
Multiscale Molecular Dynamics to
Investigate Sodium Ion Channel

Oligomerisation

William Glass

Balliol College

University of Oxford

A thesis submitted in partial fulfilment of
the requirements for the degree of

Doctor of Philosophy

Michaelmas 2019





To my family,

for always looking at the Glass half full





Acknowledgements

Firstly, I would like to thank my supervisor Prof Phil Biggin who has

always offered his advice and guidance on any research topic, as well as

any personal matters, over the last few years. He has always engaged with

me, from answering my many questions about biology and biochemistry

to a whole host of matters too long to list here. His support has allowed

me to challenge myself and enabled me to grow both as a scientist and

as a person. I’d also like to thank Prof John McGrady for giving me

the opportunity to work with Phil and pursue a research project in the

biochemistry department.

Secondly, my thanks go to the many members of the Structural Bioinfor-

matics & Computational Biology (SBCB) group. I’ve been lucky enough

to meet a brilliant group of scientists that I’m privileged to call my friends.

Unfortunately, thanking all of the people who have made working at SBCB

an enjoyable experience would be far too long to fit in such a short space,

so I will keep it brief. Special mentions go to Dr Irfan Alibay and Dr

Aphroditi Zaki (a.k.a. the best desk neighbour) for putting up with all

my questions and always being around for advice on both a professional

and personal level. I’d also like to mention Dr Anna Duncan for teaching

me all things coarse-grained (and our long chats about politics). Last

but not least, Asst Prof Maria Musgaard for helping me when I first

arrived and always offering words of wisdom (even from across the At-

lantic Ocean). My thanks also extend to fellow SBCB DPhil students Joe

Bluck, Chris Lindsay, Shad Velgy, Max Epstein, Marc Dämgen, Rocco

Meli, Mina Moniri, and Jodie Collingridge, whose company I have always

enjoyed both inside and outside the lab.

Away from the department I have built a close circle of friends who have

all made this journey bearable. In particular Silvia Amabilino, Michael



Connolly, and Jon Shearer from my Centre for Doctoral Training. Al-

though often far away, friends made during my time in Cardiff have kept

me sane, namely Valerie Askin, Amy Lai, and Vicki Groves. In Oxford, I

can honestly say that I would not be half the person I am today without

Ricky Sengupta, Jack Evans, Melissa Bedard, Evie Foster, and Violaine

André.
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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” β subunits.
These transmembrane proteins are multifunctional and interact with the
main α subunit of the Nav channel, in addition to having a cell adhe-
sion function through their extracellular immunoglobulin (Ig) domain. In
Nav1.5, β3 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 α subunit, the α - β subunit relationship, and β subunit dynamics in
isolation.

Firstly, atomistic simulations are used to investigate a splice variant of
Nav1.5. 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 β1
and β3 subunit behaviour in a simple membrane composition. Results
showed large differences between β1 and β3, 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 α
and β 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 β subunit orienta-
tions adopted three states, one of which agreed well with an atomistic
trimer model of the β3 Ig domain. Large-scale simulations explored a
large (≈ 2 million particle) system within which multiple protein binding
events occurred. Conformations present between α and β 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 α 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 α subunit, but an increasing number are found in complex with addi-

tional transmembrane proteins, named β subunits [3–5]. Although not ion selective,

these auxiliary subunits influence a variety of Nav channel properties such as mod-

ulation of α subunit gating, recovery from channel inactivation, and influencing the

2



Chapter 1. Introduction

spatio-temporal dynamics of channel clustering [6–8]. Currently, the characterisa-

tion of these β 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 Å 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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Chapter 1. Introduction

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.
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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 (Cl−).

Cell membranes possess an inherent low permeability to charged ions. Typically,

high concentrations of Na+ and Cl− 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 K+ 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+ ions outside

of the cell to enter. The influx of positively charged Na+ 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 K+ 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 K+ 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 K+ 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 (Ca2+) to enter the cell. The

influx of Ca2+ ions subsequently bind to ryanodine receptors that are responsible

for heart muscle contraction [19]. The balance of both the outward and inward flow

of K+ and Ca2+ 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 Na+ and Ca2+ 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.

†Other 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 Ca2+ 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, Ca2+ ions flowing into the
cell cause a large intracellular release of Ca2+ 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 Ca2+ 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.
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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.
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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 (Nav1.X, where X = 1-9) contains

an α 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, Nav1.2, 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



Chapter 1. Introduction

Nav channel Typical localisation

Nav1.1, 1.2, 1.3 CNS [41–45]

Nav1.4, Nav1.5 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 α subunit can function on its own, it is typically not found in

isolation in vivo. So-called “auxiliary” β 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 β subunit (β1-4)

that are encoded for by the SCNXB gene (where X = 1-4). Additionally, a splice

variant of SCN1B gives rise to the soluble β1B isoform [55]. As with the α subunit,

various β subunits are expressed in a variety of tissue types (Table 1.2). It is known

that β subunits function both independently and directly with VGICs, where they can

alter their gating properties and expression. For example, β subunits have been shown

to affect Nav channel inactivation kinetics [56–58] as well as channel density [58–60].

The binding of each β subunit to the pore-forming α subunit is dictated by the

presence (β2 & β4) or absence (β1 & β3) 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 β 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
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neurite outgrowth and cellular aggregation [6]. This is in addition to the β subunit’s

recruitment of the cytoskeletal protein ankyrin-G to points of cell-to-cell contact [69].

Interestingly, Nav α 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].

β subunit

Location β1 β1B β2 β3 β4

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 β subunits. Table adapted from O’Malley et al. [8].

1.2.1 Structure of the α subunit

The structure of the α 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-

†For 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 α 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 α subunit. (a) Schematic of the Nav α 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 DIII 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 α subunit with the residues of the IFM motif indicated as orange spheres.
Structures taken from Pan et al. [4] (β1 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 β subunit

With the exception of β1B, all β 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 β sheets that consist of anti-parallel β strands,

these in turn form a central hydrophobic core, stabilised by a buried disulphide bond

between neighbouring cysteine residues [95]. The β 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 β 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 β1 and β3 subunits, the A β 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 β subunit is

shown in Figure 1.7.
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Figure 1.7: The structure of the β subunit. (a) Schematic of the V-set, β strand rich,
Ig domain common to all Nav β subunits. Thick and narrow arrows correspond to β
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 β3 subunit, with conserved disulphide bridges highlighted as
yellow sticks and indicated by an asterisk. Colouring and labels of the β sheets are the
same as in (a) with a notable lack of the ‘A’ β strand. (c) Full length structure of the
β1 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 α & β subunits

Until recently, the definitive structure of full length β 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 β1 subunit bound from Electric Eel [3], solved

at a resolution of 4 Å. Here, the fully resolved β1 subunit interacts via its TMD

and Ig domain with VSDIII and extracellular loops of the α subunit respectively.

Shortly after, the nearly identical human structure of Nav1.4 was solved [4] with β1

again bound to VSDIII at an improved resolution of 3.2 Å. In another cryo-EM

structure this time with the human Nav1.7 α subunit, not only could the position of

β1 be resolved, but also the position of β2 (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 β subunits

can occupy around the α 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 α

subunit can in fact be decorated with several β3 subunits at once and can facilitate

cross-linking events between neighbouring channels [99]. The same AFM results also

highlighted the ability of α subunits to cross link with themselves (independently of

the β3 subunit) and suggest an intrinsic propensity to oligomerise, a result supported

by other experimental results that find α subunits can assemble and gate as dimers

[100].
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Figure 1.8: Crystal structures of Nav α - β complexes. Pan et al. [4]: Extracellular
(a) and side view (b) of human Nav1.4 in complex with β1, bound at the VSDIII.
Shen et al. [5]: Extracellular (c) and side view (d) of human Nav1.7 in complex with
β1 and β2, bound at the VSDIII and VSDI respectively. α, β1, and β2 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 α and β 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 β3 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 α and β 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 α - β interactions, and

in particular β 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 β

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 α

subunit of this isoform has often been treated with caution from a pharmaceutical

perspective given its tissue location. An increased understanding of β subunits’ indi-

vidual dynamics, in addition to how they cluster both with and without α 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 Nav1.5

α subunit and the β3 subunit in a variety of contexts. Firstly, a splice variant of

Nav1.5 is examined with key single-point mutations present within the VSD that

alters channel gating. Secondly, mutational studies on β3 Ig trimer are performed

to address the critical importance of key residues. Thirdly, the dynamics of both

the β1 and β3 subunits is investigated which, to date, have not been extensively

characterised in the absence of α subunits. Finally, the higher order clustering of

both α and β subunits is addressed.
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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 Nav1.5 α 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 β1 and β3 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 β3 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 α - α, β3 - β3

and α - β3 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 β3 subunits. Binding events

between the α and β3 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, Ψ, motivated by the wave-like behaviour of the electron.

The behaviour of Ψ is described by the Schrödinger equation [106]:

Ĥ|Ψ〉 = E|Ψ〉 (2.1)

Where Ĥ is the quantum mechanical Hamiltonian, |Ψ〉 is the state of the system,

and E is the energy of the system. For a molecules with n electrons and N nuclei

(with charges ZI) the expression for Ĥ can be further expanded as:
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Ĥ =

[−~2
2µ
∇2 + V (r)

]
= − ~2

2µ

n∑
i=1

∇2
i −

n∑
i=1

N∑
I=1

(ZIe)e

4πε0riI
+

n∑
i<j

e2

4πε0rij
(2.2)

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, µ is the reduced mass of the electron, ∇2 is the Laplace operator, e is the

charge of the electron, riI is the separation of the ith electron and Ith nucleus, ε0 is

the permeability of free space, and rij the separation of electrons i 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 (em) and nuclei (Zm) where Zm : em ≈ 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 =
∑

U(rN) (2.3)

=
∑

Ubonded +
∑

Unon−bonded (2.4)

Where U represents the potential energy and rN 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:

∑
Ubonded =

∑
bonds

kr(r − r0)2 +
∑
angles

kθ(θ − θ0)2 (2.5)

+
∑
torsion

∑
n

1

2
Vn[1 + cos(nτ − δ)]

∑
Unon−bonded =

∑
i

∑
i 6=j

4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
∑
i

∑
i 6=j

qiqj
ε0rij

(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 (VdW),
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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(rij) =
krij
2

(rij − r0ij)2 (2.7)

i j

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

Where rij is the instantaneous bond length between two particles, krij is the co-

valent bond strength (i.e. spring stiffness) and r0ij is the equilibrium bond length. A

similar expression can be obtained for the bond angle that now requires three parti-

cles to be defined.

Uangle(θijk) =
kθijk
2

(θijk − θ0ijk)2 (2.8)
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i

j

k

θ

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

Where θijk is the bond angle between three particles, kθijk is the angle bending

constant and θ0ijk is the equilibrium bond angle. Extension of the angular terms to

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 i, j, k whilst the other contains particles j, k, l.

Utorsion =
∑
n

1

2
Vn[1 + cos(nτ − δ)] (2.9)

i

j k

l
τ

j

i

k
l

τ

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

Equation 2.9 is a Fourier-expansion of the torsional terms where Vn is the torsional

barrier, δ is the phase, n is the periodicity and τ 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 VdW 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]:

UV dW (rij) = ULJ(rij)

= 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

(2.10)

0
rij

ULJ(rij)

εij

σij

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

Where rij is the interatomic distance, εij is the well-depth and σij is the VdW

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, UCoulomb, defined as:

UCoulomb(rij) =
1

4πε0

qiqj
rij

(2.11)

0
rij

UCoulomb(rij)

Figure 2.5: Qualitative plot of the Coulomb potential.

The (4πε0)
−1 term represents Coulomb’s constant (where ε0 is the permittivity of

free space) and the q values are the charges on atoms i and j separated by distance

rij.
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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, UTotal,

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 t, with time step ∆t > 0 (Equation 2.13).

F = −∇UTotal(r) (2.12)

r(t+ ∆t) ≈ 2r(t)− r(t−∆t) +
F(t)

M
∆t2 (2.13)

Where M is the mass matrix of the system. Once r(t+ ∆t) 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 + ∆t) has been

evaluated, this in addition to errors arising from a small O(∆t2) 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+ ∆t) = r(t) + ∆tv

(
t+

∆t

2

)
(2.14)

v

(
t+

∆t

2

)
= v

(
t− ∆t

2

)
+ ∆t

F(t)

M
(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.

x0 x1 x2

v 1
2

v 3
2

v 5
2

t0 t1 t2t 1
2

t 3
2

t 5
2

Figure 2.6: A schematic of the Leapfrog algorithm in one dimension. Positions (x) and
velocities (v) are calculated at different times (t) 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+ ∆t) = r(t) + v(t)∆t+
F(t)

2M
∆t2 (2.16)

v(t+ ∆t) = v(t) +
F(t+ ∆t) + F(t)

2M
∆t (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 x, 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 (N), 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

(Γ). 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 Γ, 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

(ρ(Γ)) 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.

Aobs = 〈A〉time =

〈
A

(
Γ(t)

)〉
time

= lim
tobs→inf

1

tobs

∫ tobs

0

A
(
Γ(t)

)
dt (2.18)

= 〈A〉ensemble (2.19)
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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 µVT 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:

dT (t)

dt
= τ−1t (Tref − T (t)) (2.20)

Where T (t) is the instantaneous temperature at a particular time step, Tref is

the reference temperature and τt 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].

Ek =
1

2

N∑
i=1

miv
2
i

=
3

2
NkBT

(2.21)

Where Ek is the kinetic energy, mi and vi are the mass and velocity of particle i

respectively, N is the number of particles in the system, kB 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

system.

dK = τ−1t (Kref −K)dt+ 2

√
KKref

Nf

dW√
τt

(2.22)

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

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 Q and velocity ṡ. The corresponding Hamiltonian now

takes the form:

H(q,p, s, ps) =
N∑
i=1

p2
i

2mi

+ V (q) +
p2s
2Q

+ gkT lns (2.23)

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)

dt
= τ−1p (Pref −P(t)) (2.24)

This is the Berendsen algorithm, where P(t) is the pressure at a particular time

step, Pref is the reference pressure, and τp 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 µ [151] (Equations 2.25, 2.26 & 2.27).

r′ = µr (2.25)

V ′ = µ3V (2.26)

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

µij = δij −
nPC∆t

3τp
βij{Prefij − Pij(t)} (2.27)

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

this is 4.6× 10−10 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 µ takes the

form:

µ =


µxx µxy + µyx µxz + µzx

0 µyy µyz + µzy

0 0 µzz



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 (N) in any MD

simulation can be large. Since each particle, by definition, must interact with every

other, the resulting calculation scales as N2 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 VdW and electrostatics. The LJ potential, that describes the

43



Chapter 2. Methods

VdW forces, contains a r−6 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 (vc(rij)) is truncated

at a defined distance (rc), although this may introduce slight errors it dramatically

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

2.28).

vc(rij) =

 v(rij) rij ≤ rc

0 rij > rc

(2.28)

Since particles at the boundary of such a scheme may experience unphysical forces

during the simulation, a shifted-force potential (vSF ) can be used (Equation 2.29).

