed in Chapter
4, Section 4.3.2. However, one must consider the lipid environment in which these
simulations were performed. As described in Section 5.2.1, the CG membrane used
contains a variety of different lipid species other than the simple POPC used in all
atomistic simulations. The accumulation of GM3 on one side of the Ig domain, as
well as on the short linker region, seems to restrict the motion it can undergo. It is
most likely due to GM3’s ability to extend beyond the membrane plane (attributed
to its large sugar headgroup) that allows it to interfere with the dynamics of the Ig
domain. This may go some way to explain why other lipids tend to only interact
sparsely with the Ig domain and are restricted mainly to TMD interactions.
Although few in number, a population of g3 orientation states were observed
over the course of each simulation in an “up” state that resembled an Ig orientation
compatible with the potential to form trimer structures as seen in the Namadurai et
al. [99] structure. The alignment of this conformation with the final frame of the full
length 3 trimer model (see Chapter 4, Figure 4.20b) reveals that this orientation
does not form any major steric clashes between the Ig domain and TMD (Figure

5.9a).
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(b)

Figure 5.9: Overlay of “up” state 3 subunit with the atomistic trimer model. (a)
Side on view of the full length, atomistic $3 trimer model with the CG 183 “up”
conformation superimposed on one chain (transparent and cyan). Inset shows local
bending in the TMD of one $3 monomer. Separate chains are coloured cyan, green,
and pink. (b) Residues close to the observed bending in the TMD in both the atom-
istic trimer (shown as sticks with blue labels) and the“up” 3 conformation (shown
as cyan spheres with black labels).
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Overlaying the “up” conformation with the full length trimer model appears to
satisfy the steric restraints imposed by the Ig domain present as a trimer. However,
visual inspection of the TMD (shown in Figure 5.9a) indicates that the start of the
TMD helix is close to the neighbouring Ig domain. Importantly, and as found in
atomistic simulations shown in Chapter 4 (Section 4.3.4), after 400 ns of simulation
the top of the TMD helix in #3 distorts significantly close to residues V156, V157, and
S158. In the CG (3 model, the same amount of distortion is not seen and instead the
helical structure is retained (Figure 5.9b), most likely due to the secondary structure
restraint imposed by the use of the EINeDyn network. The imposed restriction on
secondary structure movement may also explain why the N- and C-termini of the
TMD remain relatively stable throughout each 10 ps simulation, as opposed to the
unravelling seen in AT simulations (Chapter 4, Section 4.3.2). It is also worth noting
that the sedimentation coefficient distribution analysis performed by Namadurai et
al. [99] (Chapter 4, Figure 4.1a) indicates that the trimeric form of 83 is not as
abundant as the dimeric and monomeric forms. Additionally, the use of CG MD
in this study has allowed for the analysis of a cumulative 30 us of simulation time
which, although long by modern standards, may not be sufficient for the Ig domain to
encounter other protein copies in the correct orientation to facilitate trimer formation
in the crystal pose.

Other contributions not studied here include the effect of any glycosylation sites
on the Ig domain. As studied in Chapter 4, the Ig domain is heavily glycosylated
with four sites (N95, N109, N113, and N121). The position of glycosylation sites
is not expected to influence the ability of the 53 Ig domain to form higher order
oligomers since their positions are located away from the hydrophobic interface, as
demonstrated by the trimeric crystals structure isolated by Namadurai et al [99].
Interestingly, one of the glycosylation sites at N95, is on the same face as the increased

protein - GM3 lipid interaction site. Additional glycosylation sites N109 and N113 are
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located at the E — G f strands and close in space to the short linker. The favourable
interaction between GM3 and any CG glycosylated asparagine residues may help to
further stabilise certain orientations of the Ig domain on the membrane and can be
hypothesised to correspond to the “up” and “rolled” states defined earlier. However,
one must exercise caution when modelling sugars, as highlighted in Chapter 4, Section
4.2.1.3. This is especially apparent in the MARTINI model, where the inclusion of

large polysaccharide chains results in excessive aggregation [281].

5.4.0.2 The effect of lipid clustering

As described by Koldsg et al. [267], the CG lipid bilayer is highly heterogeneous and
contains a variety of lipid - lipid interactions, the most prevalent of these being the
observed clustering of GM3. In all CG simulations, GM3 appears to coat each (3
subunit copy, forming localised lipid clusters and promoting the association between
Ig domains. The ability for GM3 to form lipid rafts is well known [282] and although
not at the same scale as an in vivo membrane, the CG simulations performed here
hint at GM3 clustering as a driving force for protein association. In the closely related
[£1 subunit, results have shown that it is preferentially found in lipid rafts where it
acts as a substrate for sequential cleavage by 5-(BACE) and y-secretases, with links
to the pathology of Alzheimer’s disease [283]. This may well explain the relatively
large cluster sizes seen over the course of the 10 us simulations. GM3 tends to act as
a bridge between (33 subunit monomers and although close to each other (i.e. at or
below the 45 nm cut-off), the proteins may not necessarily be in direct contact. This
is not to say that protein contacts do not form. As described earlier, the protein -
protein interaction is concentrated at the “tip” of the Ig domain and may reflect the
limited regions available for contact making whilst sterically blocked by the large GM3
sugar groups. Interestingly, and from a functional viewpoint, the auxiliary 51 subunit

of the Ca®™ and voltage-gated potassium (BK) channel has been found to retain its
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fine-tuning of channel gating properties only in the presence of negatively charged
lipids in the membrane [284]. Since at physiological pH the sialic acid component
of the GM3 headgroup will be negatively charged, it is tempting to speculate that
the GM3 clustering seen in the simulations performed in this chapter of the Nav 3

subunit may influence the « subunit in a similar way.

5.5 Conclusions

In this chapter CG MD has been utilised to probe the observed (3 clustering in a
generalised mammalian membrane. A total of 36 #3 subunits were found to cluster
in the membrane, forming large oligomeric structures. Analysis of protein - protein
contacts revealed that the interaction sites are localised in the Ig domain, with a small
contribution made from the key hydrophobic residues responsible for stabilising the
trimeric crystal structure. A closer look at the surrounding lipids revealed that GM3
effectively coats one face of the Ig domain, restricting its movement on the membrane
whilst simultaneously promoting GM3 (and so protein) aggregation. This was in
contrast to atomistic simulations where the Ig domain of the 53 subunit was much
more dynamic and highlights the importance of membrane composition in protein
behaviour.

The clustering of the 33 subunit is not present in isolation and how this clustering
may influence the spatial density of the pore-forming a subunit is the subject of

Chapter 6.
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6.1 Introduction

In Chapter 4, the dynamics of the 53 subunit in isolation was found to be highly
variable with a large range of pitch angles sampled. However, in Chapter 5 the
introduction of a more complex lipid membrane altered the conformations visited by
£3 and suggested a much more restricted set of Ig pitch angles that are present in
broadly three states (labelled “up”, “down”, and “rolled”). As described in Chapter
1, the extent to which the $3 subunit influences the spatio-temporal dynamics of the
Na™ conducting « subunit remains to be fully characterised. Although there are an
increasing number of Nav channel structures with 5 subunits bound [4, 5], the full
extent of interactions between cardiac Navl.5 channels and auxiliary subunits via
cross-linking is not clear. In this chapter, large scale simulations are performed on
a &~ 2 million CG particle system to investigate the clustering of a and 33 subunits

using the same lipid composition as described in Chapter 5.

