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Abstract

This study investigated the regulation and function of two-pore domain potassium (K2P) channels in
disease. TASK family of K2P ion channels are predominantly expressed at the cell surface where they
maintain the resting membrane potential to regulate neuronal excitability. TASK channel variants
associated with diseases such as pulmonary arterial hypertension (PAH) (TASK1_G106R/L214R) and
KCNK9 Imprinting Syndrome (TASK3_G236R/Y205C/Y205A) demonstrate reduced activity. Due to the
constitutively active nature of TASK channels expressed at the plasma membrane, changes in the level
of surface expression can alter current density and subsequently function. Using a combination of
imaging, biochemical and electrophysiological techniques, this study explored the effects of
pathogenic variants on channel trafficking to the plasma membrane and other organelles. The findings
presented here show that the reduced plasma membrane expression of the KCNK9 Imprinting channel
mutation, TASK3_G236R cannot explain all the pathogenic consequences of this mutation. The G236R
channels expressed were functionally altered when compared to WT, as interaction with activated
Gog/11 remains, yet G protein-coupled receptor (GPCR) inhibition is lost. The plasma membrane
expression of Y205C and Y205A pathogenic variants was unaffected, but the channels were
electrophysiologically silent. Low arousal is one symptom of KCNK9 Imprinting Syndrome which is
linked to mitochondrial dysfunction. As membrane expression of TASK3 variants were
indistinguishable from the WT, this symptom is potentially a consequence of an inability to respond
to GPCR activation by wakeful neurotransmitters such as histamine. TASK3 is regulated by hormones
and transmitters acting through GPCR via the Gag/i subclass. Without a crystal structure, TASK3
functional mechanisms remain subjective. Removal of an extreme proximal [VLRFLT] motif from the
cytosolic C-terminus abolishes regulation, reminiscent of that seen in KCNK9 Imprinting syndrome.
Since it is unclear whether this motif behaves as a binding site for regulatory molecules or is essential
for intracellular signal transduction, this study details the production of the C-terminal fragment.
Synchrotron radiation circular dichroism confirmed that the produced fragment was conformationally
correct proven by the direct binding of Gag/11 to the C-terminus, although the role of the VLRFLT as a

binding site or transducer of signal remains to be elucidated.

Reduced activity of TASK1 is a key event in PAH pathogenesis. In this study | show that the non-
functional G106R and L214R TASK1 channel variants are translated and expressed at the plasma
membrane as efficiently as the WT. This study also explored the hypoxic characteristics inherent to
PAH. TASK1 expression in mitochondria was investigated and confirmed for the first time. The
expression of the G106R and L214R mutations appeared to be no different to the WT, implying that

the presence of these mutations in the mitochondria may not contribute to the progression of PAH.
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CHAPTER 1: Introduction



1.1 Background: Theory to Fruition
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Figure 1 A timeline of discoveries

Time (Century)

Thankfully, our scientific predecessors were curious. So curious that the twitching leg of a dead frog

in 1791 was enough to lay the foundations of knowledge which now underlie multiple scientific

disciplines (Verkhratsky et al., 2006).

biology, all have been involved in the

By the mid-19*" century, much was
announced that biological membrane
charge which advances in steps along

membrane to ions (Behrends, 2012).

From physiology and biophysics to biochemistry and structural

extensive exploration of the ‘ion channel’ throughout history.

clear. Hermann, building upon those before him (Figure 1),
s had the ability to generate ‘self-propagating waves of negative
the tissue,” a phenomenon reliant upon the permeability of the

For heart muscle to contract it required specific ions: sodium

(Na*), potassium (K*) and calcium (Ca?*)) at specific concentrations, dictated by the highly selective

nature of the membrane, a mechanis

m which could be regulated and altered locally by electrical and



chemical stimuli (Miller, 2004). All of which we now know to be functions of ion channels, involved in
every movement, every thought and every heartbeat however, history shows that the ion channel
was never truly recognised as responsible in a grand unveiling of a new entity, rather as a hypothesis

which developed slowly over time.

It began as a concept, postulated on theoretical and experimental grounds to try and explain
mechanisms of osmosis. Theories went back and forth from ‘capillary canals’ in apple skins (Loeb,
1912) and more dead frogs, but the overriding principle was that the ‘pore’ was a channel through

which water molecules and other particles smaller than the pore diameter could pass.

In 1902 a German physiologist, Julius Bernstein, considered the recent works of physical chemist
Walther Nernst. Nernst had developed a formula aptly known as the ‘Nernst equation,” used to
describe changes in potential during an electrochemical reaction (Equation 1). Bernstein pondered
over the clarification of the cellular resting potential (described previously by his tutor Emil du Bois-
Reymond). Taking a Nernstian approach, he settled to define this as the ‘diffusion potential’ involved
in excitation and conduction of cells which came to be known as Bernstein’s ‘membrane
theory,’(Bernstein, 1912). He hypothesised that if the membrane is selectively permeable to K*, these
ions will flow down a diffusion gradient carrying charge, creating an excess of positivity on the
extracellular (EC) side. This generation of an ‘electrical field’ will repel ions of same charge, opposing
diffusion and so reaching an electrochemical equilibrium described as the ‘membrane potential’
where there is no net flow of a specific ion across the membrane. He concluded that excitable cells
remain permeable to K* ions at rest. Following excitation, membrane permeability to other unknown
positively charged ions increases allowing the diffusion of charge from the cytoplasm to the EC space,

allowing the propagation of an action potential (AP). This is described by the Nernst equation:

RT = [extracellular ion]

E. . =—
ion =g T [intracellular ion]

Equation 1 — Nernst Equation

Where Ei.n is the ion reversal potential, R is the universal gas constant (8.314 K mol2), T is temperature
(Kelvin), z is the electron charge of the ion and F is Faraday’s constant (C mol™).

Regardless, Irwin went on contemplating the possibility of protein transporters (Irwin, 1931) and
Davson and Danielli deliberated over the ‘Pauci-molecular model,” (Danielli and Davson, 1935) all
prominent theories for almost a century but they remained just that, theories — due to the lack of

biological tools available at the time.



Cole, Curtis, Mormont, Hodgkin, Huxley, Katz and Goldman were a key force in 20" century biophysics.
The introduction of the voltage clamp technique allowed scientists to measure and control the
membrane potential of the whole cell, providing crucial insight into the electrical properties and
conductivity of the cell membrane which underlie and drive neuronal APs. Further tweaks and
refinements of the technology identified that the AP was not simply a relaxation back to zero but an
overshoot of membrane potential to much more positive values. With the help of a squid giant axon,
Hodgkin and Huxley learned that the depolarisation phase was attributed to a Na* influx whilst the
repolarisation phase back to a steady state resting membrane potential was achieved by a K* efflux
(Figure 2) earning them the Nobel prize in 1963 (Cole, 1949, Hodgkin A. L., 1949, Marmont, 1949).
Perhaps most significant was the development of the Goldman-Hodgkin-Katz (GHK) voltage equation
which built upon the Nernst equation (Equation 1) that only factored for a single permeable ion
(Hodgkin and Katz, 1949). The GHK equation allows for the calculation of membrane reversal potential

of a membrane which is permeable to multiple ions, simultaneously (Equation 2).

v —RTI <PCl[Cl_]i+PK[K+]o +PNa[Na+]o>
™ F Poi[Cl7]o+Pg[K*]i+Pyg[Na™];

Equation 2 — Goldman-Hodgkin-Katz Voltage Equation

For calculation of membrane reversal potential, factoring the difference in multiple ion concentrations
on either side of the membrane. V., is the membrane potential, R is the universal gas constant (8.314
K1 mol?), Tis temperature (Kelvin), F is Faraday’s constant (C mol™), Pin is permeability of that specific
ion (m/s), [ion], is the intracellular concentration of that ion and [ion], is the extracellular concentration

of that specific ion.

Whilst this work described the changes observed in Na* and K* membrane permeability during an AP,
they remained unable to elude to any specific mechanism for permeability. Hodgkin, partnered with
Keynes, investigated this further using an isotopic K* flux-ratio set-up but their unexpected results
were only explainable if “jons cross the membrane along a chain of negative charges or through
narrow tubes or channels... in which they are constrained to single file [with] several ions in the channel

at any moment,”(Hodgkin and Keynes, 1955).
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Figure 2 Example action potential.
Following a stimulus exceeding the threshold potential, the membrane is depolarised caused by an

influx of Na+ ions, allowing the propagation of the action potential. The membrane is repolarised
following a K+ ion efflux as the membrane returns to the steady negative state resting membrane

potential.

It was the discovery of selective inhibition of Na* and K* ion conductance following the application of
compounds including tetrodotoxin (TTX) and tetraethylammonium (TEA) of respectively which
provided evidence for the presence of selective protein pores facilitating ion passage (Hille, 1975).
The problem with making such structural hypotheses regarding ion channels as molecular pores was
that no known structures existed. In 1978, Agnew presented the first biochemical purification of a
voltage-gated Nay ion selective pore from electroplax membranes, confirming the presence of

selective ion pores (Agnew et al., 1978). Then in 1988, Doyle and Mackinnon crystallised the first full

structure of a K* channel (Doyle et al., 1998).

In 1991, Sackman and Neher were awarded the ‘Physiology and Medicine’ Nobel prize for the
invention of the patch clamp technique which allowed the recording of current through a single ion
channel, a technological advancement which led to a boom in discoveries in the world of
pharmacology, physiology and ion channel biophysics (Neher et al., 1978). Combined with the
development of recombinant DNA techniques (Boyer and Roulland-Dussoix, 1969), Noda et al. (1983)
cloned, sequenced and characterised the complete primary structures of the nicotinic acetylcholine

receptor (NAchR) and voltage-gated Na*y channel (Noda et al., 1984, Noda et al., 1983). It was this
5



discovery that truly began to unravel the extent of mammalian ion channel diversity, prompting
classification systems based upon sequence homology, gating properties, phylogeny and was the

advent of the first two ion channel super families: voltage- and ligand-gated ion channels.

1.2 lon channels

The landmark unveiling of the crystal structure of the bacterial K* channel, KcsA, by Doyle et al. (1998)
rapidly increased the tempo of ion channel research with regards to structure and function, swiftly
becoming one of the most well-studied families in heterologous expression systems. A plethora of
studies documented the role of ion channels from higher organisms down to the lowest prokaryote
and demonstrated their importance in functions such as cell growth, cell survival and neuronal
signalling. At a basal level, ion channels are proteins which span membranes (plasma and intracellular
organelles) to form a pore allowing the passage of specific ions, providing a means of tight cellular
temporal control over ion flux and cell permeability. Consider the following example, the neuronal cell
in Figure 3 has a total volume of approximately 10* mL and an intracellular potassium ion
concentration of 100 mM, equivalent to 108 ions. If potassium crosses the membrane through the ion
channel pore at a speed of 107 ions per second, the opening of only 10 channels at the cell membrane
would drain the cell of potassium in about 1 second (Choe, 2002). Therefore, ion channels have been
evolutionarily equipped to alter membrane potential via swift opening and closing of specific channels
for rapid ion conduction, with mechanisms such as highly selective filters, gating regions and
inactivation switches in response to internal and external environmental stimuli such as pH,

temperature, voltage and ligands amongst others (Hille, 2001).

Total Neuron Volume: ~1012ml

|
Intracellular
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Figure 3 The costly event of ion channel opening in absence of inactivation mechanisms

If ions cross the membrane through an ion channel at a speed of 107 ions per second, a neuronal cell
with a volume of 10*2 mL and an intracellular potassium ion concentration ([K*];)) of 100 mM or 108 ions
would be drained of potassium within 1 second of 10 channels opening.



Despite challenges associated with studying ion channels due to the many hydrophobic
transmembrane domains, the question became focused upon the cause of selectivity. Atomic
resolution provided by X-ray crystallographic characterisation of KcsA identified the presence of a
carbonyl group backbone (Doyle et al., 1998), confirming the signature XXTVGYGXX,” amino acid
sequence to be highly conserved amongst K*ion channels (Heginbotham et al., 1994). It can be seen
in Table 1, that an 8 amino acid sequence containing ‘XXTTXGYG’ as a minimum to be required for
potassium selectivity, which is reduced as conservation of ion sequence is lost (MacKinnon, 2004).
Furthermore, disruption to the residues within this sequence have been shown to disrupt the carbonyl
backbone in a way which induces a conformational change (Cordero-Morales et al., 2006) which blocks

the selectivity filter (SF) and prevents the rapid diffusion of K* (Cheng et al., 2011).

Table 1 The highly conserved, minimum pore regions of potassium selective channels throughout
the hierarchy of the tree of life.