Here the potential is shifted by vc and a linear term added so that the derivative at

rc is zero [154].

vSF (rij) =

 v(rij)− vc − (rij − rc)
(

dv(rij)

drij

)
rij ≤ rc

0 rij > rc

(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−1 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−1 term in the Ewald summation [169] can be expressed as:
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r−1 =
f(r)

r
+

1− f(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 (ρq(r)). The second is in reciprocal

space and is constructed as a charge distribution of the same shape and sign as ρq(r),

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

x
ρq

x

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(N
3
2 ) 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(N log(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 (rl) of particle i.

In the next calculation step if the maximum displacement of the particles is less than

rl − rc, where rc is a radius surrounding particle i that is < rl, then only particles

contained within the Verlet list are considered. As soon as one of the particles moves

a distance greater than rl − rc 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.

rc

rl

Figure 2.9: The Verlet list: A particle i (orange) only interacts with particles j (grey)
within rc. The Verlet list contains particles that are within a sphere of rl > rc (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.
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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 MARTINI 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

P

polar

C

apolar

N

nonpolar

Q

charged

S

rings

Subtype

Polarity

1 2 3 4 5

H-Bond

a da 0

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 ElNeDyn [188], that con-

strains the protein’s secondary structure to a particular conformation. The ElNeDyn

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 Cα atoms, whereas in the MARTINI force field the

backbone particles are centred on the centre of mass of the backbone atoms (N, Cα,

C, O). To solve this the ElNeDyn model adapts the MARTINI bonded parameters

(as well as mapping for aromatic residues). For a given ElNeDyn model the cut-off,

RC , is set to 0.8 - 1.0 nm with a force constant, Kspring, of 500-1000 kJ mol−1 nm−2.

All CG simulations in this thesis used Rc = 0.9 nm and Kspring = 500 kJ mol−1.

Non-bonded interactions are described using a 12-6 LJ potential with a well depth

of εij = 2.0-5.6 kJ mol−1 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 σ = 0.47 nm, however ring-like

molecules use a sightly reduced value of σ = 0.43 nm and εij 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 ε = 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 rcut = 1.2 nm, the LJ potential shifted from 0.9 nm to rcut, and the

electrostatic potential shifted from 0.0 nm to rcut.

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 +q 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

3
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Chapter 3. Nav1.5e splice variant

This chapter is based on the manuscript: Alternatively-spliced isoforms of the cardiac

Nav1.5 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 pre-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.

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 Nav1.5 these are exon 6b and 6a (or the analogous exon 5a and

5b in Nav1.1, Nav1.2, Nav1.3, Nav1.6, and Nav1.7). 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 Nav1.1, Nav1.2, and Nav1.7, inactivation of the

channel is altered [206–208] whilst in Nav1.5 the voltage-dependence of activation is

shifted [209].

3.1.3 Nav1.5e: 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 Nav1.5e. 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 (Nav1.5e) 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 → Nav1.5e) and reverse (Nav1.5e → mH1) direction.
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(a) Exon 6

S1S1 S2S2

S3S3

S4S4

(b) Top down

R219R219
D211D211

E208E208E161E161

D152D152

R222R222

R225R225

(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 Nav1.5 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 Nav1.5e gating profiles. Additionally,

59



Chapter 3. Nav1.5e splice variant

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 Nav1.5e (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.

(a) mH1-D211K (b) mH1-T207S

(c) mH1-T207S-D211K

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 Nav1.5/mH1. A total of 200 models were created using the mul-

tiple sequence alignment of full length human Nav1.5 with Nav1.X (where X=1-9)

and the 5X0M crystal structure sequence (Figure 3.4). The sequence identity be-

tween the NavPaS structure and Nav1.5 was 45.1%. All sequences were obtained

from UniProt [211].

↓ ↓ ↓ ↓ ↓ ↓
220. 230.

tr|D0E0C2|D0E0C2_PERAM YITLVVDL.GHLYALRAFRVLRSWRTV 238
sp|P35498|SCN1A_HUMAN YVTEFVDL.GNVSALRTFRVLRALKTI 227
sp|Q99250|SCN2A_HUMAN YVTEFVDL.GNVSALRTFRVLRALKTI 228
sp|Q9NY46|SCN3A_HUMAN YVTEFVSL.GNVSALRTFRVLRALKTI 227
sp|P35499|SCN4A_HUMAN YLTEFVDL.GNISALRTFRVLRALKTI 230
sp|Q14524|SCN5A_HUMAN YTTEFVDL.GNVSALRTFRVLRALKTI 230
sp|Q9UQD0|SCN8A_HUMAN YITEFVNL.GNVSALRTFRVLRALKTI 231
sp|Q15858|SCN9A_HUMAN YLTEFVNL.GNVSALRTFRVLRALKTI 225
sp|Q9Y5Y9|SCN10A_HUMAN YVGTAIDL.RGISGLRTFRVLRALKTV 226
sp|Q9UI33|SCN11A_HUMAN IVSYIPGITIKLLPLRTFRVFRALKAI 233
consensus *:*::*:* *::***************

ô̂ôôôôôôôôôôôô
S4

X non conserved

X ≥ 50% conserved

X ≥ 75% conserved

Figure 3.4: DI S3-4 multiple sequence alignment used for Nav1.5 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].

61



Chapter 3. Nav1.5e splice variant

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 TIP3P [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 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 Cα atoms with a force constant of 1000 kJ mol−1 nm−2. All simulations were

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 × 10−5 bar−1. 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 VdW cut-off was set

to 12 Å 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 Å and a grid spacing of 1.6 Å 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−1 ns−1 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

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

RMSD between 6-7 Å.

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

ångströms 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, c, & 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 Å.

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 3.8c)

exhibiting pronounced movement downwards of R225 to around 5 Å.

In the double D211K/T207S runs (Figure 3.9) the trend is somewhat unclear. In

run 3 (Figure 3.9c), 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 Å from a POPC phosphorus atom.
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Figure 3.6: Movement of arginine residues z-coordinate (Z) in the S4 helix in mH1.
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Figure 3.7: Movement of arginine residues z-coordinate (Z) in the S4 helix in the
D211K mutant.
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Figure 3.8: Movement of arginine residues z-coordinate (Z) in the S4 helix in the
T207S mutant.

a) Run 1 b) Run 2

c) Run 3 d) Run 4

12
0

16
0

20
0

24
0

28
0

32
0

36
0

40
080400

Time (ns)

R219

R222

R225

S4
 R

es
id

ue

12
0

16
0

20
0

24
0

28
0

32
0

36
0

40
080400

Time (ns)

12
0

16
0

20
0

24
0

28
0

32
0

36
0

40
080400

Time (ns)

12
0

16
0

20
0

24
0

28
0

32
0

36
0

40
080400

Time (ns)

R219

R222

R225

S4
 R

es
id

ue

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

67



Chapter 3. Nav1.5e 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 3.2c). 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.

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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R219R219

R222R222

K211K211

2 × POPC2 × POPC

(a) Interaction of D211K with the headgroup of two POPC lipids.

R219R219

N214N214

R222R222

K211K211

POPCPOPC

(b) Top down

R219R219

N214N214

R222R222

K211K211

POPCPOPC

(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 Å 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 Å. 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 Å. 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.

S2S2

T207T207

S4S4

S3S3

(a) T207 pose 1

S2S2

T207T207

S4S4

S3S3

(b) T207 pose 2

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 (χ1) was measured. χ1 was defined between the atoms C, Cα, CB,

and OG1 in T207 and atoms C, Cα, CB, and OG in S207 (Figure 3.15).

NH2

OH O

OH

C
Cα

CB

OG1

(a) Threonine

NH2

HO

O

OH

CCα
CB

OG

(b) Serine

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

A comparison of dihedral angles (χ1) 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 χ1 ≈ 38◦ with a much

lower density of spread between −20◦ ≤ 0◦ ≤ 20◦. In T207S, χ1 samples a much

wider range with a bimodal distribution. Although density remains in the χ1 ≈ 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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R219R219

R222R222

R225R225

T207T207 E208E208

S3S3
S1S1

S4S4

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 Å.

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 Å, exhibiting a much more restricted set of distances when compared to

mH1.

(a) E208 - R219 (b) E208 - R222

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 Nav1.5e. 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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K211K211
D152D152

POPC × 2POPC × 2

R219R219

R222R222

R225R225

(a)

K211K211

R219R219
E208E208

D152D152

R222R222

R225R225

(b)

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 Å, in addition

to a second distance just over 5 Å. This is in contrast to mH1, where the distance is
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highly variable, sampling distances over the range of ≈ 4-17 Å.

(a) E208 - R219 (b) E208 - R222

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 χ1 sampled (as seen in the single T207S switch)

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

of χ1 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 χ1 distribution is

roughly the same as in the single T207S switch (Figure 3.16).

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.

K211

E208
R219

R222

S207

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
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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+
3 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

80



Chapter 3. Nav1.5e splice variant

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 -NH+
3 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 Nav1.5e experimentally [199] was only achieved

through the additional mutation T207S. The structural basis for how this switch

could recover the Nav1.5e 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 Å 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

Nav1.5e.

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 Å preferred, as well as a bond

distance between 5-10 Å.

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

Å 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)
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Chapter 4. Atomistic simulations of the voltage-gated sodium channel β3 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 β3 Subunit Dynamics, Frontiers in Molecular Biosciences, vol. 7,

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

4.1 Introduction

The α 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 β subunits bind to the α subunit,

and facilitate any change in gating dynamics, is uncertain. Additionally, the exact

ratio of α:β 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 β3 and β1 can bind to the α 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 α

and β subunits may interact. Recently, structures from Yan and Pan [3, 4] (PDB

codes: 5XSY and 6AGF respectively) exhibit the β1 subunit bound to Nav1.4 in

both Electric Eel and Human variants. In both of these structures the β1 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
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other proteins involved in a variety of signalling pathways [235]. As outlined earlier

(Chapter 1, Section 1.2), β 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 β3 subunit can oligomerise to form higher order structures and even cluster

multiple α subunits on the cell membrane.

The exact dynamics of β subunits remain to be fully characterised in isolation. In

this study, the isolated β3 trimer and more recent full-length β1 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 β3 Ig trimer

The ability of β subunits to form higher order oligomers gained substantial experi-

mental grounding with the crystallisation of the β3 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 α subunit forms dimers and trimers independently,

with such structures more prevalent when in the presence of β3 subunits. Higher

order β3 oligomers also tend to cross-link α subunits (Figures 4.1b, 4.1c, 4.1d) and

increase clustering of protein species on the plasma membrane.
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small particle, and 31 (3.4%) were decorated by two additional
small particles. In contrast, when protein was isolated from
cells expressing the ! subunit alone, 40/1006 (3.9%) of the large
particles were singly decorated by small particles, and 3/1006
(0.3%) were doubly decorated. Hence, the majority of decora-
tion events seen when the ! and "3 subunits were co-isolated
represented specific !/"3 interactions. Fig. 7D shows a gallery
of zoomed images of Nav 1.5 ! subunits decorated by either one
(upper panels) or two "3 subunits (center and lower panels).
Double decoration of the ! subunit occurred at angles of either
!90° (Fig. 7D, center panels) or !180° (lower panels). Consis-
tent with this observation, a frequency distribution of angles
between pairs of bound "3 subunits (Fig. 7E) had two peaks, at
90 " 4 and 170 " 36° (n # 33). The ratio of the numbers of
particles in the two peaks was 21:12 (i.e. 1.7:1). This result, with
decoration at !90° and !180° in a ratio of !2:1, indicates that
"3 subunits bind Nav 1.5 ! subunits with 4-fold symmetry.

A 1:4 binding stoichiometry between the ! and "3 subunits,
coupled with the ability of the "3 subunit to dimerize and tri-
merize, would provide a mechanism for producing large clus-
ters of ! and "3 subunits on the plasma membrane. For those
images with visible ! and "3 subunits, a frequency distribution
of volumes of the decorated ! subunits (Fig. 7F) had a single

major peak at 550 " 11 nm3, close to the expected volume for a
protein of molecular mass 250 kDa (475 nm3). Although there
were no clear higher peaks in the distribution, there was some
indication of decorated particles in the volume ranges !1000
and !1500 nm3 (arrows, Fig. 7F), which may represent a small
number of ! subunit dimers and trimers. There is evidence for
this clustering in our AFM images. For instance, Fig. 7G shows
a gallery of zoomed images of complexes of various stoichiom-
etries between ! and "3 subunits. In addition, Fig. 7H shows
examples of dimers (upper panels) and trimers (center panels)
of ! subunits and also of pairs of ! subunit particles apparently
held together by "3 subunit oligomers (lower panels). Note that
only a minority of the larger ! subunit-sized particles was visi-
bly decorated by peripheral particles. However, an analysis of all
particles indicated the presence of higher order structures, con-
sistent with ! subunit dimers and trimers; these were more
common in the presence of the wild-type "3 subunit (Table 5).
In the latter case, these structures may represent particles
where the associated "3 subunits were buried within the com-
plexes, surrounded by ! subunits, and thus not resolved. In
contrast, the C24A mutant "3 subunit did not increase the pro-
portion of ! subunit dimers and trimers above the background
level (Table 5).

DISCUSSION

The Ig domain of the Nav channel "3 subunit has a surprising
structure. To our knowledge, there are no previous reports of
natural trimeric Ig domains, and the "3 trimer interface is
unlike any other Ig domain binding site. The mixture of mono-
mers, dimers, and trimers observed by AUC (Fig. 4) suggests
that the isolated Ig domains interact with relatively low affin-
ity in solution. Similar low affinity interactions have been
described for other isolated Ig domains from cell adhesion mol-
ecules (48). To detect such interactions at a protein concentra-
tion that would avoid nonideality effects in our AUC experi-
ments, we used cross-linking.