6.1.1 The significance of Navl.5 « - 33 clustering

It is known that for the efficient initiation of the action potential, VGICs preferentially
cluster at the axon initial segment and the Nodes of Ranvier [285]. As explained in
Chapter 1, the nodes of Ranvier are located between myelinated regions of the axon
body where they help to propagate the AP. As discussed in a recent review by Free-
man et al. [286], studies have typically shown that Nav1l.1, Navl.2, Nav1.6, Nav1.7,
Nav1.8, and Nav1.9 preferentially cluster at these nodes [287,288]. The absence of
Navl.5 is predominantly due to its presence in cardiac myocytes, whose overall ar-
chitecture differs to that of skeletal muscle and nerve cells (see Chapter 1, Section
1.1.4). Instead, cardiac myocytes are connected through gap junctions that facilitate
rapid depolarisation from adjacent cells, initiating the opening of neighbouring Nav1.5

channels. Increasing evidence suggests that these cardiac Nav channels do not func-
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tion in isolation and can interact with copies of other Navl.5 « subunits [100,257]
as well as a variety of other protein species, including S subunits [289]. If Navl.5
channels are similar to those present at the nodes of Ranvier, their clustering with
auxiliary subunits may enhance AP propagation and impact overall cardiac function
m Vivo.

MD simulations performed in this chapter aim at elucidating the possible binding
site(s) of the $3 subunit, address possible cross-linking of o subunits, and measure

the effect of protein - lipid interactions in a complex lipid membrane.

6.2 Methods

6.2.1 System setup
6.2.1.1 The 3 x 3 a subunit grid

The Nav1.5 sequence was aligned with the known sequences of several Nav channels
(SCNXA, where X = 1,2,3,5,7,8,9,10,11) using the EMBL-EBI MUSCLE web server
[193,194]. The aligned Navl.5 sequence was extracted and the recent Navl.7 cryo-
EM structure (PDB: 6J8G) solved by Shen et al. [5] was used as a template to
construct a total of 200 homology models of the Nav1.5 o subunit (sequence similarity
= 76.2 %). Each model was created and scored using the DOPE function [196] in the
Modeller (v9.16) software package [195]. The 10 best models were ranked using the
QMEAN [197] scoring function in SWISS-MODEL [212] and the final model chosen
with the highest QMEAN score.

Once created, the atomistic Navl.5 « subunit model was embedded in a POPC
membrane, prepared using the InflateGRO methodology [220] and in-house scripts for
final adjustments. All atomistic simulations used the AMBER ff99SB-ILDN force field

[215]. The system was solvated using the TIP3P water model [219] and neutralised
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with Nat and Cl~ ions at a concentration of 150 mM. Energy minimisation was
performed using the steepest decent algorithm. Equilibration steps of each system
consisted of a short (1 ns) and long (5 ns) equilibration whilst position restraining the
Ca atoms with a force constant of 1000 kJ mol™' nm~2. All simulations were carried
out in the NPT ensemble. The temperature and pressure were set to 310 K and 1 bar
using the Nosé-Hoover thermostat [147,148] and Parrinello-Rahman barostat [152]
with coupling constants of 0.8 and 5.0 ps respectively. In order to relax the model in
the membrane, a production run of 200 ns was undertaken without restraints using
the Nosé-Hoover thermostat and Parrinello-Rahman barostat.

The relaxed « subunit structure was converted to a CG representation using the
martinize.py script (v2.4) [159] to generate a topology and structure files with the
MARTINI (v2.2) force field [159-166] and an EINeDyn elastic network [188]. The
resulting CG « model was then embedded in the same generalised mammalian mem-
brane composition used in Chapter 5, obtained using the insane methodology [272].
A 3 x 3 grid of a subunits was constructed by tiling the single o subunit embedded
in a mixed membrane in both the x and y direction using the gma genconf GRO-
MACS tool. The resulting system contained 9 copies of protein with a total of 7,137
lipid species and box dimensions of 47 nm in both x and y. Energy minimisation
was performed with the steepest decent algorithm. The system was then solvated
using the using the non-polarisable MARTINI water model and neutralised with Na*
and Cl~ ions at a concentration of 150 mM. Another round of energy minimisation
was performed, again using the same steepest decent algorithm. Equilibration steps
consisted of a short (20 ns) and long (100 ns) equilibration whilst position restraining
backbone particles with a force constant of 1000 kJ mol~* nm~2. The orientation of
each protein was randomised in the membrane by position restraining one backbone
particle with a force constant of 1000 kJ mol~* nm™2 and another long (100 ns) equi-

libration performed. This particle (S1744) was chosen as its position in the S6 helix
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of DIV was close to the centre of the channel as well as being roughly central with re-
spect to the membrane z-axis. All simulations were carried out in the NPT ensemble
at a temperature of 323 K and pressure of 1 bar. Covalent bonds were constrained to
equilibrium values using the LINCS algorithm [221] and the leap frog algorithm used
with a 20 femtosecond timestep. The V-rescale [146] temperature and Berendsen [142]
pressure couplings were used for short equilibrations, with coupling constants of 1.0
and 8.0 ps respectively. The V-rescale temperature and Parrinello-Rahman [152]
pressure couplings were used for long equilibrations, with coupling constants set to
4.0 ps and 8.0 ps respectively. A total of 3 x 10 us independent production run
simulations were performed from each of the randomised protein orientation start-
ing system. All simulations were performed using GROMACS 2019 [214,273-278].
MDAnalysis [222,223] was used for analysis and all graphs were produced using the
Seaborn [225] and Matplotlib [226] Python libraries.

6.2.1.2 The mixed o & (3 subunit grid

A large CG grid containing a mixture of a and 33 subunits was constructed using the
monomeric CG models developed in Section 6.2.1.1 and Chapter 4, Section 5.2.1, re-
spectively. A system containing one « subunit and four #3 subunits was constructed
using successive iterations of the gmx editconf GROMACS tool and labelled the unit
cell (UC). The same system was constructed at a 45° angle to the reference (UCys0),
which was created in order to minimise the distance between protein copies. The
final large scale grid of o and 3 subunits was constructed by combining both the
UC and UCys0 in three rows (Figure 6.1a). The resulting grid of  and 3 subunits
was embedded in the same generalised mammalian membrane composition as used
in Chapter 5, again using the insane methodology [272]. The embedded system was
solvated with the non-polarisable MARTINI water model, neutralised with Na* and

Cl™ ions at a concentration of 150 mM and energy minimised using the steepest de-
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cent algorithm. This was followed by a short (20 ns) equilibration whilst position
restraining backbone particles. The system contained 9 copies of the o subunit and
36 copies of the 53 subunit, with a total of 43,666 lipid species and box dimensions of
102 nm in both x and y (Figure 6.1b). A long equilibration (100 ns) was performed
with a reduced time step of 10 femtoseconds whilst position restraining the x and
y coordinates of all protein backbone particles, allowing each protein to relax in the
z dimension. Protein orientations were randomised by a further long equilibration
step for 1 us whilst position restraining the backbone particles of residues S1744 and
G150 (located in the short linker region, as described in Chapter 5, Section 5.2.1)
in the a and (3 subunits respectively. All position restrains were performed with
a force constant of 1000 kJ mol™' nm=2. All simulations were carried out in the
NPT ensemble at a temperature of 323 K and pressure of 1 bar. Covalent bonds
were constrained to equilibrium values using the LINCS algorithm [221] and the leap
frog algorithm used with a 20 femtosecond time step. The V-rescale [146] tempera-
ture and Berendsen [142] pressure couplings were used for short equilibrations, with
coupling constants of 1.0 and 4.0 ps respectively. The V-rescale temperature and
Parrinello-Rahman [152] pressure couplings were used for long equilibrations, with
coupling constants set to 1.0 ps and 12.0 ps respectively. A total of 3 x 17 us inde-
pendent production run simulations were performed from the starting system shown
in Figure 6.1. All simulations were performed using GROMACS 2019 [214,273-278].
Visualisation of each system was performed using VMD 1.9.2 [224]. All graphs were

produced using the Seaborn [225] and Matplotlib [226] Python libraries.
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UC450 ucC UC450
ucC UCy50 ucC
UCys50 ucC UCys0