Highly conserved residues in blue and lesser conserved residues in red. ‘Domain # refers to the number
of transmembrane-spanning segments per each respective pore-forming subunit. Amino acids shown
in single-letter code. Adapted from (Mackinnon, 2004)

Organism Domain# Selective Filter Sequence

Bacteria 2TM T A T TV G Y G
Archaea 6TM T A TTV G Y G
Plant 6TM T L T T V G Y G
Fruit fly 6TM T M T TV G Y G
Worm 6TM T M T TV G Y G
Mouse 6TM S M T TV G Y G
Human 2TM T Q T T 1 G Y G
Human 4T™M v I T T 1 G Y G
Human 6TM T M T TV G Y G



There are >300 different ion channels expressed in the human ear alone (Gabashvili et al., 2007).
Voltage- and ligand-gated family of ion channel genes account for approx. 1.5% of the human genome,
consisting of >400 genes and alternatively spliced variants (Lee et al., 2014). Electrophysiological and
computer modelling identify channels differing in expression, location, channel-gating mechanisms,
and selectivity whilst in vivo investigations exhibit more unexpected properties following coupling
with secondary messengers, scaffold proteins and signalling pathways. Voltage-gated ion channels
form one of the largest protein super-families (containing 143 members to date) and as such, differing
amino acid sequences within the minimal pore regions of these structurally related ion channels has
led to the derivation of 7 significant groups (Figure 4)(Yu and Catterall, 2004). Such level of
diversification leads to the many physiological roles of ion channels but also highlights the extent of
potential dysregulation, commonly resulting in pathological states including cardiac arrhythmias,
deafness, epilepsy, diabetes and misregulation of blood pressure which can all be attributed to

disruption of K* channel gene disruption (Miller, 2000).
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Figure 4 A representation of amino acid sequence diversity within minimal pore regions of related
voltage-gated ion channels.

Four domain channels are shown as blue branches; potassium selective channels are red branches;
cyclic nucleotide-gated channels are represented by magenta branches and transient receptor
potential channels (TRP) and other related channels are shown as green branches. Scale bar represents
tree distance corresponding to 0.05 substitutions per site in sequence (Reproduced from Yu and
Catterall, 2004 ).



1.3 Potassium channels

K* channels represent a diverse family of membrane proteins and are ubiquitously expressed
throughout plant and animal kingdoms in both excitable and non-excitable cells. There are >90 genes
present within the human genome encoding principal (a) subunits and many more considering
alternate splicing and auxiliary (B) units. For this reason, K* channels exercise tight control over an
expansive range of duties including cell growth, cell volume, cell death and membrane excitability

(Tian et al., 2014).

Common to all K* channels are the presence of the canonical K* pore (P) architecture formed of two
transmembrane (TM) helices and a connecting intracellular (IC) loop, with each channel subunit
containing either 1P or 2P domains. K* channels contain a subunits, which primarily determine the
structure of the channel, and B subunits which modify the functional properties of the channel. In
most instances, a subunits do not require the co-expression of B subunits and instead form functional
homo-multimeric channel complexes when expressed in heterologous expression systems. In a few
cases, it is necessary to express the B subunit for co-assembly with the a subunits to allow for

trafficking and functional expression (Wei et al., 1996).

The subunits can be subdivided into at least 8 families based upon structure and function. Three a-
subunit families’ form 6 TM helices (KQT, voltage-gated Ky, ether-a-go-go related gene (EAG)) which
are primarily gated by voltage. Cyclic nucleotide gated channels (CNG) and small/intermediate K*
conductance (SK/IK) channels also fall within the 6TM family although they are regulated by cyclic
nucleotides and Ca* respectively. The SLO family consists of 7TM channels including big K*
conductance channels (BK) (Meera et al., 1997) which are regulated by voltage, pH and Ca?* (Schreiber
et al., 1998). Inwardly rectifying K* channels (K;;) form the bulk of the 2TM family of a subunits which,
through tandem repeats, form the final functionally diverse 4TM group, two pore-domain potassium
channels (K2P) (Tian et al., 2014). For ease, these channels can be further subdivided into three main
groups of K* channel: voltage-gated channels (6 or 7TM/P), Kir channels (2TM/P) and K2P channels
(4TM/2P) (Figure 5).



COOH

1%t 2P domain K* channel: TOK-1 derived from
Yeast Saccharomyces cerevisiae

Inward Rectifiers:
K : Karp/GIRKS/K* transporter

COOH COOH
Tandem-Pore Domain: Voltage-Gated:
K,P: TWIK/TREK/TASK/TALK/THIK/TRESK K, /KCNQ/HERG-Like K* /Kyq/Kco (BK, IK, SK)

Figure 5 The four main classes of K* ion channels containing the signature canonical K* pore
architecture of the two transmembrane helices and irregular connecting loop

All channels contain at least one prototypical pore structure and two cytosolic amino-/carboxyl
terminals. 8TM/2P (8 transmembrane (TM) helices and 2 pore (P) loops) are hybrids of 6TM/P and
2TM/P channels and are not present in humans but represent the first discovery of 2P channels (TOK-
1) in yeast. Inward-rectifying K* channels (Ki;) form the body of 2TM/P; this group may be subdivided
further based upon function. 6(/7) TM/P channels contain a voltage-sensing element within TM4
(marked ‘+’) required for the regulation of action potential generation. 4TM/2P channels assemble as
dimers to form ‘leak’ channels and are targets of multiple anaesthetics (Choe, 2002).
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1.4 Two pore domain potassium channels

1.4.1 Phylogeny

The KCNK gene family encodes the ‘two pore domain potassium’ channels (K2P). There are 15 genes
subdivided into six classes based upon channel sequence homology and functional similarity (Figure
6). The international union of basic and clinical pharmacology (IJUPHAR) introduced a numerical
nomenclature (KCNK1-18) for individual K2P subunits based upon the human genome organisation
(HUGO) naming system and the chronological discovery (KCNK8, 11 and 14 are omitted). KCNK?7,
KCNK15 and KCNK12 are ‘silent channels,” displaying no obvious function when expressed in
heterologous systems despite expression in brain tissues (Goldstein et al., 2005). Co-expression
studies have shown functional potential for these channels when expressed alongside other K2P
channels. Alternately, individual channels may be referred to using the acronym system derived from
the salient physiological or pharmacological properties it is characterised by: TWIK (Tandem of P
domains in a weakly inwardly rectifying K* channel), TREK (Twik-related K* channel), TASK (Twik-
related acid-sensitive K* channel), TALK (Twik-related alkaline pH-activated K* channel), THIK (Tandem

pore domain halothane-inhibited K* channel) and TRESK (Twik-related spinal cord K* channel).

K41 [KCNK4, Tiq13] [FRAAR

K,10.1 [KCNKIO, 14g31] ' Mechano-gated |
— ————— K,,21 [KCNK2, 1g41] [TREKT]
K171 [KCNK17,6p21]  [TALKZ]
——— K161 [KCNK16, 6p21] Alkaline-activated|

K,»51 [KCNKS, 6p21] [TASK2

K,»181 [KCNKI8, 10q26] [TRESKT| [ Calcium-activated|

——K,61 [KCNK6, 19g131) [ TWIK2

Kyp7 [KCNK7, 1g13] | KCNK7 ‘Weakinward rectiﬂers‘

- K, l1[KCNKI, 1g42] [ TWIKT
K,,91 [KCNK9, 8q24] | TASK3

—l:—szm [KCNK3, 2q23] [ TASKI Acid-inhibited

K,15.1 [KCNKT5, 20912] | TASK5

— K131 [KCNKT3, 14q24] | THIK] ot mhted

K,s121 [KCNK12, 222] | THIK2

Figure 6 Phylogenetic tree. Reproduced from (Honore, 2007)
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1.4.2 Structural Features

K2P channel a-subunits form homodimers or heterodimers with closely related members (i.e.
TASK1:TASK3) and between subgroups (i.e. TWIK1:TASK3) to generate channels with functionally
distinct properties from the individual parent subunits (Figure 7A); or to allow the functional
expression of otherwise silent channels (THIK2 unsilenced by THIK1 co-expression) (Blin et al., 2016).
TWIK1 was the first channel identified to contain 4 pore domains. The donation of two pore domains
by each dimerised subunit has earnt it the name of ‘two pore domain’ potassium channel and is the
defining feature differentiating the family from the likes of Ky and Kir channels. These channels
contribute a single pore per sub-unit to the central pore in a tetrameric conformation, thus, by
provision of two P-domains from two subunits, K2P channels are said to be pseudotetrameric.
Effectively, if one were to link two Kig subunits and pair with another set of linked subunits, the channel
assembles to produce 2 major P-domains (Figure 7C) to form the pseudotetrameric K* selective pore
(Figure 7B) required to maintain the interior negative resting membrane potential throughout cells of
the nervous system. All theories regarding assembly were put to rest following the purification and
crystallisation of TWIK (Miller and Long, 2012) and TRAAK (Brohawn et al., 2012) which confirmed

Lesage’s hypothesised pseudotetrameric symmetry assembly (Lesage et al., 1996a).

Dimerised, the K2P primary topology consists of two short cytoplasmic N-termini (Nt) and two longer
cytoplasmic C-terminus (Ct); 2 X four transmembrane a-helical domains (TM1-TM4), 2 X re-entrant
pore domains (P1 and P2) and an extended EC ‘cap domain,’ formed between TM1 and P1, otherwise
referred to as the M1P1 loop (Figure 7A and C). It was originally believed that all K2P dimers were
connected by a stabilising cysteine-disulphide bridge (Lesage et al., 1996b) however, this is unlikely
since the relevant cysteine residues (Cys69) required (with exception of TWIK1) are neither conserved
nor required amongst all channels (sub-families: TASK and THIK) (Zufniga and Zuiiga, 2016). Indeed,
TASK1 and TASK3 fail to display a disulphide bond within the dimer, nor does TRESK when in the
presence of a long TM2-TM3 re-entrant loop (Enyedi et al., 2012). High resolution crystallographic
structures resolved for TWIK1, revealed that the cap forms a structured domain containing two coiled-
coiled helices (one from each monomer), sitting approximately 35A above the lipid membrane,
blocking direct entrance to the SF explaining the apparent ineffectiveness of well-known K* channel
blockers such as TEA, 4AP and toxin (Brohawn et al., 2012, Miller and Long, 2012). Rather than direct
pore access, the cap contains two side fenestrations, forming the extracellular ion pathway (EIP)

directing K* ions to the SF (Brohawn et al., 2012, Miller and Long, 2012).
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Figure 7 Structural features of K2P channels

[A] Side view of a human TASK3 homology model based upon human TRAAK (PDB ID 3UM7, Brohawn
et al. 2012) displaying the dimerization of two inwardly rectifying monomers (blue and orange) as it
would in the membrane. Brackets highlight the TM and EC cap portions. Model does not include the IC
N-/C-termini. [B] Bottom view of the TASK3 homology model as if underneath and looking through.
Model view describes the formation of the channel pore through dimerization. [C] Simple schematic
characterising individual domains within the K2P channel.

13



1.4.3 Channel Gating

Despite access to few crystal K2P structures, the molecular mechanisms involved in channel gating
and regulation remain largely unknown. K* channels are thought to contain two highly conserved
gating mechanisms referred to as the slow ‘C-type’ inactivation gate,’ located at the SF closer to the
EC side of the channel (Yellen, 2002) and an activation gate at the bundle-crossing region closer to the
IC side (Ben-Abu et al., 2009, Cohen et al., 2009). In Ky and Ki: channels, it has been proposed that
these structurally distinct gates are tightly coupled with the bundle-crossing gate. The method of
action is thought to work like an optical aperture, using the inner TM helices which form the pore to
constrict and physically impede the ion pathway (Swartz, 2004, Rapedius et al., 2007, Hibino et al.,
2010), with the opening of the lower gate simultaneously closing the upper gate. Less however, is
understood regarding the relative importance of the bundle crossing gate and the structural motions
involved in the regulation of permeation at the upper C-type gate in K2P channels. Unlike other K*
channels, the K2P channel contains two long IC Ct which are strongly suspected to play a role in
channel gating as a signal transducer between the IC environment and the EC SF, with many
supporting a model in which there is no bundle-crossing region present at all (Bagriantsev et al., 2011,
Bagriantsev et al., 2012, Piechotta et al., 2011, Brohawn et al., 2012, Miller and Long, 2012). Instead
considering a primary activation mechanism which lies close to or within the SF. Through deletional
and chimeric analyses, Honore (2007) identified the Ct domain in TREK1 to act as the primary sensor
involved in gating. Furthermore, phosphorylation of the Ct by phosphokinase A (PKA) reportedly
regulated the number of active channels, whilst agonist-induced phosphatidylinositol-4,5-
bisphosphate (PIP;) hydrolysis at the Ct shifted voltage sensitivity towards depolarized potentials.
Taken together, this highlights the Ct’s intricate involvement in signalling pathways, polymodal
regulation (membrane stretch, intracellular pH, negatively charged lipids, unsaturated fatty acids and

temperature) and association/dissociation of the Ct with the lipid membrane (Honore, 2007).

More recently, Piechotta et al provided strong evidence suggesting the sole gating mechanism to be
at the SF. Using a high-affinity TREK1 channel pore blocker (large quaternary ammonium ions j.e.
THexA), it has been shown that the bundle-crossing ‘activation’ gate remains open when the pore is
closed, providing free access to the blocking molecule’s binding site within (Piechotta et al., 2011).
Furthermore, it was demonstrated that the binding kinetics of the blocking agent were very similar,
regardless of whether the pore was open or closed. This suggests that the bundle-crossing gate
remains constitutively open and does not undergo any obvious structural motion, meaning that the
pore remains accessible to cytoplasmic ions right up to the SF which acts as the primary gating
mechanism of K2P channels (Piechotta et al., 2011). Such a gating mechanism has been previously

reported in cyclic-nucleotide-gated (CNG) channels, which are exclusively gated at the SF (Contreras
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et al., 2008). Despite plentiful evidence for ability of SF gating in K* channels including Ki- (Schulte and
Fakler, 2000), Ky (Yellen, 2002) and KcsA (Cuello et al., 2010), these channels are still observed to
incorporate some structural adjustments of the bundle-crossing gate that regulates the function of
the upper gate and is thus deemed functionally relevant to gating in contrast to K2P (Piechotta et al.,

2011).