As shown by AFM, isolated full-length "3 subunits similarly
form monomers, dimers, and trimers (Fig. 5C). Again, this sug-
gests that the interactions between individual "3 subunits may
be relatively weak, especially when the protein is removed from
its normal cellular context. However, when localized to the
two-dimensional surface of the plasma membrane, such low
affinity interactions can still be significant (48). Indeed, low
affinity interactions may be advantageous, because they will
facilitate a more dynamic protein network. The FPALM analy-
sis confirmed that full-length "3 molecules on the plasma
membrane of HEK293 cells form trimers as a major species (Fig.
6B). The FPALM analyses also reported low #(cluster) values
(Fig. 6D). This finding suggests that the mEos2 tag is relatively
unconstrained and is consistent with our previous demonstra-
tion that the "3 intracellular region is largely disordered (Fig.
6F) (12). Thus, the AUC, AFM, and FPALM analyses confirm
that our structure is not a crystal packing artifact. The structure
is also consistent with our recent demonstration that "3 sub-
unit Ig domains can interact homophilically when expressed in
vivo (13).

We have previously predicted the existence of the surface
disulfide bond Cys-2–24 in the "3 Ig domain (10, 11), and we

FIGURE 4. Nav !3 subunit Ig domain oligomerizes in solution. Analytical
ultracentrifugation sedimentation velocity data of cross-linked "3 Ig domain
(see under “Experimental Procedures”). The residuals are from the fit with the
hybrid discrete/continuous model. Component sedimentation coefficient
distribution showing populations of monomeric, dimeric, trimeric (and
larger) species with a uniform frictional ratio of Fk,w # 1.4. The final r.m.s.d. was
0.006.
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(a) which Nav channels are assumed to associate as single ! and "
subunits (4, 5). It does, however, provide a new framework both
to re-interpret some aspects of Nav channel behavior and to
predict others.

Several inherited cardiac arrhythmias are associated with
point mutations in the human SCN3B gene (4). In four known
cases, the mutations occur within the Ig domain (51–54). In the
first example, residue Val-86 is changed to isoleucine (Fig. 8A)
(54). Residue Val-86 is fully conserved between the "3 and "1
subunit isoforms and lies adjacent to potential N-linked glyco-
sylation sites Asn-85 and Asn-89 (Figs. 1A and 8A). The Val-86
side chain provides tight internal hydrophobic packing. A more
bulky isoleucine will perturb local contacts and could lead to
misfolding. A second mutation changes residue Val-12 to
methionine (Fig. 8B) (53). As noted above, residue Val-12 helps
stabilize protomer association within the trimer; the larger
methionine substitution is likely to perturb this interaction.
The location of a pathological "3 mutation to a residue impli-
cated in trimer stability provides further evidence for the func-
tional importance of the trimer in vivo. In two further cases,
residue Val-30 is mutated to glycine (51), and residue Ala-106 is
mutated to valine (52). These mutations occur in adjacent loops
that are unresolved in our structure due to local disorder. Nev-
ertheless, their approximate positions can be inferred (Figs. 1B
and 8B). Amino acid substitutions are well tolerated in Ig
domain loops (40). In "3, the loops lie outside of, and point
away from, the trimer interface. The mutations are thus
unlikely to prevent trimer formation. Instead, they may identify
one or more ! subunit-binding sites. The A106V mutant (Fig.
8B) reduces peak current when co-expressed with Nav 1.5 but
does not affect surface expression of the ! subunit. Interest-
ingly, the mutant exerts a dominant negative effect on Nav 1.5
gating when co-expressed with the wild-type "3 subunit (52).
Dominant negative phenotypes often occur when mutant and
wild-type subunits co-assemble to form an oligomer, with the
mutant blocking the activity of every complex into which it is
incorporated (55, 56). The dominant negative gating behavior
of the A106V mutant could be explained if individual ! sub-
units are functionally coupled within a "3-induced Nav 1.5
trimer.

The "3 primary sequence is most closely related to that of "1
(4, 11). It is striking that most residues of the trimer interface,
including the two critical cysteines, are fully conserved between
"3 and "1 (Fig. 1A) (13). The "3 residue Arg-115 (Fig. 2A) is
replaced by lysine in "1 (11), so a strong interaction could still

FIGURE 7. Interaction between the Nav 1.5 ! subunit and the "3 subunit,
as determined by AFM imaging. A, proteins were isolated by immunoaffin-
ity chromatography, using the carboxyl-terminal HA tag on the ! subunit.
Immunoisolated samples were analyzed by SDS-PAGE, followed by either
silver-staining (left panel) or immunoblotting using anti-HA (center panel) or
anti-Myc (right panel) antibodies. The silver-stained gel shows two bands at
!250 and "500 kDa (arrows). The same two bands are seen on the immuno-
blot and likely correspond to the ! subunit monomer and an oligomer/ag-
gregate, respectively. The anti-Myc blot shows the same two bands seen
when the "3 subunit was expressed alone. Molecular mass markers (kDa) are
indicated. B, low magnification AFM images of a sample containing co-iso-
lated Nav !/"3 subunits. Arrowheads indicate ! subunits singly decorated by
"3 subunits (left panels) or doubly decorated at either !90° (center panels) or
!180° (right panels). Scale bar, 200 nm; height scale, 0 –5 nm. C, frequency
distribution of volumes of peripheral particles bound to large central parti-
cles. The curve indicates the fitted Gaussian functions. The peaks of the distri-
butions are indicated and are consistent with "3 monomers, dimers, and
trimers. D, gallery of zoomed images showing singly decorated ! subunits or
! subunits doubly decorated at either !90 or !180°, as indicated. Scale bar,
20 nm; height scale, 0 –3 nm. E, frequency distribution of angles between
pairs of bound "3 subunits. The curve indicates the fitted Gaussian functions.
The peaks of the distribution are indicated. F, frequency distribution of vol-
umes of the large decorated central particles for those structures with visible
! and "3 subunits. The curve indicates the fitted Gaussian function. The peak
of the distribution is indicated. The two arrows indicate potential peaks at two
and three times the volume of the main peak. G, examples of decoration
events involving multiples of either ! subunits or "3 subunits, as indicated.
Scale bar, 20 nm; height scale, 0 –3 nm. H, examples of double (upper panels)
and triple (center panels) ! subunits and of ! 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 –3 nm.

TABLE 5
The C24A "3 mutant reduces ! subunit cross-linking
Numbers of ! subunit monomers, dimers, and trimers isolated from cells trans-
fected with ! subunits alone or ! subunits with "3 wild-type or with "3 C24A
mutant.

Nav1.5 !
subunit

Nav1.5 ! subunit #
wild-type "3

Nav1.5 ! subunit #
C24A "3 mutant

Monomers 728 728 728
Dimers 348 722 264
Trimers 340 566 273

Nav Channel "3 Subunit Structure
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which Nav channels are assumed to associate as single ! and "
subunits (4, 5). It does, however, provide a new framework both
to re-interpret some aspects of Nav channel behavior and to
predict others.

Several inherited cardiac arrhythmias are associated with
point mutations in the human SCN3B gene (4). In four known
cases, the mutations occur within the Ig domain (51–54). In the
first example, residue Val-86 is changed to isoleucine (Fig. 8A)
(54). Residue Val-86 is fully conserved between the "3 and "1
subunit isoforms and lies adjacent to potential N-linked glyco-
sylation sites Asn-85 and Asn-89 (Figs. 1A and 8A). The Val-86
side chain provides tight internal hydrophobic packing. A more
bulky isoleucine will perturb local contacts and could lead to
misfolding. A second mutation changes residue Val-12 to
methionine (Fig. 8B) (53). As noted above, residue Val-12 helps
stabilize protomer association within the trimer; the larger
methionine substitution is likely to perturb this interaction.
The location of a pathological "3 mutation to a residue impli-
cated in trimer stability provides further evidence for the func-
tional importance of the trimer in vivo. In two further cases,
residue Val-30 is mutated to glycine (51), and residue Ala-106 is
mutated to valine (52). These mutations occur in adjacent loops
that are unresolved in our structure due to local disorder. Nev-
ertheless, their approximate positions can be inferred (Figs. 1B
and 8B). Amino acid substitutions are well tolerated in Ig
domain loops (40). In "3, the loops lie outside of, and point
away from, the trimer interface. The mutations are thus
unlikely to prevent trimer formation. Instead, they may identify
one or more ! subunit-binding sites. The A106V mutant (Fig.
8B) reduces peak current when co-expressed with Nav 1.5 but
does not affect surface expression of the ! subunit. Interest-
ingly, the mutant exerts a dominant negative effect on Nav 1.5
gating when co-expressed with the wild-type "3 subunit (52).
Dominant negative phenotypes often occur when mutant and
wild-type subunits co-assemble to form an oligomer, with the
mutant blocking the activity of every complex into which it is
incorporated (55, 56). The dominant negative gating behavior
of the A106V mutant could be explained if individual ! sub-
units are functionally coupled within a "3-induced Nav 1.5
trimer.

The "3 primary sequence is most closely related to that of "1
(4, 11). It is striking that most residues of the trimer interface,
including the two critical cysteines, are fully conserved between
"3 and "1 (Fig. 1A) (13). The "3 residue Arg-115 (Fig. 2A) is
replaced by lysine in "1 (11), so a strong interaction could still

FIGURE 7. Interaction between the Nav 1.5 ! subunit and the "3 subunit,
as determined by AFM imaging. A, proteins were isolated by immunoaffin-
ity chromatography, using the carboxyl-terminal HA tag on the ! subunit.
Immunoisolated samples were analyzed by SDS-PAGE, followed by either
silver-staining (left panel) or immunoblotting using anti-HA (center panel) or
anti-Myc (right panel) antibodies. The silver-stained gel shows two bands at
!250 and "500 kDa (arrows). The same two bands are seen on the immuno-
blot and likely correspond to the ! subunit monomer and an oligomer/ag-
gregate, respectively. The anti-Myc blot shows the same two bands seen
when the "3 subunit was expressed alone. Molecular mass markers (kDa) are
indicated. B, low magnification AFM images of a sample containing co-iso-
lated Nav !/"3 subunits. Arrowheads indicate ! subunits singly decorated by
"3 subunits (left panels) or doubly decorated at either !90° (center panels) or
!180° (right panels). Scale bar, 200 nm; height scale, 0 –5 nm. C, frequency
distribution of volumes of peripheral particles bound to large central parti-
cles. The curve indicates the fitted Gaussian functions. The peaks of the distri-
butions are indicated and are consistent with "3 monomers, dimers, and
trimers. D, gallery of zoomed images showing singly decorated ! subunits or
! subunits doubly decorated at either !90 or !180°, as indicated. Scale bar,
20 nm; height scale, 0 –3 nm. E, frequency distribution of angles between
pairs of bound "3 subunits. The curve indicates the fitted Gaussian functions.
The peaks of the distribution are indicated. F, frequency distribution of vol-
umes of the large decorated central particles for those structures with visible
! and "3 subunits. The curve indicates the fitted Gaussian function. The peak
of the distribution is indicated. The two arrows indicate potential peaks at two
and three times the volume of the main peak. G, examples of decoration
events involving multiples of either ! subunits or "3 subunits, as indicated.
Scale bar, 20 nm; height scale, 0 –3 nm. H, examples of double (upper panels)
and triple (center panels) ! subunits and of ! 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 –3 nm.

TABLE 5
The C24A "3 mutant reduces ! subunit cross-linking
Numbers of ! subunit monomers, dimers, and trimers isolated from cells trans-
fected with ! subunits alone or ! subunits with "3 wild-type or with "3 C24A
mutant.

Nav1.5 !
subunit

Nav1.5 ! subunit #
wild-type "3

Nav1.5 ! subunit #
C24A "3 mutant

Monomers 728 728 728
Dimers 348 722 264
Trimers 340 566 273

Nav Channel "3 Subunit Structure
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which Nav channels are assumed to associate as single ! and "
subunits (4, 5). It does, however, provide a new framework both
to re-interpret some aspects of Nav channel behavior and to
predict others.

Several inherited cardiac arrhythmias are associated with
point mutations in the human SCN3B gene (4). In four known
cases, the mutations occur within the Ig domain (51–54). In the
first example, residue Val-86 is changed to isoleucine (Fig. 8A)
(54). Residue Val-86 is fully conserved between the "3 and "1
subunit isoforms and lies adjacent to potential N-linked glyco-
sylation sites Asn-85 and Asn-89 (Figs. 1A and 8A). The Val-86
side chain provides tight internal hydrophobic packing. A more
bulky isoleucine will perturb local contacts and could lead to
misfolding. A second mutation changes residue Val-12 to
methionine (Fig. 8B) (53). As noted above, residue Val-12 helps
stabilize protomer association within the trimer; the larger
methionine substitution is likely to perturb this interaction.
The location of a pathological "3 mutation to a residue impli-
cated in trimer stability provides further evidence for the func-
tional importance of the trimer in vivo. In two further cases,
residue Val-30 is mutated to glycine (51), and residue Ala-106 is
mutated to valine (52). These mutations occur in adjacent loops
that are unresolved in our structure due to local disorder. Nev-
ertheless, their approximate positions can be inferred (Figs. 1B
and 8B). Amino acid substitutions are well tolerated in Ig
domain loops (40). In "3, the loops lie outside of, and point
away from, the trimer interface. The mutations are thus
unlikely to prevent trimer formation. Instead, they may identify
one or more ! subunit-binding sites. The A106V mutant (Fig.
8B) reduces peak current when co-expressed with Nav 1.5 but
does not affect surface expression of the ! subunit. Interest-
ingly, the mutant exerts a dominant negative effect on Nav 1.5
gating when co-expressed with the wild-type "3 subunit (52).
Dominant negative phenotypes often occur when mutant and
wild-type subunits co-assemble to form an oligomer, with the
mutant blocking the activity of every complex into which it is
incorporated (55, 56). The dominant negative gating behavior
of the A106V mutant could be explained if individual ! sub-
units are functionally coupled within a "3-induced Nav 1.5
trimer.

