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Abstract

Voltage-gated sodium ion channels (Nay) are central to action potential initiation
through regulating the entry of sodium ions (Na*) into excitable cells including
cardiomyocytes and neurones. The a-subunit of Nay consists of four homologous
domains (DI-DIV), each consisting of six transmembrane helices (51-56). Helices 55-
S6 of each domain forms the lining of the central pore through which sodium ions
(Na*) enters the cell upon channel activation. Helices 51-54 of each domain form the
voltage sensor which becomes displaced in response to changes in intracellular
potential. Additionally, Nay channels include an extracellular turret region, whose
role in channel function is poorly understood. The C-terminal domain (CTD) of Nay,
connected to the DIV-S6, interacts with various other proteins including calmodulin
(CaM) and fibroblast growth factor (FGF13) and mediates various regulatory roles.
The subtype Nay1.5 is primarily expressed in the heart where it initiates the cardiac
action potential whereas Nay1.7 is found in the peripheral nervous system where it

is associated with nociception.

Various Nay associated pathologies have been associated with mutations in the
extracellular turret region; however, their molecular mechanism is not well
understood. In the Nay1.5 structure determined by cryogenic electron microscopy
(cryoEM), the wild-type residues that correspond to some of these mutants form a
complex salt bridge at the interface between the DIl and DIl turret loops.
Furthermore, adjacent aromatic residues could potentially form cation-m
interactions with the complex salt bridge. This region was examined using site-
directed mutagenesis, electrophysiology and in silico modelling, confirming
functional roles for the inter-domain salt-bridges and the aromatic residues.
Evidence that disruption of these contacts perturbs the geometry of the DEKA
selectivity ring and both the outer and inner pore vestibules that are crucial for
sodium ion permeability were provided. These findings provide insights into a class
of pathological mutations occurring not only in Nay1.5 but also in other sodium

channel isoforms.



Further experiments performed preliminary studies that focussed on the CTD of
Nay1.5 and Nay1.7, seeking to better understand the role of its regulation by Ca?* and
CaM, using various techniques such as ELISA, isothermal titration calorimetry (ITC)
and Bio-Layer interferometry (BLI). The CTDs and CaM recombinant proteins were
cloned using the Gateway cloning method, expressed in BL21 (DE3) cells using auto-
induction, and purified via affinity chromatography and size exclusion
chromatography. Also, attempts were made to determine the yet unresolved
structure of Nay1.7 using x-ray crystallography. Finally, using an in-house phage
display library of single chain fragment variable (scFv) antibodies, specific binders
to the CTD of Nay1.5 and Nay1.7, were found and purified. These scFvs could have
gating effects on their Nay channel targets, which might prove therapeutically

applicable.
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1. General Introduction

Voltage-gated sodium ion channels (Nay) are central to action potential initiation
through regulating entry of sodium ions (Na*) into excitable cells to cause cell
membrane depolarization, which increases the membrane potential to up to +30 mV
from the resting potential of about -40 to -90 mV. The membrane potential at which
the action potential is initiated is called the threshold. Depolarization is followed by
the repolarization phase caused by the efflux of potassium ions (K*) which brings the
potential back to the resting potential. Hodgkin and Huxley were the first to record
and analyse the depolarizing Na* currents in giant squid axon membranes under
voltage clamp. Subsequent biochemical studies have isolated the underlying
principal a subunit (-260 kDa) of the Nay channel protein with the aid of
photoreactive a-scorpion toxin labeling’2. Na, channels are found in all higher
animals including mammals, birds, reptiles, fish, and amphibians. The human Nay
channel (hNay) a subunit exists as a variety of isoforms of which hNay1.1, hNay1.2,
hNay1.3 and hNay1.6 are expressed predominantly in human central nervous system,
hNay1.4 and hNay1.7 in the peripheral nervous system, hNay1.4 and hNay1.5 in
skeletal muscle, hNay1.5 in the heart and hNay1.8 and hNay1.9 in dorsal root ganglia
36, Na,2, another class of voltage-gated Na* ion channels with possible role in
management of salt intake are also found in mammals 7-°. The amino acid sequence

homology between the Nay1 and Na,2 are less than 50%.

1.1 Nay evolutionary history

Nay is the most recently evolved ion channel within a superfamily of ion channels,
which includes voltage-gated calcium channels (Cay), voltage-gated potassium
channels (Ky), Trp-related channels and cyclic-nucleotide-gated channels (CNG)'°.
One theory arising from phylogenic analysis suggests that Nay evolved from four
homologous domain consisting of Cay which in turned evolved from single domain
tetrameric Ky within two rounds of gene duplication and many single base mutations.
Appearance of Nay can be traced back to the same time metazoans, including
cnidarians, evolved to have specialized neurons with exclusive Na* dependent action
potentials''. Another theory asserts that Nay and Cay arose from a prokaryotic single
domain voltage dependent Na* channel, NaChBac, as found in Bacillus halodurans.

This channel shows selectivity for Na* ions, but due to its similarity to Cay channel
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especially in the pore region (with four glutamates forming a symmetric selectivity
filter), it can be blocked by calcium channel blockers'2. NaChBac however lacks an
inactivation gate and hence has much slower rate of inactivation compared to Nay.
Similarities in gene sequence, selectivity to Na* ion, gating properties, and
pharmacology between Na* ion channels found in invertebrates (like flies and
jellyfish) and vertebrates (like humans) suggest that the first functioning Nay was
formed before the divergence of vertebrates and invertebrates. A third theory
suggests that both four domain (Nav and Cay) and one domain (Kv) six transmembrane
channels arose from CNGs. The pore region of CNGs is very similar to the Ky channel
while its one domain resembles the voltage sensing S4 helix found in all three voltage
gated channels. CNGs allow both monovalent and divalent cations to pass through
their pores, making them strong contenders to be precursors for both Nay and Cay
channels's.

Employing a maximum parsimony assumption to generate a phylogenic tree of Nay
isoforms, groups them into distinct clusters defined by sequence homology,
tetrodotoxin sensitivity and gene location. For instance, the tetrodotoxin (TTX)
sensitive (nM concentration) group of Nay which are mainly expressed in neurons,
consisting of Nay1.1, Nay1.2, Nay1.3 and Nay1.7 all have their genes located on human
chromosome 2q23-24. In contrast, the TTX resistant (UM concentration) isoforms
which are mainly expressed in the heart and dorsal root ganglion, consisting of
Nav1.5, Nay1.8 and Nay1.9, although sharing amino acid sequence homology of more
than 74% with TTX sensitive isoforms, have their genes located on human
chromosome 3p21-24. Nay1.4 (skeletal muscle) and Nay1.6 (CNS), share 84% identical
amino acid sequence with the TTX sensitive Nay isoforms even though their distant
location on human chromosome, 17q23-25 and 12q13 respectively, suggest distant
evolutionary relationships'#'. Interestingly, resistance to TTX is conferred upon Nay
isoforms due to one single amino change in pore region of domain I, from
phenylalanine to cysteine in Nay1.5 and from phenylalanine to serine in Nay1.8 and
Nay1.9'6,

1.2 Available structures of the Nay, including the CTD

Until atomic resolution structures of mammalian Nay channels became available,
crystal structures of Nay from other species served as useful guides to the

relationships between channel function and structure. These include Nay from the
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bacterium Arcobacter butzleri'”, marine alphaproteobacterium HIMB11412 and
marine bacterium Magnetococcus sp.'®. These prokaryotic Nay channels similarly
form four tetramers, but these are identical subunits in contrast to the homologous
but non-identical eukaryotic Nay tetramers'®. However, although these prokaryotic
channels are popular models for studying molecular mechanisms of gating behaviour,
such extrapolations need to consider the separate phylogenetic origins of the
eukaryotic and prokaryotic Na* selective ion channel families?’. Moreover, eukaryotic
Nay channels show both fast and slow inactivation, whereas the prokaryotic Nay show
a single inactivation process that resembles slow inactivation in eukaryotic Na,'%2".22,
More recently published near-atomic resolution eukaryotic Nay structures from
American cockroach (Periplaneta americana)?® and electric eel (Electrophorus
electricus)?* provide models which more accurately mimic mammalian Nay channel
physiology and allow more reliable 3D modelling studies of Nay.

The first human Nay channel structure to be solved was that of Nay1.4 in complex
with the B1 subunit®. Currently, cryoEM structures of Na,1.5 and Na,1.7 are also

available which makes it possible to study structure guided hypothesis26-28,

1.3 Nay channel structure and gating mechanism

The principal a subunits of human voltage-gated sodium ion channels contain four
homologous domains (DI-IV). Each domain contains six transmembrane alpha-helices
each connected by extracellular or intracellular loops of varying lengths (Figure 1.1).
Helices S5 and Sé6 from each domain are symmetrically arranged forming the pore at
the centre. The extracellular pore-loops that connect the S5 and S6 helices within
each domain, defined as pore-loops (P-loop), extend over the pore forming a turret-
like structure and play a role in ion selectivity and permeation #°. This turret region
is glycosylated and contains highly conserved cysteines taking part in disulphide
bonds?3. P-loops (P1 and P2) of each domain re-entering membrane segments
(membrane descending P1 and membrane ascending P2) assemble into an inverted
and truncated cone-like structure. At its narrowest point lie the highly conserved
residues forming an asymmetric high field strength site: Asp (DI); Glu (DIl); Lys (DIII)
and Ala (DIV) (Fig.1B). These form the DEKA selectivity ring, whose sequence and
geometry are critical for selective Na* ion permeability and preventing permeation

of other positive charges like potassium and calcium?3°.
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Helices S1-4 of each domain form the voltage-sensors and lie on the channel
periphery (Figure 1.1, Figure 1.2). One face of the S4 of all the domains contain 4 to
8 repeats of positively charged amino acid residues (arginine or lysine), neutralized
by ionic bonding with negatively charged residues on the $1-3 helices. These become
displaced in the extracellular direction, by around 10 A with a 30° rotation and tilt,
in response to membrane depolarization3'. In the resting state, these positive
charges are displaced inwards, towards the intracellular membrane face, by the
relative negative potential of the cytoplasm. Membrane depolarization results in a
positive shift in the cytoplasmic potential, driving a movement of the positive
charges in the opposite direction. This initiates a conformational change that widens
the pore ‘activation gate’ on the intracellular face permitting transmembrane Na*
ion entry into the cell 32. This sliding helix or screw-helical model is backed by
fluorescent labelling experiments and mutagenesis studies on prokaryotic Nay
channels33-3¢, Moreover, comparison between the 0 mV inactivated states of the
recently determined cryo-EM structures of human Nay and the resting state structure
of NavAB, provides further support to the sliding helix model as positions of the S4
helix can be accurately ascertained and compared?3’. It has been additionally
suggested that the inner region of the 54 helix can stretch by adopting high energy
310 helix due to depolarization, providing the energy needed for the conformation
change required to open the pore3'.3839, This has also been confirmed by a mesoscale
simulation which determined the functional consequences of the sliding 54 helix.
The DI-DIll voltage sensors respond relatively rapidly to membrane depolarization
and initiate channel activation whereas the voltage sensors of DIV respond more
slowly and initiate the movement of the intracellular region connecting DIII-S6 to
DIV-S1 (consisting of the highly conserved Ile/Phe/Met (IFM) motif) which acts as an
inactivation gate, blocks the pore and initiates the early inactivation phase of the
action potential 34!, As the resting potential is restored, all four S4 helices return
to their original positions and the inactivated channel is reset into the closed, resting
state, where it can again respond to further depolarization signals after a refractory
period3,

Slow inactivation of Nay reduces the inward Na* current in response to prolonged
depolarization (seconds to minutes). It is distinct from fast inactivation which occurs
due to the DIII-DIV linker blocking the pore. Removal of the DIII-DIV linker or mutating

the IFM motif to QQQ residues abolishes fast inactivation. However, the slow
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inactivation phenomenon persists and indeed becomes more marked. It has been
suggested that slow inactivation occurs as the pore collapses in on itself as the S4
helix of the voltage sensors keep getting pushed outwards due to prolonged
depolarization. Recovery from this state takes much longer than the corresponding

recovery from fast inactivation“.

1.4 Post-translational modifications of Nay channels

Nav channel a-subunits have multiple glycosylation sites, the majority of which are
sialic acids®*. These large carbohydrates impart local negative charge which
influences the overall channel gating. Thus, when neuramidase or recombinant
deletion of likely glycosylation sites is used to remove sialic acid from the surface of
the rat Nay channel, it produces a 10 mV depolarizing shift in the steady-state voltage
dependence of activation*’. Interestingly, shifts in channel activation and
inactivation properties were observed in Nay1.4, but not Nay1.5 channels, when these
were expressed in cells which lack sialylation capability®. It has also been reported
that Nay1.9 is more glycosylated in neonatal than in adult DRG neurons #°. B-subunits
also contain up to four N-linked glycosylation sites on their respective extracellular
Ilg domains. This has been demonstrated in the solved B3 crystal structure. B-
subunits also show phosphorylation to extents that vary with their cardiomyocyte
localization. Phosphorylated B1 localizes at the intercalated discs with connexin-43,
N-caderin and Nay1.5 whereas non-phosphorylated is localized with ankyrinB in the

T-tubules?.

1.5 Nay channel auxiliary subunits

Nav channels are also associated with auxiliary B subunits, which are of four types
B1-4, and interact closely with the a subunit in some tissues . B subunits each
consist of a single extracellular immunoglobulin (Ig) domain, and a single
transmembrane alpha-helix (Figure 1.2). They modulate gating kinetics, voltage
sensitivity and membrane trafficking of the Nay channel a subunits, although the a
subunit alone can fully function as an ion channel without the co-expression of the
B subunits 4. Generally, B subunits augment the overall activity of the Na, channel
by increasing rates of activation, inactivation and recovery from inactivation 4. Ig
domains of B2 and B4 subunits are similar in structure and sequence and bind with
the a subunit through covalent interactions (disulphide bond) on the DIl S5-S6

extracellular loop region °%>', The B1 subunit is reported to bind non-covalently to
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DI and DIV $5-56 loop of a subunit; however the, B3 binding site is yet to be resolved
2 Some reports suggest that B3 can form trimers and link multiple a subunits to
form much larger oligomers “¢. a- a subunit dimer formation in absence of B subunits
has also been observed, however, it has been postulated that B subunits would

induce larger oligomerization 3.
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Figure 1.1. A cartoon representation of the crystal structure of human voltage-gated sodium
channel (Na,1.4) and associated B1 subunit (PDB ID: 6agf).

(A) Topology of Na, and B1 from the side. (B) Top and bottom view of the same channel showing the
central ion-selective pore and four domains, each coloured differently, that surround it.
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Figure 1.2 Schematic representation of the voltage gated Na, channel and B subunit.

DI-DIV demonstrate the four homologous domains of the a-subunit, colour-coded to match Figure 1.1.
The helices S5 and Sé line the pore of the channel, and the S4 helices function as the voltage sensor
with the run of positive charges. The DIII-DIV linker and the inactivation gate (IFM motif) is also
indicated. The C-terminal domain with six a-helices at the start are labelled accordingly. The B-
subunit and its extracellular Ig-domain connected by a flexible linker is also portrayed.
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1.6 Channelopathies

As discussed above, voltage gated Na* ion channels occur extensively in the human
body. In this section their most common associated channelopathies will be briefly
discussed. Focus will also be given to the disease-related mutations in the
extracellular turret region and the c-terminal domain region. It must be noted that
a more recent recommendation by the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology to classify genetic mutations
as ‘pathogenic’, ‘likely pathogenic’, ‘uncertain significance’, ‘likely benign’, and
‘benign’, has not been adopted here. This classification of variants is based on
population data, computational and predictive data, functional data, segregation
data, de novo data, and allelic data®*. Although this represents a more robust
standard of classification, for the purposes of purely functional analysis on some

variants in this study, the older classification can still be used as a reference.

Nav1.1

Mutations in the SCN1A gene encoding Nay1.1 are associated with various pathologies
including generalized epilepsy with febrile seizures plus (GEFS+), Dravet syndrome
(DS), intractable childhood epilepsy with generalized tonic-clonic seizures (ICEGTC),
familial hemiplegic migraine and familial febrile seizures. Mutations leading to DS
are reported much more frequently in the literature compared to the others (Table
1.1, Table 1.2).

Dravet Syndrome (DS)

Dravet syndrome, previously known as severe myoclonic epilepsy of infancy, causes
a severe form of childhood epilepsy. It is characterized by prolonged intractable
seizures (up to or longer than 30 minutes) usually resistant to anti-epileptic
medications and leading to premature death. One in 40,000 children are affected by
this syndrome before reaching the age of 7 years, although in most cases it appears
at some point during the first year of life>>:°. Over the course of the disease, ataxia,
gradual cognitive impairment accompanied by autistic traits and hyperactivity
develop®”%8. De novo, heterozygous, autosomal dominant, loss of function mutations
in the SCN1A gene, which encodes for the Nay1.1 channel, are implicated in more
than 90% of DS cases®*®°. Homozygous recessive mutations in SCN1B, which encodes

for the B1 subunit, can also cause DS, for example R125C, which is shown to
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significantly reduce Na,1.1 channel localization in plasma membrane®'. Also,
mutations in SCN2A gene, which encodes for Nay1.2, for example R1312T causes DS®2.
Mutations in other genes with clinical features resembling DS have also been widely
reported, which include KCNA2 (voltage gated potassium channel Ky1.2), HCN1
(potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 1),
CHD2 (chromodomain helicase DNA-binding protein 2), STXBP1 (syntaxin-binding
protein 1), GABRG2 (y2 subunit of GABA,), PCDH19 (protocadherin-19), SCN8A
(Nay1.6) and SCN9A (Nay1.7)%37°, In a study conducted by Ohmori, 24 of the 29
patients with mutations causing DS were mutations also found in Generalized
Epilepsy with Febrile Seizure plus (GEFS+)”!. Interestingly, animal models of DS show
a very similar phenotype to humans with DS, like severe ataxia, spontaneous
seizures, hyperactivity, and cognitive impairment. Both Scn1a -/- and Scn1a +/- mice
showed normal gating behaviours in Nays in hippocampal neurons but exhibited
reduced current density in inhibitory GABAergic interneurons. In another report,

Scn1a +/- mice seizures developed were caused by increase in body temperature’273,

Nav1.2

Mutations in the turret region of Nay1.2 have been reported in cases of benign
familial infantile seizure and developmental and epileptic encephalopathy (Table
1.1, Table 1.2). G211D and N212D mutations have been observed to eventually
progress to West syndrome characterized by severe hypotonia. Patients with the
K908E mutations had difficult to treat seizure for the first 3-12 months of life and
when studied under whole cell patch clamp (mutant channel transfected in tsA201
cell), it showed 1.8-fold increase in current density with no change in other steady-
state parameters.

In the CTD, R1882Q is implicated in early infantile epileptic encephalopathy (EIEE)
caused by increased neuronal activity because of increase in peak Na* current

density.

Nav1.3

No known mutations in the extracellular turret region linked to any diseased
phenotype is reported in literature. In CTD two mutations are reported, K1799Q and
G1862C, causing early infantile epileptic encephalopathy and cryptogenic partial
epilepsy respectively (Table 1.2).
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Nay1.4

Turret mutations in Nay1.4 can cause periodic paralysis presenting as skeletal muscle
stiffness in response to changes in temperature (L1433R and L1436P) and the
opposite effect of myasthenic syndrome of a failure of skeletal muscle contraction
(V1442E). The V1442E-Nay1.4 that causes the myasthenic syndrome, its
corresponding amino acid mutation in V1630L-Nay1.1 and V1630M-Nay1.1 are linked
to Dravet syndrome. Moreover, a deletion of the corresponding residue in delF1617-
Nay1.5 is strangely implicated in both Brugada syndrome and Long QT syndrome. The
pronounced effect due to this mutation could be due to its location right above the
voltage sensing S4 helix of DIV. When transfected in HEK293 cells and studied on
voltage clamp, V1442E showed significantly faster inactivation which is close to
resting potential, and increased use-dependent inactivation on high-frequency
stimulation.

Q1633E-Nay1.4 and its corresponding Q1801E-Nay1.6 cause myotonia and EIEE
respectively. Q1633E produces a slower rate of current decay while F7051 which
causes paramyotonia congenita of von Eulenburg produces significant slowing down

of fast inactivation.

Nav1.5

Mutations in SCN5A which encodes for Nay1.5 are generally associated with cardiac
pathologies like progressive familial heart block 1A, Long QT syndrome type 3 (LQT3),
Brugada syndrome 1 (BrS), Sick sinus syndrome 1 (SSS), familial paroxysmal
ventricular fibrillation 1, sudden infant death syndrome (SIDS), atrial standstill 1,
dilated cardiomyopathy 1E and familial atrial fibrillation 10 (Table 1.1, Table 1.2).

Brugada syndrome (BrS)

BrS is an inherited disease with autosomal dominant traits causing loss of function of
the Nay1.5 channel. Clinically, BrS is associated with ventricular tachyarrhythmias
that may lead to syncope, cardiac arrest and sudden cardiac death’4. Three different
Electrocardiograms (ECG) patterns can be observed in BrS patients. Type 1 shows a
persistent coved-type ST segment elevation with a high J point and an inverted T
wave’>7¢, These high J points are also associated with early repolarization and is the

result of a transmural voltage gradient in the epicardium created by the transient
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outward potassium current (lt). This gradient is the largest in the right ventricular
outflow tract (RVOT), which explains why BrS is a right ventricular disease.
Interestingly RVOT shows reduced gap junction and Nay expression, which most likely
contributes to the gradient difference’”>’8. In type 2 the amplitude of the ST segment
elevation is 22 mm and shaped like a saddle-back whereas in type 3 the shape can
be either coved or saddle-back but the amplitude is < 2Zmm. Minor conduction delay
is observed at all cardiac levels for all types indicated by PR prolongation and QRS
complex broadening, especially observed in one-fifth of all mutations that cause BrS
and are involved in the loss of function of Na,’*®. For the diagnosis of BrS,
observance of a type 1 ECG is mandatory. Alternatively, if type 2 or 3 ECG pattern is
observed, the patient can be challenged with Nay channel blockers which, if BrS is
indeed present, will convert the ECG pattern to type 1382, Na, channel blockers
generally always worsen the BrS. For instance lidocaine induced BrS was reported in
a patient with V232l and L1308F mutations in the SCN5A gene®. However, quinidine
is reported to have beneficial effects on BrS patients in addition to some inotropic
drugs, cilostazol and milrinone82.84, BrS patients with type 1 ECG and if deemed highly
susceptible to malignant arrhythmias can benefit from implantable cardioverter-
defibrillator and/or epicardial ablation of the RVOT consisting of the arrhythmogenic
substrate®.

Mutations causing BrS mostly occur in the transmembrane region of Nay1.5 although
mutations in the B3 subunit (L10P) have also been implicated in BrS, possibly by
interfering with Nay1.5 expression and plasma membrane trafficking thereby
decreasing cardiac Nay channel current 8. BrS-related mutations are also associated
with familial atrial fibrillation, confirming its overall importance in Nay1.5 physiology
and function &,

Although more than 90% of the genetic mutations found in BrS patients are in the
SCN5A gene, other genes which are susceptible to mutations leading to BrS include
GPD1L (glycerol-3-phosphate dehydrogenase 1-like), CACNB2 (calcium channel,
voltage-dependent, beta-2 subunit), CACNA1C (calcium channel, voltage-dependent,
[ type, alpha-1c subunit), SCN1B and SCN3B (Nay channel B-subunit 1 and 3), KCNE2,
KCNE3 and KCNE4 (potassium channel, voltage-gated, isk-related subfamily, member
2, 3 and 4), and IRX5 (iroquois homeobox protein 5). More recent genome-wide
association analyses shows a strong polygenic effect of single nucleotide

polymorphism heritability and also identified a predominance of cardiac
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transcription factors loci in BrS patients, suggesting that dysregulation of
transcription is a key feature in the pathogenesis of BrS. A new molecular mechanism
which involves effect on trafficking of Nay due to defective binding to microtubule
plus-end binding protein EB2, has also been uncovered?.

Heterozygous knockout mice, Scn5a+/-, have been used to model BrS. These
knockout mice showed approximately 50% reduction in Nay channel expression, re-
entrant arrhythmias such as tachycardia and conduction block although the QT
interval remained indistinguishable from WT. So, Scn5a+/- mice could not be
considered solely to represent BrS but rather a mix of cardiac pathologies. The
abnormal conduction, ventricular arrhythmias and ST segment elevation observed in
these mice were also shown to worsen with the use of flecainide®-*0. More studies
on the Scn5a+/- mice heart revealed that mRNA and Nay channel protein expression
were significantly lower in these mice compared to WT in addition to increase in
fibrotic tissue®'. An attempt to study homozygous knockout mice, Scnba-/-, has been
unsuccessful since it proved to be lethal to embryonic development due to major
abnormalities in structure of the heart.

BrS disproportionately affects males, with females being nearly 10 times less likely
to be symptomatic despite possessing the same underlying mutations as males
causing BrS. Canine models of BrS pins this down to lower density of lw, a small
transient outward potassium current, in females compared to males® %3,

Expression systems, like HEK293 cells (human embryonic kidney), CHO cells (Chinese
hamster ovary) and tsA201 (SV transformed), transfected with plasmids containing
genes which express BrS mutations identified in the clinical literature has also been
extensively used to characterize and explain BrS. As expected, all studies report a
loss of function of the Nay channels consisting of BrS causing mutations, either due
to reduction in number of Nay channels in the cell surface membrane which reduces
current density, positive shifts in activation and/or negative shifts in inactivation.
More recently, induced pluripotent stem cell derived cardiomyocytes (iPSC-CM) have
been used to study BrS. This system has the advantage of considering the effects of
Nav1.5 regulatory proteins on gating parameters which HEK293 and tSA201 cells lack.
Also, CRISPR/Cas9 mediated genome editing can be employed to study effects of BrS
causing mutants. The disadvantage however is that iPSC derived cardiomyocytes

display an immature phenotype, representative more of the fetal than the adult
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cardiomyocytes. Literature consists of several use of this technology to characterize

BrS mutants which confirm results obtained from other model systems®+%’.

The mutations in the turret region are variously associated with both the loss of
function Brugada Syndrome (BrS) and gain of function Long QT syndrome (LQT3) in
addition to progressive familial heart block and atrial fibrillation. In this study we
investigated the following mutations R878C, R878H, D1430N and E1441Q, all of which
were naturally found in patients with BrS8:%8, Under voltage clamp, all these
mutated channels showed no activity. In the case of D1430N it was confirmed not to
be a trafficking defect as channel activity was still not observed by treatment with
mexiletine or lidocaine at low temperature. Moreover, all these mutants were
studied with immunostaining which showed membrane localization comparable to
that of WT. A lot of the mutants which cause BrS are found to be due to decrease in
the number of channels available on the surface hence decreasing/abolishing Na*
current density, exemplified by D1690N and G1743R%:1%, Sometimes trafficking
defects are also accompanied by changes in activation and inactivation properties as
in the case with G1748D%.

In the case of LQT3, most of the mutations studied cause gain of function by positive
shifts in V1,2 of steady state activation and inactivation for example E1295K'0",
Interestingly, some mutations for e.g., at C-terminal domain Y1795, if mutated to
cysteine causes LQT3 and atrial fibrillation with slowed onset of inactivation and
increased sustained current; whereas mutations to histidine causes BrS with
accelerated onset of inactivation and reduced peak current'%2, There have also been
cases of the same mutant being ascribed to both BrS and LQT3 like T1779M and
E1784K8%:103 Some mutations on the CTD can also inhibit interaction with FGF12,13
and/or 14 like H1849R which slower steady state inactivation, prolonging action
potential duration and showing LQT3 phenotype'®. R1232W causes both BrS and
progressive familial heart block%19%.1% The mutation G298S in addition to causing
heart block is also associated with irritable bowel syndrome and is shown to cause

delay in activation kinetics with an overall reduction in current density'%7:108,

Nav1.6
Mutations in the turret regions caused severe developmental delays even though

patients responded well to treatment (Table 1.1). The P1719R-Nay1.6 mutation
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which causes familial myoclonus behaves very similar to the turret mutations on
Nav1.5 studied in our project, which primarily showed reduction in peak current
density and relatively less significant effect on gating parameters'®. A missense
mutation in the same proline residue in Nay1.1, P1739L, is implicated in generalized

epilepsy with febrile seizures'°.

Moreover, 11605R-Nay1.6 and its corresponding mutation in Nay1.4 (L1436P) are both
implicated in disease phenotypes namely epileptic encephalopathy and
paramyotonia respectively. The patient with the 11605R had refractory epilepsy but

remained seizure-free on Carbamazepine for 17 years’.