It is speculated that the extended Ct of K2P channels runs parallel to the lipid bilayer, serving both as
a physical link between units at the membrane but also as a functionally important binding site. The
Ct and its relationship with the lipid bilayer has been implicated in a broad range of regulatory events,
especially in TREK1, involving mechano-gating, intracellular pH, anionic lipids and polyunsaturated
fatty acids (arachidonic acid) (Maingret et al., 1999, Honoré et al., 2002, Chemin et al., 2005, Honore,
2007, Piechotta et al., 2011). The question remains that if the bundle crossing gate is ‘non-functional’
in K2P channels, then the Ct must somehow transduce intracellular signals through the TM domains
to the SF in order to inactivate the channel. Whether this occurs through structural motion of the TM

domains is yet to be determined.

1.4.3.1 The X-Gate

A preprint paper recently released by Rodstrom et al. (2019) details the discovery of a novel ‘X-gate’
located intracellularly next to the SF following the crystallisation of the human TASK1 channel and
provides evidence for a lower gating mechanism. This structure is formed by the interaction of the Ct
regions of both TM4 structures, forming a characteristic ‘X’ structure at the vestibule entrance. The Ct
domain of TASK1 contains a motif formed of six residues (243-VLRFMT-248) which form the key
component of this gate structure and are critical to the regulation of the channel by volatile
anaesthetics (Patel et al., 1999), G-protein coupled receptors (GPCRs) and other neuromodulatory
molecules (Talley and Bayliss, 2002b). Mutations within or around this motif have a significant effect
on channel activity, reducing open probability and preventing channel activation by anaesthetics. Until
now, strikingly different pharmacological properties of TASK1 and TASK3 channels were
unexplainable. Unlike many other K2P channels, TASK1 and TASK3 are uniquely influenced by several
high affinity and highly selective inhibitors which demonstrate very low wash out rates following the
removal of antagonist compounds. The discovery of this structure unveils a unique phenomenon by
which channel inhibitors become trapped within the vestibule, thus offering some explanation to

these channel’s pharmacological profiles (Rodstrom et al., 2019).
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1.4.3.2 lon-Flux Gating

Together with Ky and Kir channels, K2P channels regulate cellular excitability. Ky and Kir channels
contain a known voltage-sensing domain (VSD) (Schoppa et al., 1992, Aggarwal and MacKinnon, 1996,
Seoh et al., 1996) and are recognised as ‘voltage-dependent’ channels (Hodgkin and Huxley, 1952). In
contrast, K2P channels were traditionally identified as ‘voltage-independent’ due the lack of obvious
VSD with outward rectification driven by the asymmetric K* gradient across the membrane as
predicted by the GHK equation. Excluding TWIK1, many of the K2P channels (TRAAK, TREK1/2, TRESK,
TALK2 and TASK1/2/3) have instead been found to display outwardly rectifying currents that are both
time- and voltage-dependent despite the absence of the canonical VSD (Schewe et al., 2016). The
voltage-sensing ability of K2Ps channels has been attributed to an ion-flux gating mechanism that
continues to be driven by the K* electrochemical gradient, with voltage sensitivity arising from the
occupation of ions within the electrical field of the SF (Schewe et al., 2016). In the model suggested
by Schewe et al. (2016), the SF rapidly switches between inactive and active states (Figure 8) based
upon the degree of exposure to electrochemical driving forces. When the electrochemical driving
force (AU = Vm — Erev) is negative, the SF exists in an inactive, ion-depleted state. As voltages become
more positive early into a depolarising event, the SF is gradually occupied with 3 — 4 ions, taking on an
occupied but still inactive state which is ready for transformation. Upon reaching full occupation (Ap
> 0), the channel switches to the fully active, conductive state, supporting outward rectification. As
the membrane repolarises back towards potentials negative to the Egey, the SF rapidly destabilises as

the channel returns to an ion depleted, inactivated state.

It was previously understood that K2P channels remained active at resting membrane potentials
where they contribute to the resting potassium permeability leading to reduced excitability at rest.
However, the recently established strong voltage-dependency of these channels suggests that unless
activated by stimuli, these channels may remain inactive at resting membrane potential however, the
rapid kinetics of these ion-flux gated channels makes them critical components to the repolarisation
and production of APs in absence of Ky channels (Mackenzie et al., 2015). As such, it is of no surprise
that a dynamic mechanism such as this has physiological implications in the likes of sustaining high-
frequency action potentials in neurons (Brickley et al., 2007) rather than conforming to the voltage-
independent ‘leak’ K* channels as previously believed (Goldstein et al., 2001, Lesage and Lazdunski,

2000).
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Figure 8 Schematic of the ion-flux gating mechanism proposed by Schewe et al. (2016).

When the electrochemical driving force (-Ap) is negative (<0) the SF exists in an inactive and ion
depleted state. As the electrochemical force becomes more positive (+Ap, >0), an increasing number
of channels begin to occupy the inactive SF with K* jons. Fully occupied, the channel takes on an
activated, outwardly rectifying state. Upon reaching the repolarisation phase, Ay again becomes
negative, inducing inward rectification however, the activated state of the channel becomes unstable
and returns to the ion-depleted, inactive state.
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1.5 TWIK-related acid-sensitive (TASK) K* channels

The TASK (TWIK-related Acid-sensitive K* channel) subfamily is appropriately named firstly due to its
close structural similarity to TWIK1, the first K2P channel member to be characterised, and secondly
its functional sensitivity to EC acidification. This subfamily comprises three members sharing >50%
sequence identity: TASK1, TASK3 and TASKS5, the latter being silent despite differential expression in
the brain, particularly auditory nuclei (Ashmole et al., 2001, Karschin et al., 2001). Considering the
degree of TASK1 and TASK3 sequence similarity, it is no surprise that these channels share very similar
functional kinetics, differences being the degree of pH sensitivity and single channel conductance.
TASK channels share the same low time- and voltage-dependency features of other channels within
the K2P family and so produce currents in line with the behaviour predicted by the GHK equation for

leak K*-selective pores.

1.5.1 Expression

TASK1 and TASK3 are predominantly expressed throughout the central nervous system (CNS) however
they may also be found in abundance within peripheral tissues including the heart and adrenal glands
(see Table 2); often forming heterodimers with distinct functional and pharmacological properties
(Karschin et al., 2001). The expression patterns of the homo-/heterodimers are variable with certain
cell types displaying only one subunit i.e. only TASK3 is found in striatal cholinergic neurons however
there is vast overlapping expression of TASK3 and TASK1 in cerebellar granule neurons (CGN), motor
and sensory neurons, carotid body glomus cells, adrenocortical cells amongst others (Talley et al.,

2001a, Ashmole et al., 2001, Karschin et al., 2001, Medhurst et al., 2001).
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Table 2 mRNA expression of TASK channels across the central and peripheral systems of the human
body

Grey indicates low expression, yellow indicates medium expression, green indicates high expression
and red indicates no expression; 'N/A' indicates no data is yet available. Table produced using data
collated from the following sources: Talley et al. (2001), Ashmole et al. (2001), Karschin et al. (2001)
and Medhurst et al. (2001).

CNS
Expression
Amygdala
Caudate nucleus
Cerebellum
Corpus callosum
Frontal cortex
Occipital cortex
Temporal cortex
Hippocampus
Hypothalamus
Nucleus accumbens
Putamen
Substantia nigra
Thalamus
Foetal brain
Spinal cord
Pituitary gland
Whole brain
Peripheral
Expression
Heart
Liver
Lung
Skeletal muscle
Kidney
Pancreas
Spleen
Small intestine
Placenta
Testis
Stomach
Prostate
Uterus
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1.5.2 Regulation

TASK channels contribute to the standing outward potassium current (IKso) within CGN to produce the
characteristic hyperpolarised resting membrane potential (Watkins and Mathie, 1996). Constitutively
active under physiological conditions, TASK3 channels are inhibited by EC acidification (Duprat et al.,
1997, Kim et al., 2000, Rajan et al., 2000) and activation of G-protein-coupled receptors (GPCRs),
coupled primarily to the Gag1 subunit (Chen et al., 2006) (see Table 3 for summary). Very few
activators for the channel are known with only pharmacological agents like inhalational anaesthetics
(halothane/isoflurane) (Maingret et al., 1999, Talley and Bayliss, 2002b) and terbinafine (Wright et al.,
2017).

Table 3 Displaying natural and chemical regulators of TASK channel function

[1] (Duprat et al., 1997), [2] (Patel et al., 1999), [3] (Talley and Bayliss, 2002b), [4] (Kemp et al., 2004),
[5] (Gruss et al., 2004), [6] (Czirjak and Enyedi, 2003), [7] (Kim et al., 2000), [8] (Rajan et al., 2000), [9]
(Chen et al., 2006), [10] (Girard et al., 2002), [11] (Renigunta et al., 2006), [12] (Renigunta et al., 2014),
[13] (Zuzarte et al., 2009) and [14] (Cunningham et al., 2019).

Channel Activators Inhibitors Interacting Partners
TASK1 Alkaline Volatile Hypoxia™ | Acid pHo™"78 | p11701! 14-3-3™83
pHo™ Anaesthetics Gagqg™® Syntaxin-8"1? | COPI"*?
(Halothane, —
TASK3 Isofluorane) Copper
*2,3 Zinc™®
Ruthenium
Red™®
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1.5.2.1 pH Regulation

All channels, excluding THIK1/2 and TRESK, display a degree of sensitivity to changes in environmental
pH (Feliciangeli et al., 2015). TASK channels are primarily affected by EC acidification, with TASK1 and
TASK3 displaying differential sensitivity. TASK1 is inhibited with a pKa of 7.3 whilst TASK inhibits at pKa
6.7 (Dupratetal., 1997, Kim et al., 2000, Rajan et al., 2000). TASK1 and TASK3 sensitivity to pH depends
upon a histidine residue within PD1 (His98) (Kim et al., 2000, Rajan et al., 2000, Morton et al., 2003).
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1.5.2.2 Hypoxic Regulation
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Figure 9 'Membrane model' of the carotid body's response to hypoxia.

An oxygen-sensitive potassium current was first identified in rat carotid body type 1 cells (Buckler,
1997) and since then the notion of a chemosensory function of TASK channels has been widely
discussed. The carotid body consists of a small cluster of chemoreceptors and is found at the
bifurcation of the carotid artery as it runs along both sides of the throat. This structure monitors the
compositions of the arterial blood, detecting change in pH, temperature as well as O, and CO; partial
pressures (Prabhakar and Peng, 2017). The generally accepted ‘membrane model’ states that carotid
body glomus (BG) cells detect hypoxic environment and signal to the medulla oblongata (respiratory
centre) to adjust ventilation. How this is achieved remains unclear. It is thought that upon the
detection of hypoxia, K* channels are inhibited resulting in depolarisation and subsequent influx of
Ca?* leading to the release of neurotransmitter from the BG in turn activating the afferent nerve which
commands the increase of ventilation (Figure 9) (Lopez-Barneo et al., 2008). Using rats, it was found
that the inhibition of the TASK-like current displayed channel kinetics like TASK1. The whole cell K*

current appeared to be O, sensitive but insensitive to TEA, 4-AP and toxin (Buckler, 1997). It displayed
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a flickering unitary conductance of ~14-16 pS with short open duration and mild inward rectification
and was characteristically, of TASK1, inhibited by acid, zinc, quinidine and bupivacaine (Buckler et al.,
2000). Further investigations identified that the channel is also sensitive to EC magnesium (Mg?*)
(Williams and Buckler, 2004) which is not typical of TASK1 and is instead suggestive of TASK3. Indeed,
it has been shown that the heterodimers of TASK1 and TASK3 are the predominant form present in
the carotid bodies (Kim et al., 2009a, Turner and Buckler, 2013) and mice lacking either channel have

impaired carotid body function (Ortega-Saenz et al., 2010, Trapp et al., 2008).

A recent study by O'Donohoe et al. (2018) has shown that they can evoke membrane depolarisation
and subsequent voltage-gated calcium entry in isolated neonatal type 1 cells, using selective
pharmacological inhibitors of TASK, supporting a role of these channels in chemosensing. There is
reasonable evidence to suggest that these channels may function under many physiological and

pathophysiological conditions (Kim et al., 2009a).