The "3 primary sequence is most closely related to that of "1
(4, 11). It is striking that most residues of the trimer interface,
including the two critical cysteines, are fully conserved between
"3 and "1 (Fig. 1A) (13). The "3 residue Arg-115 (Fig. 2A) is
replaced by lysine in "1 (11), so a strong interaction could still

FIGURE 7. Interaction between the Nav 1.5 ! subunit and the "3 subunit,
as determined by AFM imaging. A, proteins were isolated by immunoaffin-
ity chromatography, using the carboxyl-terminal HA tag on the ! subunit.
Immunoisolated samples were analyzed by SDS-PAGE, followed by either
silver-staining (left panel) or immunoblotting using anti-HA (center panel) or
anti-Myc (right panel) antibodies. The silver-stained gel shows two bands at
!250 and "500 kDa (arrows). The same two bands are seen on the immuno-
blot and likely correspond to the ! subunit monomer and an oligomer/ag-
gregate, respectively. The anti-Myc blot shows the same two bands seen
when the "3 subunit was expressed alone. Molecular mass markers (kDa) are
indicated. B, low magnification AFM images of a sample containing co-iso-
lated Nav !/"3 subunits. Arrowheads indicate ! subunits singly decorated by
"3 subunits (left panels) or doubly decorated at either !90° (center panels) or
!180° (right panels). Scale bar, 200 nm; height scale, 0 –5 nm. C, frequency
distribution of volumes of peripheral particles bound to large central parti-
cles. The curve indicates the fitted Gaussian functions. The peaks of the distri-
butions are indicated and are consistent with "3 monomers, dimers, and
trimers. D, gallery of zoomed images showing singly decorated ! subunits or
! subunits doubly decorated at either !90 or !180°, as indicated. Scale bar,
20 nm; height scale, 0 –3 nm. E, frequency distribution of angles between
pairs of bound "3 subunits. The curve indicates the fitted Gaussian functions.
The peaks of the distribution are indicated. F, frequency distribution of vol-
umes of the large decorated central particles for those structures with visible
! and "3 subunits. The curve indicates the fitted Gaussian function. The peak
of the distribution is indicated. The two arrows indicate potential peaks at two
and three times the volume of the main peak. G, examples of decoration
events involving multiples of either ! subunits or "3 subunits, as indicated.
Scale bar, 20 nm; height scale, 0 –3 nm. H, examples of double (upper panels)
and triple (center panels) ! subunits and of ! 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 –3 nm.

TABLE 5
The C24A "3 mutant reduces ! subunit cross-linking
Numbers of ! subunit monomers, dimers, and trimers isolated from cells trans-
fected with ! subunits alone or ! subunits with "3 wild-type or with "3 C24A
mutant.

Nav1.5 !
subunit

Nav1.5 ! subunit #
wild-type "3

Nav1.5 ! subunit #
C24A "3 mutant

Monomers 728 728 728
Dimers 348 722 264
Trimers 340 566 273

Nav Channel "3 Subunit Structure
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(d)

Figure 4.1: Structural features of the β3 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 α/β3 sub-
units. Arrowheads indicate α subunits singly decorated by β3 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 α subunits or β3 subunits, as indicated. (d) Examples of double
(upper panels) and triple (centre panels) α subunits and of α subunits connected by
β3-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 β3 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 β sheet, but in

β3 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 β3 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

β3 oligomers, with those that are present in a “splayed” state.

altered frequency distribution, these results indicate a re-
duced stability of the oligomeric structures formed by the
C24A mutant !3 subunit.

Nav !3 Subunit Forms Trimers on the Plasma Membrane—
To investigate the spatial distribution of full-length !3 subunits
on the surface of HEK293 cells, we used FPALM analysis (41,
42). This super-resolution imaging technique requires fluores-
cent probes that either photoswitch or photoconvert. The full-
length !3 subunit was tagged at the carboxyl terminus with the
monomeric green-to-red photoconvertable protein mEos2.
Individual mEos2 molecules were converted to the red species
sparsely but continuously using a 405 nm laser, whereas TIRF
imaging was simultaneously performed with a 561 nm laser.
With the mEos2 fluorophore, a localization precision of !10
nm could be achieved (43). We used pair correlation analysis
(44) to examine quantitatively the nanoscale organization of
these subunits. To confirm the power of pair correlation anal-
ysis as applied to our FPALM data, we first examined the
plasma membrane distribution of mEos2-labeled acid-sensing
ion channel hASIC. This molecule is a known trimer (45). Anal-
ysis of 30 separate regions on five cells, each with a 1- "m2 area,

generated a size distribution with a peak frequency consistent
with a trimeric channel (Fig. 6A). When the same analysis was
repeated using !3-mEos2 molecules, a similar distribution with
identical peak frequency was obtained (Fig. 6B). The spreads of
the distributions reflect the fitting uncertainty. This is mostly
due to uncertainty in determining the actual blinking number,
i.e. the repeated detection of the same protein, and the uncer-
tainty in detecting, i.e. photo-activating, all fluorescent proteins
in a cluster (44). The distribution spreads, however, are similar
for hASIC-mEos2 and !3-mEos2 (Fig. 6, A and B). Thus, we
conclude that full-length !3 subunits on the plasma membrane
adopt a predominantly trimeric structure. Using pair correla-
tion analysis, we further determined that !3 subunits were
organized into clusters of radii "50 nm (Fig. 6C), although
larger sized clusters of !3 were also detected that may indicate
higher order assemblies. The relative density of the protein
within the clusters (#(cluster)) (44) is low (Fig. 6D). This suggests
that the mEos2 fluorescent tag is relatively unconstrained. Fig.
6E shows a typical TIRF-PALM image in fixed HEK293 cells,
used to reconstruct the distribution of !3-mEos2. Fig. 6F pres-
ents a model of the full-length mEos2-tagged !3 molecule. The

FIGURE 2. !3 Ig domain protomer and trimer interface. A, schematic representation of a single Nav !3 subunit Ig domain protomer. The polypeptide chain
is colored in gradient from amino terminus (blue) to carboxy terminus (red). The !-sheets are labeled in alphabetical order. Residues 27–31 and 103–109
correspond to loops not visible in the electron density maps due to local disorder; they are shown at their plausible theoretical positions in gray and labeled.
The Cys-2–24 disulfide bond is shown as sticks and labeled. A close-up of hydrogen bonding interactions of residue Arg-100 with Ser-23, Thr-34, and Leu-76 is
shown on the left. A close-up of the region surrounding the Cys-2–24 disulfide bond, including the Val-3, Val-5, and Pro-6 residues is shown on the right. The
lengths of hydrogen bonds are indicated. B, location of the key trimer interface residues. For clarity, protomer A (green) is removed from the rest of the trimers
by application of 180° rotation around its center of mass and rightward translation. Protomers B (cyan) and C (magenta) are in the same orientation as shown
in Fig. 1B. The interfacing residues discussed in the text are shown as sticks and labeled.
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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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4.1.2 Overview of states: a paradox

The recent structures of the Nav α / β subunit complexes revealed that the β1 Ig do-

main adopts a conformation such that the long axis of the Ig β sheets sits parallel to

the membrane surface. When bound to the pore-forming α subunit, this orientation

allows residues 20-27, that are analogous to the hydrophobic Ig interface responsible

for observed β3 olgomerisation, to interact with the top of the VSDIII. When ex-

tending this bound conformation to β3, it becomes apparent that if the β3 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 β1

subunit if it were to form a similar trimer to that found in β3.A B C

Figure 4.3: Overlay of the β1 model with the β3 Ig trimer. Left : β3 Ig trimer model.
Separate chains are shown in green, cyan, and pink. Centre: β1 model. Right :
Overlay of the Ig domains of the β1 subunit and the trimeric structure of the β3 Ig
domain. The approximate position of the membrane is shown as a grey rectangle
bound by dashed lines.
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This paradox highlights the need for, at least, the β3 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 β 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 β subunits (as

well as α subunit cross-linking) is unclear. Furthermore, across the β subunit family

a conserved glutamic residue (E177/E176 in β1/β3 respectively) is present in the

middle of the predicted transmembrane helix. In β3, 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 β1 is in fact

present in a much longer helix between residues 155 and 190, around 15 residues

longer than in β3. Interestingly, E177 is positioned facing away from the α subunit,

suggesting it may not be directly involved in α-β binding. The alignment of the β1

helical sequence from Pan et al. [4] and the predicted helical sequence of β3 is shown

in Figure 4.4.

Helix
ô̂ôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôô

160. 170. 180. 190.
beta1 ASIVSEIMMYVLIVVLTIWLVAEMIYCYKKIAAATETA 192
beta3 TSVVSEIMMYILLVFLTLWLLIEMIYCYRKVSKAE.EA 190

ô̂ôôôôôôôôôôôôôôôôôôôô
Predicted helix

Figure 4.4: Alignment of the TMD of the β1 and β3 subunits. Location of resolved
helix by Pan et al. [4] is shown in black and the predicted β3 helix location is shown
in red. Numbering of β1 residues is shown above both sequences.
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4.2 Methods

4.2.1 Model generation

4.2.1.1 β1 monomer

The model used for β1 simulations was constructed directly from the Nav1.4-β1

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

4.2.1.2 β3 monomer

The recent crystal structure of the β1 subunit in the human Nav1.4-β1 complex [4]

was used to construct a model of the human β3 subunit. A total of 200 models

were created using the sequence alignment of full length human β3 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 β3 monomer

The Ig domain of the β3 subunit contains four predicted N-linked glycosylation sites

[211] at N95, N109, N113, and N121. Using the generated β3 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 GLYCAM06h force field [238]. Each GlcNAc

moiety added was in the β anomeric form and in the energetically favourable 4C1

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 β3 ECD

The crystal structure of the β3 subunit [99] (PDB code: 4L1D) 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 β3 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 β3 trimer

Over the course of the simulations of the β3 monomer model (see Section 4.2.1.2),

a large variety of conformations were visited. To construct the β3 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 β3 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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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 Cα atoms

with a force constant of 1000 kJ mol−1 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)

β1 M Full length Rectangular 9 × 9 25 × 400

β3 M Extracellular Triclinic - 10 × 200

β3 T Extracellular Triclinic 9.3 × 9.3 25 × 200

β3 T Full length Rectangular 13 × 13 4 × 400

β3 M Full length Rectangular 9 × 9 25 × 400

β3 (GlcNAc) M Full length Rectangular 9 × 9 6 × 400

Table 4.1: Overview of atomistic β subunit simulations performed. M = monomer
and T = trimer. Box dimensions correspond to the x and y dimensions only.
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4.2.3 Ig domain orientation analysis

Assessment of the Ig domains favoured orientation in the constructed full length β

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 ex, ey, ez as a reference (where ex = [1, 0, 0], ey = [0, 1, 0]

and ez = [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 β-

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 p3

were obtained via the diagonalization of the moment of inertia tensor, I, derived as

shown in Equations 4.1 & 4.2.

Λ = UT IU (4.1)

I =
N∑
i=1

mi

[
(ri · ri)

3∑
α=1

eα ⊗ eα − ri ⊗ ri

]
(4.2)

Where mi and ri are the mass and coordinates of the ith particle respectively. eα

(with α = 1, 2, 3) represents the orthogonal Cartesian basis vectors, and ⊗ represents

the tensor product. Finally, U = (p1,p2,p3) and Λ 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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θp

Ig domain / N-terminus

Linker

TMD

ICD / C-terminus

Extracellular

Intracellular

Figure 4.6: Schematic of the pitch angle calculation the Ig domain of the β 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, θp, is defined as the angle between the principal
axis (thick green arrow) of the current frame and a reference (the basis vectors ex,
ey, and ez, not shown) following the Tait-Bryan angle formalism.
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4.3 Results

4.3.1 β3 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 β3. 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 Å. 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 Ig domain and explore a variety of conformations within solvent.

When assessing the radius of gyration (RG) across all repeats, there is a general trend

for the C48A mutation to destabilise the Ig domain. Calculation of RG was performed

using all Cα atoms positions. Figure 4.7a indicates a rightward shift in RG values

with a significant amount of density still overlapping with WT 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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(a) (b)

(c)

C48AC48A

C26C26

F23F23
P24P24

V25V25

V27V27
E28E28

(d)

Figure 4.7: The effects of the C48A mutation on β3 ECD monomer dynamics. (a)
Distribution of RG values for both WT and C48A. (b) Heatmap of RG values in C48A,
large values correspond to the region defined between residues 24 to ≈ 34 breaking
away from the Ig domain. (c) RMSF of residues in the β3 Ig domain. Inset focused
on the first few residues where destabilisation occurs. (d) Snapshot of β3 monomer
with residues 24 - 30, and C48A, shown as sticks.

4.3.1.2 Trimer

Similar analysis was performed on the β3 trimer. Both WT and C48A β3 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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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

RG values for both the β3 WT and C48A trimer were measured, shown in Figure 4.8.

(a) (b)

Figure 4.8: Radius of gyration of the β3 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 β3 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 RG values supports this, indicating that even

in WT there is some inherent instability in some of the runs.

The β3 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, ψ and φ, in the form of a Ramachandran plot (Figure 4.9). The ψ

and φ angles for P30 were not calculated due to the residue’s incorporation of its side

chain with the protein backbone.
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(a) WT V27 (b) C48A V27

(c) WT V29 (d) C48A V29

Figure 4.9: The φ and ψ angles sampled by V27 and V29 in the β3 trimer model.

In WT, the torsional angles for V27 are 90 ≤ ψ ≤ 180 and −180 ≤ φ ≤ −45, for

V29 there is an increase in spread with 0 ≤ ψ ≤ 180 and −180 ≤ φ ≤ −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 β1 subunit have only been isolated whilst in contact with the central

α 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 β3 subunit may adopt in vitro. 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 β1 and β3 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 - β1 crystal structure, the TMD of β1 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 β1 and β3, the tilting

and bending were analysed. For analysis, the HELANAL library [239] was used from

MDAnalysis.

Briefly, four contiguous Cα 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 β1 and β3 subunits.

The tilt of both the β1 and β3 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 β3 subunit tilt exhibits a peak centred

around ≈ 36−38◦ whilst the β1 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 α 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 β1/β3 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

β1 and β3 subunits exhibit essentially identical distribution profiles with a large peak

centred at ≈ 4.5 Å and a smaller shoulder at ≈ 6.5 Å.
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θ

(a) (b)

E176E176

(c) (d)

Figure 4.10: Helix analysis of the β subunit. (a) Schematic of the angle used to
measure the tilt angle in the TMD of the β subunit. Phosphorus atoms of the POPC
bilayer are shown as orange spheres. (b) Distribution of helix tilt angles between β1
and β3. (c) Snapshot of E176 - POPC interaction in β3. (d) Distribution of the
minimum distance between the conserved glutamic acid residue (E177/176) β1/β3
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 β1 and 156-185 in

β3) 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 β1

and β3 subunit respectively. Over the course of 400 ns, both subunits show bending

at the ends of the helix, with β1 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 β3 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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(a) (b)

(c) (d)

Figure 4.11: Helix bending in the β1 and β3 subunits. Example of local bending
angles in one run of (a) the β1 and (c) β3 subunit. Average local bending angles in
(b) the β1 and (d) β3 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 β1 and β3 (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 β1 subunit has a lower RMSF across all

residues when compared to β3. In contrast, all residues in β3 exhibit an increased

RMSF when compared to β1 in both the Ig domain and TMD.
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(a) β1 (b) β3

Figure 4.12: RMSF of both (a) the β1 and (b) β3 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 β1 and β3 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 β 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 Å. 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 β1 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 β3.