Similarly equivalent mutations of N215R-Nay1.6 and V216D-Nay1.6 in Nay1.2 (N212D
and V213D respectively) cause developmental and epileptic encephalopathy in all
the cases. It appears that in these two positions in domain |, replacement of the
amino acid residue with any charged residues causes diseased phenotypes. Both the
patients with N215R and V216D although having seizures very early on in their life,

eventually became seizure free within 6 years of age’%'",

In addition, in the CTD mutations in Nay1.6 mostly trigger gain of function by
increased channel activity and impaired channel inactivation (Table 1.2). Also,
corresponding mutations N1768D-Nay1.6 and N1788K-Nay1.1 both are found in EIEE

patients''2,

Nav1.7

Congenital insensitivity to pain is the only disease associated with turret mutations
in Nay1.7 (Table 1.1). R907Q is the same arginine residue mutation as R878C in
Nay1.5, which also shows no current on voltage clamp''3. Also, the corresponding
arginine residue in Nay1.1 mutation R931C causes Dravet Syndrome’'. However, the
channel localization of R878C-Nay1.5 remains unaffected. Another interesting
observation is that insensitivity to pain traditionally has been observed on truncated
proteins which most likely lead to no Nay1.7 protein production. The only two
mutations found as an exception to this rule are those mentioned in Table 1.1 and
both occur in the extracellular turret region near the pore but not in more critical

places like the voltage sensing domains, activation gate or the pore itself. Both the
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R907Q and del1382-1385 mutations cause a significant reduction in quantity of

channel available on membrane compared to WT and voltage clamp with mutant

transfected HEK293 cells, show no channel activity''3.

Nay1 .8

No mutations associated with disease are found in literature.

Nay1.9

Although implicated in neuropathy and episodic pain syndrome no mutations in the

extracellular turret region or the CTD associated with disease are found in literature.

Table 1.1. Mutations in the extracellular turret region related to diseased phenotypes in all the

Na, subtypes

Disease

Mutation (Domain)

\ References

Nav1.1

Generalized epilepsy with
febrile seizures

Y790C

_

DIl)

114

N935H (DlI)

115

M960T (DII)

110

— |~~~

K1249N (DIII)

116

T1250M (DIII)

116

L1309F (DIII)

17

N1414D (DIl

110

)
P1739L (DIV)

110

D1742G (DIV)

118

Dravet syndrome (severe
myoclonic epilepsy of infancy)

C277R (DI)

119

W280C
W280R (D)

120-123

P281A
P281L
P281S (DI

119,123

E289V (DI

124

121

R3221 (DI

119,125

)
)
T2971 (DI)
)
)

S340F (DI

119

A342V (DI

110

G343D (DI

110,119,126

119

C351W (DI

110

119

)

(D)
C345R (DI)
)

)

)

(
G355D (DI
R356G (DI

125

N3571 (DI)

119
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P358T (DI)

125

N359S (DI)

110,127

T363P
T363R (D)

110,123

D366E (DI)

128

R393C
R393H
R393S (DII)

59,110,123-125,129-131

del854-855

110

C927F (DII)

119

R931C (DII)

71,119

W932C (DIl

110

110

M9341 (DIl

119,123,132

(

(
H933P (DIl

(

C959R (DII)

59,129

I
M960V (DIl

126

E1238D (DIIl)

110,133-135

D1239G
D1239Y (DIl

119

R1245Q (DIII)

122

N1367K (DIl

119,136

A1370P (DIl

110

N1378H
N1378T (DIl

110

F1385V (DIl

123

71,130,134

119

)
)
V1390M (DIII)
N1391S (DIIl)
H1393P (DIIl)

137

T13941 (DII)

110

C1396G
C1396Y (DI

133,134,138

N1414Y (DIl

125

119

N1417S (DIl

110

V1418G (DIl

123

)
)
D1416G (DIII)
)
)
)

A1441P (DIl

134

Q1450K
Q1450R (DIII)

71,110,138

P1451L
P1451S (DIl

110,122

Y1453C (DIl

123

110

)
)
E1454K (DIII)
E1561K (DIV)

119

V1630L
V1630M (DIV)

123,125,139

G1688W (DIV)

110

F1692S (DIV)

123,132
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Y1694C (DIV)

123,132

F1707V (DIV)

134

C1741R (DIV)

123

G1749E (DIV)

59

C1756G (DIV)

140,141

G1762E (DIV)

122

H290R (DI) 123
) ) N359S (DI) 10,127
Int‘ractable chlldhood.epﬂep.sy R393H (D)) 59,110,123-15, 125131
with gener::;i(riet;omc-clomc C1376R (DI =
P1632S (DIV) 126,142
T17091 (DIV) 126,142
Familial febrile seizures 3A E1308D (DIlII) 110,116,119,143
Nay1 2
Benign fam1l1al infantile K90SE (D) 144
seizures
G211D (DI) 135
N212D (DI 145
Developmental and epileptic (D)
encephalopath V213D (B) -
phatopathy K905N (DIl 127,146
T1623N (DIV) 145
Nav1.4

Paramyotonia congenita of von

L1433R (DIV)

147

Eulenburg L1436P (DIV) B
Congenital myasthenic V1442E (DIV) "
syndrome

Nav1.

5

Brugada Syndrome (BrS)

L212Q (DI

80

80

(DI)
L276Q (DI)
H278D (DI)

80

R282C
R282H (DI)

80,103

A286S (DI)

80

N291S (DI

80

103

)
V294M (DI)
L299M (DI)

80

V3001 (DI

80

(
L315P (DI)

80

103

G3195 (DI)
T320N (DI)

80

L325R (DI)

80

P336L (DI)

80,150

G351D
G351V (DI)

80,151

T3531 (DI)

152

D356N (DI)

80,153
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G386E
G386R (DI)

80

E746K (DIl

80

E867Q (DII)

80

R878C

80,154

R878H (DII)
S910L (DII)

80,103

C915R (DIl

80

(DIl
L917R (DIl

80

E1225K (DIl

79,80

|
Y1228H (DII)

80

R1232Q
R1232W (DIIl)

80,106

K1236N (DIIl)

103

80,103

F1293S (DIII)
G1358W (DIll)

80

80

K1359N (DIl
(

80

)
F1360C (DIIl)
C1363Y (DIl

80

S13821 (DIII)

79,80

V1405L
V1405M (DIII

79,80

80

)
A1428V (DIII)
D1430N (DIII)

98

R1432S (DIIl)

80

G1433V (DIl

80

80

(
P1438L (DIIl)
E1441Q (DIl

80

E1548K (DIV)

80

Q1613 (DIV)

80

delF1617 (DIV)

155

T1620M (DIV)

80,105,156,157

A1680T (DIV)

80

D1690N (DIV)

99

N1722D (DIV)

80

C1728R
C1728W (DIV)

80

G1740R (DIV)

80,103,106

G1743E
G1743R (DIV)

79,80,100,106,158

G1748D (DIV)

99

Long QT syndrome Type 3
(LQT3)

L212P (DI)

159

N275K (DI)

159

G2895S (DI)

159

R340W (DI)

159

E1225K (DIl

160

E1231K (DIII)

160
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E1295K (DIlI) 101
R1432S (DIII) 159
S1609W (DIV) 161
delF1617 (DIV) 159
T1723N (DIV) 159
R1739W (DIV) 159
. . G298S (DI) 107,108
Progressive familial heart block R1232W (DI %%
Atrial fibrillation S216L (DI) 80,162
Nay1 .6
Developmental and epileptic N215R (D) "
encephalopathy V216D (DI) o
[1605R (DIV) 70
Familial myoclonus P1719R (DIV) 109
Nay1 7
Congenital indifference to pain del1R;8017-(113(;5”1D||) ::

Table 1.2 Mutations in the c-terminal domain region related to diseased phenotypes in all the Na,
subtypes

Disease Mutation in c.-terminal References
domain
Nav1.1

E1787K 110,125
N1788K 19
A1792T 123
del1807-1810 126
F1808I 19
W1812G 126
W1812S 19
del1813-1815 19
F1831S 126
Dravet syndrome A1832P 1o
L1835F 19
M1852K 110
P1855L 110
G1880E 110
E1881D 163

T1909I 71,129
del1909 1o
11922T 134
R192711Q 110
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E1795K

164

114,165
Generalized Epilepsy with MI8>21 5
Febrile Seizures plus 2 V1857L
D1866Y 167
11867T 110,168
Intractable childhood epilepsy F1808L 126,142
with generalized tonic-clonic
seizures R1861W =
Nay1.2
L1829F 169
Developmental and Epileptic H1853R 170
Encephalopathy 11 R1882L 7
R1 882Q 127,146,169,172,173
Idiopathic generalized epilepsy R1918H 174
Nay1 3
Developmental and Epileptic
Encephalopathy 62 K1799Q "
Cryptogenic partial epilepsy G1862C 176
Nay1.4
Hyperkalaem1c' periodic M1592V 77
paralysis
Normokalaem1c. periodic M1592V 178
paralysis
Potassium aggravated Myotonia Q1633E 179
Paramyotonia congenita of von F1705| 180
Eulenburg
Nav1.5
T1779M 80
E1784K 80,103
L1786EfsX2 80
1795insD 80,181
Y1795H 102
F1808IfsX3 80
S1812X 80
L1825P 182
E1823HfsX10 80
Brugada Syndrome Q1832E 80,183
C1850S 184
R1860KfsX13 80
V18611 80
K1872N 80,183
S1904L 80,183
A1 924"' 80,183,185
G1935S 80,183
E1938K 80,183
V1951L 103
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119685

186

F2004L

183,187

F2004V

80,183

T1779M

159,160

E1784K

159,160,188, 189

D1790G

190,191

Y1795C

102,159,160,192

1795insD

80,181

D1819N

161

L1825P

182,193

R1826H

159,194

D1839G

159,195

H1849R

104

R1897W

159

Long QT 3 syndrome

E1901Q

159

$1904L

196

Q1909R

160

R1913H

191

A1949S

160

V1951L

162

R1958Q

159,160

Y1977N

159

F2004L

162,187

F2004V

80,159

P2006A

197

R2012C

159

R1826C

162

V1951L

162

Atrial fibrillation

V1951M

162

N1986K

198

F2004L

162

Sick Sinus Syndrome

D1792N

199

Nav1.6

N1768D

112

Q1801E

70

L1865P

169

Developmental and Epileptic
Encephalopathy 13

R1872L

200

R1872Q

70,200

R1872W

70,111,172,200,201

N1877S

172,201,202

Benign familial infantile
seizures 5

N1877S

172,201,202

Nay1.7

Congenital indifference to pain \

W1786R
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1.7 Non-canonical roles of Nay

Studying the role of Nay in non-excitable cells revealed that they are sometimes
abnormally expressed especially in certain types of cancer where they promote
cancer cell migration and invasion, which could be reversed by TTXZ203.204  For
instance, Nay1.6 mRNA levels are 40-fold higher in cervical cancer than in non-
cancerous tissue samples?®. Similarly, the neonatal D1:53 splice variant of Nay1.5 is
found to be upregulated in human breast cancer cells with roles in advancing
metastasis most likely via the CD44-src-cortactin signalling pathway?%. The increase
in the invasiveness of cancer is promoted by the activity of Na*/H* exchanger, as the
increased Na* current carried by overexpressed Nay1.5 induces the efflux of more H*,
increasing the acidity of the surrounding and thus activating pH-dependent cysteine
cathepsins which cause extracellular matrix degradation?%7:208, Phenytoin has been
shown to reduce tumour growth and propagation in breast cancer, as it reduced the
Na* current?®. Same reduction in growth and metastasis has been observed with
downregulation of Nay1.5 using lentiviral shRNA in tumour?', More targeted blocking
of neonatal Nay1.5 by the use of a polyclonal antibody, NESOpAb, has shown similar
benefits with the added advantage of not affecting adult Na,1.5 function?'". Similar
upregulation of the B1-subunit was also found in breast cancer tumours which
promoted vascularization, growth and metastasis and reduced apoptosis?'2.

Nay1.5 is absent in normal colonic tissue but has been detected in colon cancer?’.
Furthermore, Nay1.1, Nav1.2, Nay1.3, Nay1.4, Nay1.5 and Nay1.7 mRNA expression
levels were found to be significantly higher in ovarian cancer cells, with the levels
of Nay1.2, Nay1.4, Nay1.5 and Nay1.7 particularly increasing with the increase in level
of metastaticity?'4.

Nav1.5 has also been found to be expressed intracellularly in human monocyte-
derived macrophages and regulate endosomal acidification by depleting endosomal
Na* hence causing inflow of H* and decreasing pH inside the late endosome?'>. This
could also potentially affect phagocytosis. It is however unclear how activation of
these Nays are achieved through depolarization. The resting lysosomal membrane
potential is reported to be between -20 to -40 mV2'¢, Na,1.5 and Na,1.8 were also
implicated in increased expression of a regulatory protein involved in DNA repair and

phosphatase activity?".
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One of the earliest pieces of evidence of Nay being present in non-excitable cells
were confirmed by patch clamping Schwann cells from rabbit and astrocytes from
rat. Depolarization presented with the typical fast activation and inactivation traces
which could be blocked with TTX and STX2'821_ Later studies also found presence of
Nay1.2, Na,1.3, Na,1.5 and Nay1.6 in astrocytes??°,

Nav1.4 and Nay1.7 has also been detected in human erythroid progenitor cells

(precursors to red blood cells), with yet to be identified role??!.

1.8 Nay as a target of drugs and toxins

Numerous drugs which impart their action by modulating the Nay currently exist for
example as antiarrhythmics, anticonvulsants and local anaesthetics. Nay are also a
natural target of many toxins found in nature. The guanidium toxins, tetrodotoxin
(TTX) and saxitoxin (STX) physically block the Nay pore preventing passage of Na*
ions whereas batrachotoxins and veratridine can activate the Nay channels or prevent
inactivation by binding to a site between DI-S6 and DIV-S6. Peptide toxins like
proToxin (ProTX), huwentoxin (HwWTX) has been isolated from the venoms of
scorpions and spiders?22, HWTX-IV selectively targets the DIl voltage sensor of Nay1.7
at 1C50 of 26nM but has an 1C50>10 pM for Nay1.5%23. Scorpion a-toxins (a-ScTxs) can
also act as activators of Nay by binding to DIV $3-54 extracellular loop and preventing
the movement of the voltage sensing 54 helix, hence inhibiting fast inactivation. B-
scorpion toxins (B-ScTxs) and pO-conotoxins block the voltage sensing domain of DII
and cause a hyperpolarizing shift in the steady state activation of Nay thereby making
it harder for Nay to start firing. Brevetoxins (PbTx) and ciguatoxins (CTX) can cause
hyperactivity of Nay channels by binding between DI-S6 and DIV-S5. Local anaesthesia
causing agents like lidocaine are known to bind to the Sé helix of either DI, DIl and

DIV and block Na* conduction.

TTX, isolated from pufferfish, is still used to classify Nay channels based on their
sensitivity to TTX, for instance TTX-resistant (ICso >30 nM) Nay1.5, Nay1.8, and Nay1.9
and TTX-sensitive (IC50<30 nM) Nay1.1, Nav1.2, Nay1.3, Nay1.4, Na,1.6, and Na,1.7.

TTX played a role in the determination of the selectivity filter of Nay and the binding
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site of the pore blockers of Nay 224225, There are many instances where toxins were
used as guides to find therapeutic agents, a recent example ziconotide for the
treatment of chronic pain. Various methods like generation of phage display antibody
libraries, peptide libraries, directed evolution and chemical modifications have been
used in attempts to engineer proteins to have specificity and potency in targeting
particular subtype of Nay channels. For example, native tarantula ceratotoxin-1
which recognizes and binds to different Nay channels was engineered through
directed evolution and mutagenesis to only target Na,1.7%%,

Furthermore, the exceptionally high specificity and potency of monoclonal
antibodies (mAb), to target Nay channels have been in long established use. This
involved raising antibodies against peptides from different loop regions of Nay
channel’s voltage sensor or pore loops??’. SVmADb1 is one such example, which targets
the same region as HWTx-IV, the second extracellular loop of DIl $3-54 voltage sensor.
This mAb was found to impart its anti-neuropathic and anti-inflammatory pain
effects on mice models by inhibiting Nay1.7 channel activation by stabilizing the
closed state. Although such reports were later found to be non-reproducible by
another group, it only points to the challenge of finding mAb targets to Nay
channels??®. More recently, camelid antibodies (nanobodies) and Phage display of
scFv (single chain variable fragment) antibodies are also being utilized to tackle this
problem. Moreover, knocking down Nay channel protein expression by use of shRNAs
are also being investigated, although this approach lacks suitable drug delivery

methods currently?2%-231,
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1.9 The Nay C-terminal domain

The globular C-terminal domain (CTD) is connected to the DIV S6 helix via a flexible

and disordered linker and carries out many regulatory functions of the Nays (Figure

1.3)232.233, Five a-helical regions of the CTD match the consensus sequence for an EF-
like hand (EFL) (Figure 1.4)%34235, The fifth a-helical region acts as a binding site for

the fibroblast growth factor homologous factor (FHF). The sixth a-helical region (1Q

motif) is followed by a disordered region (structurally uncharacterized) consisting of

regions involved in cytoskeletal binding and ubiquitination, including a Nedd4-like

binding domain, PY motif domain and a syntrophin-anchoring PDZ binding motif236.237,

binding
domain

domain

b |
N-lobe o.f fj’ (\ @ FGF13
Calmodulin (t 3 % ) ~ binding
3
af
b PY motif

1Q
Motif:

C- lobe of
Calmodulin’
binding
domain

7 R@ARL
‘7’\& L 7o §

(B Ty

A PONS

(@}N<_§ )
90° < ;“ 90
48 S

3

,
U

Figure 1.3 Predicted structure of the compete c-terminal
domain of Na,1.5 (PDB ID: 4DCK) using the I-TASSER server.
All the important domains associated in interaction with
other proteins are indicated. The topology of the CTD from
the side at 90°rotations is also illustrated.
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A Disordered linker to DIV $6 helix EF hand

Navl.5 TYIIISFLIVVNMYIAIILENFSVATEESTEPLSEDDFDMFYEIWEKFDPEATQFIEYSVLSDFADALSEPLRIAKPNOISLINMDLPMVSGDRIHCMDILFAFTKRVL LK IQMEEK! ISYEPITTT 1895
Navl.4 SYIIISFLIVVNMYIAIILENF EMFYET T. FIAYSRLSDFVDTLQEPLRIAKPNKIKLITLDLPMVPGDKIHCLD ILFALTKEVL LKQTMEEKF YEPITTT 1721
DRk Rk k ok Rk ko k| ko sk R Rk ko kok Rk Rk Rk ok ok s kR k ks k kA kk ok k ko
Helix6
Navl.5 LRRKHEL AMVI RAF RHLLORSLKH SFLiylee).Glele)s JIAYV 'SRP I PSYDS' PP. - IV 2016
Navl.4 LKRKHE e e PEKEGLL LMPI T vV 1836

K RRRKEK K KRAKRRRKRRRA K Ak

sk, Akkk

>k

AR KL

*hk

e) Nav1.4 with
Ca?-calmodulin
(PDB: 6mc9)

g

TQXXXRICOKKRIX
NLBM
B a) Nav1.5 with b) Nav1.5 with c) Nav1.5 with d) Nav1.4 with
apo-calmodulin Ca?*-calmodulin Ca?*-calmodulin apo-calmodulin
(PDB: 4ovn) (PDB: 4jq0) (PDB: 6mud) (PDB: 6mba)

EFL
domain

Side view ,

N-lobé, ¢ ¥

N-lobe
Helix6 — o
a9z = é
C—Iong C—Iobve > N
Top view “,{Y‘. __-R1897 ‘Q __-R1897 C-lobe % __—R1897 “
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Figure 1.4 The Na,1.4 and Na,1.5 channel C-terminal domain. A. Clustal omega sequence
alignment of Na,1.5 and Na,1.4 CTDs. Identical residues are indicated by (*), conservative changes
by (:) and semi-conservative changes by (.). Locations of the linker region, EF hand and helix 6
highlighted. The extended region of helix 6 containing sequences implicated in apo- or Ca?*-
calmodulin binding coloured cyan. Within this region, the consensus 1Q-motif is indicated. In the
Na,1.5 sequence, examples of LQT3 and BrS-associated residues coloured orange and sky blue,
respectively. In the Na,1.4 sequence, myotonia and PMC-associated residues coloured tan and purple,
respectively. B. Comparative structures of CTDs from Nav1.5 (a-c) and Na,1.4 (d,e) with apo-
calmodulin (a,d) or Ca2+-calmodulin (b,c,e), in side view and top view. To emphasize the variety of
ways in which calmodulin can bind to helix 6, the EF hands have been removed from the top views
and the orientation of each helix 6 structure has been arbitrarily standardized, with Na,1.5 residue
R1897 and its Na,1.4 equivalent K1723 placed at 12 o’clock. In the Na,1.5 structures, LQT3 and BrS-
associated residues highlighted as spheres and coloured orange and sky blue, respectively. In the
Na,1.4 structures, myotonia and PMC-associated residues highlighted as spheres and coloured tan
and purple, respectively. Ca?* ions shown as red balls.
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1.10 Ca?*-dependent modulation of voltage-gated myocyte sodium
channels

Activation of Nay channel leads to release of Ca?* from the sarcoplasmic reticular (SR)
stores via the ryanodine receptor (RyR), which increases the intracellular CaZ* levels
from ~100 nM to 10 pM, thereby initiating contraction of the myocytes. EF-hand like
regions of C-terminal domain of Na,s have been reported to bind Ca?* directly or via
its association with calmodulin (CaM)236:238, Calmodulin itself has four EF-hands, two
on each of the N- and C- lobes, which can bind Ca?* (Ca?*-CaM) with high affinity (nM
to low pM range) and undergo structural changes in presence of Ca?*i.e.

Ca?*-CaM (open and semi-open states) and absence of Ca?*i.e. apo-calmodulin (apo-
CaM) (closed and semi-open states)?3%24!, At its open and semi-open states a

hydrophobic pocket opens up which can bind distinct a-helical motifs?3%-241,

A

t Tt # # 1 # # # 4 DIII-DIV linker, site A, bound to Ca?*- calmodulin, C-lobe (PDB: 4djc)
Navi.5 1401 Gogorrnp QR 1R dhrceoreTPReNGE RV GRD 1531

;i i & M1498
site A site B e 1’

| [ -

Navl.4 1306 GGKDIS]G(PQKPIPRPQ 1356

Kk KKK KRRIRRRKRXRRRRRRKR KRR ARRKK *k *k; . k- hkrhhkk

DIII-DIV linker, site B, bound to Ca?*- calmodulin, N-lobe (PDB: 5dbr)

V1525
- 7 a:
’.'j% K152f. ".1"5 21

K152

115217

V1525

I1521
VlSZi

K1527)

115217

Figure 1.5. The intracellular DIlI-DIV linker interaction with Calmodulin.

(A) Sequences of DIII-DIV linkers from Na,1.5 and Na,1.4 aligned using Clustal Omega. Identical
residues indicated by (*), conservative changes by (:) and semi-conservative changes by (.) underneath
the sequence alignments. IFM motifs of the inactivation gate are indicated in red. Site A and site B
helices, inside respective boxes, are indicated. In the Na,1.5 sequence, examples of residues whose
mutations are associated with Long QT syndrome (LQT3) indicated by (1) and with Brugada syndrome
(BrS) by (#). LQT3 and BrS-associated residues implicated in binding of the DIII-DIV linker to the a-
subunit and to Ca2+-calmodulin coloured orange and sky blue, respectively. In the Na,1.4 sequence,
residues whose mutations are associated with myotonia indicated by (|) and with paramyotonia
congenita (PMC) by (}). (B) Expanded view of the Na,1.5 DIII-DIV linker (light grey), showing locations
of the key residues coloured in (A), see text for details. (C). Binding of site A helix and site B helix to
Ca2+-calmodulin C-lobe and N-lobe, respectively. Note the location of key site A and B residues
coloured as in (A) and (B).
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The cleft present in the EFL binds the DIII-DIV linker (site A, Figure 1.5A,B,C)?% by
forming ionic bonds with residues in DIV S4 helix. Since the DIII-DIV linker contains
the IFM motif, the CTD acts as a restraint for the inactivation gate from premature
transition to the inactivated state. Site A and B of DIII-DIV linker also binds to the C-
and N- lobes of calmodulin only in the presence of Ca?* 242243, In Nay1.5 disease
causing mutations are found which weakens this binding, for example Y1494N affects
binding of the C-lobe of CaM and 11521K affects the binding of N-lobe of CaM to the
DIII-DIV linker?®,

The Nay CTD can also bind calmodulin, its 1Q motif binds the C- lobe of apo-
calmodulin, whereas the N- terminal of helix 6 of CTD can bind the N- lobe of apo-
calmodulin (Figure 1.4 A, Ba)**. In the presence of Ca?*, the 1Q motif of Nay1.5 CTD
can still bind CaZ*-calmodulin, but the N- lobe of Ca%*-calmodulin falls off the helix
6 and binds to a post IQ-motif NLBM (Figure 1.4 Bb). In another structure available
of this binding (Figure 1.4 Bc) the N- lobe of Ca?*-calmodulin appears to remain
unbound to the N-lobe, however in that structure the post-IQ motif NLBM region is
missing?4>. Mutations in this NLBM region are also associated with BrS, for e.g. A1924T
(Table 1.2). Interestingly, a functioning NLBM region is missing in the Nay1.4 CTD and
although the Nay1.4 CTD binds to apo-calmodulin in a similar fashion as the Nay1.5
CTD, during its binding with Ca?*-calmodulin, the N- lobe of the Ca%*-calmodulin does
not shift as dramatically as observed in the Na,1.5 CTD (Figure 1.4 Bd,e)?*. This
suggests that even with such similar sequence homology between Nay1.4 and Nay1.5
CTD, they show different binding characteristics to Ca?*/apo-calmodulin.

Nav1.5 CTD also contains a PY motif that can bind Nedd4-2, which is upregulated by
elevated Ca%*, and be degraded?#.

Calmodulin could also potentially bind to N-terminal domain of Nay1.5 CTD, with
certain mutations which perturbs this interaction causing dominant negative effect

on the channel function?4’,
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1.11 Aim of the project

All the voltage gated sodium ion channels subtypes have been associated with
naturally occurring mutations that cause diseases that result in significant disability,
developmental problems, early death and/or decrease in quality of life. Some of
these mutations in Nay1.5 alter amino acids in the extracellular turret loop regions
of domains DIl (R878, W879) and DIII (Y1426, D1430, W1440, E1441). Yet it is unclear
how they affect channel gating. In the Nay1.5 structure determined by cryogenic
electron microscopy, the wild-type residues that correspond to these mutants appear
to form a complex salt bridge at the interface between the DIl and DIII turret loops
(R878 containing the positively charged side chain with the negative charged side
chain consisting of D1430 and E1441 residues). Furthermore, adjacent aromatic
residues (W879, Y1426 and W1440) are likely to form cation-m interactions with the
complex salt bridge. Here, we examine this region using site-directed mutagenesis,
electrophysiology and in silico modelling. Since the location of these amino acids are
not in a very critical area of the channel like the voltage sensor, pore, or the
inactivation/activation gates, these might provide interesting insights into the
mechanism of channel activation, inactivation, and recovery from inactivation. The
hypothesis is that these cluster of amino acids stabilizes the etracellular loop region
between DIl and DIII and in extension contributes to the stability of Nay. Disruption
of the various bonds formed by these amino acids will likely lead to the
destabilization of the Nay structure resulting in drastic effects on the channel

activity.

Moreover, as already discussed in detail previously, the Na, channel shows Ca%*
dependent regulation through the association of its C-terminal domain with
calmodulin. This project aims to understand this interaction between Nay CTD and
calmodulin and how this interaction is regulated in the presence and absence of Ca?*.
Since the CTD region mostly consists of a disordered region it has not been resolved
with the full structure models recently made available by CryoEM. However,
truncated CTD x-ray crystallography structures of Nay1.5 and Nay1.4 can be found in
literature. Although very similar in homology, interesting differences in the binding
of calmodulin can be observed in these available structures. The CTD, whether full
or truncated, has not been resolved for Nay1.7, so this project will also aim to resolve

this structure using x-ray crystallography.
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Finally, using phage displays single chain (scFv) antibodies will be selected against
the CTD of Nay1.5 and Nay1.7. Since the CTD are known to bind the DIII-DIV linker,
calmodulin and FGF13, an scFv binding to the CTD could potentially hamper or
enhance these interactions. Being able to find an scFv antibody clone that can cause
deregulation of CTD by, for instance preventing the binding of calmodulin, could
have potential as a therapeutic agent. If the scFv could inhibit the binding of the
DIII-DIV linker, which consists of the inactivation gate, to the CTD then it could
potentially affect the inactivation and recovery from inactivation. Whether the scFvs
elicit gain of function or loss of function to the channel, either way it can have
therapeutic potential in different diseases. At the very minimum an antibody that
selectively binds to Nay1.7 and not to Nay1.5 and vice versa can have promising role
in diagnostics, detection in various experimental assays and help in structural
determination. In this part of the project a 10'? scFv library (naive human B Cell
derived) will be screened to find clones that recognize selective Nay1.7 and Nay1.5
CTD. Selected clones will be studied using automated patch clamp to understand
their effects on channel gating. It is expected that the clones could have effect on
channel gating through inhibiting binding of other associated proteins with the CTD,
like calmodulin, FGF13 etc.