1.5.2.3 G-Protein Coupled Receptor Regulation

Receptor-mediated inhibition closes the pore, increasing neuronal excitability and encourages the
firing of APs. This form of modulation is not restricted to CGN and is well documented in regulation of
Kv, Kir and Cay channels amongst others (Chen et al., 2006). In these channels, inhibition appears to
occur via a classical Gag cascade (see Figure 10). In summary, external activation of GPCRs triggers de-
phosphorylation of a bound, intracellular tri-subunit G-protein (afy) as guanosine-diphosphate (GDP)
is phosphorylated to form guanosine-triphosphate (GTP). Gag is detached from the G-protein complex
and may then activate membrane-bound phospholipase C (PLC) to hydrolyse plasma membrane
phospholipid phosphatidylinositol-4, 5-bisphosphate (PIP2) into the secondary messengers: inositol-
triphosphate (IPs) and diacylglycerol (DAG). Secondary messenger IPs acts directly at the endoplasmic
reticulum (ER) where it stimulates the release of calcium stores, raising intracellular calcium
concentrations. In combination with calcium, DAG serves to activate phosphokinase C (PKC)
phosphorylation at the carboxyl terminus of the channel in question, leading to inhibition (Mathie,
2007). TASK dependence upon a linked G-protein secondary messenger was originally determined via
IC application of a non-hydrolysable, constitutively active form of GTP (GTPyS) (Fink et al., 1996, Kim
et al., 2000, Czirjak et al., 2001, Chemin et al., 2003). The G-protein isotype involved in TASK inhibition
was found to be the Gag/11 subunit (Chen et al., 2006). Experiments using fibroblasts from the Gog/1:
knock out (KO) mice showed that cells co-transfected with TASK3 and G-protein-linked thyrotropin-
releasing hormone receptor 1 (TRHR1) in absence of the linked G-protein constituent were insensitive

to the application of agonists, confirming that in the absence of the Gag/1, inhibition cannot occur
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(Chen et al.,, 2006). The downstream events and the intermediaries involved following Gag/11

activation in TASK remain elusive.
Broadly, there exists three primary hypotheses (Figure 10):

1. Hydrolysis of PIP, following isozyme PLCB activation, generating IP; and DAG (Besana et al.,
2004, Wilke et al., 2014)

2. Depletion of PIP, (Czirjak et al., 2001, Chemin et al., 2003, Lopes et al., 2005)

3. Directinhibition of Gags/11 with TASK3 (Chen et al., 2006, Veale et al., 2007b, Zhang et al., 2016)

GPCR Agonist
e.g. Muscarine

TASK3

PLC
GDP

GTP

-----

Gaq Regulation Hypotheses:

1. Hydrolysis PIP, following
PLC activation

2. Depletion of PIP,

3. Direct Gagq interaction

Endoplasmic Reticulum

Figure 10 Schematic diagram highlighting possible regulatory mechanisms of TASK3 following
activation of GPCR channels.
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1.5.2.3.1 Hypothesis 1: Hydrolysis of PIP, following PLCB activation

Following suit of Ky, Kir and Cay channels etc., prevailing hypotheses suggested Gaq activation would
in turn induce hydrolysis of PIP, through the action of PLC. In absence of evidence suggestive of a
significant role of IP3 necessitating intracellular Ca?* release as a primary transducer of inhibition, there
is a wealth of data that argues PLC-independent, receptor-mediated inhibition. Chen et al. (2006)
showed that inhibition of TASK channels through Gag-coupled protein receptors may proceed
unabated in the absence of PLC activity following the manipulation of G-protein expression and PIP;
levels (Chen et al., 2006), although this is debatable. Transient co-transfection of a PLCB1ct mini
construct induced a small, yet significant, decrease in inhibition. This construct impedes PLC-mediated
PIP, hydrolysis by Gag coupled receptors. On the other hand, co-transfection of a constitutively active,
mutated form of Gag (Gog*AA) bearing a Ct substitution deeming it deficient in PLC activation
capability, strongly inhibited TASK3. This would suggest that inhibition through PLC activity is not the
primary mechanism of action but does not rule out its involvement entirely in inhibition of

transduction.

Contrary to this, Wilke et al. (2014) suggested that PLC is required for TASK channel inhibition as a
key regulator of DAG homeostasis (Wilke et al., 2014). Activation of the isozyme PLCP occurs through
the activation of GPCRs which signal via the Gag/11 subclass of the Ga protein family following direct
interaction (Kadamur and Ross, 2013). DAG is a resident membrane protein believed to function
through direct binding to the target protein or via recruitment of effector proteins, such as PKC, to the
membrane via a cysteine-rich C1-binding domain. Recognised as an activator of canonical transient
receptor potential (TRP) cation channels, details of the binding sites or mechanisms of activation
remain unclear (Dietrich et al., 2005). Like TRP channels, TASK channels do not contain a C1-binding
domain. As has been observed for other stimuli of TASK channels (Talley and Bayliss, 2002a), removal
of a proximal 6 amino acid Ct motif (VLRFLT) proved deleterious to DAG interaction as channel
inhibition was abolished (Wilke et al., 2014). Mirroring the hypothesis of direct Gag/ 11 binding, Wilke
et al promoted the possibility of DAG binding directly to the a-subunits of the pore, rather than an
abundant and ubiquitously expressed accessory protein, which in turn interacts with the pore-forming
units. Following multiple assays, it was determined that of all the PLC’s downstream messengers, only
DAG induced channel inhibition. Acceleration of DAG turnover resulted in a reduction in channel
inhibition, suggesting that the production of DAG is necessary for regulation. In cell-free systems using
excised patches, direct application of DAG was shown to rapidly induce channel inhibition. In such
systems, there is unlikely to be rapid recruitment of cytoplasmic DAG effector proteins; activation of
kinase signalling cascades or conversion of DAG to downstream intermediaries like (lipid metabolites:

2-arachidonoyl-glycerol (2-AG) and phosphatidic acid (PA)). Significance of DAG involvement is further
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supported via the reduction of inhibition following enzymatic conversion of DAG to 2-AG/PA. In
excised patches derived from Xenopus oocytes, it was discovered that 2-AG was unable to fully abolish
GPCR-induced inhibition. This would hint at a potential minor contribution of 2-AG to channel

regulation (Wilke et al., 2014).

Whilst DAG regulation had not been previously suggested, knowledge of other lipid compounds
known to robustly inhibit TASK was apparent in the form of endocannabinoid: anandamide and its
synthetic analogue, methanandamide which are known to interact directly with the channel (Veale et
al.,, 2007a). DAG and these lipid compounds share similar chemical properties, all containing
arachidonic acid bound to a mildly polar head group containing a hydroxyl group as seen in Figure 11.
It therefore stands that DAG is likely to interact in a similar manner. In conclusion of this hypothesis,
Wilke et al present a convincing study supportive of cellular DAG concentration dynamics regulated
via PLC clearance rate of DAG as an important mediator of TASK activity (Wilke et al., 2014) and
therefore a potential factor to consider in pathophysiological processes. Of the 10 mammalian DAG
kinase (DGKs) isoforms identified (Shulga et al., 2011), mutations of DGK& isoform expressed
predominantly within the brain resulted in reduced potassium conductance caused by elevated DAG
levels, has been linked to epilepsy in both mice and humans (Leach et al., 2007). Furthermore, KOs of
other isoforms have resulted in similar neuronal and behavioural alterations (Rodriguez de Turco et
al., 2001) commonly reflected in pathology associated with TASK channel mutations, such as Birk Barel
Mental Retardation Syndrome. It therefore stands that this theory should be highlighted as a

significant potential mechanism.

Diacylglyeerol 2-Arachidonoyl-Glycerol

X L
oot

o

Anandamide Methanandamaide

O

/ N/\/OH

H

Figure 11 Schematic displaying structural similarities between DAG and other directly acting
compounds.
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1.5.2.3.2 Hypothesis 2: Depletion of PIP;

In evaluation of the PIP, depletion theory, Chen et al. (2006) further rule out PLC involvement in
receptor-mediated inhibition (Chen et al., 2006). Kir and Ky channels have been shown to rely upon
the presence of PIP; in the membrane to support an open, active conformation with agonist inhibition
occurring with localised reduction of PIP, (Lopes et al., 2005). In light of this, it was proposed that
transduction of Gag/11inhibition was achieved through hydrolytic depletion of PIP, via Gag/11 activation
of PLC (Chemin et al., 2003, Lopes et al., 2005). A prediction supported by diminished recovery of
TASK3 current observed in the presence of Wortmannin, a PIP; re-synthesis inhibitor and a poly-lysine
PIP, scavenger — evidence arguing for TASK dependence on PIP; for inhibition (Czirjak et al., 2001,
Lopes et al., 2005). This is a disputed hypothesis as it raises the question, is inhibition of recovery by
Wortmannin solely attributable to decreased intracellular PIP; or, is there a reduction in PLC-induced
PKC activation which in turn limits Gag-mediated inhibition (Veale et al., 2007b)? Indeed, PKC has
confirmed involvement in channel inhibition, targeting an identified phosphorylation site, threonine
341 (Thr341) in the Ct of the channel. Application of PKC inhibitors bisindoylmaleimide-1-
hydrochloride (BIM) and 12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo(2,3-a)-
pyrolo(3,4-c)-carbazole (G66976), and a small interfering RNA sequence against PKCa isomers are all
reported to block PKC inhibition. Yet a PKC-insensitive mutant channel, co-expressed with a muscarinic
M3 receptor can still undergo inhibition following agonist stimulation of the receptor, ruling out PKC
as the primary transducer (Veale et al., 2007b). Furthermore, Veale et al. (2007) go on to theorise a
negative regulatory role for PKC following M3 activation in which, following PLC activation, PKC resists
inhibition as opposed to transducing it to ‘prevent prolonged current inhibition,” and support channel
recovery (Veale et al., 2007b). Application of PLC blockers; cell lines naturally expressing low PIP, and
mutated Ga, unable to activate PLC, were all proven unable to completely abolish TASK3 inhibition

(Chen et al., 2006).

As a positive control, Chen et al. (2006) examined effects of thyrotropin-releasing hormone (TRH) on
TASK and compared it to a confirmed PIP,, pore-mutated Kig3.4* (S143T) construct, known to depend
upon PIP; depletion. As expected, inhibition was substantially reduced in Kir3.4* upon co-transfection
with the PLCBct construct when activated by TRHR1. Under the same conditions, TASK inhibition
following TRHR1 activation occurred much faster with less sensitivity to the PLCBct, questioning TASK
sensitivity to PIP; depletion and therefore the second hypothesis. To test this further, TASK channels
were expressed in a cell line stably expressing the lipid phosphatase: phosphoinositide-specific inositol
polyphosphate 5-phosphatase IV (5ptase IV) under tetracycline control. Upon induction, this lipid
phosphatase reduces PIP; levels in the cell membrane by up to 15-fold yet TASK inhibition remained

undiminished following TRHR1 activation (Chen et al., 2006). This would suggest that inhibition can
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occur in an altogether different intermediary pathway that is both predominantly independent of

PLC/PKC activity and PIP; hydrolysis.

1.5.2.3.3 Hypothesis 3: Direct inhibition of Goy/11 with TASK3

Considering these findings, it was postulated that Gag could co-associate directly with TASK channels
independently of the signalling pathway (Chen et al., 2006, Veale et al., 2007b, Zhang et al., 2016).
Chen et al. (2006) showed that co-transfecting cells with hemagglutinin (HA)-tagged TASK channels
and a constitutively active Gag* results in Gag* co-immunoprecipitating with the HA-tagged TASK
channels, whilst an inactivated form of Gag did not interact. Whilst data from this lab using a selective
Gaq inhibitor, YM-254890, constitutively active Gaq™* and a mutated Gag* that no longer has an action
on PLC (Gag*RT) was in strong agreement with the Chen et a/.(2006) theory of direct interaction of
Gog with TASK3 channels (Veale et al., 2007b). More recently, work by Zhang et al. (2016) describes
enhanced action potential firing frequency upon activation of Gag/i-coupled neurotensin (NTS1)
receptors in dentate gyrus fibres that is both PLC, Ca?* and PKC independent thus supporting the
hypothesis of direct interaction (Zhang et al., 2016). Using co-immunoprecipitation experiments they
were able to show that immuno-precipitates treated with neurotensin resulted in the direct

association of Gag/11 with TASK3, whilst no interaction was observed in TASK3 KO mice.