In the β3 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 β1, 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 β3, 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 β3 and coupled with a decrease in interaction at the

extracellular side when compared to β1. This may reflect the decreased stability at

this end of the TMD due to the highly flexible linker region. In β1, 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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(a) β1 (b) β3

Figure 4.13: Protein - lipid interactions of both β1 and β3 subunits. (a) Interactions of β1 with POPC headgroups. Hotspots are
located at charged residues K37, K44, K45, R46, R85, R89, N93, and R96 in the Ig domain. (b) Interactions of β3 with POPC
headgroups. In contrast to β1, more residues in the Ig domain come into contact with the membrane but not as frequently.
Hotspots are located at charged residues K50, R51, R65, K70, and K98 in the Ig domain.
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Figure 4.14: Average protein - lipid interactions visualised on (a) the β1 and (b) β3 subunits. Side chains of residues with high
interaction are shown as sticks. Colour scale is from least interacting (white) to most interacting (black), as indicated in the
heatplots in Figure 4.13

109



Chapter 4. Atomistic simulations of the voltage-gated sodium channel β3 subunit

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 xy 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 β1 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 β3 subunit is much more varied, with angles spread

across a wider range centred roughly around 30◦. Structurally, the restricted sam-

pling of angles in β1 reflects the orientation of Ig domain closer to that of the bound

β1 crystal structure whereas in β3 the number of confirmations visited is much larger

with no single conformation favoured over another.
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β1β1

(a)

β3β3

(b)

(c) (d)

Figure 4.15: Distribution of pitch angles visited by the β1 and β3 subunits. Polar
histogram of pitch angles in the (a) β1 and (b) β3. Heatplots of pitch angle in each
repeat for the (c) β1 and (d) β3 subunits.
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The restricted movement of the β1 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 β1 there is a region of high interaction† at R96, located between the D and E β

strands. A closer look using the MSA between the β1 and β3 subunits (Appendix

B.5, Figure B.8) reveals that this residue is not conserved in β3. In the simulations

performed of the β1 subunit, 60% of the runs (Rbound) 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 Rbound runs were assessed in

terms of both the R96 residue’s distance to the membrane and the RMSD of the β1

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 Rbound simulations, with a slight levelling off of the RMSD

at ≈ 12.5 Å, 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 β1 runs is

shown in Appendix B, Figure B.3.

†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.

112



Chapter 4. Atomistic simulations of the voltage-gated sodium channel β3 subunit

(a)

R96R96

(b) (c)

Figure 4.16: Binding of the β1 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 β1 subunit RMSD (right). (b) Final frame of one β1 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.

†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 β3 glycosylation sites

The addition of glycosylation sites to the Ig domain of β3 was investigated using the

model as described in Section 4.2.1.3. Briefly, a single GlcNAc species was added to

each of the four predicted N - linked glycosylation sites: N95, N109, N113, and N121

as a β 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 β strand F (N121), whilst the other is located on the

D β strand (N95). The remaining two sites are located at the N-terminal end of the

E β strand (N109) and the other located in a short 3-10 helix between the E and F

β 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 β 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 Å. Residues N95,

N109, and N113 were all closer to the membrane with average distances of 13.2, 8.8,

and 14.6 Å respectively.
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Figure 4.17: Distances of GlcNAc groups of glycosylated residues in the β3 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 GlcNAc groups from the membrane surface. (c)
Typical variation of GlcNAc - 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

β3 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◦.

(a) (b)

Figure 4.18: Pitch analysis of the glycosylated β3 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 β strands D, E, B, and A to also be in close proximity to the membrane

surface. When orientated away from the membrane, the glycosylated β3 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 β3 trimer.

N113N113

N109N109

N95N95

N121N121

Figure 4.19: Representative snapshot of the glycosylated β3 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 β3 ECD trimer and β1 crystal structures

are overlaid there is an unfeasible overlap between the Ig domain that results in the

α helix of the TMD to orientate itself parallel to where the membrane would be

located. In order for the full length β3 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

β1 and β3 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 β3

subunit makes to trimer stability, a full length trimeric model was constructed from

a snapshot in one repeat of the monomeric β3 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 β3

subunit. Although both the β1 and β3 subunit share a high sequence similarity there

remains to be substantial evidence that β1 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 β3 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 × 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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(a)
(b)

(c)

Figure 4.20: Full length β3 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 β3 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 β3 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 β3 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 β1/β3 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 β3 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 β3 (and β1) 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

β3 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 β3 trimer model when compared to the full length β3 monomer.
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Figure 4.22: RMSF of the full length β3 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 β1

and β3, 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 β3 subunits.
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E176cE176cE176bE176b

E176aE176a

(a)

E176cE176c

E176bE176b

E176aE176a

(b)

(c)

Figure 4.23: Position of E176 in the β3 trimer. (a) Side on and (b) intracellular view
of the C-terminus of the β3 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 Å. 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,
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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

4.24c). 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 α helix, located between the E and F β strands, the polar N113

residue shows similar high interaction with the membrane.
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(a)

T154b

V156b, V157b

S158b

Y163b

M177b

Y179b

Y181bR182b

V184b, S185b
K186b, A187b

(b)

N113a
R144a

K70a

E67a

R65a

K70b

R65b N113b

E67b

L112b
S115b

E147b

R144b

R144c

R65c

E67c

K70c

N113c

(c)

Figure 4.24: Protein - lipid interactions in the full length β3 trimer. (a) Heatmap of
one β3 chain (chain B) in the trimeric construct. (b) Protein - lipid contacts mapped
on to the β3 trimer model. Key interactions on one chain (Chain B) are highlighted.
(c) 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 Cα 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).

(a) (b)

Figure 4.25: Distribution of T154 and Y181 in the β3 trimer construct. (a) 2D
histogram of the x and y coordinates of the T154 Cα atoms located towards the
extracellular end of the β3 helices. (b) 2D histogram of the x and y coordinates of
the Y181 Cα atoms located towards the intracellular end of the β3 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 β3 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 β3 differs slightly from typical features present in most Ig

domains [98], with the first ≈ 10 N-terminal residues not being part of an antiparallel

β sheet conformation. Instead, the C26-48 disulphide bond replaces the expected

β 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 β3 monomer, where results indicate an increase in RG values when

compared to WT. Although in some cases subtle, the overall effect of the C48A 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 WT. This should not come as a complete surprise, since experimentally the

higher order structures of β3 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 RG 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 β3 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 RG 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 β3 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 β subunits of Nav channels are single pass type-1

transmembrane proteins. The construction and simulation of the full length β1 and

β3 subunits revealed that although similar in sequence and assumed α subunit binding

characteristics, their behaviour on the membrane is markedly different. Simulations

performed in this chapter suggest that the Ig domain of the β3 subunit is much more

dynamic than β1 through pitch angle analysis. Across each simulation of the β3

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 β1 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 β1 Ig domain to interact with the POPC headgroups.

Since R96 is not present in β3, 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 β3 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 β1 that in β3, at the equivalent position, is a

proline (P30). If the β1 Ig domain became unbound to the membrane and adopted

an orientation similar to that seen in the β3 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.

↓
20. 30. 40. 50. 60.

beta1 GCVEVDSETEAVYGMTFKILCISCKRRSETNAETFTEWTFRQKGT 64
beta3 VCVEVPSETEAVQGNPMKLRCISCMKREEVEATTVVEWFYRPEGG 69

Figure 4.26: Alignment of the N-terminus of the β1 and β3 subunits. An arrow
indicates the D → P switch from β1 → β3. Numbering for β1 residues is shown
above alignment.

†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 β1 & β3

helices

Across all simulations of the β1 and β3 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 β1 and β3 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 β 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 β1 and β3 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 β1 (corresponding to Y179-A190 in β3) is

≥ 4 Å.
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β1 Ig domain

β1 TMD
Nav1.4 α

(a)

Helix
ô̂ôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôôô

160. 170. 180. 190.
beta1 ASIVSEIMMYVLIVVLTIWLVAEMIYCYKKIAAATETA 192
beta3 TSVVSEIMMYILLVFLTLWLLIEMIYCYRKVSKAE.EA 190︸ ︷︷ ︸

Bending

(b)

Figure 4.27: Examination of β subunit bending. (a) The electron density in the Pan et
al. structure, image adapted from [4]. (b) Alignment of the β1 and β3 TMD. Regions
that experience a large degree of bending are indicated in red braces. Numbering for
β1 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 β

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 β3 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 β3 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 β3 subunit were to interact with the

VSDs of the pore-forming α subunit in a similar fashion to β1 [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 α−β and / or β−β 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 β3

subunit does not have an overall stabilising effect on the β3 trimer and in fact may

only be required for correct positioning within the membrane. Additionally when the

helices of each β3 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 β1 and β3 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 β3 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 β3 with a single GlcNAc moiety to each glycosylation site. In the non-

glycosylated form (i.e. WT) of β3, 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 β3 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 β 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

GlcNAc 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 β3 conformation on the cell membrane.

4.5 Conclusions

In summary, the dynamics of Nav channel β subunits are highly variable. Simu-

lations performed in this chapter have outlined that although similar in binding to

the α subunit, there is an inherent difference in behaviour between the β1 and β3

subunits when in isolation on the cell membrane. Critically, the non-conserved R96

residue on one side of the Ig domain in β1 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 β3 subunit is much more flexible. When present as a monomer, β3
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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 β3

subunit is stable with the TMD helices seemingly not involved in additional stabilisa-

tion. The intriguing E177/E176 in β1/β3 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 β subunit dynamics and act as the starting point to further

our understanding of Nav channel modulation and clustering.
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“You’re stronger than you think, you’ve got this
Broski.”

— Eleanor (sister)
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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” β3 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 β3 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 vivo

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 Koldsø 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 (PIP2) 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 β 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 β3 clustering, the MARTINI CG force field was used.

5.2.1 System setup

The full length atomistic model of the β3 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 ElNeDyn elastic network [188]. The resulting CG β3 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 6×6 grid of β3 subunits was constructed by tiling the single β3 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−1 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−1 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 3×10 µs 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 gmx 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 PIP2

Upper 40 10 15 10 25 - -

Lower 10 40 - - 25 15 10

Table 5.1: Lipid composition of the generalised mammalian membrane from
Koldsø et al. [267] used in CG simulations of the β3 subunit. Where POPC
= 1-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 PIP2 = 1-palmitoyl-2-oleoyl-glycero-3–phosphatidylinositol-
4,5-bisphosphate.
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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 β3 subunit

Each starting 6×6 β3 system contained a unique distribution of Ig domain orientations

after randomisation as well as different lipid distributions. Over the course of each

10 µs simulation of the large β3 system, higher order oligomers were formed (Figure

5.2b). As seen in Chapter 4, the β 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 β 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 β3 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 µs, 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.
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(a) (b)

(c)

Figure 5.2: Cluster evolution of the β subunit in a generalised mammalian membrane
over 10 µs. (a) Extracellular view of the starting arrangement of β3 subunits (shown
in green) at t = 0 µs. Each β3 subunit’s orientation has been randomised prior to the
10 µs run. (b) Extracellular view of the final arrangement of β3 subunits as part of
higher order oligomers. (c) Evolution of cluster size that each β3 monomer is a part
of over 10 µs. Colour of lipid species is the same as shown in Figure 5.1.
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In all CG β3 runs, similar clustering patterns were formed (see Appendix B, Figure

B.4 for snapshots of other repeats). In the 25 × 400 ns atomistic simulations of the

β3 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 β3 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 β3 model constructed from the α - β1 crystal

structure, with the N-terminal ‘A’ β strand orientated above VSDIII of the α 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 β3 states in each clustering run.

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

Figure 5.3: Different states adopted by β3 clusters.

5.3.2 Protein - protein interactions between β3 clusters

To assess the likely protein - protein interfaces between β3 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 Å. 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 β3 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 β 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 β3 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 β3 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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Figure 5.4: Protein - protein interactions in β3. (a) Average β3 protein - protein interactions. The first side chain particle
of residues that account for more than 1.5% of the total protein - protein interactions are shown as spheres. (b) Average β3
protein - protein interactions heatmap overlaid with amino acid sequence.
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At first glance, the protein - protein contacts made between CG copies of the

β3 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 β3 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 β3 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 β3 protein - lipid interactions

Over the course of each 10 µs simulation, the β3 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 β3 subunit. Out of the seven different lipid types

constituting the generalised mammalian membrane, only GM3, PIP2, and cholesterol

interact strongly with the β3 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 β3.

In the lower leaflet, PIP2 has the highest g(r), whilst Chol (known to flip-flop

between membrane leaflets) shows a slight increase in probability close to β3. 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 β3 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 PIP2, located exclusively in

the lower leaflet, the density is concentrated at the C-terminus. Due to the negatively

charged headgroup of PIP2, 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 PIP2, 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 β3 protein - lipid interactions. (a) Face 1 of the β3 subunit. (b) Face 2 of the β3 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 β3 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 β3-

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 β1 - Nav1.4 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 β

strands† C′′ → C′. Similarly in the loop between the E → D β 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 E148 → F153.

†The reader is guided to Chapter 1, Figure 1.7 for a reminder of Ig β strand labelling convention.

152



Chapter 5. Coarse-grained simulations of β3 subunit oligomerisation

Figure 5.7: Regions of high interaction of the β3 with GM3.

The density of each lipid type surrounding each β3 protein was calculated by

aligning the protein coordinates to C26 (located at the N-terminus at the start of

the ‘A’ β 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 β3 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 PIP2) 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 β3 subunit and reflects the accumulation of GM3 on one “face” of the

Ig domain, as seen in Figure 5.6. Conversely, PIP2 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 PIP2 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 PIP2 binds to the TMD

with all angles equally sampled over the course of the trajectory (Figure 5.8d). The

full set of PIP2 interactions are shown on the β3 sequence in Appendix B (Figure

B.5).

(a) (b)

(c) (d)

Figure 5.8: Lipid density surrounding the β3 subunit. (a) GM3 density. (b) PIP2

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 β3 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 β3 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 β 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 β3 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 β3 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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(a)

V156

V157

S158

S158

V157

V156

(b)

Figure 5.9: Overlay of “up” state β3 subunit with the atomistic trimer model. (a)
Side on view of the full length, atomistic β3 trimer model with the CG Iβ3 “up”
conformation superimposed on one chain (transparent and cyan). Inset shows local
bending in the TMD of one β3 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” β3 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 β3 distorts significantly close to residues V156, V157, and

S158. In the CG β3 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 ElNeDyn 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 µs 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 β3 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 µs 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 β3 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 β 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 Koldsø 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 β3

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

β1 subunit, results have shown that it is preferentially found in lipid rafts where it

acts as a substrate for sequential cleavage by β-(BACE) and γ-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 µs simulations. GM3 tends to act as

a bridge between β3 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 β1 subunit

of the Ca2+ 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 β3

subunit may influence the α subunit in a similar way.