(b)

Figure 6.1: Construction of the large o - 53 grid. (a) A schematic illustrating the
large CG system setup that creates a chequerboard pattern with each unit cell at a 45°
orientation to its neighbour. (b) An extracellular view of the final starting structure
after protein randomisation containing 9 o subunits (cyan) and 36 53 subunits (green)
embedded in a generalised mammalian membrane (lipid colouring is the same as in
Chapter 5, Figure 5.1), solvent removed for clarity.
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6.3 Results

6.3.1 Cluster evolution of the a subunit

The evolution of o subunit clusters over each 10 us simulation in the 3 x 3 system was
analysed using the same methodology as outlined in Chapter 5, Section 5.3.1. Briefly,
the positions of residues 117-236 , 699-822, 1188-1317, and 1516-1640 were used to
define the centre of geometry of the a subunit. These residues were chosen on the
basis that they encapsulate VSDs I-IV of the o subunit, additionally they contain few
residues above or below each leaflet of the membrane and so did not distort the centre
of geometry to be out of the xy plane. Neighbouring o subunits were considered to
be part of a cluster if the distance, defined by the calculated centre of geometry, was
< 11 nm. Over the course of 10 us, clusters of o subunits formed with a maximum

cluster size of 4.
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Figure 6.2: Cluster evolution of the 3 x 3 « subunit system.

As might be expected, the interaction sites between clusters were exclusively lo-
cated on the four VSDs. In each VSD, the interactions are located primarily on

residues in the cytoplasmic leaflet of the membrane with the exception of T1290,
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L1291, and G1292 on VSDIII and the lone Y149 on VSDI. Generally, the residues
with the highest levels of interaction are those which occupy protruding regions away
from the central o subunit body and so interact first with neighbouring subunits.
Residues of VSDII and VSDIV seem to preferentially be in contact with one another
(Figure 6.3). The slight preference for VSDII and VSDIV interactions in the cyto-
plasmic leaflet leads to “chains” of « subunits (Figure 6.3b). When viewed from the
extracellular domain, the same « subunits are not in contact and instead are pre-
dominately mediated by GM3 (Figure 6.3a), similar to results shown in Chapter 5,
Section 5.3.2.

The lipid clustering around the « subunit in the 3 x 3 system was identical to
that of the a subunit in the mixed « - $3 system (described later in Section 6.3.3).
Briefly, the o subunit exhibited a similar protein - lipid RDF as was seen for the
CG (3 clustering in Chapter 5, Section 5.3.3. GM3 preferentially clusters around
the top of each VSD, as well as some loop regions in the ECD, and seems to inhibit
residues in the extracellular leaflet making direct contact. The anionic PIP, lipid
binds exclusively to residues at the base of each VSD in the cytoplasmic leaflet,

binding preferentially at VSDs II and IV.
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Figure 6.3: Protein - protein interactions in the 3 x 3 « subunit system. (a) Extra-
cellular and (b) intracellular view of the 3 x 3 « subunit systems at 10 us. Colours
of lipids are the same as in Chapter 5, Figure 5.1. (¢) Highly interacting residues be-
tween « subunits, averaged over all runs (viewed from the intracellular side). Residues
that account for more than 1.5% of the total protein - protein interactions are shown
as spheres.

6.3.2 « - 3 subunit interactions in a large membrane system

The clustering of both the o and 33 subunits with their own protein copies in the large

CG system was assessed using the cut-offs between subunits as described previously
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(i.e. 11 nm and 4.5 nm for the a and $3 subunits respectively). A cluster of o and
£3 was defined if the distance between both species’ centres of geometry was < 6 nm.
After 17 ps of simulation, higher order clusters formed between the o and 33 subunits
with the majority of clusters present as dimers with a small fraction of higher order
oligomers. In addition to a - 33 clusters, several copies of the $3 subunit formed
small clusters over the course of each simulation, similar to those seen in Chapter 5.
A snapshot of the final frame of one 17 us run is shown in Figure 6.4 together with

the typical evolution of protein clusters.
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Figure 6.4: Evolution of a and /3 clusters over 17 us. (a) Snapshot after 17 us
of simulation where clusters of a (cyan) and 3 subunits (green) are present in the
mixed lipid membrane. (b) Evolution of cluster sizes over 17 us.
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The density of $3 subunits surrounding the « subunit was analysed for every
frame. For each of the nine « subunit copies in the system, the (3 density was
recorded within a 12 nm radius where each a subunit copy was aligned to I717
(located in the S1 helix of VSDII). Generally there was a depletion of 3 density
surrounding the S5-S6 pore-forming helices and instead all density was concentrated
at the VSDs. Between the three runs performed there were variable sites of 53 density
spread across each of the four VSDs. Typically, the density was found to be highest
on VSDIII with lower densities at VSDI and VSDII. There was little to no density of
VSDIV, known to be important in fast inactivation of the pore after depolarisation.

Densities of 43 surrounding the o subunits in each run are shown in Figure 6.5.
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Figure 6.5: Density of 83 around the a subunit. £3 density is averaged across all
frames of a 17 ps run, each VSD is colour coded and indicated in the legend. All
a subunit copies are aligned from the centre of mass of the collective VSDs to 1717
located in S1 of VSDII (black arrow).
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When comparing the protein binding sites on the a subunit to the density plots
shown in Figure 6.5, there is some discrepancy in VSD preference. However, and
as seen in Chapter 4, the $3 subunit is not a rigid protein and the large Ig domain
undergoes significant conformational changes on the membrane. The size ratio be-
tween the Ig domain and the TMD (see Chapter 1, Figure 1.7c) causes a slight bias
in the calculation of 83 density, with the Ig domain seemingly making up most of
the observed interactions around the a subunit when viewed from the extracellular
side. In fact, when analysing residues that exhibit high contact on both the o and 33
subunits, it becomes clear that most are concentrated on the TMD of both proteins,
with contacts typically being hydrophobic in nature (Figure 6.6).

Inspection of the binding sites between the o and $3 subunits reveals a somewhat
conflicting preference for VSDI and VSDII when compared to the binding site of 51
to VSDIII in the Shen et al. structure [5]. In the simulations performed, binding
between subunits occurs predominantly on the S2 helix, the S2/S3 linker, and at the
short linker region before the beginning of S1 helix, in agreement with the Shen et
al. structure [5] structure, albeit not localised to VSDIII. The $3 subunit binds with
both VSDI and VSDII preferentially, with fewer interactions present in VSDIII and
VSDIV (Figure 6.6a, 6.7, & 6.8). Most 33 contacts are present on all domains, with
both DI and DII showing the highest levels of contact at hydrophobic residues H184,
V200, and T207 in DI, and C429, C430, P431, L432, and W433 in DII (Figures B.6).
Conversely in DIII and DIV A3 interacts primarily between the linker regions of the
S2-S3 linker in VSDIII and the S6-S1 linker between domains DIII and DIV. In 3,
protein - protein contacts are concentrated in the TMD, again with the hydrophobic
residues accounting for most of the a subunit interaction (Figure 6.6¢). The conserved
E176 residue located at the C-terminal end of the TMD accounts for approximately
14% interaction density with the o subunit, whilst other residues such as M177, C180,

and Y181 exhibit lower protein - protein contact values. The Ig domain of 53 makes
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contact with the extracellular loops of the a subunit through residues at the “tip”

located between f strands B — C (E53) and F — G (E129, A130, and H131).
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Figure 6.6: Protein - protein interactions between the o and (3 subunits. Regions
of high contact of the 53 subunit on (a) the o subunit and (b) the 43 subunit. High
levels of contact are located on the helices of VSDI and VSDII in the « subunit (in
particular S2 as well as the pre-S1 and S2/S3 linker regions, in agreement with the
Shen et al. structure [5] at VSDIIT) and the TMD of 3. The first side chain particle
of residues that account for more than 1.5% of the total protein - protein interactions
are shown as spheres. (¢) Heatmap of high contact regions on the 43 subunit. Regions
of 43 contact on each domain of the o subunit are shown in Figures 6.7 & 6.8.
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Figure 6.7: 3 contacts on DI & DII of the the Nav1.5 « subunit, the S1-4 helices
in each domain are represented by boxes coloured green, pink, cyan, and orange
respectively. Full length heatmap sequences of each domain can be found in Appendix
B, Figure B.6.
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Figure 6.8: 33 contacts on DIII & DIV of the the Nav1.5 a subunit, the S1-4 helices
in each domain are represented by boxes coloured green, pink, cyan, and orange
respectively. Full length heatmap sequences of each domain can be found in Appendix
B, Figure B.7.
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6.3.3 Influence of lipid interactions on « - 33 clustering