1.6 TASK Pathologies

Following the discovery of TASK channels over 20 years ago, our knowledge surrounding channel
function, regulation and role in disease has grown exponentially. Under normal physiological
conditions, TASK channels are regulated by common pathophysiological hallmarks such as reduced
oxygen and pH. Due to their pivotal role in apoptosis (Lauritzen et al., 2003) and proliferation
(Prevarskaya et al., 2010), the consequences in event of dysfunction are naturally the likes of cancer,
(autoimmune) inflammation, ischaemia and epilepsy as well as many developmental conditions (Table

4).
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Table 4 Literature overview of TASK channel activity in pathology. Adapted from (Bittner et al.,

2010).
Pathology Channel | Implication Example References
Oncology TASK3 Overexpressed breast, Melanoma (Mu et al., 2003,
lung and colorectal Kim et al., 2004, Pei
cancers etal., 2003, Liu et
Increased survival in pro- al., 2005, Pocsai et
apoptotic conditions al., 2006, Ruszndk et
Mitochondrial al., 2008, Kosztka et
dysfunction al., 2011)
Ischaemia TASK1 Increased ischaemic Ischaemic (Meuth et al., 2009)
damage in mice stroke (Bittner et al., 2009)
TASK1 activity has a
neuroprotective effect
Inflammation | TASK1/ | Critical roles in T-cell Multiple (Bittner et al., 2009,
TASK3 activation Sclerosis Meuth et al., 2008a)
Epilepsy TASK1 Expression on Temporal lobe (Taverna et al.,
interneurons reduces epilepsy 2005, Kim et al.,
neural activity 2007)
Down-regulation in
astrocytes has an anti-
epileptic effect
Developmental | TASK3 Neuronal migration Birk Barel (Bando et al., 2014)
Mental (Barel et al., 2008)
Retardation (Perry et al., 2014)
Syndrome
Age at
menarche
Endocrine TASK1/ | TASK1 7" mice: sexual Hyper- (Davies et al., 2008,
TASK3 dysmorphic hyper- aldosteronism Bandulik et al.,
aldosteronism (HA) 2013, Heitzmann et
TASK3 7* mice (neonate): al., 2008, Nogueira
high adrenal renin and et al., 2010, Czirjak
severe HA; adults display and Enyedi, 2002)
low renin hypertension (Guagliardo et al.,
and mild HA 2012, Penton et al.,
2012)
Cardiac TASK1 Alters atrial action Long QTS (Decher et al., 2011)
Conduction and potential duration syndrome (Limberg et al.,
Repolarisation - 2011, Petricetal.,
Atrial .
o 2012, Liang et al.,
fibrillation 2014)
Increased Body | TASK3 Single polymorphisms N/A (Hoggart et al.,
Mass Index linked to parent of origin 2014)
effects
Cardiovascular | TASK1 Loss of function Pulmonary (Ma et al., 2013)
mutations contribute to Arterial (Cunningham et al.,

vascular remodelling and
ventricular hypertrophy

Hypertension

2019, Navas et al.,
2016)
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1.6.1 TASK channels in Oncology

TASK channels are critically implicated in regulation of cell proliferation and apoptosis. For example,
programmed cell death is essential in the first post-natal week of cerebral development (Wood et al.,
1993, Lossi et al., 2002). Beginning with intense proliferation of millions of granule neurons (GN)
within the external granule layer which then migrate across the molecular and Purkinje layers to the
inner granule layer, where they undergo mass apoptosis to numerically match each GN with a post-
synaptic Purkinje neuron (Wood et al., 1993, Lossi et al., 2002). The mechanisms by which K* channels
alter the cellular proliferative state remains unclear however, TASK dysfunction has been inarguably
linked to unregulated apoptosis and resulting oncogenesis (see review by (Bittner et al., 2010b)).
Following an initial report of a 3 - 10-fold increase of TASK3 expression in 10% of breast cancer samples
(Mu et al., 2003), overexpression of TASK3 has now been implicated in 10 - 50% of breast, lung,
colorectal and melanoma cancer cells, identifying the channel as a novel proto-oncogene (Mu et al.,
2003, Kim et al., 2004, Pocsai et al., 2006, Rusznak et al., 2008). Investigations into overexpression of
TASK3 in various cell types and mouse models have described heightened oncogenic potential of the
channel to promote the survival of malignantly transformed cells in pro-apoptotic conditions such as
reduced serum and hypoxia (Mu et al., 2003, Liu et al., 2005). Interestingly, cells transfected with a
mutant TASK3 channel with abolished activity have been shown to reduce the oncogenic potential,
thus directly linking TASK3 channel function with tumorigenesis (Pei et al., 2003). Considering the
biophysical properties of TASK1 and TASK3 channels, both are inhibited by acidic pH and TASK1 by
hypoxia also (Patel and Lazdunski, 2004), it is thus unsurprising to find these channels in solid tumours
where the micro-environment is often acidic and hypoxic (Bittner et al., 2010b). Contradictory to the
above, TASK1 function and expression on the other hand has been associated with the prolonged
survival of patients with late stage colorectal cancer (Cavalieri et al., 2007). It can therefore be broadly
summarised that the effect of TASK channels on varying cancers is dependent upon which channel
subunit is expressed on which cell type under the control of which pathophysiological stimuli (Patel

and Lazdunski, 2004).

29



1.6.1.1 TASK in the Mitochondria and Cancer

The expression of TASK3 on the inner mitochondrial membrane of melanoma and keratinocyte cells
(Szewczyk et al., 2009) has been well documented as it plays a role in the protection of the membrane
integrity alongside other ion channels including K*are, BKca2+ and Kv1.3. Together, these channels
support the energy transducing process and the synthesis of reactive oxygen species (ROS) (Laskowski
et al., 2016, Szewczyk et al., 2009). Regarding function, the mitochondrial membrane has an
intrinsically low permeability to ions in order to preserve oxidative phosphorylation coupling and to
prevent energy dissipation through depolarisation of the membrane. As such, the coupling of an
energy generating system such as the respiratory chain, alongside an appropriate energy dissipating
system, like potassium channels, introduces a tightly regulated mechanism which perpetuates
mitochondrial metabolism and energy homeostasis and underlies the primary mitochondrial functions

described in Figure 12 (Szabo and Zoratti, 2014).
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Figure 12 The mitochondrial functions supported by mitochondrial potassium channels

Dysfunctional mitochondria have been linked with several potassium channels including K*ate, Ca®*-
activated BKca2+ channel, Ky1.3 and TASK3 (Szewczyk et al., 2009). Whilst it is recognised that the
TASK3 channels localised at the plasma membrane have a crucial role in the regulation of apoptosis
and tumorigenesis, more recently the presence of TASK3 within the mitochondria has been implicated
in the development of cancer. A melanoma cell TASK3 knock down model exhibited compromised cell
morphology and decreased DNA content; whilst metabolic and mitochondrial activity were
significantly reduced as evidenced by diminished ROS production when compared to WT. (Kosztka et
al., 2011). Taken together, this suggests that TASK3 is functionally present in a melanoma cell’s
survival, supporting cellular integrity and viability. Whether this decrease in ROS production is in line

with the apoptosis-resistant nature of cancer cells remains to be discovered (Szabo and Zoratti, 2014).
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1.6.2 TASK channels in Ischemia

An ischemic stroke will occur following the interruption of blood supply to the brain, starving it of
oxygen and glucose, beginning a series of interrelated cascades leading to often fatal neuronal cell
death or persisting neurological deficits and disability (Deb et al., 2010). Hypoxia and acidic pH are
some of the first pathophysiological markers following an arterial occlusion (Bittner et al., 2010b). As
such, it is easy for one to implicate TASK channels in the progression of brain damage based upon
inhibition by acidification and hypoxia, leading to prolonged membrane depolarisation and
subsequent excitotoxic damage. Alternatively, considering the ‘leakage’ role of TASK channels where
the activity at resting membrane potential serves to preserve a negative potential, reducing neuronal
excitability and their metabolic demands. In this way, TASK channels may provide a neuroprotective
advantage provided they could remain active during the acute ischaemic event should the changes in
pH and oxygen not be severe enough to inhibit them (Meuth et al., 2009). It is well established that
the neurons of the CNS are well equipped with acute and long-term protective mechanisms to support
homeostatic processes and prevent hyperexcitability in the event of hypoxic events provided by
potassium channels including: Karp channels (Ballanyi and Buck, 2004), BKc, channels (Rundén-Pran et
al., 2002), Kv2.1 (Misonou et al., 2005) and now TASK channels are also being considered. Previous
studies have focused primarily on the neuroprotective role of TREK during an ischemic insult. The
reduction of intracellular pH is a hallmark of ischemia and inflammation. In such conditions, the open
probability of TREK1 and TREK2 is found to be significantly increased with a TREK” mouse model,
causing reduced neuronal survival rates during an ischemic event (Maingret et al., 1999, Bang et al.,
2000). Similarly, TASK17 mice models saw the generation of much larger infarct volumes following a
transient middle cerebral artery occlusion (tMCAO) (Meuth et al., 2009). As such, due to the
similarities observed in the sequence homologies and biophysical properties of these channels and
TASK3, it was theorised that the membrane depolarisation and subsequent AP generation by TASK3
channels may be altered under ischemic conditions as a neuroprotective mechanism (Bittner et al.,
2010b). Indeed, in vivo application of the TASK3 inhibitor anandamide increased the speed of neuronal
damage following an tMCAO, mimicking the effect of the TASK17 model (Meuth et al., 2009). From
the key limited resources available (see: (Meuth et al., 2009, Ehling et al., 2010, Ehling et al., 2013) it
has come apparent that TASK channels have a dual purpose which evolves throughout the stages of
an ischemic pathophysiological event. During the early phases of a moderate enduring
pathophysiological stimuli, such as a transient ischemic attack, TASK channels retain their
hyperpolarising function to reduce neuronal excitability and prevent Ca%* overload and excitotoxicity.
However, once a certain damage threshold is breached during a more long-lasting event, such as

chronic inflammatory ischemia, TASK channels induce neuronal apoptosis as they overcompensate K*
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-efflux which is an indicator of apoptosis. As such, whilst TASK channels may be neuroprotective in the
acute stage of an ischemic insult, therapeutics targeting the inhibition of TASK channels in the short

term may be effective at preventing neuronal cell death (Bittner et al., 2010b).

1.6.3 TASK channels in (Autoimmune) Inflammation

The diverse expression of ion channels on human T-lymphocytes has been long recognised however,
the mechanisms of their dysfunction in autoimmune diseases such as multiple sclerosis (MS),
rheumatoid arthritis and type 1 diabetes mellitus (Beeton et al., 2006) is not well understood but their
presence alone highlights them as potential therapeutic targets (Kleinschnitz et al., 2007, Wulff and
Zhorov, 2008). For appropriate T-cell activation, lymphocytes require the establishment of an
increased intracellular Ca?* ion concentration to support the transcription-dependent steps of the
activation process (Lewis, 2001, Negulescu et al., 1994, Prakriya and Lewis, 2003). The presence of
outwardly rectifying K* channels is therefore necessary to maintain the electrochemical gradient to
support this (Panyi et al., 2004). Of the K* channels expressed: Ky1.3 (DeCoursey et al., 1984), BKc,
(Leonard et al., 1992) and TASK channels (specifically TASK1/2/3) (Bittner et al., 2010a, Meuth et al.,
2008a) are thought to play prominent roles in disease progression (Beeton et al., 2005, Beeton et al.,
2006). In experimentally induced autoimmune encephalomyelitis (EAE) models, specific blocking of
Kv1.3 led to an improved disease state as cytokine production and proliferation rates were reduced
leading to a delayed-type hypersensitivity response (Beeton et al., 2001, Koo et al., 1997). When T-
lymphocytes were found to express TASK1, TASK2 and TASK3 in human, rodent and murine species, it
was found (ex vivo) that similar to Ky1.3 inhibition, following application of anandamide and the
subsequent inhibition, cytokine production and proliferation were reduced, a phenomenon which was
reproducible in the in vivo EAE model (Meuth et al., 2008a). This amelioration of disease state was
replicated following the selective blockade of TASK channels on myelin basic protein-specific (MBP)T
cells (T cells which have been activated following the presentation of an autoantigen such as MBP)
(Meuth et al., 2008a). Application of anandamide was observed to reduce the activity of the immune
system of WT(EAE) mice resulting in delayed disease onset and severity >50 days but also proved to
be equally effective when treatment was began following the onset of symptoms (Bittner et al., 2009).
Interestingly, lesion analysis of EAE rodent brain samples identified increased neuronal expression of
TASK1 and TASK3 in the optic nerve and decreased expression in the spinal cord. Further lesion
analysis in human samples discovered a similar down regulation of TASK 1 and 3 but the upregulation
of TASK2 in MS patients during an active disease episode (Meuth et al., 2008b). Taken together, this

suggests a regulatory role of TASK channels in pathophysiological states and highlights the ion
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channels as an attractive therapeutic target for the treatment of autoimmune diseases (Bittner et al.,

2010b).

1.6.4 TASK in Epilepsy

Epilepsy is one of world’s oldest recognized disorders with records dating back to 4000 BC and today
affects up to 50 million people worldwide. With 10% of the world’s population experiencing a single
episode of spontaneous neuronal discharge in their lifetime (WHO, 2019), epilepsy is defined as
recurrent abnormal and excessive synchronous activity in the brain with at least two unprovoked
seizures (Rakhade and Jensen, 2009). For some, seizures may occur less than once a year whilst many
live with seizures that occur several times a day. With nearly 80% of patients who live with this
condition residing in low-/middle income regions, it has been predicted that up to 70% of those

afflicted could live seizure-free should they receive correct diagnosis and treatment (WHO, 2019).

The causes are of epilepsy are many and diverse, ranging from structural abnormalities as a result of
malformations in cortical development (i.e. mesial temporal sclerosis) to metabolic irregularities (i.e.
epileptic encephalopathies), autoimmune states (i.e. anti-NMDAR encephalitis) and are genetic
(Sazgar and Young, 2019). Several of the infantile syndromes associated with epilepsy have been
linked to mutations within genes encoding ion channels. As a result, it is unsurprising that the
abnormal synaptic transmissions that occur correspond with poor modulation of transmembrane
potential following a shift in the brain’s extracellular pH. Seizure activity can be described as a biphasic
pH shift in which an initial period of extracellular alkalinisation gives way to delayed acidification
(Xiong and Stringer, 2000). Due to the regulatory nature of TASK channels, it figures that these
channels were prominently investigated to determine a possible role in epilepsy. Much of the available
literature focuses upon the role of TASK in temporal lobe epilepsy (Nadler, 2003). Using rodent
models, differential expression of TASK channels in various sub regions has been observed, leading
researchers to suspect a cell-type specific sensitivity to extracellular acidification in epilepsy (Bittner
et al., 2010b). The expression of TASK1 has been noted in astroglial cells of the gerbil hippocampus
(Kim et al., 2009b). Gerbils are recognised as a well-established model of inherited epilepsy
(Buchhalter, 1993). Whilst there was no difference in hippocampal TASK1/TASK2 expression between
seizure-sensitive (SS) and seizure-resistant (SR) strains, an upregulation of TASK1 expression in
astrocytes of SS models compared to SR models was observed. The expression of TASK1 in astrocytes
of SS animals was found to be very dynamic throughout an episode (Kim et al., 2007). In the acute
phase (post-seizure) TASK1 was upregulated, affecting the cellular buffering capacity via increased

outward rectification of K*; increasing cellular excitability as the EC environment pH is reduced. Then
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follows a rapid downregulation of TASK1 in attempt to diminish seizure activity by decreasing outward
rectification (Bittner et al., 2010b). For these reasons, there are several anti-epileptic drugs on the
market today (i.e. Carbamazepine and Vigabatrin) which are known to decrease the number of TASK1

positive astrocytes in the hippocampus by up to 50% (Kim et al., 2007).