5.5 Conclusions

In this chapter CG MD has been utilised to probe the observed β3 clustering in a

generalised mammalian membrane. A total of 36 β3 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 β3 subunit was much

more dynamic and highlights the importance of membrane composition in protein

behaviour.

The clustering of the β3 subunit is not present in isolation and how this clustering

may influence the spatial density of the pore-forming α subunit is the subject of

Chapter 6.
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“Done is better than perfect.”

— Naomi (sister)
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6.1 Introduction

In Chapter 4, the dynamics of the β3 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

β3 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 β3 subunit influences the spatio-temporal dynamics of the

Na+ conducting α subunit remains to be fully characterised. Although there are an

increasing number of Nav channel structures with β subunits bound [4, 5], the full

extent of interactions between cardiac Nav1.5 channels and auxiliary subunits via

cross-linking is not clear. In this chapter, large scale simulations are performed on

a u 2 million CG particle system to investigate the clustering of α and β3 subunits

using the same lipid composition as described in Chapter 5.

6.1.1 The significance of Nav1.5 α - β3 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 Nav1.1, Nav1.2, Nav1.6, Nav1.7,

Nav1.8, and Nav1.9 preferentially cluster at these nodes [287, 288]. The absence of

Nav1.5 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 Nav1.5 α subunits [100, 257]

as well as a variety of other protein species, including β subunits [289]. If Nav1.5

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

in vivo.

MD simulations performed in this chapter aim at elucidating the possible binding

site(s) of the β3 subunit, address possible cross-linking of α 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 × 3 α 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 Nav1.5 sequence was extracted and the recent Nav1.7 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 α 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 Nav1.5 α 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 Na+ 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

Cα atoms with a force constant of 1000 kJ mol−1 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 α 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 ElNeDyn elastic network [188]. The

resulting CG α model was then embedded in the same generalised mammalian mem-

brane composition used in Chapter 5, obtained using the insane methodology [272].

A 3 × 3 grid of α subunits was constructed by tiling the single α subunit embedded

in a mixed membrane in both the x and y direction using the gmx 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−1 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−1 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 × 10 µs 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 α & β3 subunit grid

A large CG grid containing a mixture of α and β3 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 α subunit and four β3 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 (UC45◦),

which was created in order to minimise the distance between protein copies. The

final large scale grid of α and β3 subunits was constructed by combining both the

UC and UC45◦ in three rows (Figure 6.1a). The resulting grid of α and β3 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 α subunit and

36 copies of the β3 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 µs 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 α and β3 subunits respectively. All position restrains were performed with

a force constant of 1000 kJ mol−1 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 × 17 µs 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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UC45◦ UC UC45◦

UC UC45◦ UC

UC45◦ UC UC45◦

(a)

(b)

Figure 6.1: Construction of the large α - β3 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 α subunits (cyan) and 36 β3 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 α subunit

The evolution of α subunit clusters over each 10 µs simulation in the 3 × 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 α subunit. These residues were chosen on the

basis that they encapsulate VSDs I-IV of the α 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 α 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 µs, clusters of α subunits formed with a maximum

cluster size of 4.

Figure 6.2: Cluster evolution of the 3 × 3 α 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 α 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 α subunits (Figure 6.3b). When viewed from the

extracellular domain, the same α 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 α subunit in the 3 × 3 system was identical to

that of the α subunit in the mixed α - β3 system (described later in Section 6.3.3).

Briefly, the α subunit exhibited a similar protein - lipid RDF as was seen for the

CG β3 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 PIP2 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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(a)
(b)

DIDI DIIDII

DIIIDIII

DIVDIV

(c)

Figure 6.3: Protein - protein interactions in the 3 × 3 α subunit system. (a) Extra-
cellular and (b) intracellular view of the 3 × 3 α subunit systems at 10 µs. Colours
of lipids are the same as in Chapter 5, Figure 5.1. (c) Highly interacting residues be-
tween α 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 α - β3 subunit interactions in a large membrane system

The clustering of both the α and β3 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 α and β3 subunits respectively). A cluster of α and

β3 was defined if the distance between both species’ centres of geometry was ≤ 6 nm.

After 17 µs of simulation, higher order clusters formed between the α and β3 subunits

with the majority of clusters present as dimers with a small fraction of higher order

oligomers. In addition to α - β3 clusters, several copies of the β3 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 µs run is shown in Figure 6.4 together with

the typical evolution of protein clusters.

(a)

(b)

Figure 6.4: Evolution of α and β3 clusters over 17 µs. (a) Snapshot after 17 µs
of simulation where clusters of α (cyan) and β3 subunits (green) are present in the
mixed lipid membrane. (b) Evolution of cluster sizes over 17 µs.
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The density of β3 subunits surrounding the α subunit was analysed for every

frame. For each of the nine α subunit copies in the system, the β3 density was

recorded within a 12 nm radius where each α subunit copy was aligned to I717

(located in the S1 helix of VSDII). Generally there was a depletion of β3 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 β3 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 β3 surrounding the α subunits in each run are shown in Figure 6.5.

(a) Run 1 (b) Run 2

(c) Run 3

Figure 6.5: Density of β3 around the α subunit. β3 density is averaged across all
frames of a 17 µs run, each VSD is colour coded and indicated in the legend. All
α subunit copies are aligned from the centre of mass of the collective VSDs to I717
located in S1 of VSDII (black arrow).
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When comparing the protein binding sites on the α 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 β3 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 β3 density, with the Ig domain seemingly making up most of

the observed interactions around the α subunit when viewed from the extracellular

side. In fact, when analysing residues that exhibit high contact on both the α and β3

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 α and β3 subunits reveals a somewhat

conflicting preference for VSDI and VSDII when compared to the binding site of β1

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 β3 subunit binds with

both VSDI and VSDII preferentially, with fewer interactions present in VSDIII and

VSDIV (Figure 6.6a, 6.7, & 6.8). Most β3 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 β3 interacts primarily between the linker regions of the

S2-S3 linker in VSDIII and the S6-S1 linker between domains DIII and DIV. In β3,

protein - protein contacts are concentrated in the TMD, again with the hydrophobic

residues accounting for most of the α subunit interaction (Figure 6.6c). The conserved

E176 residue located at the C-terminal end of the TMD accounts for approximately

14% interaction density with the α subunit, whilst other residues such as M177, C180,

and Y181 exhibit lower protein - protein contact values. The Ig domain of β3 makes
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contact with the extracellular loops of the α subunit through residues at the “tip”

located between β strands B → C (E53) and F → G (E129, A130, and H131).

S2S2 S3S3 S1S1
S2S2

S3S3

VSDII VSDI

αα

(a) (b)

(c)

Figure 6.6: Protein - protein interactions between the α and β3 subunits. Regions
of high contact of the β3 subunit on (a) the α subunit and (b) the β3 subunit. High
levels of contact are located on the helices of VSDI and VSDII in the α 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 VSDIII) and the TMD of β3. The first side chain particle
of residues that account for more than 1.5% of the total protein - protein interactions
are shown as spheres. (c) Heatmap of high contact regions on the β3 subunit. Regions
of β3 contact on each domain of the α subunit are shown in Figures 6.7 & 6.8.
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(a) DI

(b) DII

Figure 6.7: β3 contacts on DI & DII of the the Nav1.5 α 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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(a) DIII

(b) DIV

Figure 6.8: β3 contacts on DIII & DIV of the the Nav1.5 α 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 α - β3 clustering

In Chapter 5, the clustering of multiple β3 subunits was found to be dependent

primarily upon GM3 and PIP2, with each favouring binding to the Ig domain and

base of the TMD ,respectively. The RDF distribution of lipids surrounding the α

subunit (Figure 6.9) is similar to that of β3 with respect to the proximity of GM3,

however there is a much more pronounced interaction with PIP2 and cholesterol. As

shown in Figure 6.10, there is significant GM3 clustering at the top of all VSDs in the

α subunit with additional interactions within the loop regions close to the selectivity

filters. In contrast to β3 lipid interactions (examined in Chapter 5, Section 5.3.3) the

α subunit exhibits a slight increase in cholesterol interactions that tend to coat the

S1-S6 helices in all domains.

Figure 6.9: The RDF distribution of lipids surrounding the Nav1.5 α subunit in the
α - β3 system. When compared to β3 (Chapter 5, Figure 5.5), there is a notable
increase in PIP2 and cholesterol proximity.
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Figure 6.10: Protein - lipid interactions in the Nav1.5 α subunit. (a) Extracellular view of GM3 and (b) cholesterol interactions
and (c) the intracellular view of PIP2 interactions. (d), (e) & (f) show interactions of GM3, cholesterol, and PIP2 respectively
on the transmembrane domain of the α 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 β3 subunit

Structures of the closely related β1 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 β3 explores a variety of conformational states. To investigate whether

poses similar to that of β1 in crystal structures were captured in the CG simulations,

each cluster of α and β3 subunits was investigated. As seen in the previous section

(and Chapter 5, Section 5.3.3), the clustering of both α and β3 subunits is heavily

mediated by GM3 and to a lesser extent PIP2 and cholesterol. This trend continues

between clustered α and β3 subunits, with GM3 mediating contacts between both

subunits.

Visual inspection was performed on the clusters of proteins in the final frame of

each 17 µs repeat. Figure 6.11b shows examples of various binding modes of β3 to

the α subunit. Typically, the Ig domain is orientated away from the body of the α

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 β 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

β3 subunit was associated with the VSDs of the α subunit were also present and

display a similar orientation of the Ig domain positioned away from the α subunit

body (Figure 6.11b ii). Additional higher order structures of β3 were also found, this

time with an Ig orientation similar to that seen in the β1 bound crystal structure

(Figure 6.11b iii).
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Figure 6.11: GM3 mediated clustering of α and β3 subunits. (a) Extracellular view of clustered α and β3 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 α and β3 subunits. The α and β3 subunits are shown in cyan and
green respectively.
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6.4 Discussion

6.4.1 Preferential binding of the β3 subunit

When in isolation, the α 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 α− α 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 α

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 β3 subunit binds preferentially to VSDI and VSDII,

with a decreased interaction with the VSDIII and VSDIV. Analysis of the specific

helices that β3 interacts with reveals a slight preference for S2 and S3 as well as the

S2-S3 cytoplasmic loops in DI. In VSDII, β3 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 β1 (located between SI and S2), it is somewhat

reassuring that β3 binds in same place. Residues in VSDIII such as G1118, K1189,

V1190, W1191, and W1192 make up high regions of contact with the β3 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

β1 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 α - β subunit interaction at

VSDIII.
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S1
ô̂ôôôôôôôôôôôôôôôôôôôôôô

DI VLSPFHPIRRAAVKILVHSLFNMLIMCTILTNCVFMA....QHDP 153
DII CCPLWMSIKQGVKLVVMDPFTDLTITMCIVLNTLFMALE..HYNM 741
DIII PGKVWWRLRKTCYHIVEHSWFETFIIFMILLSSGALAFEDIYLEE 1231
DIV IPRPLNKYQGFIFDIVTKQAFDVTIMFLICLNMVTMMVE..TDDQ 1552
consensus :: :: ** :: *: :*:: *:** ::** * :

S2 S3
ô̂ôôôôôôôôôôôôôôôôôôôô ô̂

DI PP....WTKYVEYTFTAIYTFESLVKILARGFCLHAFTFLRDPWN 194
DII TSEFEEMLQVGNLVFTGIFTAEMTFKIIALDP....YYYFQQGWN 782
DIII RKTIKVLLEYADKMFTYVFVLEMLLKWVAYGF....KKYFTNAWC 1272
DIV SPEKINILAKINLLFVAIFTGECIVKLAALR.....HYYFTNSWN 1592
consensus :: * : :: **:*** *:::*: *::: :**:: **

S3 S4
ô̂ôôôôôôôôôôôôôôôôôôôôôôôô ô̂ôôôôôôôôôôôô

DI WLDFSVI......IMAYTT...EFVDLGNVSALRTFRVLRALKTI 230
DII IFDSIIVILSLMEL........GLSRMSNLSVLRSFRLLRVFKLA 819
DIII WLDFLIVDVSLVSLVANTL...GFAEMGPIKSLRTLRALRPLRAL 1314
DIV IFDFVVVILSIVGTVLSDIIQKYFFSPTLFRVIRLARIGRILRLI 1637
consensus ** *::*:: ::: : :* ::: ::**::* ** * ::

S4
ô̂ô

DI SVISGLKTIVGALIQ 245
DII KSWPTLNTLIKIIGN 834
DIII SRFEGMRVVVNALVG 1329
DIV RGAKGIRTLLFALMM 1652
consensus : *::*:: **

X non conserved

X ≥ 50% conserved

X ≥ 75% conserved

Figure 6.12: Alignment of VSDI-IV in the Nav1.5 α 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 β3 subunits at once [99]. In order for this binding

pattern to occur the β3 subunit must bind to multiple VSDs. This is in contrast to

structures of β1, 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 β3 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 β1 and β3 be expected to interact with the α

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 β3 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 α 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 β1).

↓ ↓ ↓ ↓ ↓↓ ↓↓
160. 170. 180. 190.

beta1 ASIVSEIMMYVLIVVLTIWLVAEMIYCYKKIAAATETA 192
beta3 TSVVSEIMMYILLVFLTLWLLIEMIYCYRKVSKAE.EA 190

↑ ↑ ↑ ↑↑ ↑↑ ↑↑↑ ↑↑ ↑

Figure 6.13: Alignment of the β1 and β3 TMD helical sequence. Residues present
at the binding face of β1 to the α subunit in the Shen crystal structure [5] are
indicated by down arrows. Residues in β3 exhibiting regions of high interaction (≥
6% interaction density) with the Nav1.5 α subunit in simulations are indicated by up
arrows. E177 / E176 residues in β1 / β3 are highlighted in red. Residue numbering
is shown for β1 and conserved residues are shown in blue.

Both β1 and β3 have been shown to be able to bind to Nav1.1 at the C-terminus

of the α subunit [64], in close proximity to VSDIV. The location of this binding site

is further supported by studies using chimeric α subunits that suggest β1 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 β1

subunit bound between the cleft formed by VSDIII and VSDIV to modulate inactiva-

tion at VSDIV and β3 bound at the cleft between DII and DIII to influence channel

184



Chapter 6. Exploring α - β3 interactions using coarse-grained simulations

kinetics [233].

Altogether, the binding preference of both the β1 and β3 subunit is unclear.