50



Chapter 2

Materials and Methods
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2. Materials and Methods

All chemicals were purchased from Sigma-Aldrich (Haverhill, UK), unless mentioned

otherwise.

2.1 DNA constructs, primers, and site-directed mutagenesis

Bicistronic plasmids encoding hNay1.5 (pIRES2-EGFP-hNav1.5; also called hH1,
accession no. M77235) and the R878C mutant (pIRES2-EGFP-R878C) together with a
separately expressed EGFP were a gift from Dr. Ming Lei (University of Oxford, UK).
All further mutations were introduced by site-directed
mutagenesis (QuikChange Lightning kit, Agilent) according to the manufacturer’s
instructions with slight modifications which include use of additional 1 pl 100% DMSO
(Thermo Scientific). The following reagents were mixed in a PCR tube: 5 pl of 10X
reaction buffer, 2 pl of dsDNA template (100 ng), 2 ul of forward primer (125 ng), 2
hl of reverse primer (125 ng), 1 pl of ANTP mix, 1 pl of 100% DMSO, 1.5 pl of
QuikSolution reagent. The volume was then made up to 50 pl using ultra-pure water
(ddH20). Then following addition of 1 pl of QuikChange Lightning enzyme and a brief
spin down, a run in a thermal cycle was performed with the following cycles: 95°C
for 2 min, then 18 cycles of 95°C (20 sec), 60°C (10 sec), 68°C (30 sec/Kb of plasmid
length) followed by a final step of 68°C for 5 min. 2 pl of Dpn | restriction enzyme
was then added and kept at 37°C for 5 min after mixing thoroughly. 2 pl of this was
then transformed in 45 pl of XL-10 Gold Ultracompetent cells (thawed for 5 min with
2 pl of B-ME mix, then Dpn | digested plasmid mixed gently with the cells for 30
min on ice) at 42°C for 30 sec, then immediately placed back on ice for 2mins, before
transfer of the content to pre-heated 0.5 mL of 2TY Luria Broth (LB, 8 g Tryptone
(Formedium), 5 g Yeast Extract (Formedium), 2.5 g NaCl (Fisher Scientific UK) in 500
ml dH,0; sterilized by autoclaving) media at 37°C for 1 h at 250 rpm shaking. After
transformation, the samples were streaked (50 pl and 200 pl of each sample
separately) in 2TY agar (1.5%) plates. 1X Kanamycin Sulfate antibiotic (Gibco, Life
technologies) was added to both the broth and agar media. Sigma GenElute HP
Plasmid Midiprep Kit was used throughout for plasmid DNA extraction. Absorbance at
260/280 and 260/230 was used to determine DNA concentration and purity

(BioPhotometer D30, Eppendorf). DNA sequencing confirmed whether nucleotide
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exchange for mutant generation occurred successfully or not (Sanger Sequencing
facility, Department of Biochemistry).

The following oligonucleotide primers were used for generating the mutants:

a. E1441C:
5'-GGGTATGAAGAGCAGCCTCAGTGGTGCTACAACCTCTAC-3' (+)
5'-GTAGAGGTTGTAGCACCACTGAGGCTGCTCTTCATACCC-3' (-)
b. E1441R:
5'-TGAAGAGCAGCCTCAGTGGCGATACAACCTCTACATGTAC-3" (+)
5'-GTACATGTAGAGGTTGTATCGCCACTGAGGCTGCTCTTCA-3' (-)
c. E1441Q;
5'-GGGTATGAAGAGCAGCCTCAGTGGCAATACAACCTCTAC-3' (+)
5-GTAGAGGTTGTATTGCCACTGAGGCTGCTCTTCATACCC-3' ()
d. E1441D:
5-GAAGAGCAGCCTCAGTGGGACTACAACCTCTACATGTACAT-3' (+)
5-ATGTACATGTAGAGGTTGTAGTCCCACTGAGGCTGCTCTTC-3' (-)
e. R878E:
5-CGACTCAGGCCTGCTGCCTCACTGGCACATGATG-3' (+)
5'-CATCATGTGCCACTCAGGCAGCAGGCCTGAGTCG-3' (-)
f. R878D:
5'-CAGGCCTGCTGCCTGACTGGCACATGATGG-3' (+)
5'-CCATCATGTGCCAGTCAGGCAGCAGGCCTG-3' (-)
g. D1430R:
5-CATTATGTATGCAGCTGTGCGCTCCAGGGGGTATGAAGAG-3' (+)
5-CTCTTCATACCCCCTGGAGCGCACAGCTGCATACATAATG-3' (-)
h. D1430E:
5-TATGTATGCAGCTGTGGAATCCAGGGGGTATGAA-3" (+)
5-TTCATACCCCCTGGATTCCACAGCTGCATACATA-3' (-)
i. D1430C:
5'- GACATTATGTATGCAGCTGTGTGTTCCAGGGGGTATGAAGAGCAG -3' (+)
5'- CTGCTCTTCATACCCCCTGGAACACACAGCTGCATACATAATGTC -3' ()
j. R878E/E1441R: R878E used as a template with E1441R oligonucleotide primers
k. R878C/E1441C: R878C used as a template with E1441C oligonucleotide primers
. R878D/D1430R:R878D used as a template with D1430R oligonucleotide primers

53



m.R878C/D1430C:R878C used as a template with D1430C oligonucleotide primers

n.

W879Y:
5-GGCCTGCTGCCTCGCTATCACATGATGGACTTCT-3' (+)
5'-AGAAGTCCATCATGTGATAGCGAGGCAGCAGGCC-3' (-)

. W879A:

5-AGTCCATCATGTGCGCGCGAGGCAGCAGGC-3' (+)
5'-GCCTGCTGCCTCGCGCGCACATGATGGACT-3' (-)

. Y1426A:

5'-AGGCTGGATGGACATTATGGCCGCAGCTGTGGACTCCAGG-3' (+)
5'- CCTGGAGTCCACAGCTGCGGCCATAATGTCCATCCAGCCT -3 (-)

. Y1426W:

5-CATTTAAAGGCTGGATGGACATTATGTGGGCAGCTGTGGACTC-3' (+)
5'-GAGTCCACAGCTGCCCACATAATGTCCATCCAGCCTTTAAATG-3' (-)
Y1426F:

5- CATTTAAAGGCTGGATGGACATTATGTTCGCAGCTGTGGACTC -3' (+)
5'- GAGTCCACAGCTGCGAACATAATGTCCATCCAGCCTTTAAATG -3 (-)
W1440Y:
5'-GGTATGAAGAGCAGCCTCAGTATGAATACAACCTCTACATGTAC -3' (+)
5-GTACATGTAGAGGTTGTATTCATACTGAGGCTGCTCTTCATACC -3' (-)

. W1440A:

5'-GTATGAAGAGCAGCCTCAGGCGGAATACAACCTCTACATG -3’ (+)
5'-CATGTAGAGGTTGTATTCCGCCTGAGGCTGCTCTTCATAC -3' (-)

. Q1832E:

5-GTATCGCCAAGCCCAACGAGATAAGCCTCATCAAC -3' (+)
5-GTTGATGAGGCTTATCACGTTGGGCTTGGCGATAC -3 (-)
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2.2 Cell culture and transfection

Human embryonic kidney (HEK293F) cells were cultured in DMEM/F-
12 GlutaMAX medium (Invitrogen) supplemented with 10% fetal bovine serum at 37
°C and 5% CO;. For patch-clamp experiments and confocal imaging, 0.5 pg of Nay1.5
wild-type (WT) or appropriate mutant were transiently transfected
using polyethylenimine (PEI, 1 pg/pl) at a DNA/PEI ratio of 1:4, on 18 mm coverslips
in 6-well plates. For confocal imaging two changes were made, increase of plasmid
to 1 pg and use of 22 mm coverslips. For the biotinylation assays, HEK293F cells
were transiently transfected in 100 mm dishes with 8 pg of Nay1.5 WT, mutant or
empty vector pEGFP-N1 as a negative control, using a DNA/PEI ratio of 1:3. After 48
hours the transfected cells were harvested for further experimentation. Transfection
efficiency was determined by Leica DMI 6000 CS microscope by the imaging of the

GFP fluorescence.

2.3 Immunocytochemistry and imaging with confocal microscopy

The cover slips were initially washed with 100% ethanol, dried under UV overnight
inside tissue culture hood and later processed with 0.01% poly-l-lysine (Merck
Specialty Media) and again dried under UV overnight. After 48 h of transfection, the
cover slips were washed three times with 1X Phosphate-buffered saline (PBS;
pluriSelect Life Science) and fixed using 4% paraformaldehyde (PFA) for 10 min
before being re-washed with 1X PBS. The permeabilization step was carried out by
0.1% Triton X solution (100 pl Triton X-100 in 100 ml 1X PBS prepared with Milli-Q
ultrapure water) for 10 min at room temperature and pressure (rtp) under gentle
shaking. Immediately, 1% Bovine Serum Albumin (BSA) (1 g BSA in 100 ml 1X PBS
prepared with Milli-Q ultrapure water) blocking agent was added to the cover slips
containing the transfected cells for 1 h. Overnight incubation with primary antibody
Anti-Human Nay1.5 (SKM2, SCN5A, polyclonal, rabbit, Alomone labs) prepared in 1%
BSA solution followed with two different concentrations 1:250 and 1:500 and kept at
4°C under gentle shaking. On the next day, the cover slips were washed three times
with 1X PBS and incubated with secondary antibody Alexa Fluor 647 (goat anti-rabbit;
Invitrogen life technologies; A21245) for 2 h at 4°C under gentle shaking in darkness
(plates covered with Aluminium foil). Cover slips were re-washed three times with
1X PBS and mounted on VWR SuperFrost Plus microscope slides using 4',6-diamidine-
2’-phenylindole dihydrochloride (DAPI; Duolink; Art no. 82040-0005) and sealed with
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nail varnish (Boots, Cambridge). Images were captured using Olympus [X81
microscope by sequential scanning (for optimal signal-to-noise ratio) with 488nm (for
EGFP) and 647nm (for Alexa 647).

Images were later processed using Fiji Image J software.

2.4 Co-immunoprecipitation (Co-IP) and Western Blotting

Transfected HEK293F cells on each 100 mm sterile dish were first washed three times
with ice-chilled 1X PBS, pelleted by centrifugation at 1000 rpm for 5 min at rtp using
swinging-bucket rotor centrifuge and every sample resuspended on 1ml Lysis Buffer
(0.3g Tris (Melford Biolaboratories Ltd.), 0.44 g NaCl, 500 pl Triton X-100, Protease
inhibitor tablet and made up to 50 ml with dH;0; pH 7.4) and kept at 4°C on a
rotating Eppendorf shaker for 30 min. The cell lysates were then separated after
centrifugation at 10,000g, for 10 min at 4°C and Pierce BCA Protein Assay kit (Thermo
Fisher Scientific) used to quantify and standardize the amount of protein in each
sample before appropriate pulldown antibodies and 50 pl of Pierce Protein G Agarose
(ThermoScientific, UK) (after three washes with lysis buffer) were added to each
sample and kept at 4°C on rotating Eppendorf shaker overnight. On the next day the
samples were spun down (2000g, 5 min, 4°C) and the supernatant collected on a
fresh set of Eppendorf tubes. The protein G agarose beads were then washed three
times with lysis buffer and the final wash collected on fresh Eppendorf tubes. Beads,
supernatants and the washes collected were then mixed with Lithium dodecyl sulfate
(LDS; Thermo Fisher Scientific Invitrogen NuPAGE LDS Sample Buffer (4X)) and
Dithiothreitol (DTT; Melford Biolaboratories Ltd.), vortexed, kept at 80-90°C on a
heating block for 10 min before being run on 3-8% Tris acetate gel (Thermo Fisher
Scientific invitrogen) with 1X Tris Acetate SDS running buffer (novex by life
technologies) for 1 h at constant 150 V on XCell SureLock container (novex by life
technologies). The gel was then transferred to nitrocellulose membrane using regular
iBlot gel transfer stacks (Invitrogen by Thermo Fisher Scientific). The membrane was
then blocked in 5% milk (Marvel original dried skimmed milk) + TBST solution (6.06 g
Tris, 8.7 g NaCl, 1 ml Tween20, made up to 1 L with dH,0; pH 7.4) for 1 h on a shaker
before being incubated with appropriate primary antibody on tube rollers at 4°C
overnight. On the next day, the membranes were washed five times with TBST
solution and incubated with appropriate HRP-conjugated secondary antibody on tube

rollers for 1hour at rtp. The membranes were washed again five times with TBST,
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soaked in Amersham ECL Western Blotting Detection Reagent (GE Healthcare) for

5mins, dried and processed on Amersham Hyperfilm ECL (GE Healthcare) in a dark

room. If necessary, the membranes were washed with TBST solution again and

stripped for 10 min using glycine buffer (7.5 g glycine, 0.5 g SDS, 5 ml Tween20,

made up to 500 ml with dH.0; pH 2.2). The membrane could then be made ready to

re-probe with other antibodies after washing two times with 1X PBS and two times
with TBST and blocking with 5% milk again for 1 h.

a) Pulldown antibodies used:

i

ii.

HA-probe antibody (F-7): sc-7392, mouse, Santa Cruz Biotechnology
Anti-Human Nay1.5 Antibody, SKM2, SCN5A - Cat#ASC-013, rabbit,
allomone labs

b) Primary antibodies used:

i
ii.

iii.

HA-probe antibody (Y-11): sc-805, rabbit, Santa Cruz Biotechnology
GFP antibody, GTX113617, rabbit, GeneTex

Anti-Myc Tag antibody, clone 4A6, HRP conjugate (#16-213), mouse,
Merck Millipore

c) Secondary antibodies used:

i.

Goat Anti-Rabbit IgG (H + L)-HRP Conjugate #1706515, Bio-Rad
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Figure 2.1. Standard curve to measure protein concentrations.
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2.5 Cell surface biotinylation assay

Biotinylation assay was adapted from Laedermann et al., with slight
modifications?®. 48h after transiently transfecting HEK293F cells with appropriate
plasmids, cells were washed twice with cold 1X PBS solution, then incubated with
freshly prepared 0.5mg/ml EZ-link™ Sulfo-NHS-SS-Biotin  (Thermo Scientific,
Cheshire, UK) in cold 1X PBS for 15 min at 4 °C. To quench and remove excess biotin
the cells were washed twice with 200 mM glycine (in cold 1X PBS), and then twice
with cold 1X PBS. Cells were then lysed in 1 ml of lysis buffer (50 mM HEPES pH 7.4;
150 mM NaCl; 1.5mM MgClz; 1 mM EGTA pH8; 10% Glycerol; 1% Triton X-100)
supplemented with 1X Complete Protease Inhibitor Cocktail (Roche) at 4°C for 1 h,
and then clarified by centrifugation; 16,000 X g for 15min at 4 °C. 500 pg of
the supernatant was incubated with 50 pl Pierce™ Streptavidin Agarose beads
(Thermo Scientific, Cheshire, UK) overnight at 4°C, while the remaining
supernatant volume was kept as the input fraction. Following the overnight
incubation, the Streptavidin beads were pelleted at 1000 X g for 1 min and washed
thrice with cold 1X lysis buffer and then eluted with 50 pl of NUPAGE LDS Sample
Buffer (4X; Invitrogen, Renfrewshire, UK) supplemented with 100 mM DTT at 37 °C
for 30 min. The input fractions were similarly treated in LDS buffer + 100 mM DTT at
equal final concentrations to function as a loading control indicating the total Nay1.5
expression, while the biotinylated fractions represent just the Nay1.5 expression at
the cell surface.

The input (total Nay1.5 expression) and biotinylated (cell surface-expressed Nay1.5)
samples were separated on NuPAGE 4-12% Bis-Tris gels (Invitrogen, ThermoFisher)
and transferred to nitrocellulose membrane (iBlot transfer
system, Invitrogen, ThermoFisher). Membranes were blocked with 5% milk in TBS-
Tween (0.1%) for 45minsat room temperature before overnight incubation
of primary antibody at 4 °C. Primary rabbit polyclonal anti-(human Nay1.5),
(residues: 1978-2016) (#ASC-013, Alomone Labs, Jerusalem, Israel) and rabbit
polyclonal anti-(actin) (A2066, Sigma), both used at a concentration of 1:200 were
followed by a one-hour incubation with secondary Goat anti-(Rabbit 1gG-HRP
conjugate) (#1706515, Bio-Rad) at a concentration of 1:8000 at room temperature.
Amersham ECL Western Blotting Detection Reagent (GE Healthcare, Hatfield,

UK)was used to activate the HRP and the chemiluminescent signal
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detected on Amersham Hyperfilm ECL (GE Healthcare). Immunoblot intensities were

quantitated using Image J and normalized against their loading controls.

2.6 Electrophysiology

Electrophysiological experiments were carried out as previously described by Salvage
et al., with slight modifications?®. GFP fluorescence from pIRES vector helped
visualize the efficiently transfected cells chosen for the whole-cell patch-clamp
recordings which were made 48 h post-transfection. For all measurements, of
inactivation, activation and recovery from inactivation, the whole-cell configuration
of the patch-clamping technique was employed using an Axopatch 200 amplifier
(Axon Instruments, CA, USA), Digidata 1322A digitizer (Axon Instruments, USA), and
the Strathclyde Electrophysiology Software Package (WinWCP, Department of
Physiology and Pharmacology, University of Strathclyde, UK). All the experiments
were performed at room temperature (20-22°C). The extracellular bath solution
used to superfuse the cells was set at a flow rate of 2-3 ml min~' and was composed
of 60 mM NaCl, 2 mM KCL, 1.5 mM CaClz, 10 mM glucose, 1 mM MgClz, 90 mM CsCl,,
10 mM HEPES, pH 7.40 + 0.01 adjusted with NaOH. The internal solution contained
35mM  NaCl, 105mMCsF, 10 mM EGTA, 10mM HEPES, pH 7.40 +
0.01 adjusted with CsOH and filter sterilized (0.22 ym). Patch pipettes were
prepared from borosilicate glass capillaries (1.2 mm OD, Harvard Apparatus,
Cambridge, UK) using electrode puller model P87 (Sutter Instrument Co., CA,
USA) with pipette resistance maintained between 1.5-2.5 MQ. Signals were low-pass
Bessel filtered at a cut-off frequency of 5 kHz and sampled at 125 kHz. Series
resistance compensation (70-85%) was set for each recording, and leak currents were
subtracted using a P/4 protocol. All recordings were made after allowing at least 3
min after membrane rupture. The liquid junction potential (2 mV) was not corrected
for and data from cells with a clear loss of voltage control as demonstrated by poor

I/V relationships were removed.

2.7 Voltage protocols
All protocols employed a holding potential of - 120 mV. The voltage dependences of

steady-state  activation and  inactivation @ were  examined using a

100 ms duration pulse, to activating test voltages ranging between -140mV to
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+45mV in 5mV increments with each sweep, followed immediately by a pulse to a
fixed voltage of -40 mV of 50ms duration. For measurements of steady-
state inactivation, peak currents elicited by each of the latter -40 mV pulses,
were normalized to the maximum peak current generated and then plotted against
the voltage of the preceding 100 ms conditioning pulse. The data assumed a sigmoid
function, decreasing with positive shifts of membrane potential. For the activation
protocol, peak current densities (pA/pF) were calculated by dividing the peak
current amplitude by whole-cell capacitance and the current-voltage relationship
plotted. Both inactivation and activation data were fitted with a single Boltzmann
function:

G/Gmax =1/(1+exp((V-V1/,2) /k) (Eq. 1)

where G/Gmax is the normalized conductance or current, V1,2 is the voltage of half-
maximal activation or inactivation, k is the slope factor, and V is the test voltage or
conditioning voltage. The G terms for each voltage V were calculated from observed
peak currents Ina and their reversal potential Ena observed at large depolarizing

activating test voltages as:

GNa = |Na/(V‘ENa) (Eq- 2)

The recovery from inactivation protocol employed a standard two-pulse protocol (P1)
and (P2) both involving voltage steps to - 40 mV for 50 ms but separated by a return
to the holding potential (-120 mV) of varying time courses between 1 to 200 ms. The
ratio P2/P1 was then calculated to normalize the peak current, which indicated the
fraction of current available for activation after depolarizations at varying durations.

These plots were fitted with a double exponential function as follows:
y = -Arexp(-t/t1) - Az exp(-t/12) (Eq. 3)
In the above equation, A1 and A; are the amplitudes of the fast and slow components

respectively, 11 and T, are the time constants of recovery from inactivation for the

fast and slow components respectively and t is time.
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2.8 Statistical analyses

Data from electrophysiological experiments were graphically presented using
GraphPad Prism 9 software (GraphPad, CA, USA) and expressed as mean
+ SEM. Statistical comparisons were performed using One-Way ANOVA followed by
Dunnett post-hoc tests and statistical significance was assumed when p < 0.05.
ANOVA was used since more than three independent groups of data needed to be
analysed for statistical significance. Dunnet’s post-hoc test was performed since only
the control group was compared to all other mutants, however mutant groups were
not compared to each other. The post-hoc analyses reduces the chance type | error
(false positives) by controlling the experiment-wise error-rate. The data were
automatically captured and analysed using the WinWCP (Electrophysiology software

package, University of Strathclyde, UK). Normal distribution of data was assumed.

2.9 Application of veratridine

Veratridine (ab120279, Abcam, Cambridge, UK) was applied at 0.1 M final
concentration, in the bath solution and continuously perfused during the whole-cell
recording of HEK293F cells transiently transfected with the wild-type Nay1.5 or those
mutants which showed no detectable activation current?°. Veratridine was allowed
to perfuse the bath for at least 5 min before starting the recording. Effects of

washing out the drug were not performed.

2.10 Disulfide locking experiment

Double cysteine mutations were carried out on the charged residues likely taking
part in salt bridge formation (human R878C/E1441C and R878C/D1430C). Whole-cell
recordings of HEK293F cells transfected with the wild-type Nay1.5 or either of these
two mutants were performed after continuously perfusing the bath solution with
freshly prepared 1 mM B-mercaptoethanol (BME), allowing at least 5 min before the

start of recording3®.

2.11 Molecular dynamics (MD) simulations and bioinformatics

The molecular dynamics (MD) simulations were performed by Manas Kohli (MPhil
student, Dept. of Biochemistry, University of Cambridge, UK) and Dr. Taufiq Rahman
(Lecturer, Dept. of Pharmacology, University of Cambridge, UK), as part of a close

collaboration where | was part of the overall design and interpretation of the work.
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The cryo-EM structure for rat Na,1.5 (PDB ID: 6UZ3)?” was used for the MD
simulations. These were performed using NAMD 2.9%°' with CHARMM36 force
fields?*2. All simulations were conducted at 310 K and 1 atm. For the wild-type
structure, simulations were run on the original PDB structure: 6UZ3. Each of the
mutants were engineered using the “Mutator” plugin of VMD 1.9.4233,

To model the dynamics of each system, the protein was embedded into a lipid
bilayer. Each protein was inserted into the palmitoyl-oleoyl-phosphatidylcholine
(POPC) bilayer (containing 229 lipid molecules), which was then solvated by TIP3P
waters (~ 36000 water molecules) and neutralized by 150 mM NaCl?>'252, Parameters
were taken from the work of Jounge et al., to amend the interactions involving Na*
ions2>4, All simulations were conducted in an NPT ensemble, with CMAP correction,
where the pressure and temperature were held at 1 atm and 310 K by the Nose-
Hoover Langevin piston and the Langevin thermostat respectively. Periodic boundary
conditions (PBC) were applied in all directions. Simulations were preceded by a pre-
equilibrium step. Firstly, the system was energy-minimized for 2000 steps and then
equilibrated using a time step of 1 fs for 0.5 ns. To relax the lipid-protein
interactions, all atoms were constrained except the lipid tails. Non-bonded Fix
(NBFIX) parameters were utilised for this step as they are optimized for the specific
case of ions interacting with carbonyl oxygen atoms2®. This was followed by
equilibration with the constrained protein to relax protein-water interactions.
Subsequently, productive simulations were run for a duration of 15 ns with the same
time step of 1 fs.

On successfully running the simulations, trajectory files (with a dcd extension) were
generated and subsequently analysed to investigate the properties of the channel
and region of interest. The RMSD values were generated through VMD’s “RMSD
Visualiser” tool which generated a value for every fs. VMD was used in the analysis
of the DEKA ring. With VMD’s ‘Tkconsole’, a tcl script was run to compute the atomic
distances between the alpha carbons of the residues for every 1000 frames2°¢. For
the distances between residues of interest, distances between relevant charged
groups on each residue was used. The last frame of every trajectory file was
extracted into a pdb file using VMD. Thereafter, using these pdb files, appropriate

pore profiles were obtained using MOLE2.0.
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Sequence and structure alignments- Primary sequence alignments between the Nay
channel isoforms were conducted using Blastp?>’. Alignment between the rat and

human Nay1.5 structures was conducted using TopMatch?>8.

2.12 Gateway cloning

Protein sequences were amplified by PCR with the primers below. The forward
primers consisted of the attB1 recombination site (12 nucleotides), the Shine-
Dalgarno (translation initiation site in bacteria mRNA) and Kozak (translation
initiation site in eukaryote mRNA) sequences, then start codon (ATG) followed by
the sequence of our desired recombinant protein (first 7 nucleotides). The reverse
primers consist of the two stop codons (TAA), attB2 recombination site (12
nucleotides) and followed the last 7 nucleotides of our desired protein.

a. Full length Nay1.5 CTD:
5'-AAAAAAGCAGGCTTCGAAGGAGATAGAACCATGCTGGAGAACTTCAGCGTGGCC-3' (F)
5'-AGAAAGCTGGGTGCTTATTATCACACGATGGACTCACGGTC-3' (R)

b. Full length Nay1.7 CTD:
5'-AAAAAAGCAGGCTTCGAAGGAGATAGAACCATGCTGGAGAATTTTAGTGTTGCC-3' (F)

5

o

5

d

5

“AGAAAGCTGGGTGCTTATTACTATTTTTTGCTTTCCTTGCT-3' (R)
. Nay1.5 CTD EF-hand domain: same (F) primer as full length Nav1.5 CTD
"-AGAAAGCTGGGTGCTTATTATTCGTGCTTGCGCCGGAGTGT-3' (R)
. Nav1.7 CTD EF-hand domain: same (F) primer as full length Nav1.5 CTD
"-AGAAAGCTGGGTGCTTATTACTCTTGTTTCCGTTTTAGTGT-3' (R)
e. Nay1.5 DIII-DIV linker:
5'-AAAAAAGCAGGCTTCGAAGGAGATAGAACCATGGACAACTTCAACCAACAGAAGGACAAC
TTCAACCAACAGAAG-3' (F)
5'-AGAAAGCTGGGTGCTTATTAAGCGTAATCTGGAACATCGTATGGGTAGAATATGAAG
CCCTGGTACTT-3' (R)
f. Nay1.7 CTD DIII-DIV linker:
5'-AAAAAAGCAGGCTTCGAAGGAGATAGAACCATG GATAATTTCAACCAACAGAAA-3' (F)
5'-AGAAAGCTGGGTGCTTATTAAGCGTAATCTGGAACATCGTATGGAAATATACATCCTT
GGATTTT-3' (R)
g. Calmodulin:
5-AAAAAAGCAGGCTTCGAAGGAGATAGAACCATGATGGCTGACCAACTGACTGAA-3' (F)
5-AGAAAGCTGGGTGCTTATTACTTTGCTGTCATCATTTGTAC-3' (R)
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h. Universal attB1 adapter primer: 5-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3'
i. Universal attB2 adapter primer: 5-GGGGACCACTTTGTACAAGAAAGCTGGGT-3'

Two step PCR protocol was performed using Qiagen Taq DNA polymerase kit. For both
the PCR steps the thermal cycler steps were set as follows: 95°C for 3 min; 40 cycles
of 95°C, 58-61°C, 72°C each for 1 min; and at the end 72°C for 15 min. For PCR step
1, the following were mixed in a PCR tube: 5 pL of 10X PCR buffer, 1 yL dNTP mix, 1
uL of desired DNA template (150ng), 1 L of particular attB1 primer (F) and 1 pL of
attB2 primer (R) (see list above), 10 pyL of 5X Q-solution, 0.5 pL of Taq DNA
polymerase and made volume up to 50 pL with ultrapure water. For PCR step 2, all
the same chemicals as above were used except in place of the DNA template, 5 pL
of the PCR step 1 product was used, and both the (F) and (R) primers were replaced
by the universal attB1 and attB2 adapter primers.

With the attB-PCR product gel electrophoresis was performed on 1.8% Agarose gel
(ethidium bromide). The band corresponding to the correct kbp was cut and QlAquick
Gel Extraction kit used to extract the DNA fragments.
For BP reaction the following were mixed in a 1.5 ml tube: 150 ng of attB-PCR
product (1-7 pl), 150 ng of pDonor221 vector (1 ul) and TE buffer (pH 8) to make it
up to 8 pl. Finally added 2 pl of BP Clonase Il enzyme mix and vortex briefly twice
and microcentrifuge briefly. This mix was kept overnight at room temperature, or
for 2-3h at 25 °C. To terminate the reaction 1 pl of Proteinase K was added at 37 °C
for 10 minutes. 1 pl of BP reaction product was used to transform DH5a competent
cells, plated on 2TY LB agar plates overnight at 37 °C. Individual colonies were
picked to inoculate separate 3ml 2TY LB media for overnight growth at 37 °C, 250
rpm shaking. NEB plasmid extraction miniprep kit was used to extract the plasmid
and DNA sequencing performed to confirm presence of the correct sequence in the
entry clone.