In health, the thalamocortical (TC) neural network regulates wakefulness by altering oscillatory states
between fast active (awake or rapid eye movement (REM) sleep) and slow inactive states (natural or
anaesthesia-induced sleep or absence epilepsies) (Timofeev, 2011). As neuronal firing rates change,
there is a concomitant shift in the membrane potential as the TC relay neuron is depolarised following
inhibition of TASK1 and TASK3 channels (Meuth et al., 2003). Following the localisation of TASK3 to
the 8924 chromosomal region, mutational analysis in patients diagnosed with absence epilepsy
identified an exon-2 polymorphism however, this was found not to be functional in this disease
(Kananura et al., 2002). Whilst other anomalies have been found in TALK1 and TASK2 (Saez-Hernandez

et al., 2003), a clear association between epilepsy and TASK channels is yet to be revealed.

1.6.5 Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) is a progressive and incurable pulmonary vasculopathy
(Simonneau et al., 2013) affecting 15 - 50 people per million of the population (Humbert et al., 2014),
of which 34% will survive 5 years post-diagnosis (Tang et al., 2016). The pathogenic drivers of PAH are
complex (Kumar and Graham, 2018). PAH may be idiopathic (iPAH), heritable (hPAH) or may arise as
a secondary condition to multiple pathologies including: autoimmune diseases (i.e. scleroderma or
systemic lupus erythematosus) (Dib et al., 2012, Rabinovitch et al., 2014, Trad et al., 2006); infectious
disease (i.e. human immunodeficiency virus (HIV) and schistosomiasis) and other pro-inflammatory
diseases (i.e. digital ischemia in scleroderma and portal hypertension in schistosomiasis) (McMahan
and Hummers, 2013, Wilson et al., 2007, George et al., 2013). PAH occurs following the pathological
remodelling of the pulmonary arteries causing vasoconstriction and a consequential increase in
pulmonary vascular resistance, preluding to a possibly fatal right-sided ventricular heart failure (Gaine
and Mclaughlin, 2017). As it stands, there are three prominent pathways contributing to cell
proliferation and vasoconstriction in the lead up to PAH: the prostacyclin, endothelin and nitric oxide
pathways. The clinical treatments currently available target the appropriate up-/down-regulation of

these pathways in attempt to slow disease progression and prolong life expectancy (Hill et al., 2016).
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Previously, both hPAH and iPAH forms of the disease had been linked to a defective copy of the bone
morphogenic protein receptor type Il (BRPM2) which, under healthy physiological conditions,
regulates vascular cell proliferation (Machado et al., 2015). lon channels have also been identified as
key risk factors for hPAH and iPAH. TASK1 channels play a critical role in the regulation of vascular
tone and excitability of pulmonary arterial smooth muscle cells (PASMCs) (Yuan et al., 1998, Boucherat
et al., 2015, Hemnes and Humbert, 2017). The TASK1 channel was first implicated in PAH following
the discovery of six heterozygous mutations by Ma et al. (2013) in patients expressing either iPAH or
hPAH forms of the disease. This finding was followed by the discovery of two novel homozygous
missense mutations: L214R and G106R in exon 2 of KCNK3 of patients, which precipitates a particularly
aggressive forms of PAH (Navas et al., 2016). Electrophysiological characterisation of these mutants
found the functional currents to be significantly reduced when compared to the WT (Cunningham et

al., 2019, Ma et al., 2013).

The pharmacological phospholipase A2 inhibitor (ONO-RS-082) has been shown enhance the current
of WT TASK1 channels (Girerd et al., 2014). Application of ONO-RS-082 in rat PAH models identified
the inhibitor to have reversing effects on proliferation, vasoconstriction and inflammation associated
with PAH (Antigny et al., 2016). Furthermore, ONO-RS-082 was able to restore the current in a couple
of the heterozygous mutations previously identified by Ma et al. (2013), including T8K and E182K, but
not the others. Additionally, the reductions in current observed with the mutations could not be
attributed to trafficking defects (Cunningham et al., 2019). Riociguat, a guanylate cyclase activator
commonly prescribed to PAH patients, increases the synthesis of cGMP down-stream of the nitric
oxide pathway and has been shown to improve the pulmonary vascular haemodynamics (Hill et al.,
2016, Ghofrani et al., 2017). Despite being previously shown to enhance current in WT TASK1
channels, it was also unable to rescue current in mutated channels (Cunningham et al., 2019). As such,
the mutations implicated in PAH display significantly different functional properties. It is currently
unclear whether the therapeutics presently available act primarily through the activation of TASK1
channels however, enhancement of current through TASK1 channels continues to be a popular

therapeutic strategy (Cunningham et al., 2019).
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1.6.6 TASK in Developmental Disorders

Neural activity is vital in the embryonic development of cerebellar granule neurons (CGNs). Cortical
development follows a distinctive activity pattern in the early phases (Khazipov and Luhmann, 2006,
Allene and Cossart, 2010), driving a series of proliferation (Weissman et al., 2004, Liu et al., 2010),
differentiation (Borodinsky et al., 2004) and migratory processes (Komuro and Rakic, 1993, Nakanishi
and Okazawa, 2006, Bortone and Polleux, 2009). Alterations in neural activity in relation to TASK3 has
been associated with disturbances in cortical arrangement and is therefore suspected to participate
in cognitive developmental disorders (Bando et al., 2014). One such disorder is KCNK9 imprinting

syndrome.

1.6.6.1 KCNK9 Imprinting Syndrome

Mendel’s theory of genetic inheritance states that an individual receives two alleles of a gene, one
from each parent. Certain autosomal genes are inherited in such a way that only one allele is expressed
and the other is silent. For instance, a mutation in a gene imprinted with paternal silencing will have
no effect whilst a mutation on the maternal gene will be expressed as a dysfunctional gene. This is
‘genomic imprinting,” an epigenetic phenomenon in which dysfunction has been linked with only a
few human phenotypes. The most studied imprinted syndromes include Prader-Willi and Anglemann,
which are paternal and maternal imprinting syndromes respectively, on chromosome 15g11-q13;

Beckwith-Wiedemann and Russel-Silver of chromosome 11p15.5 (Temple, 2007).
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Figure 13 Displaying the location of the gene defect associated with KCNK9 Imprinting Syndrome.

The KCNK9 gene is expressed on chromosome 8. Base pair variants (706G>C and 706G>A) at exon 2
of 8q24 lead to the G236R amino mutation resulting in the rare disorder.

TASK3 channels are the only genetically imprinted K2P channels. The KCNK gene is expressed from the
maternal allele with the paternal allele silenced via methylation within the gene promoter region
(Barel et al., 2008). Whole genome exome sequencing mapped KCNK9 imprinting syndrome (Birk Barel
Mental Retardation Syndrome) to two individual base changes (guanine>cytosine (706G>C) and
guanine>adenine (706G>A)) in exon 2 of chromosome 8q24 (see Figure 13). These changes in turn,
resulted in an hydrophobic glycine (Gly, G) being replaced by an hydrophilic, positively charged
arginine (Arg, R) at position 236 (G236R) in the maternal allele which is imprinted with paternal
silencing (Barel et al., 2008) (Figure 13). KCNK9 imprinting syndrome is a rare developmental disorder
characterised by intellectual and development disability, hypertonia and dysmorphisms (Figure 14).
Barel et al. (2008) concluded that the G236R mutation was a loss-of-function variant, displaying an
abolished functional current in KCNK9 homodimers or TASK3/1 heterodimers resulting in a non-
functional channel (Barel et al., 2008). Overexpression of the dominant-negative G236R mutation was
shown to hinder migration of cortical neurons in association with increased Ca®* transients, leading
Bando et al. (2014) to believe that TASK channels regulate cortical pyramidal neurons by maintaining

intracellular calcium concentrations (Bando et al., 2014).
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Neurological Impairments

* Delayed psychomotor
development

* Delayed Intellectual
development

Dysmorphic Facial Features * Intellectual disability of variable
degree

* Amelioration in adolescence

* Dysphonia & dysarthria

* Variable clefting of palate

*  Palatoschisis

*  Wide alveolar ridges

*  Mild retrognathia/micrognathia
* Dolichocephaly with bitemporal narrowing ‘ Motor Impairments
*  Short philtrum

* Tented upper lip

*  Medially flared eyebrows

*  Atypically-shaped ears

* Myopathic and elongated face
* Restricted facial movements

* Long eyelashes

* Hypomimia

* Lagophthalmos

* Diminished tearing when crying

Central hypotonia
* Infrequent joint contractures
with occasional clonus(myoclonic jerks)
* Generalised/proximal weakness
» Axonal peripheral pure motor neuropathy

Feeding Issues

PhVSicaI Features * Transient neonatal hypoglycaemia
* Thin neck ~.| * Dysphagia
* Tapered chest - * Severe feeding issues due to poor suck
* Asthenic body build ' and gastroesophageal reflux

* Decreased subcutaneous fat
* Single palm creases

Figure 14 Neurological, physiological and developmental features of KCNK9 Imprinting Syndrome.

Only 6 families worldwide, mapped with one or the other base changes resulting in a G236R mutation
are recorded in literature so far. More recently however, a novel variant (c. 710C>A) occurring within
the 2" exon of the TASK3 gene has been reported in a patient (Sediva et al., 2019). The consequence
of this base change is the mutation of an Alanine (Ala, A) at position 237 to an Aspartic acid (Asp, D)
at position 237 (A237D) resulting in the same clinical phenotype as the G236R patients. This would
suggest that KCNK9 Imprinting Syndrome may be caused by nucleotide variants other than those

resulting in the G236R mutation (Sediva et al., 2019).
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1.6.6.2 Therapeutic Approach

TASK3 channels remain open across the physiological resting membrane potential in order to maintain
the hyperpolarised resting membrane potential of the cell (Goldstein et al., 2001). Through TASK3
inhibition, neuronal excitability may be increased to aid long term potentiation; alternatively, through
opening more channels, an AP may be decreased/abolished. Surprisingly, unlike Barel et al. (2008),
Veale et al. (2014) found that in their experimental conditions the TASK3 G236R mutation gave rise to
a measurable but significantly reduced current that showed pronounced inward rectification and a
slight reduction in K* selectivity when compared to the WT-TASK3 channel (Veale et al., 2014). This
G236R mutation was also found to be differentially sensitive to regulators such as the selective
inhibitors (i.e. synthetic cannabinoid methanandamide or ruthenium red and zinc) — all of which are
thought to be effective through altering the channel gating. Reduced currents through these mutant
channels could be partially overcome by introducing a gain of function mutation (A237T) (Ashmole et
al., 2009) to the mutant channel or by application of non-steroidal anti-inflammatory (NSAID),
flufenamic acid (FFA) (Veale et al., 2014). However, currents were not restored to WT levels. Another
interesting observation by Veale et al. (2014), was that the GPCR mediated inhibition of the mutant
channel was also altered. Activation of muscarinic (M3) receptors co-expressed with the TASK3-G236R
mutant channel, showed no concurrent inhibition regardless of the muscarine concentration applied.
Furthermore, the direct inhibitory effects of constitutively active Gaq* was abolished, suggesting a
complete loss of Gag regulation (Veale et al., 2014). Whilst there have been significant positive effects
observed following in vivo application of fenamate derivatives (mefenamic acid) with regards to
developmental acceleration and improvements in feeding difficulties (i.e. poor calorie intake), it has
proven clinically difficult to measure therapeutic effects as patient numbers are so limited and with

vast differences in severity and phenotypical traits (Sedivd et al., 2019, Graham et al., 2016).