Recent crystal structures have revealed that VSDIII is the domain of choice for β1,

however this is at odds with other experimental findings and hints at a more dynamic

role of α and β subunit interaction. Although there does seem to be a slight preference

for β3 binding to VSDI and VSDII (and the S2 helix therein), results presented in

this chapter suggest that the binding of the β3 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 β3 to be orientated in such a way as

for it to extend away from the α 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 α subunit or outwardly, with another β3 subunit

bound in a similar fashion to a neighbouring α subunit. Binding as the latter could be

akin to interactions seen in the trimeric β3 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 u 2 million CG particles, there is still an issue of sufficient

sampling. Each run performed resulted in a cumulative simulation time of ≥ 30 µs,

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 α and β3 subunits. Overall, there is a tendency for GM3 to mediate cluster-

ing with smaller contributions present from PIP2. 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 β3, the α subunit exhibits a

greater degree of interaction with PIP2 that is located on the cytoplasmic side of each

VSD. Since Nav channels are insensitive to PIP2 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 β3 subunit, there is increased

interaction between the α 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 α − β3 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 u 1000-2000 µm−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 u 2 million particle CG system in this chapter reveal that over the

course of each 17 µs trajectory the plasma membrane remains relatively flat with

only slight undulation (Figure 6.14a). However, extension of one run to 20 µs reveals

more dynamic motion with areas of high and low distortion relative to the starting

membrane plane (Figure 6.14b).

(a) (b)

Figure 6.14: Membrane distortion in the α - β3 system. (a) Membrane density of
phosphate atoms with respect to the z-axis, averages taken over 0-17 µs for all runs.
Additionally, one run was extended to a total of 20 µs where the membrane exhibits
increased undulation. (b) Extracellular view of the membrane at 20 µs with regions
of high and low distortion indicated.

The increased undulation seen in the 20 µs 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 α 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 PIP2 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 α and β3 subunits

exhibit multiple binding modes, the most prevalent of which include the Ig domain

orientated away from the α 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 β3-mediated binding between α subunits remains to

be fully characterised. However, the flexibility of the β3 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 α and β3 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

7
Conclusions

7.1 Summary

Prior to the work conducted in this thesis, MD simulations of Nav β subunits were

limited to those in complex with the pore-forming α subunit [314]. For the first time,

an in-depth study of non-covalently bound β 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
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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 Nav1.5e 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 χ1 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 Nav1.5, 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 β1 and β3 subunits’ Ig domain and determine the overall

dynamics of each subunit in isolation of the α 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 β3 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 β1 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 β3 model suggests that a conserved glutamic

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

†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 α and β3 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 β3 sub-

units were found to be mediated strongly by GM3 lipids present in the generalised

mammalian membrane, causing the Ig domain of β3 to orientate itself and present

one “face” bound to the membrane surface. A variety of β3 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 α and

β3 subunits present, clusters formed in a variety of α:β3 ratios. Ig domains were

seen to bind in a number of different orientations, both in agreement with α subunit

bound β1 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 glialCAM [315, 316] (see Section 7.2.4), behave

in a similar fashion as Nav β 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 Nav1.5 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 β 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 Nav1.5 and Kir 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 β1 and β3 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 α− β 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 β subunits, the Ig domain

contains four predicted glycosylation sites and in Chapter 4 the effects of glycosyla-

tion on the β3 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 GUI [325] for

glycoprotein construction. In this work, investigation of the glycosylation sites in the

β1 subunit were unable to be performed. In future work it would be interesting to

compare results to that of the β3 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

MARTINI 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-

195



Chapter 7. Conclusions

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 β1-4 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 γ subunits disrupt Ca2+ 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 γ 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 γ2 (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 β 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 glialCAM 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,

β and γ 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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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 (A.1)

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)

=
N∑
i=1

p2
i

2mi

+ V (qi) (A.3)

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

form:

q̇i =
∂H

∂pi
(A.4)

ṗi = −∂H
∂qi

(A.5)

Where q̇i and ṗi are the derivatives of the generalised coordinates and momenta

respectively for particle i. It can also be shown that this formulation does conserve
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energy of the system (i.e. such that H = E, and so dH
dt

= 0).

d(H(q(t),p(t))

dt
=

N∑
i=1

(
∂H

∂qi
q̇i +

∂H

∂pi
ṗi

)
(A.6)

=
N∑
i=1

(
∂H

∂qi

∂H

∂pi
− ∂H

∂pi

∂H

∂qi︸ ︷︷ ︸
=0

)
(A.7)

= 0 (A.8)

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:

f(x) =
∞∑
i=0

f (i)(c)

i!
(x− c)i (A.9)

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

r(t+ ∆t) = r(t) + f ′(t)∆t+
f ′′(t)

2
∆t2 +

∆t3

3!

...
r +O(t4) (A.10)

similarly the choice of a negative time step, −∆t gives:

r(t−∆t) = r(t)− f ′(t)∆t+
f ′′(t)

2
∆t2 − ∆t3

3!

...
r +O(t4) (A.11)
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Noting that f ′(t) = v(t) and f ′′(t) = a(t), where v(t) and a(t) are velocity and

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

r(t+ ∆t) + r(t−∆t) = 2r(t) +
1

2
a(t)∆t2 +O(t4) (A.12)

r(t+ ∆t) ≈ 2r(t)− r(t−∆t) +
1

2
a(t)∆t2 (A.13)

Reformulation of equation A.12 yields the velocity, so long as the history of the

trajectory is known:

v(t) =
r(t+ ∆t)− r(t−∆t)

2∆t
+O(t2) (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 (φ, θ, ψ) 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.

ri = rCoM + R>ri
′ (A.15)

r′ = R(ri − rCoM) (A.16)
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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

β subunit (Figure A.2), act as the basis of the body-fixed system whilst the unit

vectors ex, ey, ez act as the space-fixed system (where ex = [1, 0, 0], ey = [0, 1, 0] and

ez = [0, 0, 1]).
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PA1PA1

PA2PA2

PA3PA3

(a)

PA1PA1

PA3PA3

(b)

Figure A.2: Principal axes calculated within the β 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
PA3.

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

given by:

R =


ax ay az

bx by bz

cx cy cz

 =


a · i a · j a · k

b · i b · j b · k

c · i c · j c · k

 (A.17)

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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x

y

z

(a) Original

x

y

z

x′

y′

z′

(b) Yaw (rotate around z)

x

y

z

x′′
y′′

z′′

(c) Pitch (rotate around y′)

x

y

z

x′′′

y′′′

z′′′

(d) Roll (rotate around x′′)

1

Figure A.3: The general sequence of a rotation adopting the Tait-Bryan angle formal-
ism. Often found in aerospace applications, x 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

a) Run 1 b) Run 2

c) Run 3 d) Run 4
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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: β1 subunit R96 minimum distance from the membrane and RMSD over
200ns.
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B.3 Supplementary material for Chapter 5

(a) Run 1 (b) Run 3

Figure B.4: β3 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.

Figure B.5: Average β3 - PIP2 interactions.
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B.4 Supplementary material for Chapter 6

(a) DI

(b) DII

Figure B.6: β3 contacts on the Nav1.5 α 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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(a) DIII

(b) DIV

Figure B.7: β3 contacts on the Nav1.5 α 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

A B

10. 20. 30. 40.
beta1 ...MGRLLAL..VVGAALVSSACGGCVEVDSETEAVYGMTFKILC 40
beta3 MPAFNRLFPLASLVLIYWVSVCFPVCVEVPSETEAVQGNPMKLRC 45

C C ′ C ′′

50. 60. 70. 80.
beta1 ISCKRRSETNAETFTEWTFRQKGTEEFVKILRYENEVLQLEEDER 85
beta3 ISCMKREEVEATTVVEWFYRPEGGKDFLI...YEYRNGHQEVESP 87

D E 310 Helix F
ô̂ô

90. 100. 110. 120. 130.
beta1 FEGRVVWNGSRGTKDLQDLSIFITNVTYNHSGDYECHVYRLLFFE 130
beta3 FQGRLQWNGS...KDLQDVSITVLNVTLNDSGLYTCNVSREFEFE 129

G Linker Helix︷ ︸︸ ︷ ô̂ôôôôôôôôôôôôôôôôôôôô
140. 150. 160. 170.

beta1 NYEHNTSVVKKIHIEVVDKANRDMASIVSEIMMYVLIVVLTIWLV 175
beta3 AHRPFVKTTRLIPLRVTEEAGEDFTSVVSEIMMYILLVFLTLWLL 174

Helix
ô̂ôôôôôôôôôôôôôôôô

180. 190. 200. 210.
beta1 AEMIYCYKKIAAATETAAQENASEYLAITSESKENCTGVQVAE 218
beta3 IEMIYCYRKVSKAE.EAAQENASDYLAIPSENKENSAVP.VEE 215

Figure B.8: Sequence alignment of Nav β1 and β3 subunits. Approximate location
of strands in the Ig domain are indicated by black bars, in addition to the linker and
helical regions. Numbering for β1 residues is shown above alignment.
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P. De Jonghe, “A deletion in SCN1B is associated with febrile seizures and
early-onset absence epilepsy,” Neurology, vol. 61, no. 6, pp. 854–6, 2003.

218



References.

[27] K. L. I. van Gassen, M. de Wit, M. van Kempen, W. Saskia van der Hel, P. C.
van Rijen, A. P. Jackson, D. Lindhout, and P. N. E. de Graan, “Hippocampal
Nav β3 expression in patients with temporal lobe epilepsy,” Epilepsia, vol. 50,
no. 4, pp. 957–962, 2009.

[28] J. J. Gargus, “Ion Channel Functional Candidate Genes in Multigenic Neu-
ropsychiatric Disease,” Biological Psychiatry, vol. 60, no. 2, pp. 177–185, 2006.

[29] B. S. Shah, E. B. Stevens, M. I. Gonzalez, S. Bramwell, R. D. Pinnock, K. Lee,
and A. K. Dixon, “β3, a novel auxiliary subunit for the voltage-gated sodium
channel, is expressed preferentially in sensory neurons and is upregulated in
the chronic constriction injury model of neuropathic pain,” European Journal
of Neuroscience, vol. 12, no. 11, pp. 3985–3990, 2000.

[30] N. Takahashi, S. Kikuchi, Y. Dai, K. Kobayashi, T. Fukuoka, and K. Noguchi,
“Expression of auxiliary β subunits of sodium channels in primary afferent
neurons and the effect of nerve injury,” Neuroscience, vol. 121, no. 2, pp. 441–
450, 2003.

[31] W. S. Agnew, A. C. Moore, S. R. Levinson, and M. A. Raftery, “Identification of
a large molecular weight peptide associated with a tetrodotoxin binding protein
from the electroplax of Electrophoruselectricus,” Biochemical and Biophysical
Research Communications, vol. 92, no. 3, pp. 860–866, 1980.

[32] D. A. Beneski and W. A. Catterall, “Covalent labeling of protein components
of the sodium channel with a photoactivable derivative of scorpion toxin,” Pro-
ceedings of the National Academy of Sciences of the United States of America,
vol. 77, no. 1, pp. 639–43, 1980.

[33] W. A. Catterall, “The molecular basis of neuronal excitability,” Science,
vol. 223, no. 4637, pp. 653–661, 1984.

[34] W. A. Catterall, “From ionic currents to molecular mechanisms: the structure
and function of voltage-gated sodium channels,” Neuron, vol. 26, no. 1, pp. 13–
25, 2000.

[35] F. H. Yu, V. Yarov-Yarovoy, G. A. Gutman, and W. A. Catterall, “Overview
of molecular relationships in the voltage-gated ion channel superfamily,” Phar-
macological reviews, vol. 57, no. 4, pp. 387–95, 2005.

[36] M. Noda, S. Shimizu, T. Tanabe, T. Takai, T. Kayano, T. Ikeda, H. Takahashi,
H. Nakayama, Y. Kanaoka, N. Minamino, K. Kangawa, H. Matsuo, M. A.
Raftery, T. Hirose, S. Inayama, H. Hayashida, T. Miyata, and S. Numa, “Pri-
mary structure of Electrophorus electricus sodium channel deduced from cDNA
sequence,” Nature, vol. 312, no. 5990, pp. 121–127, 1984.

[37] J. Diss, S. Fraser, and M. Djamgoz, “Voltage-gated Na+ channels: multiplic-
ity of expression, plasticity, functional implications and pathophysiological as-
pects,” European Biophysics Journal, vol. 33, no. 3, pp. 180–193, 2004.

[38] A. L. Goldin, R. L. Barchi, J. H. Caldwell, F. Hofmann, J. R. Howe, J. C.
Hunter, R. G. Kallen, G. Mandel, M. H. Meisler, Y. B. Netter, M. Noda, M. M.
Tamkun, S. G. Waxman, J. N. Wood, and W. A. Catterall, “Nomenclature of
voltage-gated sodium channels,” Neuron, vol. 28, no. 2, pp. 365–8, 2000.

219



References.

[39] J. Satin, J. W. Kyle, M. Chen, P. Bell, L. L. Cribbs, H. A. Fozzard, and
R. B. Rogart, “A mutant of TTX-resistant cardiac sodium channels with TTX-
sensitive properties,” Science (New York, N.Y.), vol. 256, no. 5060, pp. 1202–5,
1992.

[40] L. Sivilotti, K. Okuse, A. Akopian, S. Moss, and J. Wood, “A single ser-
ine residue confers tetrodotoxin insensitivity on the rat sensory-neuron-specific
sodium channel SNS,” FEBS Letters, vol. 409, no. 1, pp. 49–52, 1997.

[41] I. Ogiwara, H. Miyamoto, N. Morita, N. Atapour, E. Mazaki, I. Inoue,
T. Takeuchi, S. Itohara, Y. Yanagawa, K. Obata, T. Furuichi, T. K. Hensch, and
K. Yamakawa, “Nav1.1 localizes to axons of parvalbumin-positive inhibitory in-
terneurons: a circuit basis for epileptic seizures in mice carrying an Scn1a gene
mutation,” The Journal of neuroscience : the official journal of the Society for
Neuroscience, vol. 27, no. 22, pp. 5903–14, 2007.

[42] J. H. Caldwell, K. L. Schaller, R. S. Lasher, E. Peles, and S. R. Levin-
son, “Sodium channel Nav1.6 is localized at nodes of ranvier, dendrites, and
synapses,” Proceedings of the National Academy of Sciences of the United States
of America, vol. 97, no. 10, pp. 5616–20, 2000.

[43] M. R. Kaplan, M. H. Cho, E. M. Ullian, L. L. Isom, S. R. Levinson, and B. A.
Barres, “Differential control of clustering of the sodium channels Nav1.2 and
Nav1.6 at developing CNS nodes of Ranvier,” Neuron, vol. 30, no. 1, pp. 105–19,
2001.