In Chapter 5, the clustering of multiple #3 subunits was found to be dependent
primarily upon GM3 and PIP,, with each favouring binding to the Ig domain and
base of the TMD ,respectively. The RDF distribution of lipids surrounding the «
subunit (Figure 6.9) is similar to that of 83 with respect to the proximity of GM3,
however there is a much more pronounced interaction with PIP, and cholesterol. As
shown in Figure 6.10, there is significant GM3 clustering at the top of all VSDs in the
« subunit with additional interactions within the loop regions close to the selectivity
filters. In contrast to 3 lipid interactions (examined in Chapter 5, Section 5.3.3) the
a subunit exhibits a slight increase in cholesterol interactions that tend to coat the

S1-S6 helices in all domains.
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Figure 6.9: The RDF distribution of lipids surrounding the Nav1.5 « subunit in the
a - 33 system. When compared to 3 (Chapter 5, Figure 5.5), there is a notable
increase in PIP, and cholesterol proximity:.
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Figure 6.10: Protein - lipid interactions in the Nav1.5 o subunit. (a) Extracellular view of GM3 and (b) cholesterol interactions
and (c) the intracellular view of PIP, interactions. (d), (e) & (f) show interactions of GM3, cholesterol, and PIP, respectively
on the transmembrane domain of the a subunit. The first side chain particle of residues that account for more than 2% of the
total protein - protein interactions are shown as spheres.
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6.3.4 Alternative binding mode of the 53 subunit

Structures of the closely related 51 subunit have shown it to be bound preferentially
at VSDIII, with the Ig domain interacting with extracellular loops [3-5]. Results
from Chapters 4 & 5 indicate that the short linker region, and by extension the Ig
domain, of 83 explores a variety of conformational states. To investigate whether
poses similar to that of 1 in crystal structures were captured in the CG simulations,
each cluster of o and 83 subunits was investigated. As seen in the previous section
(and Chapter 5, Section 5.3.3), the clustering of both a and 33 subunits is heavily
mediated by GM3 and to a lesser extent PIP, and cholesterol. This trend continues
between clustered o and (3 subunits, with GM3 mediating contacts between both
subunits.

Visual inspection was performed on the clusters of proteins in the final frame of
each 17 us repeat. Figure 6.11b shows examples of various binding modes of 3 to
the o subunit. Typically, the Ig domain is orientated away from the body of the «
subunit with the bulky GM3 headgroup present between both protein species. The Ig
domain remains bound to the surface of the membrane with the same side (consisting
of B sheets D, E, and B) that partially exposes N-terminus of the Ig domain away
from the membrane plane (Figure 6.11b i). Binding modes in which more than one
[£3 subunit was associated with the VSDs of the a subunit were also present and
display a similar orientation of the Ig domain positioned away from the a subunit
body (Figure 6.11b ii). Additional higher order structures of 3 were also found, this
time with an Ig orientation similar to that seen in the 1 bound crystal structure

(Figure 6.11b iii).
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Figure 6.11: GM3 mediated clustering of o and 53 subunits. (a) Extracellular view of clustered o and 3 subunits in one run
on the cell membrane (shown as a white surface), with GM3 headgroups (purple spheres) in close proximity to both protein
species. (b) Snapshots of a binding events between both a and 33 subunits. The a and 83 subunits are shown in cyan and
green respectively.

SUOT}R[NUWIS POUIRIZ-0SIR0D FUISN SUOIORINUI ¢ff - © Sunto[dxy -9 1ojdey)



Chapter 6. Exploring « - 53 interactions using coarse-grained simulations

6.4 Discussion

6.4.1 Preferential binding of the 53 subunit

When in isolation, the o subunits do not exhibit high levels of oligomerisation. In the
simulations performed here there was only slight interaction between protein copies
in the intracellular leaflet, predominately at the base of each VSD. The interaction
between VSDs is unsurprising since these regions encompass roughly the vertices of
a square defined by the overall architecture of the channel when viewed from the
extracellular (or intracellular) side. It is important to note that in the homology
model created not all flexible loop regions are included, since these regions were not
resolved in the cryo-EM structure. In particular the long intracellular loop between
DI-DII is not present and, in addition to being heavily phosphorylated [290], has been
shown to play an important role in @ — v subunit binding through interactions with
cytoplasmic proteins such as 14-3-3 [100].

In contrast to tetrameric Kv channels, it is important to note that although ho-
mologous, all of the domains in Nav1.5 are not separate monomers. Instead, the «
subunits of Nav channels are better described as pseudo symmetric. Although sim-
ilar in amino acid sequence, the VSDs of DI-DIV are not identical which may lead
to differences in protein - protein binding patterns. Simulations performed in this
chapter seem to suggest that the 43 subunit binds preferentially to VSDI and VSDII,
with a decreased interaction with the VSDIII and VSDIV. Analysis of the specific
helices that 3 interacts with reveals a slight preference for S2 and S3 as well as the
S52-S3 cytoplasmic loops in DI. In VSDII, 33 also interacts preferentially with the S2
helix with additional contacts at the short helical region before the S1 helix defined
by residues C699 to V713.

By aligning the sequence of each VSD in Nav1.5 (Figure 6.12) it is clear that there

is some level of conservation. However, focussing on the S2 helix in VSDI some of
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the high contact residues are not well conserved across domains, such as Y159 and
F170. Interestingly, when looking at areas in VSDI that make up very high regions of
contact, such as H184 and T187, there is also little conservation. In VSDII, regions
of high interaction seem to be concentrated at the short helical segment located just
before the S1 helix and include residues C699, C700, P701, L702, W703, S705, and
G709. Additionally, many hydrophobic contacts are made, similar to those seen in
VSDI, within the S3 helix. Interaction with the short helical segment before S1 is also
evident in VSDIII. Since VSDIII is the same binding site as seen in the Shen et al. [5]
and Pan et al. [4] structures of bound 81 (located between SI and S2), it is somewhat
reassuring that #3 binds in same place. Residues in VSDIII such as G1118, K1189,
V1190, W1191, and W1192 make up high regions of contact with the S3 subunit.
This pattern is again seen in VSDIV, albeit to a lesser extent, with residues P1513,
L1514, N1515, K1516, and Y1517.

The binding events shown in Figure 6.11 are reminiscent of those seen between the
£1 subunit and VSDIII in both the Shen et al. [5] and Pan et al. [4] structures. The
simulations performed here capture binding events at other VSDs (namely VSDI and
VSDII) that adopt similar poses in the TMD regions of both subunits and as seen
in the afore mentioned structures. It may be that current experimentally resolved

structures are capturing the most stable conformation of « - 5 subunit interaction at

VSDIII.
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Figure 6.12: Alignment of VSDI-IV in the Nav1.5 « subunit. Approximate helical
regions are indicated by spirals and labelled accordingly.