For the LR reaction the following were mixed in a 1.5 ml tube: 150 ng of entry clone
(1-7 pl), 150 ng of pDEST110 vector (1 ul) and TE buffer (pH 8) to make it up to 8 pl.
Finally, 2 pl of LR Clonase Il enzyme was added, followed by mixing and briefly
vorticing twice and briefly microcentrifuging. This mix was kept at room temperature
for 2-3 h. To terminate the reaction 1 pl of Proteinase K was added at 37°C for 10
min. 1 pl of LR reaction product was used to transform BL21 (DE3) competent cells

that were then plated on a 2TY LB agar plate overnight at 37 °C Individual colonies
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were picked to inoculate separate 3 ml 2TY LB media for overnight growth at 37°C,
followed by 250 rpm shaking. NEB plasmid extraction miniprep kit was used to
extract the plasmid and DNA sequencing performed to confirm presence of the
correct sequence in the destination vector. To sequence the pDEST110 vector the
following  primers were used: GGGAATTGTGAGCGGATAAC (F) and
AATGGTGATGGTGATGATGACC (R)

2.13 Protein expression

100-200 ng of destination vector product was transformed in 50 pl of BL21 (DE3)
competent cells with heat shock at 42°C for 15 s followed by plating on 2TY LB agar
plate containing 100 pug/ml ampicillin and 2% glucose and kept overnight at 37°C. A
single colony was selected to prepare a starter culture of 5 mL 2TY LB media
containing ampicillin and 2% glucose at 37 °C for 5-7 h. The culture was centrifuged
at 250 rpm, and the pellets inoculated in 100 ml of the same media, freshly prepared,
to grow overnight at 30°C. Next day the culture was centrifuged at 250 rpm, and the
pellets transferred to 2L of LBE auto-induction media (supplemented with Ampicillin
antibiotic) at 37°C for 3-4 h and later switched to 21°C over two nights.

Preparing 1L LBE media was made by adding together 10 g Bacto-tryptone (1%), 5 g
Bacto-yeast (0.5%), 2.68 g ammonium chloride (50 mM), 0.71 g sodium sulphate (5
mM), 5 g glycerol (0.5%), 0.5 g glucose (0.05%), 2 g lactose (0.2%) and making up the
solution to 1L with ultra-pure MilliQ water (ddH.0). The solution was then autoclaved
then cooled to room temperature for addition of the following, 1 mL 2M magnesium
sulphate (2 mM, 0.22 pm filter sterilized), 40 mL of 1M K;HPO4 (40 mM, 0.22 um filter
sterilized), 10 mL of KH2PO4 (10 mM, 0.22 pum filter sterilized) and 1 mL of trace
metal mix (0.22 pm filter sterilized). The trace metal mix was prepared as follows:
0.5 ml of 10 N HCl was added to 49.5 ml of ddH.0 to make 0.1 M HCL. In this was
dissolved 1.35 g FeCl3«6H,0. A further 36 mL of ddH,0, followed by 2 ml of 1M CaCla,
1 ml of 1M MnClz, 1 ml of 1M ZnSO4, 1 ml of 0.2 M CoClz, 2 ml of 0.1 M CuClz, 1 ml of
1M NiCl, were then added, and the solution finally made up to 100 mL using ddH-0.
The solution was then sterilized through a 0.22 pm filter and stored at room

temperature.
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2.14 Protein extraction

Post-auto induction, the cultures were centrifuged at 3000 rpm, 4°C for 20 min. The
pellets were suspended in 20 mL DPBS and to lyse the cells sonication (DAWE
soniprobe) was performed on ice at 70% power (100 watts), with four 15 s pulses.
Centrifugation was repeated at 14,000 rpm, 4°C for 30 min and the supernatant
collected and passed through 0.22 pm filter. 1 ml of pre-washed Qiagen Ni-NTA was

added to the supernatant which was then kept on roller overnight at 4°C.

2.15 Protein purification

2.15.1 Affinity Chromatography

Purification of the extracted protein was performed in two steps. First, we employed
affinity chromatography using Qiagen Ni-NTA beads which captured the N-terminal
10-His tags on our protein. The protein extract and Ni-NTA beads mix was first placed
on gravity columns and the beads subsequently washed with PBS solution containing
added 0.5M NaCl and 20 mM imidazole. Later, 14 ml of 500 mM imidazole solution in
PBS/0.5M NaCl was used to elute the protein. The eluted proteins were centrifuged
in appropriate MWCO vivaspin protein concentrators at 6000g, 4°C to concentrate to
2.5 mL volume. GE healthcare PD-10 desalting columns were later used to remove

imidazole and exchange buffer to DPBS.

2.15.2 Size Exclusion Chromatography (AKTA)

Before injecting the protein sample into a Superdex 75 300/15 column (GE
healthcare), the column was thoroughly washed with degassed 10% acetic acid and
DPBS. Protein samples were also passed through a 0.22 um filter to remove any debris
that could clog the column. All the peaks (Azs0 absorption) were collected separately,
and SDS-PAGE Western blot performed to check for the correct peak and its purity,
visualized through Coomassie staining. The collected samples were concentrated
again using appropriate molecular wight cut-off vivaspin protein concentrator and
quickly frozen using liquid N2 in small 50-100 pL aliquots and stored in a -80°C

freezer.

The purity of the recombinant proteins were visually assessed by Western blot
followed by Coomassie staining. At least 1 pug/well of purified protein sample mixed

with the appropriate volume of 4X LDS buffer and 10mM DTT, was placed at 70°C for
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10mins, then cooled down before running on 4-12% Bis-Tris SDS-PAGE gel (Invitrogen)
with 1X MES buffer at 200 V for 30 min. After the end of the run, the gel was washed
three times with distilled water and Coomassie blue stain (0.1% (w/v) Coomassie blue
R350, 20% (v/v) methanol, and 10% (v/v) acetic acid) added and kept in shaking for
1h at room temperature. The gel was washed again three times with distilled water
and destaining solution (50% (v/v) methanol in water with 10% (v/v) acetic acid)
added and kept on shaking until protein bands became clearly visible from the

background.

2.16 Phage display - Single chain fragment variable (ScFv)

Three 5 mL round bottom polystyrene tubes were coated overnight with 10 pg/mL
protein (in PBS). The protein solution is then removed and 3% milk (in PBS) added for
blocking for 1 h. Next the tubes were washed three times with PBS and 500 pL of
phage were added to the negative selector (Nay1.5 CTD for Nay1.7 and vice versa)
for 10 mins. The naive scFv phage display library used has been made by Dr. Samir
Hamaia (Dept. of Biochemistry, University of Cambridge, UK). Another round of
deselection was repeated with the unbound phage. Next, the unbound phage in the
supernatant were added to the target selection protein for 1 h followed by ten times
washing with PBS + 0.05% Tween20 and ten times with PBS to fully remove unbound
phage. 50 ul Trypsin (2 pl/ml Trypsin, 50mM Tris, 0.1mM CaCl;) was added for 15 min
to elute the bound phage which were incubated with 5 ml TG1 E. coli, OD¢go 0.5
(37°C, 170 rpm, 1 h). Centrifugation was performed at 3000 rpm for 7 min at rtp to
remove the media and the pellets were gently resuspended in 2TY LB media. 150 pl
were added on two 2TY LB agar plates for incubation overnight at 30°C. (A 10-fold
serial dilution was also carried out, with 50 pl of each dilution plated, to give an
indication of clone diversity and library size). Next, the bacteria were harvested
using freezing media (65% 2TY, 2% glucose, 17% glycerol, 100 ug/ml ampicillin). The
volume required for ODego of 0.1 was added to 5 ml of 2TY media and incubated
(37°C, 180rpm, 1 h). 100 pl helper phage were added and incubation was continued
for 1 hr at a lower speed of 165 rpm to facilitate phage binding to bacterial surface
receptors. The culture was centrifuged twice at 3000 rpm for 5 min at rtp, to remove
the glucose containing media completely. The bacteria were incubated overnight at

30°C in 10 ml 2TY media (100 pg/ml ampicillin, 50 pg/ml kanamycin, no glucose)

67



before centrifugation (13000 rpm, 10 min) to isolate phage. This was repeated for a
second cycle with the infected bacteria inoculated in 10 mL 2TY to give ODeggo of 1
(37°C, 180 rpm, 2 h). After centrifugation (7830 rpm, 5 min, rtp), the media was
replaced with 0.5 ml PBS and a miniprep was carried out using QlAcube. 10 pl of
Nco1 and Not1 restriction enzyme were added to 50 ul pSANG4 plasmid to excise the
scFv gene?>%260, 10 pl were added to 3 pl of pSANG10 vector with 4pl T4 ligase in 13
bl H20 and left for 2.5 h. 8 pl ligated plasmid were transformed into 50 pl Bl21
bacteria (42°C, 15s heat shock).

Using sterile pipette tips, colonies were added to wells of a 96-well plate containing
100 pl 2xTY (50 pg/ml kanamycin), and to wells containing 150 pl LBE (50 pg/ml
kanamycin). The plates were incubated overnight (400 rpm, 37°C). 25 pl glycerol
was added to the 2xTY plates for freezing at -80°C.

Lac promoter scFv

SANG4 |_'
P M13 leader _ n::; Gene lll — For the

T7 promoter scEv

SANG10

screening assay, 50 pl of 3% milk were added to the LBE wells to make up for volume

lost through evaporation.

Figure 2.2. Phagemid pSANG4 vector and bacterial pSANG10 vector (based on Martin et al., 2006
and Schofield et al., 2006). The scFv gene, fused to Gene lll, is encoded between Nco | and Not |
restriction sites, allowing excision from pSANG4 and ligation into pSANG10. pSANG10 was then
used for periplasmic expression of scFv, as the pelB leader sequence helps direct the expressed
protein to the periplasm. The 6x His tag was used for purification using Ni-NTA beads and 3x FLAG
tag for detection. This image was made by Roshni Mistry (part Il student, Dept. of Biochemistry,
University of Cambridge)
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2.17 ScFv screening assay

96 well Immulon 2B ELISA plates were coated overnight at 4°C in pairs, either with
100 pL (10 pg/mL in PBS) of Nay1.5 CTD or with Nay1.7 CTD. On the following day the
protein solution were removed and 200 pL of 3% milk added for blocking for 1h, to
reduce non-specific binding. The milk was then removed and the plate washed three
times with PBS + 0.05% Tween20 and 50 pl of ScFV clones from the LBE wells were
added to the corresponding wells of pairs of plates for 1-2h. Plates were washed
again three times with PBS + 0.05% Tween20. 100 pL of anti-FLAG (HRP) antibody
was added at a concentration of 1:10,000 for 30mins followed by washing steps for
three more times. Next 100 pL of TMB substrate was added and blue coloration
observed within few minutes (maximum wait time 10 min) and immediately 100 pL
of 2M HzS04 added to stop the reaction. The plates were then read for absorbance
at 450 nM using plate reader.

Clones that recognized specifically one type of the CTD and not the other and showed
the largest absorbance value were chosen to be grown in 3 mL 2TY culture for

plasmid extraction. These plasmids were then sequenced to check for unique clones.

2.18 ScFv clone expression

200 ng plasmids of the selected clones were transformed in BL21 (DE3) using heat
shock at 42°C for 15 s and plated on 2TY LB agar plate containing 2% glucose and
kanamycin (50 pg/ml) and kept at 37 °C overnight. A single colony was selected to
prepare a starter culture of 5 mL 2TY LB media containing kanamycin and 2% glucose
at 37°C for 6 h at 250 rpm. The culture was centrifuged, and the pellets inoculated
in freshly prepared 100ml of the same media to grow overnight at 30°C at 250 rpm.
Next day the culture was centrifuged, and the pellets transferred to 1L of LBE auto-
induction media (containing all the added supplements as mentioned previously) at
37°C for 3-4 h at 200 rpm and later switched to 30°C overnight and on the next day
21°C overnight.
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2.19 ScFV clone extraction and purification

For periplasmic extraction, first the 1L cultures were centrifuged at 3000 rpm for 20
min at 4°C. Next, 50 mL of cold TES buffer (30 mM Tris-HCl, 1 mM EDTA, 20% sucrose,
pH 8) supplemented with one Roche cOmplete Protease Inhibitor cocktail tablet and
100 pL of deoxyribonuclease | from bovine pancreas were added and the pellets
suspended. After 10-20 min on ice, centrifugation at 9000 rpm, 4°C for 20 min was
performed and the supernatant stored on ice. The pellets were resuspended on 50
mL of 5 mM MgSO4 supplemented with one Roche cOmplete Protease Inhibitor
cocktail tablet and 100 pL of deoxyribonuclease | from bovine pancreas. After 10-20
min on ice, centrifugation at 9000 rpm, 4°C for 20 min was performed and the
supernatant stored added to the previously collected supernatant. The combined
supernatants were centrifuged at 14000 rpm, 4°C for 30 min to remove any remaining
cell debris and passed through 0.22 uM filter. The volume of TES buffer and 5 mM
MgSO4 used for the extraction was adjusted according to the volume of the pellet in
the ratio 1:20.

For purification of these His-tagged scFv, every 50 mL of lysates were mixed with 1
mL of Ni-NTA beads (Qiagen), overnight on a roller at 4°C. Next day this mixture was
placed on a gravity filter and beads collected at the bottom of the tube as the lysates
were allowed to pass through. These beads were washed with PBS solution containing
extra 0.5M NaCl and 20 mM Imidazole. Later, 14 ml of 500 mM imidazole solution in
PBS/0.5M NaCl was used to elute the protein. The eluted proteins were centrifuged
in 10 kDa molecular weight cut-off vivaspin protein concentrators at 6000g, 4°C for
buffer exchange to DPBS. 50 pL aliquots of were flash frozen using liquid Nitrogen
and stored at -80°C. Purity of the scFv were ascertained by Western blotting followed

by Coomassie staining.

2.20 ELISA

2.20.1 Interaction between Nay1.7 CTD (C7) and calmodulin (CaM)

Immulon 2HB 96-well ELISA plates (Fisher) were used for this assay. The wells were
coated with 100 pL of either 10 pg/mL Nay1.7 CTD (C7), 10 pyg/mL Nay1.7 CTD EF
hand (7EF), or 3% BSA (bovine serum albumin), overnight at 4°C. The C7 and 7EF
samples were either prepared in 5 mM CaClz, 5 pM CaClz, or 10 mM EGTA and wells

were coated separately with each. The next day, after removing the coating solution,
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all the wells were blocked with 200 pL of 3% BSA for 1 h at room temperature (rtp).
The plate was then washed with PBST (0.05% Tween20) three times and 100 pL of 10
pg/mL calmodulin added to each well, Ca?*-CaM being added to wells that were
coated with samples containing Ca?* in the buffer, while apoCaM (10 mM EGTA) was
added to the wells coated with samples containing 10 mM EGTA. After 2 h, the plate
was washed four times with PBST. Next, 100 pL of anti-calmodulin antibody
(ThermoFisher) at 1:3000 concentration was added to all the wells for 2 h, followed
by four times PBST washes. Next, 100 uL of secondary goat anti-mouse -HRP antibody
was added to all the wells for 1h followed by four times washing with PBST. Then
100 pyL of TMB substrate (ThermoFisher) was added to all the wells and the
characteristic blue coloration observed in wells where TMB interacted with HRP. This
reaction was allowed to continue for 10mins before addition of 100 pL of 2M H;S04
to terminate, turning the blue colors to yellow. Fluostar optima plate reader was
then used to measure absorbance at 450 nM. Results were analysed using two-tailed

student’s t-test and statistical significance was assumed when p < 0.05.

2.20.2 Examining whether C5 and C7 specific scFv clones recognized their

respective truncated version, 5EF and 7EF

96 well ELISA plates were coated with 100 pL of 10 ug/mL C5, 5EF, C7, 7EF and BSA
(control) in separate wells, overnight at 4°C. The samples were removed, and the
wells blocked with 200 pL of 3% BSA for 1h at room temperature. Three times PBST
washes were then performed before addition of 50 pL of the C5 specific clones (3A5,
3A11, 3B5, 3C5, 3D9, 3G9, 3H1, 4B3), from LBE cultures grown overnight, on the
wells coated with C5, 5EF, C7 (to confirm deselection) and BSA for 1h at rtp. The
same was done for the C7 specific clones (2G11, 4G9, 5C4, 5D7, 6A4, 7A12, 7D6)
which were added to C7, 7EF, C5 (to confirm deselection) and BSA. Next four times
PBST wash followed by addition of 100 pL anti-FLAG-HRP antibody (Abcam) at
1:20,000 dilution (in 3% BSA) for 1h at rtp. This step is followed by four PBST washes,
then addition of 100 pyL of TMB substrate for 10mins before adding 100 pL of 2M
sulphuric acid. Absorbance reading at 450nM was then performed using the plate

reader.
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After further purification of selected few scFvs (3C5 and 3H1 of C5 specific and 5C4
and 5D7 of C7 specific), the ELISA mentioned above was repeated and 100 ng of scFv

clone used per well.

2.20.3 Effect of apoCaM on scFv binding to C5 and C7

Multiple wells were separately coated with 100 pL of 10 pg/mL of either C5 or C7
prepared in PBS buffer containing 10 mM EGTA, overnight at 4°C. Some wells were
coated with 3% BSA as control. Next day, samples were removed from the wells and
four PBST washes performed. Then 100 pL of 10 pyg/mL of apoCaM (made in PBS
containing 10 mM EGTA) were added to all the wells for 1h at rtp. Four more PBST
washes followed and then the scFv clones specific to each subtype of Nay CTD were
added accordingly at 100 pL of 1 ug/mL, for 1h at rtp. Next four washing steps with
PBST was performed again and 100 pL anti-FLAG-HRP antibody (Abcam) at 1:20,000
dilution (in 3% BSA) for 1h at rtp added. This step was followed by four PBST washes,
then addition of 100 pL of TMB substrate for 10 min before adding 100 pL of 2M H2S0a4.
Absorbance reading at 450 nM was then performed using the plate reader. Results
were analysed using two-tailed student’s t-test and statistical significance was

assumed when p < 0.05.

2.21 Isothermal Titration Calorimetry (ITC)

Purified recombinant proteins, Nay1.5 CTD, Nay1.7 CTD and calmodulin were dialysed
using 2 kDa molecular weight cut-off membranes (ThermoFisher) overnight at 4°C
with slow stirring in 1L DPBS (pH 7.4) mixed with either 5 mM CaCl;.2H,0 or 10 mM
EDTA. The protein concentrations were quantified using nanodrop Azgo reading and
diluted with respective dialysate to 30 uM for the CTDs and 300 uM for calmodulin.
This step ensures that all the proteins are in identical buffer which will reduce large
heats of dilution (background heats) from masking the experimental observations.
The dialysates were then used to wash the cell and syringe three to four times. Next,
one of the CTDs was loaded inside the cell taking care not to introduce any bubbles.
The syringe was then filled with the calmodulin solution and the needle placed inside
the cell before the start of the experiment. During the run the stirring was
maintained at 750 rpm and temperature at 25°C. Injections were started once the
DP (ucal/s) reached at least 5.0. After the initial 0.4 pL injection, total 20 injections

were made of 2 pL each, every 2 mins. All data were collected, using the MicroCal
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iTC200 (Ge Healthcare), and analyzed using the Origin Plugin (OriginLabs) provided
with the instrument for subtracting reference and fitting of a standard one site

binding model.

2.22 Biolayer interferometry (BLI)

The machine was switched on ahead of time to allow enough time for the lamp to
warm up which helps minimize noise and drift in recordings. The temperature was
set at 25 °C and shake speed at 1000 rpm. Measurements were made using the
OctetRed96 (ForteBio) using Anti-Penta-HIS (HIS1K) Dip and Read Biosensors
(ForteBio). The biosensor was hydrated in a 96-well plate on 200 pl PBS buffer (same
as used for protein) for 10 min. All the protein sample buffers contained 0.05%
Tween20 and 10mM EDTA. The experiment was started with a 60 s baseline step with
the sensors in the buffer. Next for the loading step 200 pL of the His-tagged proteins
(10 pg) were allowed to immobilize on the sensor for 300s. To wash away any
unbound non-immobilized protein, an additional 60s of baseline step was performed.
This step also established a new baseline with the anti-His sensors now bound to the
His-tagged proteins. Next, a 60 s association step was performed with 4 different
concentrations of calmodulin (1000 nM, 200 nM, 40 nM and 8nM) followed by a 120s
dissociation step with the sensors being placed back into wells containing just the
buffer. Finally for regeneration the sensors were place in wells containing 10 mM
glycine, pH 1.5 for 30s. The same experiment was repeated with buffer containing 5
mM CaCl; and then again by increasing concentration of calmodulin 100-fold i.e. 100
UM, 20 pM, 4 pM and 0.8 pM. A further control step was also performed where the
binding partner, calmodulin, was added to sensors before immobilization of His-

tagged proteins. Data was analyzed and graph fitted with global fitting (model 1:1).

2.23 X-ray crystallography

The full length and truncated (Nav1.7 EF-hand) Nay1.7 CTD, at a concentration of 11
mg/mL and 15 mg/mL respectively, were chosen for crystallization trials. Protein
expression and purification was performed as mentioned previously. The proteins
were in a buffer containing 50 mM Tris HCl, 140 mM NaCl, pH 7.4. The sitting drop
vapour diffusion method was used for the crystallization trial experiment on 96 wells,
2 drops, MRC-type plates (compatible with Rock Imager software) using Mosquito
from FORMULATRIX. The crystallization drops contained protein solution and
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crystallization condition in either 2:1 or 1:1 ratio, for e.g. 200 nL of protein solution
with 100 nL and 200 nL of crystallization condition in the two separate wells. For
optimization, up to 400 nL of protein solution and crystallization condition were
used. Initially the following commercially available crystallization screens were
used: JCSG+ (Molecular Dimension), BCS (Molecular Dimension), LMB Screen
(Molecular Dimension), PACT Suite (Molecular Dimension), MIDAS (Molecular
Dimension), Morpheus (Molecular Dimension), Wizard | and Il (Molecular Dimension),
Wizard Ill and IV (Molecular Dimension), Classic Lite Suite (Qiagen), PEGS | Suite
(Qiagen) and PEGS Il Suite (Qiagen). Initial screening mostly produced thin needle
like and rod-shaped crystals from Morpheus, Wizard Il and IV, PACT, JCSG+ and BCS
plates. Images were taken under bright, UV and cross-polarized light. Crystals were
fished using Cryoloops (0.1-0.2 mm) and flash frozen in liquid nitrogen. The loops
were then stored in pucks and sent to Diamond Light Source. 3D-diffraction data
from all the crystals were collected at the beamlines 104 or 124 of the synchrotron

at Diamond Light Source, shot at a wavelength of 0.9999 A, exposure of 0.050s.

2.24 Automated Patch clamp

The same protocols for steady-state activation, steady-state inactivation and
recovery from inactivation were employed as mentioned previously. The only
difference made was the second fixed voltage pulse was set at -10 mV for the Nay1.7
expressing cells compared to the -40 mV usually used for Nay1.5 expressing cells.
Nanion’s patchliner (Nanion Technologies, Munich, Germany) was used for automatic
whole cell patching of HEK293F cells stably expressing either Nay1.5 or Nay1.7. The
stable cell lines were made by Hengrui Liu (PhD student, Tony Jackson group, Dept.
of Biochemistry, University of Cambridge, UK). The same pipette solution and bath
solution were used as mentioned previously, except either 500 nM of scFv or equal
volume of the scFv buffer (PBS) was added to the pipette solution. The same

statistical analysis was also performed.
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2.25 In silico docking

To better understand how and where the scFvs were binding to the CTDs, in silico
docking was performed using ClusPro 2.0 server?®!. The advanced option of antibody
mode was employed without automatic masking of non-CDR regions22, The results
were then analyzed and imaged using PyMol software and statistical analysis, two-

tailed Student’s t-test, performed using GraphPad Prism 9 software.
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Chapter 3

Structural and Functional role of
extracellular loops
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3.1 Introduction

Germline SCN5A mutations that reduce or abolish channel activity are associated
with inherited, autosomal dominant cardiopathologies, including Brugada syndrome
(BrS) and sinus node dysfunction (SND). BrS is characterized by ventricular
tachyarrhythmias and syncope. SND is also associated with bradyarrhythmias
involving the sinus node; although in practice, the BrS and SND phenotypes can
clinically overlap. BrS accounts for a significant fraction of sudden death in young to
middle-aged patients?%3. Because almost all BrS and SND patients are heterozygous,
they typically exhibit about a 50% reduction in the level of functional Nay1.5
compared to phenotypically normal individuals. This reduction can compromise
action potential conduction velocities and precipitate arrhythmogenicity?4. Several
SCN5A deletion and missense mutations associated with BrS and SND, prevent the
folding of the Nay1.5 channel and lead to its retention in the endoplasmic reticulum
(ER)?6>. Other missense mutations do not prevent folding but disrupt channel activity
because they occur in regions known to be functionally important, such as the S4
helices or the inactivation gate?®. However, some BrS/SND missense mutations occur
in regions where the association with sodium channel function is less clear. Such
mutations are likely to be particularly informative, both structurally and
therapeutically, as they may reveal new insights into Nay channel behaviour. This
class of mutation is exemplified in an individual with a BrS/SND-like pathology who
was heterozygous for the Nay1.5 missense mutation R878C, a residue located on the
DIl extracellular turret loop connecting its S5 and re-entrant P1 helices (Figure 3.1A).
When tested by heterologous expression, the mutant displayed a complete loss of
function, despite normal Na,1.5 expression on the plasma membrane'4. Two similar
BrS-associated Nay1.5 mutations, D1430N and E1441Q are located on the DIl
extracellular turret loop connecting its S6 and re-entrant P2 helices (Figure 3.1A).
The D1430N mutant displays a complete loss of function®. In the case of E1441Q, no

experimental analysis of its gating behaviour has yet been described®.
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Figure 3.1. A complex salt bridge and cation-m interactions within the Nav1.5 DII-DIlI
extracellular turret. A. Schematic representation of the Nav1.5 channel. The N and C-termini,
the inactivation gate, the four homologous domains, DI-DIV, the transmembrane alpha-helices S1-
S6 and the DI p-loops are indicated. The positive charges on the S4 helices of each domain are
also indicated. The helices S5 and Sé line the channel pore and the positively charged S4 helices
function as the voltage sensor. The positions of amino acid residues at the extracellular turret DII-
Dlll interface studied in this project are indicated for both human (h) and rat (r) Nav1.5 sequences.
B. The rat Nav1.5 structure (PDB ID: 6UZ3), showing the topology of the channel from i), the side
view and ii), the top view. The DII-DIII turret interface residues are highlighted in the enlarged
images. In i), the enlarged image shows the approximate bond distances. In ii), the right-hand
enlarged image displays the interface residues as spheres, to show their packing. The left-hand
enlarged image shows the position of the DEKA residues relative to the DII-DIll interface.
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Figure 3.2. Primary sequence alignments of human Nav1.5 (Uniprot ID: Q14524-1) and rat Nav1.5
(Uniprot ID: P15389-1). The residues discussed in the text are highlighted in color.

* Amino acids that are identical between species.
: Amino acids that show conservative changes between species.
. Amino acids that show semiconservative changes between species.

Table 3.1. Left: The equivalent human (h) and rat (r) residues for the amino acids studied in this
current work are listed. Right: The human (h) Nav1.5 mutations used in the electrophysiological and
biochemical assays and the equivalent rat (r) Nav1.5 mutants examined by MD simulation are shown.

Human Rat Human Nav1.5 Equivalent rat Nav1.5

R878 R881

mutations used in mutations, modelled

W879 \W882

functional assays by MD simulation

Y1426 Y1428

W1440Y W1442Y
W1440A -

D1430 D1432

Y1426F -

W1440 W1442 Y 1426W

E1441 E1443 Y1426A

E1441D E1443D
D1430E -
E1441Q E1443Q
R878C -
W879Y -
W879A -
R878E/E1441R -
R878C/E1441C -
R878D/D1430R R881D/D1432R
R878C/D1430C -
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Figure 3.3. Sequence alignment analysis using Clustal Omega, of all the different isoforms of hNa,
show that the Na,1.5 D1430 and E1441 are entirely conserved whereas other than the Histidine
residue in place of arginine in Na,1.9, the R878 is also well conserved. It is interesting to observe
that arginine of Na,1.9 has been replaced by Histidine which also contains positively charged side
chain, ensuring conservation of a positive charged moiety in that region among all isoforms. The
hydrophobic residues W879, Y1426 are fully conserved and in the position of W1440, some Nav
contain Tyrosine and Na,1.9 contains Phenylalanine, changes which are considered very conservative
within the subtypes.