One explanation for the reduced current recorded at the cell membrane for this and for other TASK
channel mutations may be as direct consequence of impaired trafficking of the channels to the plasma
membrane. In the next chapter | will discuss the trafficking of integral membrane proteins, with focus
upon potassium channels, and the implications of mutations which impair trafficking and promote
disease (Cobbold et al., 2003). | will also investigate the trafficking of the TASK3_G236R mutation, plus
two novel unpublished TASK3 variants identified in patients, tyrosine to cysteine at position 205
(Y205C) and a Y205 truncation (Y205A) in which a simple substitution of cytosine to adenine at position
604 introduces a stop codon resulting in a channel that is truncated within PD2. These mutations are
both clinically and functionally like G236R. Finally, | shall also study two TASK1 mutations (G106R and
L214R) that have been implicated in PAH (Navas et al., 2016).
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Chapter 2:
Exploration of TASK trafficking in tsA201 cells in

association with novel pathological mutations
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2.1 Introduction

TASK channel regulation of cellular membrane potential has been implicated in a vast range of
physiological and pathological pathways including: regulation of cell proliferation (i.e. oncogenesis and
PAH), neuroprotection (i.e. ischemia and epilepsy), immune response (i.e. inflammatory conditions)
(Enyedi and Czirjak, 2010, Buckler et al., 2000), neurological diseases such as KCNK9 imprinting
syndrome (Barel et al., 2008, Veale et al., 2014) and many others. Due to the leak nature of TASK
channels expressed at the plasma membrane, alterations in expression at the cell surface directly
affects current density of the neuronal membrane and therefore function (Mathie et al., 2010).
Regardless of function, all integral membrane proteins must embark upon a pathway consisting of
biogenesis, assembly and membrane insertion, with quality assurance checks at every stage to ensure
that only correctly folded proteins will reach their destination. Whilst there are many genetic
polymorphisms present in transmembrane proteins that induce no obvious effect, there are as many

disease-causing genetic mutations which do alter trafficking properties.

2.1.1. Biogenesis

K* ion channel biogenesis and trafficking begins with transcription of the gene in the nucleus to
messenger ribonucleic acid (mRNA) that is exported into the cytosol where it forms a complex with
cytosolic ribosomes and transfer RNA (tRNA). Translation, directed by mRNA codon sequence, is
facilitated by the delivery of amino acids associated with tRNA. As the nascent peptide elongates it
enters a ribosomal tunnel approximately 100A in length and 10 - 20A in width, which is sufficiently
large enough to support formation of secondary structure. Upon completion of translation, the
ribosome-peptide complex is targeted to the endoplasmic reticulum (ER) via the inclusion of a
specialised signal recognition motif within a hydrophobic helical region of the Nt. The recognition
motif binds a signal recognition particle (SRP) which is in turn bound to the cytosolic side of the ER. In
K.3.1 of the potassium ion Shaker-family, it has been shown that multiple TM domains are involved in
the targeting process with the second segment (S2) acting as the SRP motif (Tu et al., 2000). This
process occurs in a matter of minutes and emphasises the importance of translational regulation and

protein topology in determination of traffic destination during even the early stages of synthesis.
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2.1.2 ER: Translocation, Folding, Assembly, Quality Control and Disease.

The ribosome-peptide complex binds specifically to a multi-protein complex termed, the translocon
(composed of the heterotrimeric Sec61 complex), which forms an aqueous pore. A hydrophobic motif
present within the Nt directs the nascent peptide through the pore so that it may cross the lipid bilayer
of the ER. Opening of the pore is initially governed by length of the peptide which in turn dictates
translocation and membrane integration of the protein. Whilst the protein continues to be translated,
the peptide simultaneously undergoes modification by translocon-associated proteins which cleave
the SRP motif and drive glycosylation and the addition of glycans to the Nt (N-glycans). Carrying out
the translation and translocation processes synchronously avoids premature folding and ensures the
safe delivery of the peptide into the ER lipid bilayer where ER machinery choreographs the folding
events that arranges transmembrane topology into the hydrophilic cytoplasmic and hydrophobic TM
domains (Deutsch, 2002). It is speculated that oligomerisation of proteins to form functional units
occurs at this stage. K. channels form functional tetramer units and have been observed to oligomerise
via coupling of two dimer units as opposed to sequentially as individual subunits (Tu and Deutsch,
1999). This occurs via a highly conserved tetramerisation domain within the Nt, although
oligomerisation is not restricted to this domain (Kosolapov and Deutsch, 2003). Studies involving
mutated K, channels in which this domain is missing still display oligomerisation but with considerably
lower efficiency. Alternately, other potassium channels contain oligomerisation domains within the Ct
(Schwappach, 2008) or in the case of TASK3, the M1P1 loop. At this stage within the ER lies the first of
many quality control sites along the secretory pathway which is tightly regulated by ER-associated
chaperones that identify unfolded or misfolded polypeptide chains and prevents anterograde
movement (Ellgaard et al., 1999). On the one hand, chaperone proteins like calnexin and calreticulin
lectins co-ordinate with thiol-dependent oxidoreductase ERp57 to dictate folding events occurring
within the lumen (Swanton and Bulleid, 2003, Rutishauser and Spiess, 2002, Ellgaard et al., 1999). On
the other hand, these proteins recognise and bind monoglucosylated intermediates of the N-glycans
attached to the peptide. The trimming of these glycans signals that the protein is ready to exit the ER
and begin transport to the Golgi apparatus for further modification. If the protein is incorrectly folded,
a glucose residue is reattached to the protein thus preventing exit from the ER (Aebi et al., 2010,
Appenzeller-Herzog and Hauri, 2006). TASK1 and TASK3 contain a conserved N-glycosylation site:
asparagine (Asn, N) residue at position 53 (N53) (Mant et al., 2013b). Channel glycosylation of this
residue in TASK1 is confirmed to be critical for cell surface expression and function. For TASK3
channels, glycosylation is not required for expression however it does have a negative impact on the
degree of membrane expression, displaying only a 40% reduction of a TASK3_Asn53 mutation at the

surface compared to the WT, whilst patch clamp analysis proved function to be indifferent (Mant et
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al., 2013b). This suggests that in absence of glycosylation, the rate of retrograde recycling of the

channel is increased.

2.1.2.1 ER Storage Diseases

Here occurs the first of many trafficking diseases occurring in the first ER compartment due to early
defects in biogenesis: ER storage diseases (ERSD) which all present with a similar phenotype caused
either by reduced expression at the plasma membrane or indirect toxicity caused by aggregates which
impair cell function and may lead to cell death (Cobbold et al., 2003). One example of an ERSD is the
retention of the chloride channel and cystic fibrosis transmembrane regulator (CTFR). A deletion
mutation of phenylalanine at position 508 [F508_Del] is observed in approximately 70% of all patients
diagnosed with cystic fibrosis (CF) and is characterised by the retention of the mutant protein in the
ER (Bertrand and Frizzell, 2003). Consequently, patients display with an accumulation of sticky mucus
within the lungs due to the reduced secretion of chloride ions from the epithelial cells. The chaperone
protein calnexin has been observed to interact with both WT and the CTFR (F508_Del) however, the
interaction with WT is only transient and is released from this interaction prior to ER exit. For CTFR
(F508_Del), calnexin remains bound to the mutant peptide and it is this association which is thought
to drive the mislocalisation of the protein in CF (Pind et al., 1994). Other ERSDs associated with
impaired ion channel trafficking include Long QT-2 syndrome following ER retention of potassium
HERG channels in which several mutations may result in irregular electrical cardiac impulses and
ventricular tachycardia (Ficker et al., 2000, Kupershmidt et al., 2002); another example would be a
deletion mutation [F1388 Del] (Cartier et al., 2001) within the sulfonylurea-1 (SUR-1) subunit of Karp
leading to ER retention and fatal hypoglycaemia in children diagnosed with congenital hyperinsulinism

(Meissner et al., 1999).

2.1.3 ER to the Golgi

Following departure from the ER lumen, newly modified proteins may associate with cytosolic
chaperones forming transient interactions to aid further modification and trafficking, preventing
misfolding during transport and retaining dysfunctional channels. These proteins are suspected to
work in competition, with binding of the 14-3-3 adaptor protein promoting forward traffic from the
ER to the plasma membrane, whilst binding of coatomer protein complex 1 (COPI) encourages
retrograde transport from the Golgi apparatus toward the ER for retention and degradation. These

proteins are critical in the transport of TASK channels with interaction observed in both native and
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recombinant forms (O'Kelly et al., 2002, Rajan et al., 2002, Coblitz et al., 2005, Zuzarte et al., 2009).
Mutational studies of TASK found that all seven isoforms of 14-3-3 (B, v, €, {, n, T, §) bound to TASK1
and TASK3 with 14-3-3B binding with highest affinity in a phosphorylation-dependent manner (O'Kelly
et al., 2002). 14-3-3 are more recently emerging as ‘switch proteins,” due to their dynamic ability to
induce conformational changes and restraints depending upon their target and are recognised in
many interactions, predominantly involving phosphoserine-containing motifs (Mackintosh, 2004).
There are currently three hypotheses surrounding 14-3-3 and COPI interactions and their involvement
in the regulation of TASK trafficking: “clamping,” “scaffolding” and “masking” (Mathie et al., 2010).
Originally, the clamping hypothesis was favoured (O'Kelly et al., 2002), but more recently, evidence

supports the masking mechanism of action (Zuzarte et al., 2009).

2.1.3.1 Anterograde Movement: The ‘Clamping’ Hypothesis

The clamping hypothesis describes a process by which 14-3-3 binding infers a conformational change
that prevents binding of COPI via inactivation of COPIl-interacting motifs. Indeed, initial experimental
data supported the inhibition of COPI binding through binding of 14-3-3 in a non-competitive nature.
Binding appeared to occur at separate dibasic sites on TASK1 in a ‘mutually exclusive’ manner with
COPI thought to bind at the TASK Nt [(M)KR] motif and 14-3-3 to the [RR(K/S)SV] motif at the Ct, see
Figure 15. It was also determined that, for 14-3-3 interaction to occur at TASK1 channels, a distal serine
residue must be phosphorylated. This discovery prompted the theory that COPI is constitutively bound
to the channel at the Nt dibasic motif that dictates retrograde transport from the Golgi to the ER for
retention in the absence of 14-3-3 binding. 14-3-3 interaction may then possibly induce the
dissociation of COPI by conformational change, inhibiting the ER retention motif and promoting
forward traffic to the plasma membrane (O'Kelly et al., 2002). This theory proposes an attractive

mechanism by which surface expression may be regulated dependent upon IC 14-3-3 concentration.

There are three recognised 14-3-3 binding motifs: Type I/ll which are dependent upon a proline
residue and may be localised anywhere within cytoplasmic domains and Type Il in which proline is
absent from the motif and may be found anywhere within the extreme Ct (Coblitz et al., 2005). As
seen in Figure 15, both TASK1 and TASK3 contain a type lll 14-3-3 binding motif [xRRKS*V]. WT and
truncated proteins involved in a yeast GST-pulldown assay determined that only channels that
interacted with 14-3-3 were present in the membrane whilst interaction with BCOP1 resulted in
reduced surface expression and the channels were observed to accumulate within the ER (O'Kelly et

al., 2002).
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Figure 15 Schematic displaying the masking theory of channel translocation from ER to membrane.

A) Binding of 14-3-3 to the RRKSV motif prevents COPI binding to the KRR retention motif promoting
forward translocation. B) Binding of COPI to xKRRx retention motif prevents 14-3-3 binding and the
channel is retained within Golgi/ER thus promoting retrograde translocation.

2.1.3.1 Anterograde Movement: The ‘Masking’ Hypothesis

Evidence in support of the masking theory shows 14-3-3 binding [xRRKS*V] masks tribasic [xKRR]
retention motif (Figure 15) in a way that differs functionally from the classical canonical arginine-based
[RxR] and lysine-based [KKxx] retention sorting signals and present as a novel retention motif. More
recently, Zuzarte et al. (2009) confirmed 14-3-3 binding may occur at the Ct motif of both TASK1 and
TASK3. The data acquired indicates the Nt retention signal functions independently of 14-3-3 binding.
Rather than 14-3-3 binding to the Ct as a prerequisite to forward transportation to the membrane,
they suggest that either COPI or 14-3-3 binding at the Ct retention motif is a dominant interaction and
so the Nt is not involved in COPI binding and retention, thus discounting the clamping theory (Zuzarte
et al., 2009). Such a mechanism is not novel and closely resembles that of the GABA:receptor in which
forward trafficking is mediated by competitive binding of COPI and 14-3-3 as opposed to regulation
by conformational change (Brock et al., 2005). It was found that through disabling the 14-3-3 motif
and exposing the [xKRRx] motif, retrograde translocation was upregulated as observed by an
accumulation of GFP-tagged channels within the Golgi network (Zuzarte et al., 2009). TASK1 ability to
bind with 14-3-3 had been previously demonstrated in co-immunoprecipitation investigations in
which 14-3-3 ability to bind was lost upon mutation of the Ct phosphoserine (Shikano et al., 2005). It
was observed that TASK1 and TASK3 mutants that could still bind 14-3-3 and displayed increased
surface expression when compared to those that could not. It was therefore hypothesised that COPI
binding and the predicted reduction in surface channel number would be directly proportional to the
reduction in potassium current amplitude and vice versa in absence of the conserved [xKRR] motif.
Indeed, in channels in which the final 5 amino acids (including the KRR motif) was removed (ACs),

current amplitude was 33.3+3% less compared to WT; alternately, when only the extreme valine of
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the Ct (TASK1/TASK3), was removed and the retention motif retained (AC.), current amplitude was

only 5.910.3% less than that of WT channels (Zuzarte et al., 2009).