As described in Chapter 1, Nav1.5 contains four homologous domains that have
been shown to bind multiple 3 subunits at once [99]. In order for this binding
pattern to occur the #3 subunit must bind to multiple VSDs. This is in contrast to
structures of S1, where the subunit tends to be positioned at VSDIII only. Somewhat

conversely to experimentally resolved structures, results presented in this chapter
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seem to suggest that the 3 subunit binds preferentially to VSDI and VSDII with
low (but not zero) interaction on VSDIII and VSDIV. At this point an important
question must be highlighted: should $1 and 83 be expected to interact with the «
subunit in the same way or at the same location? Both subunits are homologous (with
51% sequence identity) and may be expected to bind to similar VSDs. The binding
face of the £3 subunit seems to match well with the equivalent residues in the Shen
et al. structure [5] (Figure 6.13), with most interactions being hydrophobic in nature.
Interestingly, the conserved E176 residue exhibits high contact with the o subunit.
However, it is important to note that E176 is aligned close to the intracellular side of
the VSD and in fact interacts mostly with the short helical segment present before

the S1 helix (analogous to the equivalent E177 in 51).
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Figure 6.13: Alignment of the $1 and 3 TMD helical sequence. Residues present
at the binding face of f1 to the a subunit in the Shen crystal structure [5] are
indicated by down arrows. Residues in 33 exhibiting regions of high interaction (>
6% interaction density) with the Nav1.5 o subunit in simulations are indicated by up
arrows. E177 / E176 residues in 81 / 3 are highlighted in red. Residue numbering
is shown for 51 and conserved residues are shown in blue.

Both 81 and (3 have been shown to be able to bind to Nav1.1 at the C-terminus
of the a subunit [64], in close proximity to VSDIV. The location of this binding site
is further supported by studies using chimeric o subunits that suggest 51 interaction
with the extracellular loops of S5-S6 in DIV (as well as DI) [291,292]. Results from
fluorescence studies suggest that both subunits can be bound at once, with the §1
subunit bound between the cleft formed by VSDIII and VSDIV to modulate inactiva-

tion at VSDIV and (3 bound at the cleft between DII and DIII to influence channel
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kinetics [233].

Altogether, the binding preference of both the 51 and (33 subunit is unclear.
Recent crystal structures have revealed that VSDIII is the domain of choice for 51,
however this is at odds with other experimental findings and hints at a more dynamic
role of o and (8 subunit interaction. Although there does seem to be a slight preference
for 43 binding to VSDI and VSDII (and the S2 helix therein), results presented in
this chapter suggest that the binding of the 3 subunit is generally not restricted to
any one VSD and in fact adopts similar binding poses at various sites. There also
seems to be a preference for the Ig domain of 53 to be orientated in such a way as
for it to extend away from the o subunit. In this outward facing position, it may
be possible for the Ig domain to overcome the favourable interaction with the GM3
headgroup and orientate the long axis of its Ig domain to be almost perpendicular to
the membrane plane (as seen in Chapter 5). In this position, it could either interact
with the extracellular loops of the o subunit or outwardly, with another $3 subunit
bound in a similar fashion to a neighbouring « subunit. Binding as the latter could be
akin to interactions seen in the trimeric 3 crystal structure resolved by Namadurai
et al. [99].

In all simulations performed here, such cross-linking events are rare and a closer
look at the simulation setup is required. Although the constructed system studied
is large and made up of = 2 million CG particles, there is still an issue of sufficient
sampling. Each run performed resulted in a cumulative simulation time of > 30 us,
with a low number of clusters formed. This is primarily due to the main barrier of
cluster formation being a combined result of initial protein - protein separation and
sufficiently long simulation time, both of which are non-trivial to address. It is also
important to note that interactions not included in the systems studied here include
those with the cytoskeleton, through proteins such as ankyrin-G which are known to

play an important role in Nav localisation [293].
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6.4.2 Influence of the lipid membrane

Results in this chapter, as well as those seen in Chapter 5, show that the surrounding
membrane model used in this study influences protein - protein interaction between
both the o and 3 subunits. Overall, there is a tendency for GM3 to mediate cluster-
ing with smaller contributions present from PIP,. The clustering of GM3 around the
extracellular side of each VSD is intriguing since, as speculated in Chapter 5, the head
group of GM3 is negatively charged at physiological pH and could potentially influ-
ence the local electric field in each VSD. Indeed, several experimental [294-297] and
computational [298-300] studies have examined the influence that the surrounding
lipid bilayer may have on VSD dynamics. Compared to 33, the o subunit exhibits a
greater degree of interaction with PIP, that is located on the cytoplasmic side of each
VSD. Since Nav channels are insensitive to PIP, binding, these results suggest that it
is most likely due to the protein’s relative size rather than any intrinsic functional role,
as found in other ion channels [301]. In contrast to the $3 subunit, there is increased
interaction between the « subunit and cholesterol, with preferential binding to the
transmembrane domains as well as penetration to the pore-forming S5 and S6 helices
in DI-IV. Although lipid interactions within the plasma membrane are complex [302],
it seems tentative to suggest that the combined interaction of both gangliosides and
cholesterol with Nav1.5 may indicate in the formation of nanodomains, both of which
have been found in vivo [303] as well as in model membranes [304]. Interestingly,
cholesterol is well known to make up large constituents of caveolae [305] (a type of
lipid nanodomain that forms invaginations in the cell membrane) that cluster ion
channels important for cardiomyocyte function [306].

Despite the membrane in the mixed a — 3 subunit system is large, the protein
density is sparse in comparison to Nav channel clusters in vivo, such as at the nodes
of Ranvier where protein particle density can be & 1000-2000 um =2 [16,307]. Recent

simulations of large CG systems have highlighted the importance of protein density
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in the evolution of cluster size, protein diffusion, membrane stiffness, and membrane
undulation [10,181,183,267,308]. Such studies reveal that membranes with low pro-
tein populations exhibit large undulations and highlight that, although complex lipid
compositions have increased our understanding of lipid dynamics [266,309], the effect
of protein crowding and membrane biophysics remains to be fully characterised and
continues to be an active area of research [267,310,311]. In light of this, simulations
performed of the & 2 million particle CG system in this chapter reveal that over the
course of each 17 us trajectory the plasma membrane remains relatively flat with
only slight undulation (Figure 6.14a). However, extension of one run to 20 us reveals
more dynamic motion with areas of high and low distortion relative to the starting

membrane plane (Figure 6.14b).
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Figure 6.14: Membrane distortion in the « - 33 system. (a) Membrane density of
phosphate atoms with respect to the z-axis, averages taken over 0-17 us for all runs.
Additionally, one run was extended to a total of 20 us where the membrane exhibits
increased undulation. (b) Extracellular view of the membrane at 20 ps with regions
of high and low distortion indicated.

The increased undulation seen in the 20 us simulation suggests the system con-
structed may not be crowded enough, coupled with the complete lack of cytoskeleton
interactions as mentioned previously. However, without sufficient evidence from ex-

periment it is difficult to conclude whether the undulations seen in such large simula-
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tions truly reflect what is present in vivo. Future advances in imaging techniques may
help to elucidate the distortion of a variety of membranes, for example techniques such
as 3D electron tomography that have recently characterised complex Golgi structures
in neurons [312]. Continuing research into the complex relationship between pro-
teins, lipids, and membrane curvature [313] may help to improve in silico studies in

the future at longer time and larger length scales.