« Amino acids that are identical between species.
: Amino acids that show conservative changes between species.
. Amino acids that show semiconservative changes between species.
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Figure 3.4. Sequence alignment analysis using Clustal Omega of Na,1.5 among different species shows
that both the salt bridge forming residues R878, D1430 and E1441 are highly conserved and the
hydrophobic residues W879 and Y1426 are also fully conserved, while W1440 is highly conserved
among all the species.

Amino acids that are identical between species.
Amino acids that show conservative changes between species.
Amino acids that show semiconservative changes between species.
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The structure of rat Na,1.5 has been determined by cryo-EM?’ and hence can be used
to identify the locations of these residues. However, there are small insertions and
deletions between the human and rat sequences, so that the corresponding residue
positions are not identical (Figure 3.2). Thus, human R878 is equivalent to rat R881,
human D1430 corresponds to rat D1432 and human E1441 corresponds to rat E1443.
For clarity, both the human and the equivalent rat Nay1.5 residues that were
experimentally studied are indicated in (Figure 3.1 A) and are summarized in Table
3.1,

Interestingly, in the rat Nay1.5 structure, the positively charged guanidinium group
of R881 on the DIl turret lies less than 4A from the negatively charged carboxylate
groups of D1432 and E1443 on the adjacent DIl turret (Figure 3.1B)¥’. This
arrangement is consistent with a complex salt bridge, in which more than two
charged residues interact?%’-2¢8, Moreover, the charged residues are sandwiched
between the side chains of rat Y1428 (equivalent to human Y1426) and rat W1442
(equivalent to human W1440) on the DIII turret, such that both the aromatic rings lie
in register with, and less than 4A, from the delocalised positive charge on the R881
guanidinium group. This is consistent with cation-m interactions?®®. In addition,
residue Y1428 on the DIll turret forms a hydrogen bond with W882 (equivalent to
human W879) on the DIl turret (Figure 3.1B). Thus, several independent Nay1.5
mutants that are associated with BrS/SND occur in residues that together form a
structurally interacting cluster at the DII-DIll turret-loop interface. Moreover, all
these residues are very highly conserved, not only among all the human Nay subtypes

but also across species as indicated in Figure 3.3 and Figure 3.4.
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3.2 Objectives and Hypothesis

The overall aim of the present study was to investigate the existence and functional
consequences of predicted complex salt bridge interactions between the highly
conserved R878 (DIl, S5-6), D1430 (DIIl, S5-6) and E1441 (Dlll, S5-6) in Na* channel
function. Furthermore, the predicted cation-m interaction between Y1426 (DIII, S5-
6) and W1440 (Dlll, S5-6) with the delocalized positive charge of R878 would also be
looked at and its importance in channel function determined. Finally, Y1426 is
predicted to form hydrogen bond with W879 (DlIl, S5-6), which could have effects on
channel gating, would be further investigated. | have adopted the following steps in

my approach.

| first investigated whether, in common with Nay channels that contain the R878C
and D1430N mutations, channels containing the Nay, E1441Q mutation, similarly a
natural mutation associated with BrS, also successfully trafficked to the plasma
membrane. Moreover, the W1440 residue will be mutated to W1440Y, a conservative
mutation, and W1440A which should show the most drastic effect since Alanine has
no hydrophobic side chain. Similar mutations will be made on the W879 and Y1426
residues. Additionally, for Y1426, an even more conservative mutation to Y1426F will
be made, since Phenylalanine simply has a single hydroxyl group missing, this mutant
would be unable to take part in hydrogen bonding with W879. To check plasma
membrane trafficking, immunostaining followed by confocal microscopy and cell
surface biotinylation would be employed. The fact that R878C and D1430N are
trafficked has already been demonstrated %-134.Patch clamp experiments will then
confirm whether, and how the mutation affects channel activity. Although there are
published reports describing expression and functional Nay changes associated with
the R878C and D1430N mutants, similar reports are not available for E1441Q or the
rest of the mutants that would be generated. Seeing how the sliding-helix model
predicts how the channel S5-S6 helices move during different states of the channel
(closed, activated, or inactivated), these salt bridge and cation-m interactions could
show dynamic behaviour, being formed and broken as the channel moves between
different states3"279, If any channel shows loss of activity, like in the case of R878C,
veratridine, Nay channel activator, will be used to try and rescue its activity.

I will next perform extensive disulphide-locking experiments using the R878C/E1441C
and R878C/D1430C double mutants. Again, due to proximity of both the residues,
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this should form a di-sulphide bond, locking the channel in either the activated or
inactivated state. Conversely, adding B-mercaptoethanol should help break the di-
sulphide bond and release the channel from the locked open or close position,
showing up as either sudden emergence of current or sudden termination of current,
during repetitive depolarizations, depending on whether the channel gets locked in
the activated or inactivated state 271,

To the latter end, | will generate double mutants R878E/E1441R and R878D/D1430R,
which should then allow the channel to regain the activity that was lost in the R878C
mutant. Thus, the double mutation would then retrieve the potential salt bridge
formation.

Also, it has recently been observed that the Ig domains of B3-subunits can form
trimers which means that they can potentially induce oligomerization of at least up
to three a-subunits*. Whether the R878C mutation, in the DIl, S5-S6 extracellular
pore-loop region, disrupt the binding of B3-subunit to Nay1.5 will be tested using co-

immunoprecipitation.

Finally, as part of a very close collaboration, where | was involved with the overall
design and interpretation of the work, Manas Kohli and Dr. Taufig Rahman
(Pharmacology, University of Cambridge) performed the molecular dynamics (MD)
simulation of some of the key residues (Table 3.1) using Gromacs 2020.4 with
CHARMM36 force fields, on the cryo-EM structure for rat Nay1.5 (PDB ID: 6UZ3). This
should inform us whether these mutations affect the global and local stability of

channel and any long-range disruption they may cause, e.g., to the pore geometry.
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3.3 DNA sequencing confirms successful generation of mutants

| (a) E1441C
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Seq_2 A 368

Seq_l 1447

Seq_2 364

' (d) E1441R
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Seq_2 306 LYMYIYFVIFIIFGSFFTLNLFIGVIIDNFNQOKEKLGGODIFMIEEQKKYYNR 365

(e) R878E _

Seq_ 1l 840 GNLTLVLAIIVFIFAVVGMQLFGKNYSELRDSDSGLLERNHMMDFFHAFLIIFRIL 895
FPEEERERERER R R e b e e e b e e e vy et et

Seq_2 4¢ GNLTILVLAIIVFIFAVVGMQLFGKNYSELRDSDSGLLEEWHMMDFFHAFLIIFRIL 105

Figure 3.5. DNA sequencing confirm successful mutant generation.

Few examples of the sequences of mutants used in this study (Seq_2) are aligned with the
WT Nav1.5 sequence (Seq_1) to show the location of the mutations (boxed in red).

(a) hMav1 5 wild-type (d) R878C/E1441C-hMav1 5
L P R W H @@ W E Y N L P C W H © W C Y N
TG CCT CGC GGC CAC CAG TGG GAA TAC AAC TG CCT TGC GGC CAC CAG TGG TGC TAC AAC
RET78 E1441 RETAC E1441C
(0) E1441C-hNav1 5 (c) E1441R-hNav1 5 [e) E14410-hNav1 5 [f) RE7TBE-hNav1 5
a W C ¥ W 0 W R Y N g W o ¥
CAG TGG TGC TAC AAC CAG TGG CGA TAC AAC CAG TGG CAs TAC AAC CAG TGG GAG TAC AAC
E1441C E1441R E1441Q RATEE

Figure 3.6 Chromatogram showing the sequences of WT hNav1.5 (a) and sequences of some
of the mutated hNav1.5 with the nucleotide changes made to generate the point mutations
highlighted (b,c,d,e,f).



3.4 HEK293f transfection efficiency

Transfection of HEK293f cells using PEI has been performed for patch clamp, co-
immunoprecipitation, and confocal microscopy experiments. As can be observed in
Figure 3.7, using Leica DMI 6000 CS microscope to image GFP fluorescence, the
transfection efficiency remained unchanged for mutants when co-transfected with
either Nay1.5 WT or B3 subunit. These initial characterizations were performed in a
limited number of mutants since more robust methods to study plasma membrane

trafficking has been employed as discussed below.

Nay1.5-GFP + Nay1.5-HA Nay1.5-GFP + B3-myc

E1441Q-Na,1.5 + B3-myc

R878C-Nay1.5 + Nay1.5-HA

R878C-Nay1.5 Nay1.5-HA

Figure 3.7. Transfection efficiency was determined by Leica DMI 6000 CS
microscope by the imaging of the GFP fluorescence and phase contrast post 48h of
transfecting 8ug of total plasmid DNA as shown in the label of the images. Unlike
the Na,1.5-GFP which is cloned in pcDNA3.1-GFP, the R878C and E1441Q were
cloned in bicistronic pIRES vector which expresses GFP unlinked to the mutant
channel protein, hence the more diffused signal observed in the microscope
images. Na,1.5-HA was used as a negative control for GFP fluorescence.
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3.5 Plasma membrane trafficking of mutant Na,1.5 channels

Mutations in the channel can compromise its ability to fold properly and hence its
trafficking to the cell membrane surface. To test this possibility, initially
immunostaining was used followed by confocal microscopy to visualize the
localization of the channels. The images confirmed that the mutants were trafficking
on the cell surface with no visual difference compared to the WT (Figure 3.8). To
get a better quantifiable comparison surface biotinylation followed by western
blotting was performed to measure the fraction of wild-type and mutant human
Nay1.5 channels on the plasma membrane of transfected HEK293F cells?4272,
Western blots detected Nay1.5 channels in the transfected cells (but not in the EGFP-
transfected control) as a broad band of Mwt > 250 kDa (Figure 3.9). This is a
somewhat higher Mwt than is usually observed?®. The reason is unclear, but similar
electrophoretic behaviour has been noted for Na,1.5 in other reports?’3.

As a positive control, the trafficking-defective human Nay1.5 channel mutant Q1832E
was included, which has previously been shown to exhibit a 48% reduction in surface
expression compared to the wild-type channel?’4. Biotinylation of this mutant
detected about a 50% reduction in surface labelling compared to wild-type human
Nay1.5 (Figure 3.9). By contrast, both the wild-type human Nay1.5 and all the mutant
channels were detected on the plasma membrane to a similar extent (Figure 3.9 A,
B).
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Nay1.5-GFP R878E-Na,1.5

R878C-Na,1.5 E1441R-Na,1.5

E1441C-Na,1.5
[
2

R878C/E1441C-Na,1.5 Control

Figure 3.8. Surface membrane trafficking of both WT and mutated Na,1.5 is observed in confocal
microscopy. a) GFP fluorescence of HEK293F cells transfected with either the WT (Nav1.5-GFP in
pcDNA3.1-GFP plasmid) or mutated Nav1.5 (in pIRES bicistronic plasmid expressing GFP unlinked
to Nav protein). b) Membrane staining by anti-Nav1.5 antibody (targets intracellular, c-terminus,
amino acid residues 1978-2016 of NaV1.5). c) Merging of (a) and (b). Control was transfected with
the Nav1.5-GFP WT but incubation with the primary anti-Nav1.5 antibody missing.
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Figure 3.9 Cell surface biotinylation assay. A. Representative western blots of biotinylated
cell surface fraction and total lysate of HEK293F cells transiently transfected with wild-type
or mutant human (h), wild-type and mutant Na,1.5 channels. Actin was used as a loading
control. B. Quantitation of the Na,1.5 intensities (n=3). Normalized intensities for each channel
are presented relative to the normalized intensity for the wild-type Na,1.5. No significant
differences were seen between the wild-type and mutant channels.
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3.6 Immunoprecipitation confirms interaction between the WT
hNav1.5 a-a and a-B3 subunits and between mutated hNa,1.5 a-83
subunits

This study also confirms the previously observed interactions between Nay1.5 a-a
subunits and a-B3 subunits, and the mutations R878C and E1441Q did not abolish
these interactions (Figure 3.10)°3. One interesting observation in Western Blot
analysis is that the mutated a-subunits preferentially bound with the higher
glycosylated B3 subunits, while the WT a-subunits preferentially interacted with the

core-glycosylated form of B3 subunits.

B (o4

A IP: acHA IP: a-Na,1.5

aNa,1.5 (WT)-HA

aNa,1.5 (WT)-HA + + + + + + + + aNa,1.5 (WT)-HA + ;
aR878C FLAG + - - - + - - . GR87SC FLAG aNac{lRSBz\?VC';I:)TéAFg * ..
aNa,1.5 (WT)-GFP S E -+ aNa,1.5 (WT)-GFP + Wi E1441Q - + +
83-myc : aE1441Q - e v s s
EGFP . p3-myc - patye .
EGFP -
R d H »
WB: c-HA " -l [ WB: aNa,1.5 -
et b A vl et b i
® WB: a.GFP
‘ o=
WB: B3-myc - < i WB: f3-myc | Es
< 7

Flow through Bound 4=

Bound  Flow through

Bound

Figure 3.10. Immunoprecipitation (IP) shows interaction between two WT a subunits and
between B3 and WT and mutated a subunits. A. Successful IP using anti-HA antibody to pulldown
HA-tagged a subunit, as represented by the first four columns of the blot (from right) showing
bands near 250 kDa and one more at a higher molecular weight (glycosylated fraction). Column
two (from right) also shows band near 37kDa which represents B3 being pulldown by WT a subunit.
Left column shows the unbound fractions. B. IP using anti-HA antibody also pulled down GFP-
tagged WT a subunit, confirming a-a subunit interaction. C. Both the aR878C and E1441Q mutant
pulled down B3. Interestingly, the mutated a subunits preferentially pulled down the higher
glycosylated form of B3 (band just below 50kDa).
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3.7 Whole cell patch clamp

Steady-state activation properties of the transiently transfected human Nay1.5 WT
and mutant channels were compared using whole cell patch clamp (Table 3.1). Under
the steady-state activation protocol the human pathological BrS/SND mutation,
R878C"* and the putative human BrS mutation, E1441Q8° were first examined. In
agreement with previous work'4, | failed to detect any electrophysiological activity
from the R878C mutant (Figure 3.15). The E1441Q mutation was similarly inactive,
thus corroborating its previously inferred role as causative for BrS& (Figure 3.19).
Given the structural insights noted above, this data supports a functional role for a
salt bridge between human R878 and E1441. To extend this observation and guided
by the rat Nay1.5 structure, individual conservative mutations in human Nay1.5:
E1441D were generated (Figure 3.19) and D1430E (Figure 3.15) and tested them for
electrophysiological behaviour compared to wild-type human Nay1.5. The E1441D
mutant displayed a 93% reduction in peak current activity, compared to the wild-
type value (p<0.0001). Nevertheless, the currents were large enough to measure
additional gating parameters. Compared to wild-type Nay1.5, the E1441D mutant
displayed a significantly increased slope factor (k) for activation (p<0.0001).
However, there was no effect of the E1441D mutation on the steady-state V1,2 of
activation (p=0.0585). By contrast, there was no detectable current from the D1430E
mutation (Figure 3.14). Both the charge swap mutants, R878E/E1441R and
R878D/D1430R, and double cysteine mutants did not conduct any current (Figure
3.15).

Next the functional importance of the aromatic residues surrounding the complex
salt bridge was examined (Figure 3.1B). The human W1440Y mutation was functional
and showed no statistically significant differences in peak current (p=0.9996), or
steady-state gating parameters compared to human wild-type Nay1.5. In contrast,
the human W1440A mutation, which lacked any aromatic residue at this position,
had a significantly (~80%) reduced peak current relative to wild-type human Nay1.5
(p<0.0001) and a significantly increased slope factor (k) for activation (Figure 3.12).
The functional importance of the Y1426 aromatic residue in human Nay1.5 was
similarly investigated by replacing it with alanine. The Y1426A mutant displayed a
70% reduction in peak current relative to wild-type Nay1.5 and a significant increase

in (k) activation (Figure 3.13). Thus, the separate removal of each of the aromatic

92



groups that form the putative cation-m interactions with the R878 guanidinium group,
significantly reduced but did not abolish channel activity.

Based on the rat Nay1.5 structure, it was inferred that human Y1426 on the DIl turret
additionally forms a hydrogen bond with human W879 on the DIl turret (Figure 3.1B).
To test the importance of this interaction, first the human Y1426 residue was
replaced with a bulkier tryptophan residue. This change would be expected both to
abolish the hydrogen bond with human W879 and to also perturb the packing at the
DIl and DIII turret interface, whilst retaining the cation-m bond itself. The human
Y1426W mutation displayed a significant reduction in peak current and an increase
in the slope factor (k) for activation (Figure 3.13). To specifically test the role of the
hydrogen bond, a human Y1426F mutant was generated. This mutant should largely
retain its cation-m bonding potential relative to wild-type human Nay1.5, with
minimum disturbance to side-chain packing, whilst being unable to form a hydrogen
bond with W879. The human Y1426F mutant displayed a 50% reduction in peak
current, with no significant effect on steady-state gating parameters. Finally, the
role of the human W879 residue by generating a human W879A and a W879Y mutant
was examined. No current responses could be detected in either of these cases
(Figure 3.15). Since this was a more severe phenotype than displayed by the Y1426F
mutant, it suggests an important stabilising role for the tryptophan residue at
position 879 of human Nay1.5, acting in addition to its hydrogen bonding potential
with Y1426.

A charge-swap approach has been previously used to study ion channel salt
bridges?’>27¢, Here, the positively and negatively charged residues were reversed by
site-directed mutagenesis. The extent to which a given function was maintained or
modified by this procedure reflects the structural constraints on the salt bridge in
the wild-type protein. A double mutation in human Nay1.5 was generated: R878E
with E1441R and a separate double mutation: R878D with D1430R. Strikingly, neither
of the charge swap mutants exhibited any detectable currents (Figure 3.15). Double
cysteine mutations were also made which similarly did not conduct any current
(Figure 3.15).

A major effect of the mutations is on the magnitude of their peak currents relative
to wild-type Nay1.5, which could indicate that severely compromised mutants,
particularly those that lack detectable gating activity, fail to traffic to the plasma

membrane, however, it has already been established through surface biotinylation
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that there were no significant difference between the trafficking of the WT and the

mutants (Figure 3.9).
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3.7.1 Steady state activation
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Figure 3.11. Steady-state activation properties of wild-type (WT) Na,1.5 channel. A. Typical
whole-cell current trace from HEK293F cells transfected with human (h), wild-type Nav1.5 channel
under the activation protocol as outlined in Methods. B. Currents, normalized to whole-cell
capacitance, versus voltage curves. C. Channel conductance as a function of voltage. Curves were
fitted to a Boltzmann function as outlined in Methods. The data are means + SEMs. (n = 9).
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Figure 3.12. Steady-state activation properties of WT Na,1.5 channel versus W1440Y and W1440A
mutants. A. Typical whole-cell current trace from HEK293F cells transfected with W1440Y and
W1440A Na,1.5 channel under the activation protocol as outlined in Methods. B. Currents,
normalized to whole-cell capacitance, versus voltage curves for the WT and mutants. C. Channel
conductance as a function of voltage for WT and mutants. Curves were fitted to a Boltzmann
function as outlined in Methods. The data are means + SEMs. W1440Y (n = 8), W1440A (n=9).
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Figure 3.13. Steady-state activation properties of WT Na,1.5 channel versus Y1426F, Y1426W and
Y1426A mutants. A. Typical whole-cell current trace from HEK293F cells transfected with Y1426F,
Y1426W and Y1426A Na,1.5 channel under the activation protocol as outlined in Methods. B.
Currents, normalized to whole-cell capacitance, versus voltage curves for the WT and mutants. C.
Channel conductance as a function of voltage for WT and mutants. Curves were fitted to a
Boltzmann function as outlined in Methods. The data are means + SEMs. Y1426F (n = 8), Y1426W
(n=8), Y1426A (n=7).
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Figure 3.14. Steady-state activation properties of WT Na,1.5 channel versus E1441D mutant. A.
Typical whole-cell current trace from HEK293F cells transfected with E1441Q and E1441D Na,1.5
channel under the activation protocol as outlined in Methods. B. Currents, normalized to whole-
cell capacitance, versus voltage curves for the WT and mutants. C. Channel conductance as a
function of voltage for WT and mutants. Curves were fitted to a Boltzmann function as outlined in
Methods. The data are means + SEMs. E1441D (n = 7).
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Figure 3.15. Typical whole-cell current trace from HEK293F cells transfected with the mutant
channel under the activation protocol as outlined in Methods. For all the mutants (n=3).
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Table 3.2. Parameters from whole-cell patch-clamp steady-state activation data. The data
were fitted using a Boltzmann function to deduce all the parameters. The data are expressed as
mean = SEM and One-Way ANOVA statistical analysis followed by Dunnett post-hoc tests
performed to determine the statistical significance between each mutant and the wild-type

Na,1.5 channel. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Peak Iy, V42(mV) k(mV) n

HEK293F cells
WT -332.29+ 36.27 -46.89+2.43 5.22+0.35 9
hwW1440Y -342.46 + 42.15 -47.89+1.47 5.27+0.45 8
hW1440A | -60.85+ 13.01**** -41.77+1.51 7.85+0.40"** 9
hY1426F | -180.47 £+ 40.13** -44.41+0.95 5.98+0.28 8
hY1426W | -44.23+7.54*** -41.83+1.84 7.86+0.47*** 8
hY1426A | -68.44 + 11.25"** -41.61+1.41 7.22+0.17"* 7
hE1441D -24.83 + 2.23**** -40.57+1.55 8.16+0.64*** 7
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3.7.2 Steady state inactivation
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Figure 3.16. Steady-state inactivation properties of wild-type human Na,1.5 channel. A.
Typical whole-cell current traces from HEK293F cells transfected with Nav1.5 channel under
the steady-state inactivation protocols described in Methods. B. Current-voltage curve with
peak Iy, of each step normalized with maximum peak |y, and plotted against test pre-pulse
potential. The data are means + SEMs (n=14).
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Figure 3.17. Steady-state inactivation properties of W1440Y and W1440A versus wild-type
human Na,1.5 channel. A. Typical whole-cell current traces from HEK293F cells transfected
with Nav1.5 channel under the steady-state inactivation protocols described in Methods. B.
Current-voltage curve with peak Iy, of each step normalized with maximum peak Iy, and plotted
against test pre-pulse potential. The data are means + SEMs.
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Figure 3.18. Steady-state inactivation properties of Y1426F, Y1426W and Y1426A versus wild-
type human Na,1.5 channel. A. Typical whole-cell current traces from HEK293F cells
transfected with Nav1.5 channel under the steady-state inactivation protocols described in
Methods. B. Current-voltage curve with peak Iy, of each step normalized with maximum peak
Ina @and plotted against test pre-pulse potential. The data are means + SEMs.
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Figure 3.19. Steady-state inactivation properties of E1441D versus wild-type human Na,1.5
channel. A. Typical whole-cell current traces from HEK293F cells transfected with Na,1.5
channel under the steady-state inactivation protocols described in Methods. B. Current-
voltage curve with peak Iy, of each step normalized with maximum peak Iy, and plotted
against test pre-pulse potential. The data are means + SEMs.
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Table 3.3. Parameters from whole-cell patch-clamp steady-state inactivation data. Data
were fitted using a Boltzmann function to deduce all the parameters. The data are
expressed as mean + SEM and One-Way ANOVA statistical analysis followed by Dunnett post-
hoc tests performed to determine the statistical significance between each mutant and the
wild-type Na,1.5 channel. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Vip(mV) kimV) n

HEK283F cells
WT -8475+1.70 -7.9256+0.24 14
hW1440Y -8252+260 -7.351+033 9
hW1440A | -8049+3.27 -7606+046 9
hY1426F -85657+196 -7.894+024 9
hY1426W | -78.48+3.27 -7.942:+036 8
hY1426A -79.81+ 347 -7.888+046 8
hE1441D -8217+240 -7.394+046 12
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3.7.3 Recovery from inactivation

In addition to steady-state parameters, recovery from inactivation kinetics were also
examined in detail (Figure 3.20, Figure 3.21, Figure 3.22). As noted previously?#,
recovery from inactivation was best fitted to a double exponential curve
corresponding to a fast and slow component. However, there were no statistically
significant differences in the kinetics of either of these components between any of

the mutants and wild-type channels.

A hNay1.5
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Figure 3.20. Recovery from inactivation properties of wild-type human Na,1.5 channel. A.
Representative whole-cell traces from recovery from the inactivation protocol as outlined in
Methods. B. The fraction of Na,1.5 channel I\, recovering from the inactive state plotted against
the increasing time duration between the two depolarizing pulses.
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Figure 3.21 Recovery from inactivation properties of W1440Y, W1440A and WT human Na,1.5
channel. A. Representative whole-cell traces from recovery from the inactivation protocol as
outlined in Methods. B. The fraction of mutant and WT Na,1.5 channel Iy, recovering from the
inactive state plotted against the increasing time duration between the two depolarizing pulses.
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Figure 3.22. Recovery from inactivation properties of Y1426F, Y1426W, Y1426A and WT human
Na,1.5 channel. A. Representative whole-cell traces from recovery from the inactivation protocol
as outlined in Methods. B. The fraction of mutant and WT Na,1.5 channel Iy, recovering from the
inactive state plotted against the increasing time duration between the two depolarizing pulses.
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Figure 3.23. Recovery from inactivation properties of E1441D and WT human Na,1.5 channel. A.
Representative whole-cell traces from recovery from the inactivation protocol as outlined in
Methods. B. The fraction of mutant and WT Na,1.5 channel Iy, recovering from the inactive state

plotted against the increasing time duration between the two depolarizing pulses.
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Table 3.4. Parameters from whole-cell patch-clamp recovery from inactivation data. A double
exponential function was used to fit the data and expressed as mean + SEM. Statistical significance
was analysed using a one-way ANOVA, followed by Dunnett post-hoc tests performed to determine

the statistical

*p<0.05, **p<0.01, **p<0.001, ****p<0.0001.

significance between each mutant and the wild-type Na,1.5 channel.

Kfast Kstow Tfast (MS) Tsiow (M) L2 fast(MS) Lz 10w (MS) N

HEK293F cells
WT 0.122+0.008 0.022 + 0.002 8.611+0.524 48.47 + 3.747 5.969+0.363 33.60+2.597 12
hwW1440Y |0.183+0.021 0.029 +0.004 5.905+0.669 39.05+5.210 4.093+0.464 27.07+3.610 7
hW1440A |0.144+0.015 0.026 £+ 0.002 7.472+0.709 39.99+3.431 5.179+0.492 27.72+2.378 8
hY1426F 0.120+ 0.010 0.020+ 0.002 8.658 +0.757 54.45+5.037 6.000+0.524 37.74+3.492 6
hY1426W |0.185+0.040 0.026 +0.005 6.709+1.332 48.08 + 10.54 4.650+0.923 33.33+7.302 6
hY1426A 0.152+0.020 0.035+0.011 7.377+1.234 42.64+10.25 5.113+0.855 29.55+7.107 6
hE1441D 0.160+ 0.020 0.022 +0.002 6.999 +1.221 49.04 +4.993 4.852+0.846 33.99+3.461 6
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3.8 Application of Nay agonist veratridine

Veratridine failed to rescue the human Nay1.5 null-mutations. The steroidal alkaloid
Nav channel activator veratridine inhibits channel transitions from the open to the
inactivated state?’’. Veratridine binds to an intracellular site, located between DI
and DIV, that is distinct and quite separate from the extracellular DII-DIll turret
interface?’8. If the turret null mutations were driving the channel into the inactivated
state, then it would be expected of veratridine to overcome, or at least attenuate
inactivation and hence restore some activity. If on the other hand, the mutations
were preventing the earlier activation step, then veratridine should not influence
these channels. 0.1 mM veratridine, a concentration that is known to be saturating
for wild-type Nay1.52”°, was found to induce a clear tail current in the wild-type
human Nay1.5 channel, but failed to rescue any of the human Nay1.5 null-mutants
(Figure 3.24). Therefore, the Nay1.5 mutations most likely interfered with
conformational movements normally required for the activation step, for example

pore opening.
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Figure 3.24. The sodium channel activator veratridine does not rescue human Na,1.5 null-
mutants. The gating responses of the human Na,1,5 WT and null-mutants were tested A. in
the absence, or B. in the presence of 0.1 mM veratridine (VTD); representative traces for the
WT Na,1.5 channel show the classic tail current, caused by veratridine-induced stabilization
of the active Na, channel state. However, none of the mutants showed any sign of re-
activation.
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3.9 Di-sulfide locking

Double cysteine substitutions were also made at the location of the salt bridge. This
method has provided important structural and functional insights into ion channel
behavior36:280, Here, the D1430 and E1441 residues of the human R878C mutant were
separately replaced with cysteine. If any activity was restored in these mutants, it
would indicate that a disulfide bond could form between the two DIl and DIl turret
interface cysteines and provide a functional replacement for the salt bridges3®.
However, neither mutation (either with or without prior reduction using B-
mercaptoethanol) exhibited any detectable current (Figure 3.15, Figure 3.25). Taken
together, these experiments underscore the tight functional constraints that apply

to the complex salt bridge residues.
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Figure 3.25. Representative traces from the di-sulfide locking experiment. The di-sulfide
reducing agent B-mercaptoethanol does not rescue human: R878C/E1441C or the human:
R878C/D1430C double mutants.
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3.10 MD simulation

Based on the electrophysiological, biochemical, and pharmacological evidence
presented above, it was hypothesized that mutations in the DII-DIll turret interface
of Nay1.5 perturb the turret structure, which then allosterically disrupts pore
geometry and/or global channel flexibility, to impair sodium ion permeability. To
address this question, atomistic MD simulations was carried out?8'.282 of the wild-type
Nay1.5 structure and mutants generated by in silico mutagenesis?*3. The rat Na,1.5
structure?’ was used as the template because this was the only high-resolution Na,1.5
structure available during the experiments. However, it should be noted that very
recently, Li, et al., reported the structure of human Na,1.5%3, As expected, the
human and rat Nav1.5 (rNayv1.5) structures are extremely similar, both within the DII-
DIl turret region and throughout the whole channel. Importantly, there are no
significant differences in the geometry or relative positions of the residues of
interest between the two Nay1.5 structures (Figure 3.26).