[44] J. A. Lindia, M. G. Köhler, W. J. Martin, and C. Abbadie, “Relationship
between sodium channel Nav1.3 expression and neuropathic pain behavior in
rats,” Pain, vol. 117, no. 1, pp. 145–153, 2005.

[45] T. R. Cummins, P. L. Sheets, and S. G. Waxman, “The roles of sodium channels
in nociception: Implications for mechanisms of pain.,” Pain, vol. 131, no. 3,
pp. 243–57, 2007.

[46] J. S. Trimmer, S. S. Cooperman, S. A. Tomiko, J. Zhou, S. M. Crean, M. B.
Boyle, R. G. Kalen, Z. Sheng, R. L. Barchi, F. J. Sigworth, R. H. Goodman,
W. S. Agnew, and G. Mandel, “Primary structure and functional expression of
a mammalian skeletal muscle sodium channel,” Neuron, vol. 3, no. 1, pp. 33–49,
1989.

[47] M. B. Rook, M. M. Evers, M. A. Vos, and M. F. A. Bierhuizen, “Biology of
cardiac sodium channel Nav1.5 expression,” Cardiovascular Research, vol. 93,
no. 1, pp. 12–23, 2012.

[48] D. M. Krzemien, K. L. Schaller, S. R. Levinson, and J. H. Caldwell, “Im-
munolocalization of sodium channel isoform NaCh6 in the nervous system,”
The Journal of Comparative Neurology, vol. 420, no. 1, pp. 70–83, 2000.

[49] A. Gasser, T. S.-Y. Ho, X. Cheng, K.-J. Chang, S. G. Waxman, M. N. Rasband,
and S. D. Dib-Hajj, “An AnkyrinG-Binding Motif Is Necessary and Sufficient
for Targeting Nav1.6 Sodium Channels to Axon Initial Segments and Nodes of
Ranvier,” Journal of Neuroscience, vol. 32, no. 21, pp. 7232–7243, 2012.

[50] J. J. Toledo-Aral, B. L. Moss, Z. J. He, A. G. Koszowski, T. Whisenand, S. R.
Levinson, J. J. Wolf, I. Silos-Santiago, S. Halegoua, and G. Mandel, “Identi-
fication of PN1, a predominant voltage-dependent sodium channel expressed
principally in peripheral neurons,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 94, no. 4, pp. 1527–32, 1997.

220



References.

[51] C. Han, J. Huang, and S. G. Waxman, “Sodium channel Nav1.8: Emerging
links to human disease,” Neurology, vol. 86, no. 5, pp. 473–83, 2016.

[52] S. D. Dib-Hajj, J. A. Black, and S. G. Waxman, “Nav1.9: a sodium channel
linked to human pain,” Nature Reviews Neuroscience, vol. 16, no. 9, pp. 511–
519, 2015.
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Regarding your request, we are pleased to grant you non-exclusive, non-transferable
permission, to republish the AAAS material identified above in your work identified above,
subject to the terms and conditions herein. We must be contacted for permission for any uses
other than those specifically identified in your request above.

The following credit line must be printed along with the AAAS material: "From [Full
Reference Citation]. Reprinted with permission from AAAS."

All required credit lines and notices must be visible any time a user accesses any part of the
AAAS material and must appear on any printed copies and authorized user might make.

This permission does not apply to figures / photos / artwork or any other content or materials
included in your work that are credited to non-AAAS sources. If the requested material is
sourced to or references non-AAAS sources, you must obtain authorization from that source
as well before using that material. You agree to hold harmless and indemnify AAAS against
any claims arising from your use of any content in your work that is credited to non-AAAS
sources.

If the AAAS material covered by this permission was published in Science during the years
1974 - 1994, you must also obtain permission from the author, who may grant or withhold
permission, and who may or may not charge a fee if permission is granted. See original
article for author's address. This condition does not apply to news articles.

The AAAS material may not be modified or altered except that figures and tables may be
modified with permission from the author. Author permission for any such changes must be
secured prior to your use.

Whenever possible, we ask that electronic uses of the AAAS material permitted herein
include a hyperlink to the original work on AAAS's website (hyperlink may be embedded in
the reference citation).

AAAS material reproduced in your work identified herein must not account for more than
30% of the total contents of that work.

AAAS must publish the full paper prior to use of any text.

AAAS material must not imply any endorsement by the American Association for the
Advancement of Science.

This permission is not valid for the use of the AAAS and/or Science logos.

AAAS makes no representations or warranties as to the accuracy of any information
contained in the AAAS material covered by this permission, including any warranties of

merchantability or fitness for a particular purpose.

If permission fees for this use are waived, please note that AAAS reserves the right to charge
for reproduction of this material in the future.

Permission is not valid unless payment is received within sixty (60) days of the issuance of
this permission. If payment is not received within this time period then all rights granted
herein shall be revoked and this permission will be considered null and void.
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In the event of breach of any of the terms and conditions herein or any of CCC's Billing and
Payment terms and conditions, all rights granted herein shall be revoked and this permission
will be considered null and void.

AAAS reserves the right to terminate this permission and all rights granted herein at its
discretion, for any purpose, at any time. In the event that AAAS elects to terminate this
permission, you will have no further right to publish, publicly perform, publicly display,
distribute or otherwise use any matter in which the AAAS content had been included, and all
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This Permission may not be amended except by written document signed by both parties.

The terms above are applicable to all permissions granted for the use of AAAS material.
Below you will find additional conditions that apply to your particular type of use.

FOR A THESIS OR DISSERTATION
If you are using figure(s)/table(s), permission is granted for use in print and electronic
versions of your dissertation or thesis. A full text article may be used in print versions only
of a dissertation or thesis.

Permission covers the distribution of your dissertation or thesis on demand by ProQuest /
UMI, provided the AAAS material covered by this permission remains in situ.

If you are an Original Author on the AAAS article being reproduced, please refer to your
License to Publish for rules on reproducing your paper in a dissertation or thesis.

FOR JOURNALS:
Permission covers both print and electronic versions of your journal article, however the
AAAS material may not be used in any manner other than within the context of your article.

FOR BOOKS/TEXTBOOKS:
If this license is to reuse figures/tables, then permission is granted for non-exclusive world
rights in all languages in both print and electronic formats (electronic formats are defined
below).

If this license is to reuse a text excerpt or a full text article, then permission is granted for
non-exclusive world rights in English only. You have the option of securing either print or
electronic rights or both, but electronic rights are not automatically granted and do garner
additional fees. Permission for translations of text excerpts or full text articles into other
languages must be obtained separately.

Licenses granted for use of AAAS material in electronic format books/textbooks are valid
only in cases where the electronic version is equivalent to or substitutes for the print version
of the book/textbook. The AAAS material reproduced as permitted herein must remain in
situ and must not be exploited separately (for example, if permission covers the use of a full
text article, the article may not be offered for access or for purchase as a stand-alone unit),
except in the case of permitted textbook companions as noted below.
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You must include the following notice in any electronic versions, either adjacent to the
reprinted AAAS material or in the terms and conditions for use of your electronic products:
"Readers may view, browse, and/or download material for temporary copying purposes only,
provided these uses are for noncommercial personal purposes. Except as provided by law,
this material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written
permission from the publisher."

If your book is an academic textbook, permission covers the following companions to your
textbook, provided such companions are distributed only in conjunction with your textbook
at no additional cost to the user:

- Password-protected website
- Instructor's image CD/DVD and/or PowerPoint resource
- Student CD/DVD

All companions must contain instructions to users that the AAAS material may be used for
non-commercial, classroom purposes only. Any other uses require the prior written
permission from AAAS.

If your license is for the use of AAAS Figures/Tables, then the electronic rights granted
herein permit use of the Licensed Material in any Custom Databases that you distribute the
electronic versions of your textbook through, so long as the Licensed Material remains
within the context of a chapter of the title identified in your request and cannot be
downloaded by a user as an independent image file.

Rights also extend to copies/files of your Work (as described above) that you are required to
provide for use by the visually and/or print disabled in compliance with state and federal
laws.

This permission only covers a single edition of your work as identified in your request.

FOR NEWSLETTERS:
Permission covers print and/or electronic versions, provided the AAAS material reproduced
as permitted herein remains in situ and is not exploited separately (for example, if
permission covers the use of a full text article, the article may not be offered for access or for
purchase as a stand-alone unit)

FOR ANNUAL REPORTS:
Permission covers print and electronic versions provided the AAAS material reproduced as
permitted herein remains in situ and is not exploited separately (for example, if permission
covers the use of a full text article, the article may not be offered for access or for purchase
as a stand-alone unit)

FOR PROMOTIONAL/MARKETING USES:
Permission covers the use of AAAS material in promotional or marketing pieces such as
information packets, media kits, product slide kits, brochures, or flyers limited to a single
print run. The AAAS Material may not be used in any manner which implies endorsement or
promotion by the American Association for the Advancement of Science (AAAS) or
Science of any product or service. AAAS does not permit the reproduction of its name, logo
or text on promotional literature.
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If permission to use a full text article is permitted, The Science article covered by this
permission must not be altered in any way. No additional printing may be set onto an article
copy other than the copyright credit line required above. Any alterations must be approved
in advance and in writing by AAAS. This includes, but is not limited to, the placement of
sponsorship identifiers, trademarks, logos, rubber stamping or self-adhesive stickers onto the
article copies.

Additionally, article copies must be a freestanding part of any information package (i.e.
media kit) into which they are inserted. They may not be physically attached to anything,
such as an advertising insert, or have anything attached to them, such as a sample product.
Article copies must be easily removable from any kits or informational packages in which
they are used. The only exception is that article copies may be inserted into three-ring
binders.

FOR CORPORATE INTERNAL USE:
The AAAS material covered by this permission may not be altered in any way. No
additional printing may be set onto an article copy other than the required credit line. Any
alterations must be approved in advance and in writing by AAAS. This includes, but is not
limited to the placement of sponsorship identifiers, trademarks, logos, rubber stamping or
self-adhesive stickers onto article copies.

If you are making article copies, copies are restricted to the number indicated in your request
and must be distributed only to internal employees for internal use.

If you are using AAAS Material in Presentation Slides, the required credit line must be
visible on the slide where the AAAS material will be reprinted

If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you
must include the following notice in any electronic versions, either adjacent to the reprinted
AAAS material or in the terms and conditions for use of your electronic products: "Readers
may view, browse, and/or download material for temporary copying purposes only, provided
these uses are for noncommercial personal purposes. Except as provided by law, this
material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written
permission from the publisher." Access to any such CD, DVD, Flash Drive or Web page
must be restricted to your organization's employees only.

FOR CME COURSE and SCIENTIFIC SOCIETY MEETINGS:
Permission is restricted to the particular Course, Seminar, Conference, or Meeting indicated
in your request. If this license covers a text excerpt or a Full Text Article, access to the
reprinted AAAS material must be restricted to attendees of your event only (if you have
been granted electronic rights for use of a full text article on your website, your website must
be password protected, or access restricted so that only attendees can access the content on
your site).

If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you
must include the following notice in any electronic versions, either adjacent to the reprinted
AAAS material or in the terms and conditions for use of your electronic products: "Readers
may view, browse, and/or download material for temporary copying purposes only, provided
these uses are for noncommercial personal purposes. Except as provided by law, this
material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written
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permission from the publisher."

FOR POLICY REPORTS:
These rights are granted only to non-profit organizations and/or government agencies.
Permission covers print and electronic versions of a report, provided the required credit line
appears in both versions and provided the AAAS material reproduced as permitted herein
remains in situ and is not exploited separately.

FOR CLASSROOM PHOTOCOPIES:
Permission covers distribution in print copy format only. Article copies must be freestanding
and not part of a course pack. They may not be physically attached to anything or have
anything attached to them.

FOR COURSEPACKS OR COURSE WEBSITES:
These rights cover use of the AAAS material in one class at one institution. Permission is
valid only for a single semester after which the AAAS material must be removed from the
Electronic Course website, unless new permission is obtained for an additional semester. If
the material is to be distributed online, access must be restricted to students and instructors
enrolled in that particular course by some means of password or access control.

FOR WEBSITES:
You must include the following notice in any electronic versions, either adjacent to the
reprinted AAAS material or in the terms and conditions for use of your electronic products:
"Readers may view, browse, and/or download material for temporary copying purposes only,
provided these uses are for noncommercial personal purposes. Except as provided by law,
this material may not be further reproduced, distributed, transmitted, modified, adapted,
performed, displayed, published, or sold in whole or in part, without prior written
permission from the publisher."

Permissions for the use of Full Text articles on third party websites are granted on a case by
case basis and only in cases where access to the AAAS Material is restricted by some means
of password or access control. Alternately, an E-Print may be purchased through our reprints
department (brocheleau@rockwaterinc.com).

REGARDING FULL TEXT ARTICLE USE ON THE WORLD WIDE WEB IF YOU ARE
AN ‘ORIGINAL AUTHOR’ OF A SCIENCE PAPER

If you chose "Original Author" as the Requestor Type, you are warranting that you are one
of authors listed on the License Agreement as a "Licensed content author" or that you are
acting on that author's behalf to use the Licensed content in a new work that one of the
authors listed on the License Agreement as a "Licensed content author" has written.

Original Authors may post the ‘Accepted Version’ of their full text article on their personal
or on their University website and not on any other website. The ‘Accepted Version’ is the
version of the paper accepted for publication by AAAS including changes resulting from
peer review but prior to AAAS’s copy editing and production (in other words not the AAAS
published version).

FOR MOVIES / FILM / TELEVISION:
Permission is granted to use, record, film, photograph, and/or tape the AAAS material in
connection with your program/film and in any medium your program/film may be shown or
heard, including but not limited to broadcast and cable television, radio, print, world wide
web, and videocassette.
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The required credit line should run in the program/film's end credits.

FOR MUSEUM EXHIBITIONS:
Permission is granted to use the AAAS material as part of a single exhibition for the
duration of that exhibit. Permission for use of the material in promotional materials for the
exhibit must be cleared separately with AAAS (please contact us at permissions@aaas.org).

FOR TRANSLATIONS:
Translation rights apply only to the language identified in your request summary above.

The following disclaimer must appear with your translation, on the first page of the article,
after the credit line: "This translation is not an official translation by AAAS staff, nor is it
endorsed by AAAS as accurate. In crucial matters, please refer to the official English-
language version originally published by AAAS."

FOR USE ON A COVER:
Permission is granted to use the AAAS material on the cover of a journal issue, newsletter
issue, book, textbook, or annual report in print and electronic formats provided the AAAS
material reproduced as permitted herein remains in situ and is not exploited separately

By using the AAAS Material identified in your request, you agree to abide by all the terms
and conditions herein.

Questions about these terms can be directed to the AAAS Permissions department
permissions@aaas.org.

Other Terms and Conditions:

v 2

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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