6.5 Conclusions

In this chapter the clustering of the Nav1.5 « subunits has revealed that protein -
protein contacts are centralised to the extremities of the cytoplasmic side of each
VSD. There is a clear lipid interaction, with GM3 and PIP, binding most favourably
in the extracellular and intracellular leaflets respectively, in addition to unspecific
binding of cholesterol across the TMD. This trend continues in large-scale systems
consisting of around 2 million CG particles, where clusters of both o and 53 subunits
exhibit multiple binding modes, the most prevalent of which include the Ig domain
orientated away from the a subunit body. GM3 tends to coat both subunits in the
extracellular leaflet and seemingly stabilises a “rolled” conformation of the Ig domain
on the membrane surface (as found in Chapter 5). With the limitation of sufficient
sampling, the exact nature of #3-mediated binding between « subunits remains to
be fully characterised. However, the flexibility of the 53 Ig domain, as found in
Chapter 4, does indicate that transition to an “up” state from a “rolled” state is
not insurmountable and highlights the complex interplay between protein behaviour
and membrane composition. Finally, the results presented in this chapter serve as
a starting point for investigations into a and A3 subunit interactions in realistic

membrane compositions.
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“We can only see a short distance ahead, but we can
see plenty there that needs to be done.”

— Alan Turing

Conclusions

7.1 Summary

Prior to the work conducted in this thesis, MD simulations of Nav § subunits were
limited to those in complex with the pore-forming « subunit [314]. For the first time,
an in-depth study of non-covalently bound g subunits has been conducted at both
atomistic and CG levels with key differences between the organisation on, and inter-
actions with, the membrane highlighted. The use of large-scale CG MD simulations
has proposed likely binding patterns between Nav subunits that are in agreement

with experimental results. Incorporation of both atomistic and CG descriptions of

189



Chapter 7. Conclusions

Nav channel systems has facilitated the comprehensive analysis of protein dynamics
and the effects of particular lipid species on observed protein clustering.

In Chapter 3, the importance of the S4 helix in channel activation was examined
in the context of a Navl.5e splice variant. Atomistic simulations characterised the
dynamics of two single point mutations located in the VSDI S3-S4 linker. Increased
steric strain, electrostatic interactions with the surrounding lipid headgroups, and
increased serine y; angle sampling in the VSD were shown to be the most likely
causes for the shift in channel activation seen experimentally. However, it must be
noted that there were significant differences in observed dynamics of both mutants
across individual runs. One explanation is that, although long by modern standards,
the performed simulations have insufficiently sampled the phase space of the system.
This is compounded by the high flexibility of the S3-S4 linker that will more than
likely adopt a large variety of conformations. There is also the need for higher quality
VGIC structures, such as Navl.5, from which to construct homology models and
increase the confidence in results obtained from MD simulations.

In Chapter 4, atomistic simulations were performed again to analyse the orien-
tational preference of the f1 and (3 subunits’ Ig domain and determine the overall
dynamics of each subunit in isolation of the a subunit. To achieve this, an algo-
rithm based on the Tait-Bryan angle formalism was developed. Results showed a
variety of pitch angles sampled by the 3 Ig domain and examined the tentative
role glycosylation plays in stabilisation of an Ig conformation perpendicular to the
membrane plane. Analogous measurement in the related 51 subunit revealed a large
preference for the Ig domain to stay bound and parallel to the membrane, with the
non-conserved R96 residue identified as important for binding with phosphate lipid
headgroups’. Construction of a trimeric 33 model suggests that a conserved glutamic

acid residue, previously thought to stabilise the observed trimer crystal structure,

T After the peer review process for the publication by Glass et al. [231], results presented in this
section have been revised. The reader is referred to the publication for the updated results.
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may be more likely to assist in TMD orientation within the lipid membrane. Addi-
tionally, the instability of the intracellular domain of both subunits calls into question
the secondary structure assignment in the corresponding cryo-EM map from which
the models were built.

In both Chapters 5 and 6, CG systems of the o and 3 subunits were constructed,
as well as a large scale system comprising of a mixture of both. The longer time and
length scales granted by this CG approach allowed analysis of higher order clusters
between subunits to be obtained at the residue level. In all CG runs, the lipid com-
position had a profound effect on Ig orientation, with three typical conformations
adopted, in addition to influencing the clustering of subunits. Clusters of £3 sub-
units were found to be mediated strongly by GM3 lipids present in the generalised
mammalian membrane, causing the Ig domain of 33 to orientate itself and present
one “face” bound to the membrane surface. A variety of 83 conformations were cap-
tured with a few orientated in such a way as to promote oligomerisation between
the N-terminus of neighbouring subunits. In large-scale simulations with both o and
[£3 subunits present, clusters formed in a variety of a:83 ratios. Ig domains were
seen to bind in a number of different orientations, both in agreement with o subunit
bound S1 crystal structure pose, as well as orientated in such a way as to potentially

promote cross-channel binding.

Results presented in this thesis highlight the importance of considering ion chan-
nel function as a composite of both the pore-forming and various auxiliary subunits.
Historically, experiment and MD simulations have typically focussed on the passing
of charged ions through the central pore of VGICs. However, and as demonstrated
here, the lipid composition and presence of different protein species can have profound
effects on protein conformation and, potentially, channel behaviour. The influence of

subunits on gating and spatio-temporal dynamics are now drawing increased atten-
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tion, with the structure of many ion channels in complex with auxiliary subunits now
being solved (discussed further in Section 7.2). The dynamics of individual subunits
in the absence of their canonical pore-forming subunit remains an open question in
the field. It would be interesting to see whether a general pattern of subunits contain-
ing an Ig-like CAM domain, such as glial CAM [315,316] (see Section 7.2.4), behave
in a similar fashion as Nav 8 subunits presented here. It is tentative to suggest that
the CAM domain in such subunits may be necessary and sufficient to induce channel
clustering due their inherent adhesive properties.

Work here focussed on the cardiac Nav1.5 isoform. In contrast to the well known
clustering of Nav channels in neurons [286], clustering of Navl.5 in cardiomyocytes
is somewhat poorly understood. If clusters of Nav1.5 are present in cardiomyocytes,
the likelihood of a successful AP being generated will be increased and ultimately
influence the behaviour of heart contraction. Additionally, and as outlined in Chapter
1, different Nav channel isoforms are present in a number of other excitable cells. It
would not seem unreasonable to suggest that due to the § subunits’ almost ubiquitous
expression with all Nav channels, similar binding patterns may be present in a variety
of different cell types.

Another interesting question remains as to how different VGICs interact and clus-
ter together, such as Navl.5 and K;, that are implicated in cardiac excitability and
arrhythmogenesis [317,318]. Overall, studies into VGIC subunit behaviour and the
binding patterns of higher order VGIC clusters may help to inform future drug de-

velopments away from the pore.
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7.2 Future directions

The use of a multiscale MD approach to investigate protein oligomerisation, as pre-
sented here, has shown that such methodologies can be a used to probe the behaviour
of protein - protein interactions in realistic model membrane compositions. However,
looking to the future there are a number of avenues that are worth pursuing. The
following sections cover topics pertaining to both results presented in this thesis as

well as to the field more generally.

7.2.1 Protein models

A protein model is only as good as the determined structure from which it is con-
structed. In order to accurately describe protein motion via MD simulations, high
resolution structures are required. For example, in Chapter 4 the C-terminus of both
the 81 and (3 subunits underwent significant bending and when compared back to
the cryo-EM map, these regions are of lower overall quality when compared to the
rest of the protein complex. Traditional X-ray crystallography requires the protein
of interest to be crystallised, however this is often difficult to achieve with integral
membrane proteins [319]. Thankfully, recent advancements in cryo-EM have circum-
navigated this problem and allow the determination of near-atomic resolution protein
structures close to their native conformation [320]. The field is moving rapidly with
higher resolution structures being deposited each year, with almost 4000 structures
available in the PDB as of 2019 [192]. This is also coupled with simulation software
now beginning to incorporate model refinement via cryo-EM maps [321]. Cryo-EM is
beginning to elucidate protein complexes in their native environment and seems to be
only hampered by advancements in sample preparation and data acquisition [322]. To
better ascertain the likely binding mode between Nav subunits, the use of cryo-EM in

determining more o — 3 complexes at ever higher resolution will be indispensable in
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validating results from simulation and advancing our understanding of higher order

Nav oligomerisation.