Since it was impractical to simulate all the mutants that was characterised
experimentally, a sub-set of specific mutants was chosen as a model, both
pathological and artificial, that together represent illustrative examples from the
range of recorded gating activities. The mutations that were examined by MD
simulation are summarized in Table 3.1 and represent three functional classes, as
informed by the electrophysiological data (Table 3.2, Table 3.3, Table 3.4). They

are:

(i) Rat W1422Y. This is the rat equivalent to human W1440Y, a mutation
that incorporates a natural Nay channel isoform polymorphism into a
Nav1.5 background and whose electrophysiological gating behavior does
not differ from the wild-type protein.

(i)  Rat E1443D. This is the rat equivalent to human E1441D, a mutation
with a conservative charge replacement, yet with a significantly
reduced peak current and altered slope factor.

(iii) Rat E1443Q and rat R881D/D1432R. These mutants are equivalent to
the human putative BrS mutant E1441Q and the human R878D/D1430R

mutant respectively. Both human mutants produce inactive channels.
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For all structures simulated, channel stability was assessed as measured through
Root-Mean Square Deviation (RMSD) values. Pore and turret interface stabilities were

assessed through RMSD values and residue distances in each structure.
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Figure 3.26. Human (PDB: 7DTC) and rat Na,1.5 (6UZ3) channel structures are very similar with
no significant differences in the geometry or relative position of the residues of interest
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3.10.1 Global and local stabilities of the simulated rNay1.5 channel

Mutations of the turret interface affect both global and local stability of the Na,1.5
structure - RMSD backbone values were used to examine the structural flexibility of
the whole channels (Figure 3.28A), the residues of the S5-S6 helices that line the
inner pore (Figure 3.28B) and the residues within the turret interface (Figure 3.28C).
In these experiments, the relative stabilities of wild-type and mutant channels within
a 15ns window were compared. This time range was chosen to be long enough to
record side-chain rearrangements of interest?4, whilst being computationally
tractabe?2%_ |n all cases, the time was sufficient to establish steady-state residue
positions in the wild-type channel (Figure 3.27) with which to compare mutants.
Further still for two of the mutants and WT, a longer simulation of 100ns was run
(Figure 3.29A,B) to confirm that equilibrium was established in less than 15ns that
remained stable for the entire 100ns simulation.

For the case of global stability and the stability of the S5-Sé6 pore residues, the
E1443D, E1443Q and R881D/D1432R mutants showed evidence of reduced stability
relative to the wild-type model, whilst the W1442Y mutant was most similar to the
wild-type channel (Figure 3.28 A, B). This is consistent with the electrophysiological
data for the human W1440Y mutant, which shows no significant differences with the
wild-type channel in any gating parameter, including peak current. The RMSD
backbone values for the turret interface residues (Figure 3.28C) provided a finer-
grained analysis. For example, the flexibility of the E1443D mutant was comparable
to the wild-type, and the W1442Y mutant and was now distinct from the higher
flexibility shown by the R881D/D1432R and E1443Q mutations. The human versions
of R881D/D1432R and E1443Q were devoid of any detectable gating behavior, whilst
the human version of E1443D retained some peak current activity (Figure 3.14. Table
3.2). Hence, the modelled stability of the turret interface region provided the
clearest relationship with function, even in the presence of some global

destabilization.
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Figure 3.27. MD simulations of the global and local stabilities of the simulated rat Na,1.5 channels.
RMSD values of protein backbone of the wild-type (WT) channels in three separate runs. The first
frame of the MD simulation as a function of time was examined for: A. all residues in the protein;
B. residues of the complex salt-bridge and cation-m bonds connecting the DII-DIlI turret interface.
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Figure 3.28. RMSD values of C(a) atoms of the wild-type (WT) and mutant rat (r) Nav1.5 channels.
The first frame of the MD simulation as a function of time was examined for, A. all residues in the
protein, B. residues of the S5-S6 helices lining the pore of the channel and C. residues of the
complex salt-bridge and cation-m bonds connecting the DII-DIll turret interface.
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3.10.2 Bond distance analysis

Mutant-specific destabilization of the turret interface- To better understand how
the mutations affect the local stability at the DII-DIII turret interface, MD simulations
was applied to calculate distance values for the salt-bridges and the cation-m
interactions, as analysed across the entire time course of the simulation (Figure
3.30). In the wild-type simulation, these estimated bond distances (~3-5 A) indicated
stable salt-bridge and cation m interactions over the time course of the simulation.
The bond distances exhibited in the modelled rat W1442Y mutant were similar to
those of the wild-type channel (Figure 3.30). This is consistent with the
electrophysiological data showing no differences in gating behavior for the human
W1440Y mutant compared to the human wild-type Nay1.5 (Table 3.2). For the case
of the modelled rat E1443D mutant, the equilibrium distance between the D1443 and
R881 residues was about 10 A. This increased distance is probably too far to form a
strong salt bridge?® and likely reflects the smaller size of the aspartate compared to
the glutamate side chain. Nevertheless, none of the other bond distances were
significantly different from the wild-type simulation (Figure 3.30). In the modelled
rat E1443Q mutant, the presence of glutamine at position 1443 will prevent the
formation of a salt bridge with R881. This probably explains the increased distance
between Q1443 and R881. The distance between R881 and the W1442 residue was
also significantly disrupted, to the point where the cation m bond was unlikely to be
maintained. In the salt-swapped mutant, rat R881D/D1432R, the E1443-R881 salt-
bridge distance and the W1442-R881 cation m bond distances both changed during
the simulation, but in opposite directions (Figure 3.30), suggesting a more dynamic

destabilization.
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3.10.3 Effect of the DII-DIll turret mutations on the geometry of the DEKA
selectivity ring

Mutations in the turret interface perturb the geometry of the DEKA selectivity ring,
reduce the radius of the pore and reduce sodium ion penetration- It was
hypothesized that the mutation-induced instability within the DII-DIll turret region
may allosterically distort the DEKA selectivity filter and/or the pore geometry. The
distance between each pair of residues in the selectivity ring of the wild-type and
mutant rat Nay1.5 channels using MD simulation were calculated (Figure 3.31, Figure
3.32). All distances equilibrated well before the end of the simulation.

When the position of the DEKA residues in the selectivity filter was looked at (Figure
3.32), for the WT and rW1442Y mutant it was observed that all the four amino acids
were pointing away from the pore, enabling a cavity in the middle which can conduct
the Na* ions. For the rE1443D mutant, the E and K residues were shifted slightly to a
point they started pointing towards the pore, whereas for the rE1443Q and
rR881D/D1432R mutant the positively charged Lysine (K) amino acid clearly sticks
outwards into pore, essentially occluding it.

The D-A distances were similar for all the simulated channels, including the wild-
type Nav1.5. However, for the other distances, each mutation displayed distinct and
shorter geometries compared to the wild-type channel (Figure 3.31, Figure 3.32).
For the simulated r1443Q mutant, the clearest change was a reduced distance
between the D and E residues. Whilst for the simulated rR881D/D1432R mutant, the
E-K distance showed the largest reduction compared to the wild-type simulation.
Although the D-K distances for all the mutants were noticeably smaller compared to
the wild-type channel, this was least obvious for the rW1442Y mutant (Figure 3.31,
Figure 3.32).
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Figure 3.31. Effect of the DII-DIll turret mutations on the geometry of the DEKA selectivity ring
of the simulated rat Nav1.5 channels. Diagrammatic representation of the contraction of the
DEKA selectivity ring at 15 ns, for the simulated wild-type (WT) and mutant rat (r) Na,1.5
channels, as indicated.
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3.10.4 Effect of the DII-DIIl turret mutations on pore geometry

The topology of the inner pore vestibule for each structure over a 15 ns simulation
was modelled. Firstly, MOLE 2 program?®® was used to provide a pseudo-three
dimensional rendering of the pore profile. Secondly, for each mutant, the pore radius
profile from the DEKA ring to the intracellular activation gate compared to the pore
radius profile of the wild-type channel was calculated (Figure 3.33). The red line in
the graph indicated how the pore radius changes along the whole pore. For instance,
the largest pore radius is observed to be about 4.5 A and the shortest is around 2.5
A for the WT. In both the wild-type and W1442Y mutant structures, the DEKA
constriction point and the inner vestibule3® were clearly identified and remained
stable during the simulation. In contrast, the remaining mutants all exhibited
degrees of time-dependent and localized structural instability, leading to a reduced
pore radius throughout the length of the channel (Figure 3.33). The most striking
example of this behavior was shown by the rR881D/D1432R mutant. Although
initially, the pore profile closely matched the wild-type topology, by the end of the
simulation, pore could not be computed (Figure 3.33). Hence, the occlusion of
sodium is predicted to be particularly severe in this mutant and is consistent with

the complete absence of gating activity for the human equivalent mutant.
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Figure 3.33. Effect of the DII-DIIl turret mutations on pore geometry of the simulated rat Na,1.5
channels. The channel cross-sectional profiles for the first (0 s) and last (15 ns) frames of the
simulation are shown. Pore profiles, as predicted using MOLE 2 are highlighted in purple. The
locations of key regions are indicated for the wild-type channel. Underneath each mutant channel
cross-section, the pore radius profiles at 0 sec and 15 ns are shown, relative to that of the simulated
WT, and computed to the intracellular surface of the channel. The distance along the pore starts
from the DEKA selectivity ring at 0A and ends at the intracellular activation gate at 50A.
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3.11 Discussion

In this work, a conserved, complex salt-bridge with associated cation-m bonds, that
connects the DIl and DIl extracellular turret loops and helps encase the Nay1.5 outer
vestibule was highlighted. Using the combined approaches of mutagenesis,
electrophysiology and MD simulations, it was shown that targeted mutations to these
residues significantly compromise Nay1.5 gating behaviour and provide new
structural insights into the pathological human BrS/SND mutations that occur in this

region.

All the mutants studied were generated by site-directed mutagenesis and conformed
by DNA sequencing (Table 3.1, Figure 3.5, Figure 3.6). The mutants were transiently
transfected in HEK293f cells, and the efficiency of transfection was confirmed using
Leica DMI 6000 CS microscope and was consistently found to be above 80% (Figure
3.7).

The effect of the naturally occurring R878C and E1441Q mutations on the a-a subunit
dimerization and the a-B83 interaction with co-immunoprecipitation were first
examined (Figure 3.10). The mutations had no effect on these interactions. This was
expected, as B3 subunit transmembrane region is expected to bind near DIl of Nay,
and its Ig domain is expected to bind on the extracellular loop covering DI and D4.
This is based on the similarity in structure of 83 subunit with B1 subunit, for which a
cryoEM structure confirms its binding to Nay?. The only interesting observation was
that the mutated a subunits preferentially precipitated with the higher glycosylated
B3 subunits compared to the WT a-subunits. Previous reports on hNay1.7 suggested
roles of B1 and B3 on regulating glycosylation levels of hNay1.7 a-subunit, however
the reverse i.e. any hNa, a-subunit modulating B-subunits is not found4.
Functionally relevant sialic acids, affecting gating parameters such as voltage of half-
activation, the voltage of half-inactivation, the time constants for fast inactivation,
and the time constants for recovery from inactivation, were found to be localized in
the DI/S5-S6 loop region in hNay1.4, while hNa,1.5 remained unaffected 4. The
negative charges from these sugars probably influences the local electrostatic field

near the pore region “,
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Both the wild-type human Nay1.5 and all the mutant channels were detected on the
plasma membrane to a similar extent (Figure 3.9). This result agrees with previous
reports that the human R878C and the human D1430N BrS mutants were expressed
on the plasma membrane®-'>4, There are multiple and extensive quality-control
mechanisms within the secretory pathway that can efficiently detect and destroy
aberrantly folded proteins before they reach the plasma membrane?®°. Hence, the
compromised gating behaviour of the mutant Nay1.5 channels is unlikely to be
explained by a large-scale misfolding of the channels. Rather, the mutations are
more likely to introduce relatively small structural changes, which nonetheless block
one or a small number of gating steps.

For the human mutants that retained some gating activity, only the peak currents
and steady-state activation parameters were significantly different from those of the
wild-type channel. Steady-state inactivation parameters and recovery from
inactivation kinetics were not affected (Table 3.2, Table 3.3). Taken together with
the failure of veratridine to rescue the null mutants (Figure 3.24), this suggests that
disruption of the extracellular DII-DIIl interface on the outer vestibule turrets
selectively inhibits one or more of the conformational changes that underlie channel
activation. Yet channel activation depends on conformational changes that occur
deeper within the pore and within the peripheral voltage-sensors, which are
physically distant from the DII-DIIl interface on the extracellular turret?’. Hence, the
DII-DIIl mutations are likely to induce longer-range, allosteric perturbations.
Complex salt bridges play an important role in stabilizing secondary structures and
adjacent domains within proteins?®’. The appropriate ionic contacts between
residues of the complex salt bridge depend not only on their charge but also on their
precise geometry and orientation. In these situations, arginine is significantly more
common than lysine as the cation partner. This is because the delocalized positive
charge on the arginine guanidinium group can simultaneously facilitate multiple
electrostatic interactions?¢’. Thus, in the wild-type rat Na,1.5 structure, the n1 and
n2 nitrogens of the R881 guanidinium group individually contact the carboxylate
groups of residues D1432 and E1443 respectively, whilst the € nitrogen lies over the
aromatic group of Y1428, contributing to the cation-m interaction (Figure 3.1B). The
positive charge on a lysine side chain cannot do this as easily because it is more
tightly localised. These considerations probably explain why even lysine cannot

functionally substitute for residue R878 in human Na,1.5">4,
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In the modelled rat E1443Q mutant (equivalent to the putative human BrS null-
mutant E1441Q, (Tabe 3.1), the normal salt bridge between residues 881 and 1443
clearly cannot form. Yet, the major perturbation was to increase the distance
between R881 and W1442 (Figure 3.30), thus likely weakening - if not abolishing -
the cation-m bond between these two residues. By comparison, the distances
between the salt-bridge residues R881 and D1432 and the cation-m bond residues
R881 and Y1428 were relatively unaffected compared to the wild-type simulation
(Figure 3.30). The second null-mutant examined by MD simulation was
R881D/D1432R, in which the charged residues R881 and D1432 were reciprocally
swapped. This arrangement did not affect the bond distance between the 881 and
1432 residues. Strikingly, however, the bond distance for the 881-1443 salt-bridge
became smaller as the 881-1442 cation-m bond became larger during the simulation,
suggesting a dynamic rearrangement within this mutant over the time scale studied
(Figure 3.30). Thus, the MD simulations suggest important contributions from both
the complex salt bridge and cation-m bonds in maintaining the DII-DIll interface
structure. Estimating the quantitative contribution of these individual interactions
is difficult using MD simulations?84. However, of the nine null-mutations studied,
seven were targeted to the complex salt-bridge and of the six mutants that retained
some gating activity, five were targeted to the cation-m bonds. This could suggest
that the complex salt bridge provides a major role in stabilizing the DII-DIII turret
interface and the cation-m bonds contribute secondary, although still important
reinforcement.

The individual replacement of each of the aromatic residues, human W1440 and
Y1426 with alanine significantly reduced peak current but had no significant effects
on steady-state gating or kinetic parameters. However, the replacement of human
W1440 with tyrosine showed no significant gating effects compared to wild-type
human Nay1.5 (Table 3.2). Thus, the precise form of the aromatic amino acid at this
position is not critical and indeed, tyrosine not tryptophan is present at this position
in most Nay channel isoforms (Figure 3.3). By contrast, there are more constraints on
the second cation-m-forming aromatic residue (human Y1426/rat Y1428). For
example, even the replacement of this tyrosine with phenylalanine reduced peak
current by about 50% for the human mutant (Table 3.2). This suggests that the
tyrosine hydroxyl group is functionally important and in the rat structure, Y1428

forms a hydrogen bond with the DIl W882 residue (Figure 3.1), thus holding either or
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both the W882 and Y1428 residues in a constrained orientation that may further
stabilize the DII DIl turret interface.

To investigate the effect of the turret mutations on the DEKA ring and pore
geometry, MD simulations was performed. In the channel structure on which these
simulations were based, the cytoplasmic inactivation gate (Figure 3.1) is engaged
with its DIV binding site and is therefore thought to represent the inactivated state?’.
Therefore, it was not expected that the sodium ions will fully traverse the channel
in this conformation. However, given the differences in pore geometries between
the wild-type and mutant structures, important insights are still likely to be
obtained. For example, previous MD simulations of Nay channels have used
inactivated state structures as templates?2.

The DEKA ring acts as a constriction point and selectively favoured sodium ion
permeability over other cations. The detailed mechanism by which selectivity is
achieved is uncertain, but site-directed mutagenesis experiments?®® and the use of
cryo-EM structures?®4, suggest that the geometry of both the DEKA ring acidic groups
and the DIl lysine residue are important?82.2%, MD simulations performed indicate
notable differences in the RMSD distances between these side-chains in the mutants
compared to the wild-type Nay1.5 (Figure 3.31, Figure 3.32). These misalignments,
together with possible steric interference from the enhanced flexibility of the DII-
DIl turret (Figure 3.28B, Figure 3.29C), offer clues to the gating disruption shown by
the mutants. Interestingly, of all the simulated mutants examined, the rat W1442Y
showed the least discrepancy in DEKA ring and pore geometry compared to the wild-
type channel and indeed, the electrophysiological properties of the human
equivalent mutant were not significantly different from the human wild-type channel
(Table 3.2).

It is conceivable that perturbation of the DEKA ring may relax ion selectivity.
However, this is unlikely to be the case for those human mutants that display a
complete absence of current gating since the external bath solution contained
2mM KCl and 1.5 mM CaCl,. For those human Nay1.5 channels that retained some
gating activity, the ion-selectivity of the channel can be investigated by comparing
their reversal potentials?®32%. Importantly, the reversal potentials of the functional
mutants were not significantly different from the wild-type value (Figure 3.11, Figure

3.12, Figure 3.13, Figure 3.14). This supports the view that the DEKA rings in each of
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the active human mutants retained selectivity for sodium ions, despite their altered
geometry.

The most dramatic changes predicted from the MD simulations occurred in the
dimensions, geometries and stabilities of the inner pore. In particular, the increased
pore radius corresponding to the inner vestibule was prominent in the rat wild-type
and W1442Y mutants and remained stable during the simulations. In contrast, by the
end of the simulation, the inner vestibule was significantly attenuated in the rat
E1443Q mutant and absent altogether in the rat R881D/D1432R mutant (Figure 3.33).
Both equivalent human mutations were electrophysiologically inactive (Figure 3.14,
Figure 3.15). This attenuation in the inner vestibule radius was less dramatic in the
modelled rat E1443D mutant (whose human equivalent retained about 6% of the wild-
type peak current activity) but was still noticeable compared to the wild-type and
W1442Y profiles (Figure 3.33). Hence, the degree of pore constriction in the MD
simulations for the mutants - particularly within the inner vestibule - broadly
correlated with the gating activity of the equivalent human mutants.

Except for the human W1440Y and Y1426F mutants, all other human activity-
retaining mutants exhibited significantly higher values of the slope-factor, k
(activation) compared to the wild-type channel (Table 3.2). This slope factor is
inversely proportional to the effective charge (z) transferred across the membrane
during activation?*7:2%, The larger values of k (activation) therefore imply that the
voltage-sensing movements in the VSDs of the mutants are restricted relative to the
wild-type channel. These movements are normally tightly coupled to pore opening
and thus perhaps to pore geometry32. In further work, it will be interesting to monitor
the S4 helix movements within the individual VSDs of each mutant, for example by
using conformationally-sensitive biophysical methods?4%:2%°, However, to follow such
conformational changes by MD simulations will require extended simulation times
that run into the hundreds of ns - ms range?®. Ultimately, the predictions from the
MD simulations will also require direct comparison to high-resolution structures of

the individual mutants.
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Figure 3.34. CryoEM structure of A. Na,1.7 and B. Ca,1.1, showing the DII-DIll interface with the
complex salt bridge and cation-m interaction.

The existing cryo-EM structures of Nay1.2, Nay1.4 and Nay1.7 all reveal the same
cation-m bonded complex salt-bridge at the DII-DIIl turret interface?:28,
Furthermore, the critical residues that form this interface are completely conserved
in all Nay channel isoforms (Figure 3.3), suggesting that all Nay channel isoforms will
display this structural feature. Interestingly, several independent missense
mutations corresponding to these residues in human Nay1.1 are associated with
inherited epileptic encephalopathy'@. Also, an arginine to glutamine missense null-
mutation in human Nay1.7 is associated with congenital insensitivity to pain. This
Na,1.7 residue is designated R896''* or R907'82 (Figure 3.34), depending on the
alternatively spliced Nay1.7 isoform, and is equivalent to human Nay1.5 R878 and rat
R881. Hence our current work not only provides insights into Nay1.5-associated
cardiopathologies but also into similar pathological mutations in other Nay channels.
Finally, eukaryotic voltage-gated sodium channels and voltage-gated calcium

channels are derived from a common ancestor by gene duplication3%. The Cav1.1
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family of voltage-gated calcium channels similarly contains a salt bridge, bounded
by likely cation-m bonds at the equivalent DII-DIIl extracellular turret interface3®
(Figure 3.34). To my knowledge, there are no clinical reports of mutations affecting
these Cav1.1 residues. However, if such mutations are discovered, it can be
predicted that the channels will either be non-functional or severely compromised

and are likely to have pathological consequences.
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Chapter 4

Regulation of Na, by Calmodulin
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4.1 Introduction

The C-terminal domains (CTD) of all the Nays share high sequence similarity,
particularly their proximal half, the EF hand region (Figure 4.1). The CTDs primarily
affect the kinetics and voltage dependence of Nay inactivation. Thus, it is well
documented that the brain Nay1.2, inactivates more rapidly than the cardiac Nay1.5.
Furthermore, chimeras made by exchanging the CTD of Nay1.5 for that of the Nay1.2,
results in a channel with a faster inactivation kinetics similar to that of Nay1.2.
Conversely, exchanging the CTD of Nay1.2 for that of Nay1.5, results in a slowed
inactivation. In addition, although the effects on inactivation of CTD are mostly
attributed to the proximal half, known to bind calmodulin (CaM), fibroblast growth
factor (FGF) and the DIII-DIV linker (inactivation gate), truncation of the distal half
(post 1Q motif) also causes 3 mV negative shifts in steady-state inactivation of Nay1.2.

In contrast, complete removal of the Na,1.2 CTD causes a -12 mV shift3%2,

Calmodulin (CaM) comprises two globular, N- and C- terminal domains connected by
a flexible linker of around eight turns (Figure 4.2)393, It is highly conserved amongst
eukaryotes functioning as a Ca?* sensor that can bind four Ca?* at the four EF-hand
like (helix-loop-helix) binding sites. The CaM then undergoes a conformational
change which allows it to interact and regulate other proteins. CaM also interacts
with other cellular proteins in its apo form i.e., with no Ca?* bound to it. CaM
regulates the function of many cellular enzymes including CaM-dependent kinases
and phosphatases, plasma membrane Ca?*-ATPases, nitric oxide synthase, and
glutamate decarboxylase. Interactions with other cellular proteins have also been
reported, for example interaction with myosin V heavy chain, the C-terminal domain
of the Ca?* channel (Cav1.2), Ca?-activated K* channels, and voltage-gated Na*
channels (Nay1.2 and 1.5). CaM utilizes non-polar interactions and the flexibility of

its linker to wrap around its target protein304,
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Figure 4.1. Clustal omega alignment of the C-terminal domain of all the human Na,.
* Amino acids that are identical between species.

. Amino acids that show conservative changes between species.

. Amino acids that show semiconservative changes between species.
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N-lobe EF hand

C-lobe EF hand

Figure 4.2. The Human Calmodulin structure (PDB ID: 3CLN), colored in rainbow (N to C
terminus) with the N-terminus in blue and C-terminus in red. The N-lobe and C-lobe EF hands
connected by an a-helix linker are also indicated along with the Ca?* (brown spheres) binding

sites.
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The Nay C-terminal domain (CTD) of Nay consists of an IQ motif that can bind the C-
lobe of CaM, and EF-hand like domain that can bind the N-lobe of CaM. The N-lobe
of CaM can also bind to a post-1Q motif present in some Nay subtypes. This interaction
of CaM with Nay channels accelerates inactivation. Disruption of apoCaM binding of
to the IQ motif of Nay1.5 CTD increases persistent current. Conversely, the
physiological persistent Nay1.6 current in cerebellar Purkinje cells can be diminished
by increasing CaM availability3%5:3%, Naturally occurring mutations in Na,1.5 CTD
residues involved in their interaction with CaM are associated with both BrS and
LQT3. For example the Q1909R mutation in the Nay1.5 CTD which is implicated in
LQT3, significantly reduces apoCam binding and results in persistent Na* current3%,
Mixed phenotypes of the same mutation presenting as BrS in some patients and LQT3
in others have also been observed. Since binding of apoCaM can increase peak
channel open probability, affecting the binding of apoCaM would thus result in a
decrease in channel open probability and hence contribute to a BrS phenotype. On
the other hand, since broken interaction of apoCaM with the Nay1.5 CTD can cause
persistent tail current, this may affect normal repolarization of action potential
hence resulting in a LQT3 phenotype3?’. Furthermore, de novo mutations in CaM have
been associated with cardiopathologies such as ventricular arrhythmias with

recurrent cardiac arrest308,

Binding of the truncated WT CTD of Nay1.2, Nay1.5 and Nay1.6 have been investigated
by several groups using Isothermal Titration Calorimetry (ITC)306:309.310 Yan et al.,
2018 reported a Kp of 99 + 4 nM between the WT Na,1.5 CTD (1773-1940 a.a) and
apoCaM, while Wang et al., 2014 found the Kp to be 88 + 6 nM. In the case of Ca%*-
CaM, a slightly higher Kp value of 132 + 9 nM was found by Wang et al., 2014. Gabelli
et al., 2014 reported a Kp of 46 + 33 nM to 105+15 nM with Ca?*-CaM, with a slightly
smaller CTD protein 1773-1929, however the resulting complex still involved the CaM
C-lobe binding aVI helix of the CTD, including the suggested CaM N-lobe binding motif
(NLBM). All the data above were obtained from microCal ITC-200 at 20-28 °C, with
the Nay1.5 CTD in the cell (20-75 pM) titrated with apoCaM (200-1000 pM). In the
case of the Na,1.2 CTD (1777-1937 a.a) with apoCaM, Kp of 36 + 6 nM and with Ca?*-
CaM 1713 + 333 nM were reported. Only Gabelli et al., 2014 studied the Nay1.6 CTD
(1769-1926 a.a) interaction with apoCaM and found the Kp to be 276 + 63 nM.
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Furthermore, CaM has been reported to also bind the DIII-DIV linker of Nay, which
consist of the inactivation gate. A Kp of 66 + 11 nM has been reported for Ca%*-CaM
binding to the Nay1.5 DIII-DIV linker?4,

Fibroblast Growth Factors (FGF) are a structurally related diverse group of 22
polypeptides involved in numerous cellular processes including cell differentiation,
proliferation, and apoptosis especially during embryonic development. In mature
organisms they play key roles in tissue repair and angiogenesis. Changes in expression
of FGF and its receptors have been implicated in tumour progression and metastasis.
Paracrine and endocrine roles of FGF are well characterized with paracrine FGFs,
through interaction with FGF receptors (FGFR) co-factored with heparin, being
involved in repair functions. In contrast, endocrine FGFs affect metabolism through
interactions with FGFR having a-Klotho or B-Klotho as a co-factor. Role of intracrine

FGFs in neuronal function, with no association with the FGFR, are less understood.