7.2.2 The influence of glycosylation

In addition to high resolution structures, there is an increasing need to derive the
correct glycosylation patterns on glycoproteins. In Nav [ subunits, the Ig domain
contains four predicted glycosylation sites and in Chapter 4 the effects of glycosyla-
tion on the 3 Ig domain were studied. Simulation results showed that there was a
pronounced effect on Ig domain orientation, with only a single GlcNAc moiety mod-
elled at each site. In MD simulations the glycosylation sites are often ignored due to
their large degree of flexibility and subsequent cleavage to facilitate the crystallisa-
tion process. This is in addition to the variable chain lengths, complex ring-puckering
energy landscape [251], and often intricate branching patterns found in a number of
glycoproteins. The lack of structural glycoprotein data makes accurate modelling of
glycosylation sites difficult to validate and as a result the development of accurate
carbohydrate force fields has progressed slowly in comparison to other biomolecules.
Nevertheless, progress has been made in force fields such as GLYCAM and GRO-
MOS [238, 323, 324] that offer a large variety of carbohydrates, coupled with user-
friendly software such as the DoGlycans package [237] and CHARMM GUT [325] for
glycoprotein construction. In this work, investigation of the glycosylation sites in the
f£1 subunit were unable to be performed. In future work it would be interesting to
compare results to that of the 53 subunit. Additionally for both subunits, determi-
nation of a higher order glycosylation pattern, if any, would assist our understanding
of how the Ig domain is orientated on the PM.

Such glycosylation patterns can often become increasingly large in scale and as
such CG models may be more appropriate. Fortunately, the MARTINI force field

has also developed force field parameters to extend the model to carbohydrates [165].
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However, care must be taken when interpreting results from such models. Although
the loss of resolution allows for the feasible simulation of large biomolecular systems,
details such as anomer type, access of differing ring pucker conformations, and hydro-
gen bonding patterns are lost. Furthermore, inclusion of ring puckering parameters
in CG systems, such as herapan sulphate chains, has been shown to reproduce key
macroscopic hydrodynamic properties [326]. Due to these complexities, CG glycosy-
lation was not explored in the simulations performed. As highlighted in Chapter 5,
comparison between the interaction of glycosylated Ig domains and the large sugar
headgroups of GM3 with results from atomistic simulations would be interesting to
address in the future.

Accurate modelling of carbohydrates remains one of the biggest challenges facing
the field of biomolecular simulation. In the spirit of developing a more accurate de-
scription of protein dynamics, the use of glycoprotein models will become increasingly

relevant and require novel advances in experimental techniques [327,328].

7.2.3 The MARTINI model and increasing membrane com-
plexity

The addition of glycosylation sites is just one of the many ways in which the com-
plexity of current biomolecular simulations can be increased to mimic environments
close to those experienced in vivo. The complex and large scale biomolecular simu-
lations performed in this work would not have been possible without the use of the
MARTINTI force field and the ability to model a mixed lipid membrane in particular.
As highlighted in Chapter 6, a number of biomolecular interactions are omitted and
typically higher order organisation of proteins within the membrane are dependent
on a variety of factors such as lipid-mediated organisation, protein crowding, and
cytoskeletal interactions. Work presented here focusses primarily on lipid-mediated

protein organisation, however interactions with other membrane proteins, the cy-
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toskeleton, and intracellular / extracellular proteins may play an important role in
Nav channel organisation. There has been substantial progress in modelling the com-
plexity of cell membranes in recent years, with development still ongoing [329]. It will
be interesting to see how increasing model complexity influences the spatio-temporal

dynamics of not only Nav channels, but VGICs more generally in the future.

7.2.4 Additional auxiliary subunits

Auxiliary subunits, such as f1-4 subunits, are not unique to Nav channels and in fact
a number of ion channels that play a central role in the generation and propagation of
the action potential are often found in association with auxiliary subunits in vivo. For
example, in Cav channels transmembrane « subunits disrupt Ca** influx to the cell
through decreased channel density, increasing channel inactivation, and delayed recov-
ery from inactivation [330]. In AMPA receptors (post-synaptic membrane proteins,
critical in memory and learning), a subfamily of the Cav 7 subunit named transmem-
brane AMPA receptor regulatory proteins (TARPs) influence channel gating [331]
and are typically found in complex with the pore-forming dimer-of-dimers [332,333].
In these receptors, TARP 7, (known commonly as stargazin) acts as a positive al-
losteric modulator in a variety of ways such as decelerating deactivation, accelerating
recovery from desensitization, and boosting partial agonist efficacy [334,335]. Inter-
estingly, stargazin contains a conserved glutamic acid residue in its TMD, reflecting
a similar conservation as found in Nav [ subunits. The site of AMPA interaction is
thought to occur in the extracellular loop regions of TARPs [336], however the poten-
tial contribution of the conserved glutamic acid residue in subunit interaction remains
unclear. Additional auxiliary subunits in voltage-gated chloride (CLC) and various
K™ channels have also been shown to interact with auxiliary subunits. For example,
CLC-2 channels are modulated by glial CAM subunits, single pass transmembrane

proteins with an extracellular Ig domain [315,316,337,338]. Single-pass transmem-
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brane KCNE subunits interact with multiple Kv channels [339,340], with a number
of gene variants being involved in cardiac arrhythmias [340,341]. In BK channels,
[ and v subunits, both double-pass transmembrane proteins with large extracellular
loops, alter various aspects of gating dynamics [342,343].

These interactions are far from an exhaustive list and highlight that we are only
just beginning to characterise large number of subunit interactions in ion channels.
Unsurprisingly, given their involvement in a large number of cellular processes there
is increasing evidence for ion channel auxiliary subunit roles in different diseases
8,341,344, 345]. A better understanding of how these subunits interact with their
respective pore-forming subunit may help shed light on such diseases, as well as in a

wider context for the treatment of various channelopathies.

7.3 Final remarks

Developments in both force fields and computational architectures are beginning to
close the gap between experiment and simulation. In this thesis, the utilisation of
both atomistic and CG methodologies, in a multiscale approach, have provided a
starting point in our description of Nav subunit dynamics on the cell membrane.
Our current understanding of protein - protein and protein - lipid interactions in the
context of ion channel oligomerisation is an active area of research, one in which MD

simulations will play a crucial role in the coming years.
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Appendix A. Mathematical background

A.1 Hamiltonian mechanics

An alternative formulation of classical mechanics was developed by W.R Hamilton,
where the total energy of a system can be described by the Hamiltonian operator, H

(or Hamiltonian for brevity).

H=T+V (A1)

Here, T and V represent the kinetic and potential energy of the system respec-
tively. In contrast to Newtonian physics, the Hamiltonian provides a more general
description of the system and instead works with variables q and p that define general-
isable coordinates and momenta respectively. Since momentum is defined as p = mv

Equation A.1 may be rewritten as:

H(q,p) =T(p)+V(q) (A.2)

+Via) (A.3)

In this reformulation of Newtonian physics the equations of motion now take the

form:

) OH

q; = Op; (A-4)
OH

N A.

D 9, (A.5)

Where ¢; and p; are the derivatives of the generalised coordinates and momenta

respectively for particle ¢. It can also be shown that this formulation does conserve
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energy of the system (i.e. such that H = F, and so % = 0).

d(H(a(t).p(t) <~ (0H,  0H
_i OHOH OHOH A7)
B i1 ?Qi op;  Op; an‘J '
%
=0 (A8)

Where in step A.6 — A.7 we have used the definitions in equations A.4 & A.5

and the chain rule.