X-ray structures of Nay1.2 with FGF13U and Nay1.5 with FGF12B and FGF13 indicate
binding of FGF to the globular EF-hand domains in both cases. Recently, it has been
shown that loss of FGF13 in the DRG neurons of mice, removed the ability to perceive
painful stimuli. This attributed to an interaction of FGF13 with the Nay1.7 CTD, which
ensures localization of Nay1.7 in the membrane during noxious stimuli like heat, and
thus increases Na* current. Inhibiting this interaction significantly reduced action
potential firing in response to heat stimuli3''. In the heart, the predominantly
expressed FHF, FGF12, has been associated with BrS in a single patient to date.
Mouse models with the Q7R mutation in FGF12 showed a reduction in Na* current
density. This mutation reduced binding of FGF12 to Na,1.5 CTD3'2,
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4.2 Objectives and Hypothesis

As discussed above, Ca?* exerts its regulatory effect on Na,1.4 and Na,1.5 through
association with calmodulin. However, such association has not been explored in
Nay1.7. Here, | first investigated whether calmodulin interacts with Nay1.7 in
presence and absence of Ca?*. Next, | compared this interaction with the interaction
of calmodulin with Nay1.5 again in the presence and absence of Ca?*. This protein-
protein interaction was studied using two different binding assays: Isothermal

Titration Calorimetry (ITC) and Biolayer Interferometry (BLI).

Structures of Nay1.4 CTD and Nay1.5 CTD bound to CaM reveals the residues involved
in this interaction. Interestingly, CaM binding to the CTDs differ substantially
according to the Nay subtype. Interaction of Nay1.7 CTD and CaM has not been
studied. Structures of the complete CTD have not been solved for any of the Nay
subtypes, although truncated structures of some of the Nays are available. Thus, |
will try to solve the crystal structure of the complete Nay1.7 C-terminal domain. This
will provide us with better insight about the binding sites present in the Nay1.7 CTD

and how its amino acids are arranged.
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4.3 DNA sequencing confirms successful recombinant protein
generation

The Gateway cloning method has been used to clone the full-length C-terminal
domain (CTD) of Nay1.5 (C5) and Nay1.7 (C7), truncated versions consisting of the
globular EF hand domains, 5EF and 7EF, and the DIII-DIV linker consisting of the
inactivation gate (5D3D4 and 7D3D4). Finally, using the same process human
calmodulin (CaM) was cloned. As shown in Figure 4.3 and Figure 4.4, all the
recombinant proteins consisted of 10-His tags at the N-terminus while the DIII-DIV
linkers had additional HA tag at the C-terminus. DNA sequencing confirmed that the
cloning was 100% successful with the cloned recombinant proteins when aligned

against the WT sequence show 100% identical sequence.
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Expression CaM DGNGYISAAELRHVMTNLGEKLTDEEVDEMIREADIDGDGQVNYEE FVQMMTAK‘. 174
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Figure 4.3. DNA sequencing of A. Na,1.5 C-terminal domain (C5); B. EF hand motif of Na,1.5 C-
terminal domain (5EF); C. DIII-DIV linker consisting of the inactivation gate of Nav1.5 (5D3D4); and
D. Human calmodulin (CaM). Sequences A, B and C are aligned with the sequence of the human
Nav1.5 C-terminal domain, isoform 1 (UniProtKB - Q14524). All the recombinant proteins consist of
10-His tags on the N-terminal (highlighted in yellow). Stop codons are highlighted in red. 5D3D4 has
an extra FLAG tag at its c-terminal which is highlighted in cyan.
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Figure 4.4. DNA sequencing of A. Na,1.7 C-terminal domain (C7); B. EF hand motif of Na,1.7 C-
terminal domain (7EF); and C. DIII-DIV linker consisting of the inactivation gate of Nav1.7 (7D3D4).
Sequences A, B and C are aligned with the sequence of the human Nav1.7 C-terminal domain,
isoform 1 (UniProtKB - Q15858). All the recombinant proteins consist of 10-His tags on the N-
terminal (highlighted in yellow). Stop codons are highlighted in red. 7D3D4 has an extra FLAG tag
at its c-terminal which is highlighted in cyan.
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4.4 Recombinant protein purification

Recombinant proteins that were successfully cloned were then transformed into
BL21(DE3) E.Coli competent bacteria for expression using autoinduction. BL21 (DE3)
strains consist of chromosomal copies of the T7 RNA polymerase gene under control
of lacUV5 promoter which is ideal for the pDEST110 expression vector used in this
study. It has also been reported that for pDEST110 vectors BL21 (DE3) strains exhibit
the maximum expression level of recombinant protein3'3. The fact that this strain is
also deficient in ion and ompT proteases is also very helpful. For purification, a two-
step approach was taken. First, since all the recombinant proteins contained 10-His
tags, Ni-NTA beads were used to purify them. Next, for further purity, size exclusion
chromatography (AKTA) was performed. Thus, Figure 4.5 shows the AKTA
chromatogram of Nay1.5 CTD (C5). Although, two peaks can be observed, upon
running SDS-PAGE followed by Coomassie staining, both the peaks appeared to be
the Nay1.5 CTD. The peak that showed the higher purity was chosen for downstream
applications. These double peaks are sometimes observed when the concentration
of protein is very high resulting in overloading of the AKTA column. Also, parameters
like salt concentration in the buffer, temperature and pH can cause these double

peaks3'4. This same phenomenon was observed for the other recombinant proteins.
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Figure 4.5. Na,1.5 c-terminal domain protein (C5) purification with size exclusion
chromatography (AKTA); A. The blue peaks corresponding to Na,1.5 CTD, zoomed in image of the
peaks is shown below. B. Sample from different regions of the peaks were run in a SDS-PAGE gel
and stained with Coomassie blue
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were run in a SDS-PAGE gel and stained with Coomassie blue.
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PAGE gel and stained with Coomassie blue.
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Figure 4.9. Human Calmodulin protein (CaM) purification with size exclusion chromatography

(AKTA); A. The blue peaks corresponding to CaM. B. Sample from the peak was run in a SDS-PAGE
gel and stained with Coomassie blue.
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4.5 Protein-protein interaction: ELISA

Interaction of the cloned recombinant Nay1.7 CTD (C7) or the truncated EF hand
(7EF) with calmodulin (CaM) were tested by ELISA, in presence and absence of Ca?*
(Figure 4.10). In presence of 5 mM CaCl; no interaction was observed. 1000-fold
dilution of CaCl; to 5 pM still resulted in no interaction. Only in presence of 10 mM
EGTA, which chelates all the Ca%*, an interaction was observed between both C7 and
7EF with CaM.

Nav1.7 CTD (C7), EF hand (7EF)

A and Calmodulin (CaM)
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Figure 4.10. Interaction of Na,1.7 CTD (C7) and Na,1.7 CTD EF hand (7EF) with calmodulin
(CaM). A. The interaction was tested in presence of 5 mM Ca?, 5 upM Ca?* and 10 mM
EGTA. B. 96 well plate image of the experiment after addition of 2M sulphuric acid to
stop the TMB substrate-HRP reaction.
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4.6 Protein-protein interaction: Isothermal titration calorimetry (ITC)

The isothermal titration calorimetry (ITC) results agreed with the ELISA results. Both
showed that CaM binds to C7 and Na,1.5 CTD (C5) in the absence of Ca?* (Figure
4.12). The thermograms (top graph of Figure 4.12 A and B) peaks are representative
of each injection of CaM into the cell containing either C7 or C5. For C7 after the
curve was fitted to one binding site model, the following parameters were also
computed: stoichiometry (N) of 1.04 + 0.00741 sites, enthalpy (AH) of -11.93 + 0.17
kcal/mol, entropy (AS) of -6.57 cal/mol/deg, and equilibrium dissociation constant
(Kp) of 48.78 + 12.23 nM. When repeated (Figure 4.12 A ii.) the following values were
obtained: N of 1.06 + 0.00458 sites, AH of -6.24 + 0.05 kcal/mol, AS of 12.70
cal/mol/deg and Kp of 44.84 + 10.95 nM.

For C5 the parameters are, N of 0.958 + 0.0223 sites, AH of -2.97 + 0.13 kcal/mol,
AS of 22.2 cal/mol/deg, and Kp of 93.46 + 19.78 nM.

The ITC results obtained for binding of Nay1.5 CTD (C5) and Nay1.7 CTD (C7) with
CaM in the presence of 5 mM CaClz, show that there is possibly no interaction or a
very weak one. The raw data was difficult to fit in 1:1 binding model. For C7 (Figure
4.14 A), N of 1.03 + 0.129 sites, AH of 1.28 + 0.24 kcal/mol, AS of 31.5 cal/mol/deg,
and Kp of 1.15 + 6.67 uM. For C5 (Figure 4.14 B), N of 0.132 + 0.039 sites, AH of -3.37
+ 1.27 kcal/mol, AS of 15.9 cal/mol/deg, and Kp of 1.10 + 5.96 pM.
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4.6.1 Nay1.7 CTD and Nay1.5 CTD with apoCaM
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Figure 4.11. ITC sensorgram to measure baseline heat change of adding apoCalmodulin
(apoCaM) from syringe into the cell containing the buffer used to prepare Na,1.5 and Na,1.7
CTD. All the buffers contained 10 mM EDTA to chelate any Ca?* ion. Raw ITC data trace (Top)
and the integrated heats of the measured interaction (bottom).
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Figure 4.12. ITC sensorgram to measure
baseline heat change from adding apoCaM
from syringe into the cell containing A. Na,1.7
CTD run twice, top (i) and bottom (ii) and, B.
Na,1.5 CTD. All the buffers contained 10 mM
EDTA to chelate any Ca?* ion. Baseline (Figure
4.10) was subtracted from both the graphs.
Raw ITC data trace (top) and the integrated
heats of the measured interaction (bottom).
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4.6.2 Nay1.7 CTD and Nay1.5 CTD with CaZ*-CaM
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Figure 4.13. ITC sensorgram to measure baseline heat change of adding CaZ*-CaM from
syringe into the cell containing the buffer used to prepare Na,1.5 and Na,1.7 CTD. All the
buffers contained 5 mM CaCl,. Raw ITC data trace (top) and the integrated heats of the
measured interaction (bottom).
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Figure 4.14. ITC sensorgram to measure baseline heat change of adding Ca?*-CaM from syringe
into the cell containing A. Na,1.7 CTD and, B. Na,1.5 CTD. All the buffers contained 5 mM CaCl,.

Baseline (Figure 4.11) was subtracted from both the graphs. Raw ITC data trace (top) and the
integrated heats of the measured interaction (bottom).
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4.7 Protein-protein interaction: Bio-layer interferometry (BLI)

The interaction of Nay1.5 CTD (C5) and Nay1.7 CTD (C7) with CaM was repeated using
bio-layer interferometry technique using an OctetRed 96 instrument. In the absence
of Ca%*, the Kp obtained for C7 interaction with CaM (EDTA) was 50 + 1.62 nM, and
the Kp for C5 interaction with CaM (EDTA) was 164 + 8.31 nM (Figure 4.15).
Interaction could not be detected in the presence of 5 mM Ca?* (Figure 4.17).
Interaction was also not detected when the truncated CTDs were used i.e. the EF
hand domains of Nay1.5 (5EF) and Nay1.7 (7EF) in the presence or absence of Ca?*
(Figure 4.16, Figure 4.18).

4.7.1 Calmodulin (EDTA) with Nay1.7 CTD and Nay1.5 CTD

A Loading Sample |D: C7
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Figure 4.15. Determination of equilibrium dissociation constants (Kp) of the
interaction between four different concentrations of calmodulin (1000 nM, 200 nM,
40 nM and 8nM), in the presence of 10 mM EDTA, and A. Na,1.7 CTD (C7), and B.
Na,1.5 CTD (C5).
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4.7.2 Calmodulin (EDTA) with the EF hand domain of Nay1.7 CTD and Na,1.5 CTD
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Figure 4.16. Determination of equilibrium dissociation constants (Kp) of the interaction
between four different concentrations of calmodulin, in the presence of 10 mM EDTA and
A. Na,1.7 CTD EF hand (7EF), and B. Na,1.5 CTD EF hand (5EF).
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4.7.3 Calmodulin (Ca?*) with Na,1.7 CTD and Na,1.5 CTD
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Figure 4.17. Determination of equilibrium dissociation constants (Kp) of the
interaction between four different concentrations of calmodulin, in the
presence of 5 mM CaCl, and A. Na,1.7 CTD (C7), and B. Na,1.5 CTD (C5).
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4.7.4 Calmodulin (Ca%*) with EF hand domain of Nay1.7 CTD and Nay1.5 CTD

Loading Sample ID: TEF

0 50 ) 100 150

Figure 4.18. Determination of equilibrium dissociation constants (Kp) of the
interaction between four different concentrations of calmodulin, in the presence of 5
mM CaCl, and A. Na,1.7 CTD EF hand (7EF), and B. Na,1.5 CTD EF hand (5EF).
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4.8 X-ray crystallography

Crystal trials were set up using commercially available 96 wells, 2 drops, MRC-type
plates, for full length Nay1.7 CTD (C7) and the truncated EF hand (7EF). More than a
thousand different conditions were tested, and crystals obtained from certain
conditions were imaged using the Rock Imager software (Figure 4.19, Figure 4.20).
Optimization of some conditions were also performed (Figure 4.21) and selected
crystals sent for x-ray diffraction at Diamond Light Source (Figure 4.22).
Unfortunately, none of the crystals turned out be protein, some crystals did not
diffract at all, from the diffraction patterns of some of the others it could be

concluded that they were either ice rings or salt crystals.
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Figure 4.19. Crystals of full length Na,1.7 CTD obtained from different conditions. Protein
drops were either 100 or 200 nL, and the condition volume was kept constant at 200 nL. A.
20% v/v PEGSM (precipitant), 0.2M (NH,),SO,, 0.06M MgSO,, 0.1M Bicine pH 9; B. 20% v/v
PEGSM (precipitant), 0.2M (NH,),SO,4, 0.05M MgSQO,, 0.1M Bicine pH 9; C. 25% v/v PEG MME 550
(precipitant), 0.1M Sodium Acetate pH 4.6; D. 18% v/v PEGSH (precipitant), 0.2M Sodium
Acetate, 0.1M BIS-TRIS propane pH 8.5; E. 18% v/v PEGSH (precipitant), 0.2M Sodium Acetate,
0.1M BIS-TRIS propane pH 8.5.
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Figure 4.20. Crystals of full length Na,1.7 CTD EF hand obtained from different conditions. Protein
drops were either 100 or 200 nL, and the condition volume was kept constant at 200 nL. Every row
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first image is bright field, second is high-definition UV and the third is polarized light, of the same
crystal.
A. 20% v/v PEGSM (precipitant), 0.2M (NH,4),SO,4, 0.05M MgSO,, 0.1M Bicine pH 9; B. 18% v/v PEGSH
(precipitant), 0.2M Sodium Acetate, 0.1M BIS-TRIS propane pH 8.5; C. 20% v/v PEGSH, 0.1M
Sodium Phosphate Citrate pH 5.5; D. 18% v/v PEGSH (precipitant), 0.2M Sodium Acetate, 0.1M
BIS-TRIS propane pH 8.5; E. 20% w/v PEG 6K (precipitant), 0.1M Sodium Acetate pH 5, 0.2M CaCl,.
F. 0.2M Li,SOy4, 0.1M TRIS pH 8.5, 40% v/v PEG 400 (precipitant); G. 0.1M TRIS pH 8, 40% v/v MPD
(precipitant); H. 0.14M CaCl,, 0.07M Sodium Acetate pH 4.6, 30% v/v Glycerol (precipitant), 14%
v/v 2-propanol (precipitant); I. 0.1M Sodium Citrate pH 5, 20% w/v PEG 6K (precipitant).

Optimisation: NaV_1p7_EF_hand_MPD.dfy

mdraggnfly“u

1 2 3 4 5 6 7 8 9
A MPD: 21.00ul, MPD: 23.00uL, MPD: 25.00ul, MPD: 27.00uL, MPD: 29.00ul, MPD: 31.00ul, MPD: 33.00uL, MPD: 35.00ul,
“ 30.00%v/v 32.86%w/v 35.71%v/v 38.57%w/v 41.43%v/v 44.29%v/v 47.14%w/v 50.00%v/v
20% v/v PEGSM, A Tris pH8 (pH: 8): | Tris pH8 (pH: 8): | Tris pH& (pH: 8): | Tris pH8 (pH: 8): | Tris pHE (pH: 8): | Tris pH8 (pH: 8): | Tris pH8 (pH: 8): | Tris pH8 (pH: 8):
7.00ul 7.00ul 7.00ul, 7.00uL, 7.00ul, 7.00uL, 7.00ul, 7.00uL,
0 2M (NH4)ZSO4 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM
’ MPD: 21.00ul, MPD: 23.00uL, MPD: 25.00uL, MPD: 27.00uL, MPD: 29.00ul, MPD: 31.00ul, MPD: 33.00uL, MPD: 35.00ul,
P 30.00%v/v 32.86%w/v 35.71%v/v 38.57%w/v 41.43%v/ v 44.29%vfv 47.14%v/v 50.00%v/v
0.1M Bicine pH 9 Tris pHS (pH: 8): | Tris pHE (pH: 8): | Tris pHB (pH: 8): | Tris pHB (pH: 8): | Tris pHE (pH: 8): | Tris pHE (pH: 8): | Tris PHB (pH: 8): | Tris pH8 (pH: 8):
7.00ul, 7.00ul 7.00ul, 7.00ul, 7.00ul, 7.00uL, 7.00ul, 7.00ul,
100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM
C MPD: 21.00ul, MPD: 23.00uL, MPD: 25.00uL, MPD: 27.00uL, MPD: 29.00ul, MPD: 31.00ul, MPD: 33.00uL, MPD: 35.00ul,
30.00%v/v 32.86%v/v 35.71%v/v 38.57%w/v 41.43%v/v 44.29%vfv 47.14%v/v 50.00%v/v
Tris pH8 (pH: 8): | Tris pHE (pH: 8): | Tris pH8 (pH: 8): | Tris pHS (pH: 8): | Tris pHS (pH: 8): | Tris pHS (pH: 8): | Tris pHE (pH: 8): | Tris pH8 (pH: 8):
7.00ul 7.00ul 7.00ul, 7.00ul, 7.00ul, 7.00uL, 7.00ul, 7.00ul,
100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM
D MPD: 21.00uL, MPD: 23.00uL, MPD: 25.00uL, MPD: 27.00uL, MPD: 23.00uL, MPD: 31.00uL, MPD: 33.00uL, MPD: 35.00uL,
30.00%V/v 32.86%v/v 35.71%viv 38.57%V/V 41.43%v/v 44.29%V/v 47.14%v/v 50.00%V/v
Tris pH8 (pH: 8): | Tris pH8 (pH: 8): | Tris pH& (pH: 8): | Tris pH8 (pH: 8): | Tris pHE (pH: 8): | Tris pH8 (pH: 8): | Tris pH8 (pH: 8): | Tris pH8 (pH: 8):
7.00ul 7.00ul 7.00ul, 7.00ul, 7.00ul, 7.00uL, 7.00ul, 7.00uL,
100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM
E MPD: 21.00uL, MPD: 23.00uL, MPD: 25.00uL, MPD: 27.00uL, MPD: 23.00uL, MPD: 31.00uL, MPD: 33.00uL, MPD: 35.00uL,
30.00%V/v 32.86%v/v 35.71%viv 38.57%V/V 41.43%v/v 44.29%V/v 47.14%v/v 50.00%V/v
Tris pH8 (pH: 8): | Tris pH8 (pH: 8): | Tris pH& (pH: 8): | Tris pH8 (pH: 8): | Tris pHE (pH: 8): | Tris pH8 (pH: 8): | Tris pH8 (pH: 8): | Tris pH8 (pH: 8):
7.00ul, 7.00ul, 7.00ul, 7.00ul, 7.00ul, 7.00uL, 7.00uL, 7.00uL,
100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM
F MPD: 21.00ul, MPD: 23.00uL, MPD: 25.00ul, MPD: 27.00uL, MPD: 29.00ul, MPD: 31.00ul, MPD: 33.00uL, MPD: 35.00ul,
30.00%v/v 32.86%w/v 35.71%v/v 38.57%w/v 41.43%v/v 44.29%v/v 47.14%w/v 50.00%v/v
Tris pH8 (pH: 8): | Tris pH8 (pH: 8): | Tris pH& (pH: 8): | Tris pH8 (pH: 8): | Tris pHE (pH: 8): | Tris pH8 (pH: 8): | Tris pH8 (pH: 8): | Tris pH8 (pH: 8):
7.00uL, 7.00uL, 7.00ul, 7.00uL, 7.00ul, 7.00uL, 7.00ul, 7.00uL,
100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM
G 20% vl/v PEGSM, MPD: 21.00uL, MPD: 23.00uL, MPD: 25.00uL, MPD: 27.00uL, MPD: 29.00uL, MPD: 31.00uL, MPD: 33.00uL, | MPD: 35.00u,
30.00%v/v 32.86%w/v 35.71%v/v 38.57%w/v 41.43%v/ v 44.29%vfv 47.14%v/v 50.00%v/v
0.2M  (NH4)250. Tris pH (pH: 8): | Tris pHB (pH: B): | Tris pHB (pH: 8): | Tris pHB (pH: 8): | Tris pHE (pH: 8): | Tris pHE (pH: 8): | Tris pHB (pH: 8): | Tris pHB (pH: 8):
. 4)25U4, 7.00uL, 7.00uL, 7.00uL, 7.00uL, 7.00uL, 7.00ul,
100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM 100.00mM
H " " 0.0SM MgSOA, MPD: 21.00ul, MPD: 23.00uL, MPD: 25.00ul, MPD: 27.00uL, MPD: 29.00ul, MPD: 31.00ul, MPD: 33.00uL, MPD: 35.00ul,
30.00%v/v 32.86%v/v 35.71%v/v 38.57%w/v 41.43%v/v 44.29%vfv 47.14%v/v 50.00%v/v
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Figure 4.21. Optimization of conditions for crystal growth, with double the volume of protein and
condition used which is 400 nL. For Column 1 and 2, 20% v/v PEGSM, 0.2M (NH,4),SO,, 0.1M Bicine pH
9; for clumn 3 and 4 the same condition was use as 1 and 2 with the addition of 0.05M MgSQO,; for 5-
12 0.1M TRIS pH 8 was used with a gradient of MPD concentration from 30-50%.
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Figure 4.22. X-ray diffraction analysis of crystals obtained from different crystallization trial
conditions. The first image shows the crystal mounted on a loop and the second image is of the
diffraction pattern observed.
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4.9 Predicted model of full length Nay1.7 CTD using Phyre 2 and
FoldIndex

Since there is still no available structure of the C-terminal domain of Nay1.7 (C7),
structure determination was performed using in silico methods. First, FoldIndex
predicts that other than the initial globular EF hand domain, most of the C7 protein
will remain unfolded, which could directly affect crystal formation (Figure 4.23 A).
In contrast Phyre2 server predicts that 59% of the C7 protein will consist of alpha
helices, 3% beta sheets and 38% disordered (Figure 4.23 B). The predicted model,

Figure 4.23 C, shows the predicted cartoon structure of C7.

8.58

foldIndex

8.25

8.008

-8.25

-8,508 !
= = =

= = =1
'r} = Iy} = o
-l -l ) o

Residue Hunber
M folded M unfolded

166



B

1 5 ¢ 1O R o0 E 0 o oo oo g &l - oo o o0 ag 5 o kJa o o5 0o oald
PP LENFSVATEESTEPLSEDDFEMFYEVWEKFDPDATQFI EFSKLSDFAAALDPPLLI AKPN
Seontar ——ARRARAAAA — ARRARRARARAAA ——==p ARRRRRARAA -

structure

SS
confidence
Disorder 2 2 2 ——
Disorder
confidence

77?1?17 ?

& B ] I Bl R 20 Sl O . .
B 7 T B . .0 . e T L 1
ErmEIKVQLl AMDLPMVSGDRI HCLDI LFAFTKRVLGESGEMDSLRSQMEERF MSANPSKVSYEP

ey RNARRURARRANAA - RARRAARNARAARAAANA
-

Disorder — : — — : —272227— — — 77222121272

Disorder —
confidence

R € 140 oo 150 160 . L1 . . . . 180

BT TTTLKRKQEDVSATVI QRAYRRYRLRQNVKNI SS1 Yl KDGDRDDDL L NKKDMAFDNVNE
Sl ASAALLAAAAALALALAAAALAALAAA  ALAARARARRARA AR

structure

- ——
confidence

Disorder ? 2 2 - . — - 77272727 772272?277222727721717277227

Disorder
confidence

L. L1900 L L L, . .. .20, . . ., . . . o.nm0. . . ., Lo L2200 L L L,
EEINSSPEKTDATSSTTSPPSYDSVTKPDKEKYEQDRTEKEDKGKDSKES KK
Secondary

R — RANAAARANANSAN
ST RARANAN
SS L& | e | I .
confidence
Disorder 2 2222222222222 2?2? r?2?2?2?2??2?2?72?2?2?2?2??? ——————— 2?77

Disorder
confidence

Confidence Key
High(9) Il FIIIII Low (0)
? Disordered ( 38%)
AR Alpha helix ( 59%)
= Beta strand ( 3%)

C

Figure 4.23 Na,1.7 CTD protein structure prediction. A. Foldindex© predicts that the Na,1.7 CTD
consists mainly of disordered region which would remain unfolded. B. Phyre2, in contrast, predicts
that majority of the protein will be folded and form alpha helices, with high confidence. C. The
topology of the CTD from the side at 90° anticlockwise rotations is also illustrated, with the structure
being colored in rainbow (N to C terminus) with the N-terminus in blue and C-terminus in red. 167



Discussion

This study investigated the protein-protein interaction between human Nay1.5 CTD
(C5) and Nay1.7 CTD (C7) with calmodulin (CaM). An attempt was also made to solve
the x-ray crystal structure of the full length of C7. All the recombinant proteins were
cloned using Gateway cloning in pDest vector, expressed in BL21 (DE3) competent
cells through auto-induction and purified using affinity and size exclusion

chromatography.

Before expressing the proteins, vector DNA was sequenced to confirm the success of
the cloning process and presence of N-terminus 10-His tag which was essential for
the Ni-NTA purification (Figure 4.3, Figure 4.4). A second step purification was
performed using Superdex 75 10/300 GL column and sample from the peaks were run
on SDS-PAGE gel to gauge purity. Greater than 90% purity was achieved for all the
samples (Figure 4.5, Figure 4.6, Figure 4.7, Figure 4.8, Figure 4.9).

From various reports it is well established that the C-terminal domains of Nay1.2,
Nav1.4, Nay1.5 and Nay1.6 are regulated by CaM. C-lobe of CaM binds to the aVI helix
of the CTDs, which consist of IQ motif, whereas the N-lobe of CaM binds either to
the EF-hand domain or post-I1Q motif of the CTDs depending on the presence or
absence of Ca?*. In this study we found that both the full length Na,1.7 CTD (C7) and
EF hand domain of Nay1.7 CTD (7EF) bind to CaM only in the absence of Ca?" (i.e.
apoCaM). Detection of binding was not observed even at 1000-fold decrease in Ca?*
concentration (from 5 mM to 5 uM). Only when all the Ca?*in the buffer was chelated
by the addition of 10 mM EGTA, did C7 interact with CaM. To confirm this
observation, it was repeated using ITC, which has the advantage of being a lot more
sensitive and provide additional parameters like dissociation constant, enthalpy,
entropy, and stoichiometry. ITC results found a dissociation constant of 48.78 + 12.23
nM for C7 with apoCaM and 93.46 + 19.78 nM for C5 with apoCaM. This value is within
the range of Kp values previously reported of truncated C5 with apoCaM that ranges
between 88 to 99 nM. This study is the first to report Kp value of this interaction
using the full length of the CTD of both Nay1.5 and Nay1.7. Considering how the post-
IQ motif disordered region of the C5 appears to fold back on itself (Figure 1.3), this
could affect both the C-and N-lobe binding of CaM to C5. Also, when the same

interaction of C5 with apoCaM was repeated using BLI (OctetRed), the Kp value was
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found to be 164 nM. The Kp value of C7 with apoCaM using BLI was 50 nM which is
consistent with the ITC result. Since ITC measures the interaction in solution, all the
surfaces of both the interacting proteins are available for interaction, which might
be masked when adsorbed to sensor surface of BLI. Hence, the Kp value of 93.46 +
19.78 nM for C5 with apoCaM is most likely the more accurate representation of the

interaction.

When we closely examined the predicted full-length structure of C7, compared to
C5, the very tail end of C7 (post-IQ region) does not loop back on itself, but rather
formed a semi globular structure at the end (Figure 4.23). In this arrangement unlike
the tail end of the C5, C7’s tail end does not come near the CaM binding IQ-motif
and EF hand regions, hence most likely does not cause any steric hindrance. This
could be one explanation for why the affinity of apoCaM is consistently found to be
at least two to three times more for C7 than C5. The importance of the IQ motif for
binding of CaM can be ascertained from the reported complete loss of this binding

when the 1Q amino acid residues are mutated to two Alanines (AA)3%,

Using ITC, the interaction of Ca?*-CaM with C5 and C7 was found to be very weak,
about 1 M range, with very low enthalpy, which resulted in a poor curve fit to 1:1
binding model. The experiment was repeated with BLI, which failed to detect any
interaction. Expectedly, even the truncated 5EF and 7EF recombinant protein did
not to bind to Ca%*-CaM, same as seen with apoCaM. Some reports do suggest a Kp of
around 132 nM for C5 with Ca%*-CaM3%, however a greatly truncated version of C5
was used in those experiments. As mentioned previously, the full-length C5
introduces more complexity to the overall arrangement of the protein which can

have drastic effects on its interactions with other proteins.

The full-length CTD structure is yet to be determined. X-ray crystallography
structures of truncated Nay1.5 can be found in the literature. This study attempted
to solve the full-length structure of C7, for which even the truncated structure is not
available. However, the crystals obtained from the trials using hundreds of different
conditions and optimizations, failed to diffract under x-ray examination. This was
unusual as many of the crystals were found to light up on UV and show distinct

refraction of cross-polarized light indicative of presence of protein crystal. Foldindex
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predicted that majority of C7 protein consists of disordered region, especially at its
tail-end (Figure 4.23). Phyre2, although predicted presence of some alpha helices
towards the tail-end nonetheless agrees with FoldIndex, in that most of the protein
is largely unstructured, which could explain the difficulty faced in solving this
structure using x-ray crystallography. NMR and CryoEM techniques could be employed
next as further attempts to reveal the structure of C7 which could potentially give
us valuable insight into how this protein takes part in its regulatory role of the Nay1.7
ion channel. Also, differences in structures with other Nay subtypes, which if found

could be utilized to screen for subtype specific drugs and markers.
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Chapter 5

Isolation of single chain fragment variable (scFv)
antibody against Na,1.5 and Na,1.7 C-terminal

domain
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5.1 Introduction

Today, of the top 10 drugs by worldwide sale, six are biologics, all of which are
monoclonal antibodies (mAbs), accounting for revenues of nearly USD 163
billion313:316, Therapeutic mAbs have more than double the rate of Food and Drugs
Administration (FDA) approval following Phase | clinical trials compared to other drug
classes and more than 100 are currently approved for different stages of clinical
trials 3. MAbs can be engineered in various formats to increase their target

specificity, clearance, and overall functionality (Figure 5.1)38,

Hybridoma technology had initially been used to produce mAbs in mice, which was
revolutionary at the time3'°. However, being murine-derived mAbs posed particular
challenges. For example, in humans, injected mAbs are neutralized by human anti-
mouse antibodies, which result in a more rapid clearance of murine mAbs. Murine
mAbs are also associated with severe allergic reactions. These problems have been
addressed by using humanized antibody made by fusing the murine complementarity
determining regions (CDRs) with the human constant regions (like the Fc domain).
Furthermore, entirely human mAbs can now be produced using transgenic mice like
HuMabMouse, where using gene editing, human loci for the immunoglobulin gene (lg)
replace the mouse one3%°,

Phage display libraries provide an alternative approach to screening and isolating
antibody targets to specific proteins or non-proteins3?'. Blood is collected from either
immunized or non-immunized human donor and their IgG or IgM antibodies are
isolated respectively to create single chain fragment variable (scFv) libraries. To
make naive libraries, total RNA is isolated from B-lymphocytes from healthy donor
blood. Reverse transcriptase can then be used to convert the RNA into cDNA. Next,
the variable region heavy (Vu) and light (VL) chains can be separately amplified and
then linked using a protease resistant (GlycinesSerinet)s linker to make the scFvs.
These scFvs are then fused with the plll gene of phage and cloned into a phagemid
vector. Phagemid vectors are simple plasmids which carry origins of replication for
both bacteria and phage. Use of phagemid vectors instead of phage vectors increases

the transformation efficiencies, hence construction of larger libraries can be
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Figure 5.1. Different antibody formats. (A) Single chain fragment variable (scFv) composed of variable
regions of the light chain (VL) linked to variable regions of the heavy chain (VH) by a flexible glycine-
serine linker (Gly4Ser)3. (B) Nanobody fragments. (C) Fragment of antigen binding (Fab) composed of
VL and a constant domain of the light chain (CL) linked to VH and constant domain 1 of the heavy
chain (CH1) by a disulphide bond between the CL and CH1 domains. (D) Diabody composed of VL
linked to variable heavy VH by a pentameric (Gly4Ser). (E) F(ab)2 fragment composed of 2 x Fab
fragments joined by an Immunoglobulin G (IgG) hinge region. (F) scFv fusion with an Fc IgG. (G) IgG
composed of constant fragment (Fc), which can bind and stimulate immune effector cells, and Fab,
which comprises the variable domains that contain the antigen binding regions. (H) Bispecific 1gG
antibody.

achieved3?2, These libraries then are displayed on the surfaces of bacteriophage

viruses such as T4 lambda and M13 filamentous phage.

The most widely used bacteriophage for phage display are the M13 filamentous
phages (Ff phages) which infect E.Coli strains that express F pili, where the viral coat
protein binds. The phage consists of a circular single-stranded DNA with nine genes
which encode for 11 proteins (5 of which are coat proteins plll, pVlll, pVI, pVIl, and
pIX). Antibody genes can be fused with the plll coat protein expressing gene, and
thus be displayed alongside the plll protein, without this attachment protein losing
its adsorption and extrusion properties3#3. Due to their smaller size, it is easier to
express scFv recombinant antibodies in bacteria and then through gene fusion with

plll display on the phage surface (Figure 5.1)3%4,

The six complementarity determining regions (CDRs) of the Vi and V. fragments of
scFvs, play the most crucial part in recognizing and binding to the antigen target.

Most frequently the CDR3 region of the Vy fragment is found to be involved in
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antibody-antigen interactions3%>:326, These CDR3 loops vary in lengths from about 5
to up to 30 amino acids, with longer loops dominating the binding to antigen entirely,
whereas shorter CDR3 loops are generally assisted by other CDR regions for binding.
To make larger libraries with greater diversity, random integration of CDRs, with
different length and sequence of loops, can be achieved using PCR.

Adalimumab (Humira®) is the highest selling drug in the world. It is derived from fully
human antibody and was developed through the utilization of phage display. It can
bind to tumour necrosis factor-alpha and inhibit its binding to its receptor, by which
it imparts its anti-inflammatory effect. It has initially gained approval as a drug
against rheumatoid arthritis, although currently it is being used to treat a variety of
other conditions such as ankylosing spondylitis, Crohn’s disease, ulcerative colitis

and fingernail psoriasis.

Despite the large number of mAb that undergoing clinical trials and gaining FDA
approvals for treatment of various diseases, there is no current ion channel targeted
mAb approved for clinical use. Many pharmaceutical companies tried to utilize the
high selectivity, affinity and low toxicity that mAbs offer to find drugs that act on
ion channels, but so far have failed to do so. A lot of work has been done with Nay1.7
as a target with the hopes of finding an antibody that binds to Nay1.7 and provide
analgesic effect. For example SYmab1, a mouse derived mAb, was first thought to
inhibit Nay1.7 by binding to its domain Il voltage sensing domain, and give analgesic
effects to mice, however other groups could not replicate these findings, resulting
in the original article eventually being retracted??. Currently, a Japanese
pharmaceutical company called Shionogi claims to have a Nay1.7 targeting mAb in
the discovery phase. Other larger pharmaceutical companies like Pfizer, Roche and
Biogen also tried to formulate small molecules that inhibit Nay1.7, but in all the cases
the drugs were discontinued after phase Il clinical trials as effects observed on the

bench failed to translate in clinical setting3?’.
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5.2 Objectives and Hypothesis

The C-terminal domain of Nays interact with numerous other proteins including the
inactivation gate (IG), calmodulin (CaM) and fibroblast growth factors (FGFs) through
which it affects channel gating. The objective of this study was to find single chain
fragment variable (scFv) antibodies that target and bind specifically the Nay1.5 CTD
and Nay1.7 CTD (C7) and some that could potentially recognize both. The effect of
this binding of scFv to its target would then be studied using automated patch clamp.
Whether this binding is affected by the interaction of CaM with the CTDs would also
be investigated. Finally, the location of the binding of selective scFv clones would

be ascertained using truncated CTDs and eventually by using in silico docking.
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5.3 Biopanning with scFv phage display library selected for Nav1.5
CTD (C5) and Nav1.7 CTD (C7)

Biopanning of a naive ScFv phage display library against Nay1.5 CTD (C5) and Nay1.7
CTD (C7) produced hundreds of positive hits (Figure 5.2, Figure 5.3). Since an initial
three step deselection step was performed with C7, before the selection step with
C5, most of the positive hits displayed specificity to C5. The same is true for most of
the clones that recognized the C7 clones, since deselected with C5, did not cross
react with C5.

Clones that showed the largest absorbance 450 nm signal (>1) were selected and
ELISA repeated to confirm their specificity to C5 (Figure 5.4) and C7 (Figure 5.5). In
the repeat ELISA, some of the selected clones, although continued to show
specificity, showed absorbance 450 nM values that were not as high as observed
initially, for example 3F5, 3G9 and 4B3 of the C5 selective clones and 2G9, 4D12,
4E11, 4G8, 5E11 and 6H9 of the C7 selective clones. These were hence not used for
further experiments.

Regardless of the deselection steps, possibly due to high sequence similarity between
C5 and C7, biopanning did result in some clones that recognized both the CTDs. Some
of these clones were also selected and ELISA repeated for confirmation (Figure 5.6).
Some of the clones however, in this repeated ELISA, turned out to not recognize
either of C5 or C7, for example 1A12, whereas 1E4 turned out be sonly elective for
C5.
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Figure 5.2. 96 well ELISA plate results for clones that were selected for Na,1.5 CTD (C5, blue)

and deselected for Na,1.7 CTD (C7, green).
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Figure 5.3. 96 well ELISA plate results for clones that were selected for Na,1.7 CTD (C7,
green) and deselected for Na,1.5 CTD (C5, blue).
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5.4 Shortlisted scFv
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Figure 5.4. 96 well ELISA plate repeated for shortlisted clones that were specifically recognizing
Na,1.5 CTD (C5, blue).
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Figure 5.5. 96 well ELISA plate repeated for shortlisted clones that were specifically recognizing
Na,1.7 CTD (C7, green).
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ScFV that recognize both Nav1.5 and Nav1.7 CTDs
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Figure 5.6. 96 well ELISA plate repeated for shortlisted clones that were recognizing both Na,1.5 CTD
(C5, blue) and Na,1.7 CTD (C7, green).

183



5.5 Selected scFv to Nav1.5 CTD (C5) probed on Nay1.5 CTD EF hand
(5EF)

To determine the region of C5 the scFv clones specific to C5 bind, ELISA was
performed with the clones to determine whether they recognized the truncated
Nay1.5 CTD EF-hand (5EF) (Figure 5.7). All the clones recognized both C5 and 5EF,
while some of them appeared to bind with higher affinity to 5EF compared to C5,
namely 3A5, 3B5, 3G9 and 3H1. Figure 5.7B shows the ELISA plates after TMB
substrate was added and before 2M Sulphuric acid was added to neutralize the
reaction. The relative intensity of the blue color corresponds to the level of
absorbance 450 nM signal which is an indication of binding affinity. Note also how
the BSA control did not give any signal as expected. Figure 5.8 confirms that the

clones selective to C5 that were also recognizing 5EF, were still deselected for C7.
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Figure 5.7. To narrow down where the Na,1.5 CTD (C5) selective scFv clones bind, they were
screened against the Nav1.5 CTD EF hand domain (5EF). A. Absorbance reading at 450 nm B. Image
of the actual 96 well plate of the results graphically presented in (A).
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Figure 5.8. To confirm that the clones recognizing Nav1.5 CTD are not also recognizing Na,1.7 CTD,
ELISA was repeated. A. Absorbance reading at 450 nm B. Image of the actual 96 well plate of the
results graphically presented in (A).
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5.6 Selected scFv to Nay1.7 CTD (C7) probed on Nay1.7 CTD EF hand
(7EF)

The same test, for the clones that selectively recognize C7, was performed to better
understand broadly the region at which they were binding. Therefore, the clones
were used to determine whether they recognized the truncated Nay1.7 CTD EF-hand
(7EF) along with the full length Nay1.7 CTD (Figure 5.9). Unlike clones to C5, none of
the clones specific to C7 bound to the 7EF region, suggesting that they were
recognizing a region towards the latter half of C7, which consists of a more
disordered region.

Figure 5.10 confirms that the clones selective to C7 were still deselected for C5.
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Figure 5.9. To narrow down where the Na,1.7 CTD (C7) selective scFv clones bind, they were
screened against the Nav1.7 CTD EF hand domain (7EF). A. Absorbance reading at 450 nm B.

Image of the actual 96 well plate of the results graphically presented in (A).
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Figure 5.10. To confirm that the clones recognizing Nav1.7 CTD are not also recognizing Na,1.5
CTD, ELISA was repeated. A. Absorbance reading at 450 nm B. Image of the actual 96 well plate of
the results graphically presented in (A).
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5.7 Purified scFv clones for Nay1.5 CTD (C5) and Nav1.7 CTD (C7)

DNA sequencing of three of the purified clones binding to C5 (Figure 5.11A) revealed
that the clones 3D9 and 3H1 were the same, showing 100% identical complementarity
determining regions (CDRs) of both the variable regions, heavy (Vi) and light (VL).
Therefore, between the two, 3H1 was chosen for further work. CDRs are basically
the regions which takes the leading role in antigen binding. Similarly, 5C4 and 6A4,
purified clones binding to C7, turned out to be the same (Figure 5.11B), so only 5C4
was chosen for further work.

Figure 5.12 reconfirms the nature of the selected clones and their deselection were

intact after periplasmic extraction and purification.
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Figure 5.12. Repeat of the selection and deselection ELISA for the purified scFv clones to A.
Na,1.5 CTD and B. Na,1.7 CTD.
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5.8 ScFv clone binding in presence of Calmodulin (CaM)

It has already been shown that apoCaM interacts with both C5 and C7 and that it can
be detected with ELISA (Figure 4.9). Figure 5.13 investigates whether binding of
apoCaM to the Nay CTDs has any effect on binding of the clones. For both 3C5 and
3H1 clones which recognize C5, their binding was significantly hampered by the
presence of CaM, as confirmed by the higher absorbance signal recorded in the
absence of CaM. For the 5C4 and 5D7 clones which recognize C7, however, presence

of apoCaM showed no effect on their binding to C7.
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Figure 5.13. Effect of calmodulin (apo) on the binding of scFv clones to A. Na,1.5 CTD and B.

Na,1.7 CTD.
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5.9 Effect of Nay1.5 CTD clone 3H1 on Nay1.5 channel gating

As the selective binding of the clones to the C5 has been established, automated
patch clamp was used to understand whether this binding had any effect on the
steady state activation, steady state inactivation and recovery from inactivation
parameters of Nay1.5 channel. The results obtained for the 3H1 clone suggested that

none of these parameters were affected.
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Figure 5.14. ScFv clone 3H1, which selectively recognizes Na,1.5 CTD, was studied under whole-
cell patch clamp under various protocols using stable HEK293F cell lines expressing Nav1.5. A.
Steady-state activation properties remained unaffected in presence of 3H1 clone at 500 nM
concentration. The control consisted of the buffer that 3H1 is dissolved in minus just the clone. B.
No effects were observed in steady-state inactivation properties. C. Computed parameters of
recovery from inactivation protocol also showed no significant difference between 3H1 and the
control.
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5.10 In silico docking using ClusPro

ClusPro web server has been used for molecular docking of the 3H1 clone to the C5
and 5D7 clone to C7. The server generated multiple different conformations through
which these proteins could interact. The best fit model was determined by their
ClusPro model scores (lower the better) with the added consideration of the

experimental data obtained regarding the relevant clones.

5.10.1 In silico docking of 3H1 clone on Nay1.5 CTD
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3H1 clone Nav1.5CTD Bond
$222 Hydrogen
T28
E228 Hydrogen
S31 G221 Hydrogen
E93 lonic
R101 -
D98 lonic
S$214 Hyd
Y105 ydrogen
T210 Hydrogen
Y106 T210 Hydrogen
S201 Hyd
D108 yerogen
F202 Hydrogen
V109 S201 Hydrogen
E9 lonic
R191 -
E10 lonic
T193 G95 Hydrogen
G194 E96 Hydrogen
V195 E96 Hydrogen

Figure 5.15. In silico docking of 3H1 clone (blue) with Na,1.5 CTD (grey) performed using Cluspro. A.
Cluspro generated models of interaction (yellow lines) between 3H1 clone and C5. B. The best model
of interaction of 3H1 with C5. Zoomed in image shows the interaction in close-up with amino acid
residues of 3H1 represented by green sticks and Nav1.5 CTD residues by blue sticks. The table lists
all the interacting amino acid residues and the type of bond they form, which are within 3A from

each other.
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5.10.2 In silico docking of 5D7 clone on Nay1.7 CTD

=)
) \V\i\ S
= ‘~.a\

5D7 clone Nav1.7 CTD Bond
S33 E218 Hydrogen

R52 D223 lonic
Y54 D219 Hydrogen

D206 lonic

R56 E208 lonic

E216 lonic
S57 $198 Hydrogen
Qss S195 Hydrogen
D219 Hydrogen
W59 N181 Hydrogen
Y60 T193 Hydrogen
Y63 E180 Hydrogen

K104 E218 lonic
D138 T190 Hydrogen
Y168 K228 Hydrogen
Y234 K222 Hydrogen
K228 Hydrogen

Y235

E226 Hydrogen
1237 S$191 Hydrogen
$227 Hydrogen
S238 T190 Hydrogen

Figure 5.16. In silico docking of 5D7 clone (green) with Na,1.7 CTD (grey) performed using Cluspro.
The zoomed in image shows the interaction in close-up with amino acid residues of 5D7 represented
by green sticks and Nav1.7 CTD residues by blue sticks. The table lists all the interacting amino acid

residues and the type of bond they form, which are within 3A from each other.
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Discussion

In this study hundreds of single chain fragment variable (scFv) antibody binders were
found by biopanning with 10'! naive phage display library of scFvs (Figure 5.2, Figure
5.3). These scFvs were categorized into three groups, those that specifically
recognize Nay1.5 CTD (C5), those that specifically recognize Nay1.7 CTD (C7), and
those that recognized both the CTDs. Proper deselection and selection of the scFvs
were determined in multiple experiments (Figure 5.7, Figure 5.8, Figure 5.9, Figure
5.10) and additionally the region of the CTDs where these scFvs were binding broadly
ascertained (Figure 5.12). The clones recognizing C5 also bound to the globular 5EF,
whereas the clones recognizing the C7 did not bind to the 7EF. This was further
confirmed by ELISA with apoCaM (Figure 5.13) as only the binding of clones to C5
were affected by the presence apoCaM and not the clones to C7. It is well established
that CaM binds to the IQ motif and EF region of the Nay CTDs, since the clones
recognizing C5 were found to also bind to 5EF region: either they are competing with
the binding site of CaM and/or the already bound CaM is posing steric hindrance to
the scFvs. In case of the clones to C7 which were found to bind to a region which is
post-7EF, the presence of CaM does not interfere with its binding to C7.

In silico docking experiments shed more light on this phenomenon (Figure 5.15,
Figure 5.16). The docking was performed using the ClusPro web server which works
by simulating 70,000 rotations of the ligand, from which 1000 of them with the best
scores are chosen for more rigorous clustering analysis. Ligand positions with the
most neighbours within 9A C-alpha rmsd radius are chosen as cluster centers and this
function repeated numerous times to generate more than or equal to 5 protein-
protein interaction models consisting of the best model scores. Figure 5.15A and B
shows the 5 generated models for the interaction between 3H1 clones with C5. Figure
5.15B shows the model with the lowest score and the one that is backed by other
experimental data. For instance, in the first model (Figure 5.15Ai) the 3H1 clone is
modelled to bind to the EF hand region of C5 where the N-terminus of CaM binds.
Although from Figure 5.13A we know that presence of apoCaM significantly reduces
the binding of 3H1 to C5, if this ClusPro model was accurate it would have meant
that 3H1 and apoCaM could not bind to C5 at the same time at all, which we know is
not the case. In case of the second and third model (Figure 5.15Aii and iii) however,
3H1 is modelled to bind completely away from the apoCaM binding site, which is also

not supported by the Figure 5.13A which confirms that binding of 3H1 is affected by
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the presence of apoCaM. Figure 5.15Aiv is also not an accurate representation of 3H1
interaction with C5, since it is modelled to bind to a position which would inhibit the
DIII-DIV linker to access the cleft of the C5 EF hand region and thus have a significant
impact on the gating parameters, which were not observed (Figure 5.14). The best
model, Figure 5.15B shows the 3H1 clones binding to the 5EF region, which is not
directly at the N-lobe binding location of CaM neither in a location that will hinder
DIII-DIV binding to the EF hand cleft. Also, when CaM is bound to the C5, it will not
completely abolish but impede the binding of the scFv clone through steric
hindrance. Similarly, although not shown, in case of the 5D7 clones, multiple protein-
protein interaction models were considered to find the best model (Figure 5.16).
This model shows that 5D7 binds to the very tail end of the C7, in the post-IQ motif
region, confirming why 5D7 interaction with C7 was not affected when apoCaM binds
to the C7 (Figure 5.13B).

In case of the 3H1 clone, binding to the C5 primarily involved multiple hydrogen
bonding and ionic bonding by the CDR3 region of Vu fragment (residues R101, Y105,
Y106, D108, V109). Additionally, CDR1-Vy (531), CDR2-V. (R191) and FR3-V also made
contact with C5. Differences in C5 and C7 that could potentially explain the
selectivity of 3H1 to C5 include the S201 in C5 to threonine in C7, F202 in C5 to serine
in C7, S214 to lysine C7, E228 to glycine and G221 to arginine. Most of these
aforementioned differences between C5 and C7 account for disruption in hydrogen
bond formation with the 3H1 clone.

The 5D7 clones bind to C7 primarily through its CDR2-Vu (R52, R56, S57, Q58, W59,
Y54, Y60, Y63) forming hydrogen and ionic bonds. Involvement of CDR1-Vu (S33),
CDR3-Vh (K104), CDR3-VL (Y234, Y235, 1237, S238) and FR1-V. (D138, Y168) are also
observed. Although some similarities are observed in the amino acid residues of C7
and C5, there are some differences which most likely account for the selectivity of
the 5D7 clone to C7. For example, R56 of 5D7 forms an ionic bond with D206 of C7,
however the corresponding amino acid in C5 is a threonine which will not be able to
take part in the ionic bond. Similarly, ionic bonds between K104 of 5D7 and E218 of
C7 will not form in C5 which has a serine residue in that location. More modest
differences in C5, such as the presence of aspartic acids in place of glutamic acids
in the E208 and E216 position, histidine in place of D219, serine in place of T190, can

overall have an additive effect which prevents the 5D7 clone from recognizing C5.
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Whether the clone 3H1 had any effect on the gating parameters of Nay1.5 channel
was also studied using whole cell patch clamp. No significant differences, between
the 3H1 clone and control, were observed in the parameters obtained from steady-
state activation, inactivation and recovery from inactivation protocols. It was
observed in earlier studies than the binding of 3H1 clone is significantly reduced in
presence of CaM. It is plausible that endogenous CaM present in HEK293F cells are
out competing 3H1 clones in binding to the C5. Further work with the other clones
specific to C5 and C7 could be studied to find ones that affect gating properties and

could be potentially useful in downstream research and/or therapeutic applications.
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6. Conclusion

The overall aim of this work was to explore the structural and functional roles of the
voltage-gated sodium channel (Nay), focusing on the extracellular turret region and
the C-terminal domain (CTD). The role of the voltage sensing domains (VSDs),
inactivation gate (IG) and the pore has traditionally been the focus of research to
better understand Nay. Literature is replete with research involving these essential
regions of Nay, however extensive focus on other regions are lacking. This is in spite
of the fact that the clinical literature describes numerous examples of point
mutations in these less apparent regions which are associated with major cardiac

pathologies.

Initially, | investigated point mutations found on the interface between domain Il
and domain Ill of Nay1.5, which were earlier shown to be involved in BrS without any
structural understanding of their significance in causing this pathology. My aim was
to understand the impact of these point mutations on the Nay1.5 channel gating. The
study revealed an intricate set of ionic and cation-m bonds holding the two domains
together, disruption of which resulted in drastic effects on channel function, in most
cases complete loss of Na* current. | also showed that even conservative changes to
this region, like exchanging the positive and negatively charged side chain residues
still resulted in complete loss of function of the channel. Moreover, none of these
non-functioning channels could be revived by the Nay agonist veratridine, which acts
by inhibiting channel inactivation. Also, these mutations did not prevent the channel
from folding appropriately to become expressed on the plasma membrane. This led
to collaborative explorations to seek explanations though the use of MD simulation.
The in silico work showed how some of these mutations caused overall as well as
local instabilities in the Nay. Also, it was demonstrated that the mutated channels
that did not conduct Na* ion showed constricted pore regions; their selectivity filter
(DEKA) residues were rearranged with the consequences that the positively charged
lysine residue occluded the opening of the pore thereby inhibiting permeation of the
Na*.

The present studies examined mutated Nay channels individually. Further work could
co-transfect both mutated channel and wild-type channel in the HEK293 cells, with

their effect observed using whole cell patch clamp. This will result in findings that
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more closely represent the physiological effects of such mutations in vivo. Thus, in
the clinical situation, all these mutations involved in pathology are heterozygous,
with one copy of the gene still retaining the WT allele. Moreover, MD simulation only
examined a specific smaller subset of the mutations that were characterized using
electrophysiology. Further MD work could not only include all the mutations, but a
longer duration of simulation could add to the understanding. Some very recent work
on structure determination of Nay1.5 reported open-state structure by blocking
inactivation through mutation32, In this studyall MD simulation work were performed
on the available cryoEM structure of Nay1.5 which resembled the inactivated state,
since taking a Nay channel out of a ruptured membrane, i.e. rendering its surrounding
to effectively 0 mV, resulted in the Nay channel assuming its inactivated state.
Running MD simulation on an open-state Nay channel would provide further insights
into these mutations. Also, as mentioned previously, these mutations in
corresponding highly conserved homologous regions of other Nay subtypes and even
some Cav, are found in the literature; some of these are implicated in various
pathologies. Future work on how these mutations’ effect on those other channels
could potentially reveal a great deal about the structure and function of the voltage
gated ion channel family in general and establish with more certainty the importance
of the oft neglected extracellular turret regions. Armed with the knowledge of how
disruption of simple salt-bridges on the extracellular surface of the Nay can cause
such dramatic effect to the channel activity, drug target campaigns can be run

focusing on these regions.

In the next study, | cloned, expressed, and purified various recombinant proteins
including, the full length and truncated CTDs of Nay1.5 (C5 and 5EF) and Nay1.7 (C7
and 7EF) and Calmodulin (CaM). As in the case of previously reported C5 and its
interaction with CaM, using ELISA, ITC and BLI, | showed that C7 also interacts with
CaM, particularly apoCaM. Also, | reported the Kp values of full length CTDs, both
Nav1.5 and Nay1.7, which have not been reported previously. Furthermore, attempt
has been made to solve the structure of the full length Nay1.7 CTD using x-ray
crystallography. In the future other structure determination methods like cryoEM

could be considered.
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The final work of this project involved screening for scFvs that were selective to C5
and C7. This generated hundreds of hits, of which a few were expressed and purified
and their effect on overall channel activity observed using automated whole cell
patch clamp. In silico docking revealed that the scFvs that were selected for C5 were
binding at the EF-hand region, close to its binding site for the N-lobe of CaM; as
expected, the presence of CaM significantly reduced the binding of these scFvs. On
the other hand the scFvs selective to C7 bound near the tail end region of the CTD,
nowhere near the CaM binding sites (IQ motif and EF hand); as expected their binding
was unaffected by the presence of CaM. Of the hundreds of positive hits only a
handful were tested under whole cell patch clamp and these did not show very
drastic effects on the channel gating. Clones that show effects could have various
downstream application ranging from therapeutics, diagnostics, and research. For
instance, fluorescent proteins like thermal green, mCherry etc can be added
between the Vi and V. chain without affecting its affinity and specificity3?°. These
fluorescent scFvs can then be used for simple fluorescent assay to detect binding.
Moreover, scFvs with therapeutic potential could be examined for use as intrabodies,
using intracellular drug delivery like cell penetrating peptides (CPPs), carbon dots
and nanomicelles. CPPs are small strings of amino acid sequence which when added
to another molecule helps it to cross the cell membrane, with more than 1700 CPPs
that exist which have been experimentally validated3*. Most widely studied
examples include the protein derived TAT peptide (GRKKRRQRRRPPQ), synthetic 8-
lysines (KKKKKKKK), chimeric Pep-1 HIV-reverse transcriptase/SV40 T-antigen
(KETWWETWWTEWSQPKKKRKY), synthetic MAP (KLALKLALKALKAALKLA) etc331-334,
Many CPP-conjugated drugs are already under clinical trials currently for treatments

against cancer, heart disease etc33>33¢,

Nevertheless, for future work, more clones could be purified and tested.
Manipulations of the CDR region of scFv, through rational protein design (site-
directed mutagenesis) or directed evolution (error prone PCR) could be employed to
enhance binding affinity to the CTDs. Additionally, for the C7 specific scFv clones
that bound close to the tail end of the CTD, these could be used to stabilize this
flexible disordered structure, which were predicted using in silico structure

prediction, and help in structure determination using x-ray crystallography.
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