A.2 The Verlet algorithm

The Verlet (and related) algorithm(s) are one of the most simple and powerful inte-
grators used in MD simulations. The following derivation is based on the derivation

outlined by Frenkel & Smit [346].

For reference the Taylor expansion is expressed as:

> £0) (e ,
flz) = Z / .( )(x —¢) (A.9)

The Taylor expansion of a particle coordinates (r) at time ¢ can be expressed as:

r(t + At) =r(t) + f/(H) At + @Aﬁ + Ag—f'f‘ +Ot" (A.10)

similarly the choice of a negative time step, —At gives:

r(t — At) = r(t) — f(H)At + @Aﬂ - A3—f3r +O(th) (A.11)
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Noting that f'(t) = v(t) and f”(t) = a(t), where v(¢) and a(t) are velocity and

acceleration respectively. Addition of equations A.10 and A.11 gives:

r(t + At) +r(t — At) = 2r(t) + %a(t)AtZ +O(t") (A.12)
r(t + At) ~ 2r(t) — r(t — At) + %a(t)AtZ (A.13)

Reformulation of equation A.12 yields the velocity, so long as the history of the
trajectory is known:
ot + At) —r(t — At)

v(t) = . +O() (A.14)
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A.3 Tait-Bryan angle formalism

The following brief description of Euler angles and the Tait-Bryan angle formalism is

taken from H. Berendsen [347].

Rotational motion in rigid bodies is typically described by Euler angles. These
angles (¢, 0, 1) take the values through which a reference basis (X, Y, Z) is rotated
to obtain a new basis named X', Y, and Z’ (Figure A.1). To map between the two
coordinate systems a rotation matrix R is defined that transforms the coordinates of
a particle, relative to its centre of mass (CoM), from the space-fixed — body-fixed
system (Equation A.15) or the body-fixed — space-fixed (Equation A.16). The latter

was used in the simulation methods described in Chapter 4, section 4.2.3.

r; = roon + Rry (A.15)

r' = R(r; — rcon) (A.16)
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Y’

Figure A.1: A rigid body with a body-fixed coordinate system X’ Y’ Z' and base
vectors a, b, c, rotated with respect to the space-fixed coordinate system X Y Z with
base vectors i,j, k. Image taken from H. Berendsen [347].

The PAs, calculated at each frame of a simulation within the Ig domain of the
f subunit (Figure A.2), act as the basis of the body-fixed system whilst the unit
vectors e, €,, €, act as the space-fixed system (where e, = [1,0,0], e, = [0, 1,0] and

e. =1[0,0,1]).
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PA2

(a) (b)

Figure A.2: Principal axes calculated within the § subunit Ig domain. (a) End on
view of the Ig domain with all three PAs visible. (b) A side on view of the Ig domain
with PA1 and PA2 visible, PA2 is perpendicular to the plane formed by PA1 and
PAS3.

The rows of R (or columns of R") are the direction cosines between these axes,

given by:
Ay Ay @ a-i a-j a-k
R=1|b, b, b.|=|b-i b-j b-k (A.17)
Ca Cy Cs c-i c-j c-k

The Tait-Bryan angles are related to Euler angles. The key difference is that the
rotations performed are done so using three distinct coordinate axes, that is, with
each rotation the subsequent rotation is taken from the previous basis, shown visually

in Figure A.3.
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\>

Y )
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xZ x x

(a) Original (b) Yaw (rotate around z)

"

/ Y /
I///

(c) Pitch (rotate around y’) (d) Roll (rotate around z’’)

Figure A.3: The general sequence of a rotation adopting the Tait-Bryan angle formal-
ism. Often found in aerospace applications, z is taken as the pitch (i.e. of an aircraft)
with the other angles commonly referred to as pitch and roll. (a) The starting frame
with the long axis of the rigid body (indicated as toy aircraft model) aligned to x.
(b) Rotation around z. (c¢) Rotation around y'. (d) Rotation around y”.
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B.1 Supplementary material for Chapter 3
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Figure B.1: Salt-bridge interactions present in VSDI of the T207S system.
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Figure B.2: Salt-bridge interactions present in VSDI of the double D211K - T207S
system.
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B.2 Supplementary material for Chapter 4

Figure B.3: 81 subunit R96 minimum distance from the membrane and RMSD over

200ns.

Min. Mem. Dist. ()  Min. Mem. Dist. ()  Min. Mem. Dist. (4)  Min. Mem. Dist. (A)

Min. Mem. Dist. (4)

H N W oA U H N W oA O
©O © © © © © ©o © © o o

50

40 A
30
20 A
101

50

404
30
204
101

50

40 A
304
20 A
10 A

211

—— R96 - POPC
—— B1RMSD
Run 1 Run 2 Run 3 Run 4 Run 5
Run 6 Run 7 Run 8 Run 9 Run 10
Run 11 Run 12 Run 13 Run 14 Run 15
Run 16 Run 17 Run 18 Run 19 Run 20
Run 21 Run 22 Run 23 Run 24 Run 25
0 200 400 0 200 400 0 200 400 0 200 400 0 200 400
Time (ns) Time (ns) Time (ns) Time (ns) Time (ns)

RMSD



Appendix B. Supplementary material

B.3 Supplementary material for Chapter 5

(a) Run 1 (b) Run 3

Figure B.4: 33 clustering in a CG mixed lipid membrane. (a) and (b) show runs 1 &
3 respectively, run 2 is shown in Chapter 5, Section 5.3.1, Figure 5.2.
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Figure B.5: Average 3 - PIP, interactions.
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B.4 Supplementary material for Chapter 6
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Figure B.6: 3 contacts on the Navl.5 « subunit. (a) and (b) show domains I & II
respectively, the S1-6 helices in each domain are represented by boxes coloured green,
pink, cyan, orange, purple, and black respectively
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Figure B.7: 3 contacts on the Navl.5 « subunit. (a) and (b) show domains III &
IV respectively, the S1-6 helices in each domain are represented by boxes coloured
green, pink, cyan, orange, purple, and black respectively.
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B.5 Protein sequence alignments
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Figure B.8: Sequence alignment of Nav 1 and 3 subunits. Approximate location
of strands in the Ig domain are indicated by black bars, in addition to the linker and
helical regions. Numbering for S1 residues is shown above alignment.
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3. Copyright Notice and Acknowledgement

3.1 Licensee must ensure that the following notices and acknowledgements are reproduced prominently
alongside each reproduction by Licensee of the Licensed Material:

3.1.1 the title and author of the Licensed Material;
3.1.2 the copyright notice included in the Licensed Material; and

3.1.3 the statement "Reproduced with permission of The Licensor through PLSclear."

4. Reversion of Rights

4.1 The rights licensed to Licensee under this Licence will terminate immediately and automatically upon
the earliest of the following events to occur:

4.1.1 the Licensed Material not being used by Licensee within 18 months of the Licence Date;
4.1.2 expiry of the Licence Duration; or

4.1.3 the Maximum Circulation being reached.

5. Miscellaneous

5.1 By using the Licensed Material, Licensee will be deemed to have accepted all the terms and conditions
contained in this Licence.

5.2 This Licence contains the entire understanding and agreement of the parties relating to its subject
matter and supersedes in all respects any previous or other existing arrangements, agreements or
understandings between the parties whether oral or written in relation to its subject matter.

5.3 Licensee may not assign this Licence or any of its rights or obligations hereunder to any third party
without Licensor's prior written consent.

5.4 This Licence is governed by and shall be construed in accordance with the laws of England and Wales
and the parties hereby irrevocably submit to the non-exclusive jurisdiction of the Courts of England and
Wales as regards any claim, dispute or matter arising under or in relation to this Licence.