GST-pull down assays have confirmed COPI interaction occurs at the Ct with AC. mutants whilst no
interaction was observed with AGC;. In live-cell imaging investigations, 24 hours following transfection,
WT-TASK3 is mostly localised at the cell membrane with partial co-localisation with BCOPI in the
juxtanuclear Golgi region. There appeared to be no AC. membrane localisation as the channel
appeared to co-localise almost exclusively with BCOPI in the juxtanuclear region and some partial
localisation within the Golgi and IC COPI-coated vesicles thus supporting the notion of COPI mediated
Golgi retrieval and ER retention (Zuzarte et al., 2009). Following confirmation of TASK3 AC; localisation
within the Golgi network, cells were incubated with the drug, Brefeldin A. Brefeldin A prevents protein
transport via inhibition of guanine-nucleotide exchange factor which in turn prevents the GTP-binding
ADP-ribosylation factor 1 (ARF1) from associating with the Golgi membrane. BCOPI requires ARF1
association in order to form a vesicular coat (Helms and Rothman, 1992). Following this treatment,
TASK3 AC. mutants appeared to disperse to the ER. Lack of active ARF1 protein, subsequent vesicle
formation and SNARE build-up results in the collapse of the Golgi into the ER causing stress and
eventual apoptosis (Nebenfiihr et al., 2002). Therefore, apparent dispersion of TASK3 AC.throughout
the ER in presence of Brefeldin A otherwise confirms the transport of channels from the Golgi to the
ER via BCOPI-coated vesicles. Interestingly, TASK3 ACs mutants were observed to localise in large,
vesicular/tubular structures throughout the cell (Zuzarte et al., 2009). This is likely to be aggregated
protein that cannot be scavenged by COPI since it is lacking the retention motif and is instead directed
to a degradative pathway. It should be noted that the mediation of TASK trafficking to the membrane
is not exclusive to the [xKRRx] and [xRRK[S/K]SV] binding motif. Further motifs such as the conserved
di-acidic [EDE] motif at the proximal Ct (Figure 16) (Zuzarte et al., 2007) have been identified to
participate in ER-export and promote trafficking to the membrane in the case of TASK3 via interaction
with COPII complexes. Mutations of the EDE motif resulted in a significantly reduced current density
indicative of limited surface expression in comparison to WT TASK3 (Zuzarte et al., 2007). Whilst
apparent that this motif certainly has a role in the efficiency of forward trafficking, interaction with
the EDE motif is not able to overcome those occurring at the extreme Ct. Considering these
investigations, regulation at post-translational levels is crucial to plasma membrane channel
expression and is directly proportional to current amplitude of neuronal cells and level of excitability.
Whilst knowledge of membrane insertion itself is poor, surface expression appears to be
predominantly mediated via retention/promotion of ER trafficking via the Golgi complex through

interaction of specialised ER export motifs and COPI/Il mediated vesicles.
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2.1.4 Transport through the Golgi Network to the Plasma Membrane

Once the protein reaches the Golgi, it must navigate through the cis-, medial-, and trans-Golgi
cisternae and the tubulo-vesicular trans-Golgi network (TGN) (Cobbold et al., 2003) where the
glycosylation processes and other modifications are completed and the protein matures. Within the
TGN, proteins are sorted based upon their ultimate residence (Steele et al., 2007). Plasma membrane
proteins are concentrated into clathrin-coated vesicles prior to Golgi export before SNARE-mediated
fusion conducts insertion into the membrane — a process which is well documented in Ky 1.1 and Ky2.1
for example (Steele et al., 2007, Mathie et al., 2010). Whilst the exact mechanics of this process remain
unknown, it is suspected that upon interaction of the exocytotic vesicle with the membrane-bound
SNARE protein leads the deformation of membrane, disturbing the hydrophobic/hydrophilic
interactions and allowing the direct insertion of the protein (Jahn and Scheller, 2006, Steele et al.,
2007). Defective post-Golgi trafficking is becoming increasingly apparent following association with
human diseases such as Hermansky-Pudlak syndrome. In such conditions, it is not the protein itself
that’s dysfunctional, rather a mutation within an adaptor protein (i.e. AP-3) which causes defects in

membrane localisation (Starcevic et al., 2002).

47



2.1.5 Endocytosis: Recycle, Redistribute, Remove
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Figure 16 Pathways involved in TASK1 and TASK3 endocytosis.

Both TASK3 and TASK1 can utilise the CME mechanism of internalisation. In the CME pathway,
Adaptor proteins 1-4 (not exclusive) and clathrin-associated sorting proteins (CLASPs) gather proteins
into clathrin-coated pits that are internally excised from the membrane by dynamin GTPase allowing
the vesicle to be sorted into relevant endosomes for recycling or degradation (green-dashed
line).TASK1 may also undergo endocytosis through the CIE pathway, where the cargo may either be
delivered to early endosomes prior to transport to lysosomes or the trans-Golgi network or, it may be
targeted to ARF6* recycling endosomes and return directly to the cell surface or back to the early
endosome and into the endocytic pathway.
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The process of endocytosis is now understood to be a crucial component in the control of cell surface
expression of membrane proteins in response to environmental triggers or internal stimulation
(O’Kelly, 2015). Such a process is tightly regulated by the presence of discrete structural features and
sorting motifs within the Ct which allow channel binding partners to direct proteins into the correct
pathway (O’Kelly, 2015). Despite the high degree of similarity both in homology, regulation (Bittner et
al., 2010b, Duprat et al., 1997, Kim et al., 2000, Rajan et al., 2000) and forward processing (Czirjak
and Enyedi, 2002, Girard et al., 2002, Mant et al., 2013b, O'Kelly and Goldstein, 2008, O'Kelly et al.,
2002, Rajan et al., 2002, Renigunta et al., 2006, Zuzarte et al., 2009), the endocytic processes of TASK1
and TASK3 diverge significantly (O’Kelly, 2015) with TASK1 shown to utilise both the clathrin-mediated
endocytic (CME) and clathrin-independent endocytic (CIE) pathways. TASK3 on the other hand has
only been associated with CME (Figure 16) (Mant et al., 2013a, Renigunta et al., 2014). This is likely
because the sorting processes depends on motifs within the Ct of which TASK1 and TASK3 only share

34% sequence homology (Rajan et al., 2000).

Table 5 Putative motifs identified in TASK1 and TASK3 channels that are considered necessary for
endocytosis

The number represents the position of the critical (bold) or first residue within motif. N/A represents
the absence of sequence. Table adapted from (O’Kelly, 2015).

Channel YXX¢ DEXXXL[L/1] Short Acidic Cluster
TASK1 Yi3sLLH EHRALeL E2s2DEKRD

Y300AEV

Y3,23SIP

Y353SDT
TASK3 N/A N/A E>s;,DERRDAEE

As shown in Figure 16, the CME pathway relies upon the work of adaptor proteins (AP, most likely 1-
4 but this is not exclusive) and clathrin-associated sorting proteins (CLASPs) to cluster channels on the
surface plasma membrane into clathrin-coated vesicles prior to fission (O’Kelly, 2015). Recruitment
of AP and CLASPS in the CME pathway depends upon sorting motifs within the cytosolic Ct of the
channels (see Table 5) (Bonifacino and Traub, 2003). For example, the AP-2 protein requires the
presence of either a tyrosine motif (YXXd: X represents a variable; ¢ is a hydrophobic residue) or a di-
leucine motif (DEXXXL[L/I]) (Bonifacino and Traub, 2003) for recruitment to the vesicle which is
subsequently targeted for lysosomal degradation. In absence of these, TASK3 may still be endocytosed
through the CME pathway following recognition of a short acidic cluster (252-EDERRDAEE) (see Table
5) by ADP-ribosylation factor 1 (ARF1) protein. ARF1 localises endocytic cargo to the trans-Golgi

network (TGN) and drives AP1 recruitment at the membrane (Doray et al., 2012, Nakai et al., 2013).
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The CIE pathways, however, consist of multiple pathways which are considerably less defined with
only a few motifs associated with a single pathway. The CIE pathways are broadly categorised into
groups based upon their general regulators: ARF6, Cdc42/ARF1 and Rho A, although it is unclear how
many CIE pathways exist (O’Kelly, 2015). In unprovoked conditions, both TASK1 and TASK3 have been
observed to localise within early Rab5* endosomes however, a >50% increase in vesicles containing
TASK3 compared to TASK1 (Mant et al., 2013a) was observed suggesting that TASK3 is either more
readily endocytosed or that it remains in the endocytic pathway for longer. As shown in Figure 16,
both channels are able to interact with clathrin in the CME pathway but application of dynasore, a
dynamin GTPase inhibitor which prevents the cleavage of the clathrin pits, saw the number of
endocytosed vesicles positive for both clathrin and channels reduced by over half but endocytosis was
not abolished (Mant et al., 2013a, Renigunta et al., 2014). This hints at an alternative pathway being
utilised either in the absence of, or in conjunction with, the CME pathway. This observation is
supported by further studies, in which TASK3 was commonly found in fractionation samples alongside
the transferrin receptor, a recognised cargo of the CME pathway. Whilst TASK1 channels were also
present in these fractions, they were equally present in fractions containing flotillin, a cargo of the CIE.
Eventually the pathways must converge as TASK1 and TASK3 may both be found in the recycling
Rab11* and degradative Lamp1* pathways (O’Kelly, 2015).

Dysregulation of endocytosis has been implicated in several very prominent human diseases.
Abnormal endocytosis occurring through the CME pathway is situated at the pathophysiological core
of Alzheimer’s disease (Wu and Yao, 2009). The accumulation of the amyloid- (AB) peptide is now a
recognised hallmark of this neurological degenerative disease. AP is the product of the processing of
type 1 membrane glycoprotein, amyloid precursor protein (APP), which under normal physiological
conditions plays many roles in the development and function of the neuron (Mattson, 1997, Young-
Pearse et al., 2007). Following CME, APP may either undergo non-amyloidogenic processing (by a and
y secretases) or amyloidogenic processing (by P secretase) producing the infamous AR peptide
(Mattson, 1997, Thinakaran and Koo, 2008). As it is the endocytic sorting process which ultimately
determines which of pathways APP goes through (Nordstedt et al., 1993, Vassar et al., 1999, Lah and
Levey, 2000) and that amyloidogenic processing occurs within the endosome (Koo and Squazzo, 1994),

it is clear that the process of endocytosis makes a very significant contribution to disease pathology.
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2.2 Objective

The objective of these experiments was to identify if there were any differences in the trafficking of
WT-TASK3 channels and the TASK3_G236R mutation implicated in KCNK9 Imprinting Syndrome (Barel
et al., 2008) to the plasma membrane using confocal microscopy that would account for the reduced
current and function, observed for this variant in electrophysiological experiments. In addition, two
novel TASK3 Y205 patient mutations (Y205C and truncated Y205A) with clinical symptoms similar to
the original G236R variant, were also investigated. Expression of these channels in the endoplasmic

reticulum and mitochondria was also explored.

In addition to this, confocal imaging and protein quantification was used to determine whether novel
TASK1 disease causing mutations: TASK1-G106R and TASK1-L214R are trafficked to the cell membrane
as efficiently as WT-TASK1, following the discovery of decreased TASK1 expression in PASMCs of
patients diagnosed with PAH and reduced current observed in patch clamp electrophysiology

experiments using heterologous expression systems (Cunningham et al., 2019).
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2.3 Methods

2.3.1 Molecular biology

Human wild-type (WT) TASK1 and TASK3 cDNA was originally cloned into pcDNA3.1 vector (Invitrogen,
Carlsbad, CA, USA). WT sequence was cut from this vector and cloned into the multiple cloning site
(MCS) of pAcGFP1-N1 vector (Clontech-Takara Bio Europe, Saint-Germain-en-Laye, France) to create
a fusion construct with the Nt of pAcGFP1. Terminating stop codons were removed by site-directed
mutagenesis using a QuikChange site-directed mutagenesis kit and procedure (Stratagene, La Jolla,
CA) and maintained within the same reading frame with the start codon of pAcGFP1. Constructs were
fully sequenced to ensure correct sequence incorporation (Eurofins MWG Operon, Huntsville, AL,
USA). Point mutations were introduced into both pcDNA3.1 and pAcGFP1-N1 encoding TASK1 and
TASK3 cDNA by site-directed mutagenesis. A pair of complementary oligonucleotide primers (25-35
bases) incorporating the intended mutation (either G236R, Y205C, Y205A, G106R or L214R) were
synthesised (Eurofins MWG Operon, Ebersberg, Germany). All constructs were fully sequenced to
ensure correct mutation incorporation. For in-cell and on-cell western assays, the TASK1 channel was

tagged with hemagglutinin (HA) on the M1P1 loop between Alanine 50 (A50) and Arginine 51 (A51).

2.3.2 Cell Culture

TsA201 cells, modified human embryonic kidney 293 cells which are stably transfected with the SV40
larger T antigen (ECACC; Sigma Aldrich, Missouri, USA), were grown as a monolayer in a tissue culture
flask. The cells were maintained in Dulbecco Minimum Essential Medium (DMEM) constituted with
88% minimum essential media with Earle’s salts, 2mM L-glutamine, 10% heat-inactivated foetal
bovine serum, 1% penicillin (10,000 units mL?) and streptomycin (10mg/mL?), and 1% non-essential
amino acids (Sigma-Aldrich, Missouri, USA; Pan Biotech, Aidenbach, Germany; Fisher Scientific,
Pittsburgh, PA, USA). Cells were incubated at 37°C in a humidified atmosphere of 95% air and 5% CO,.
Upon reaching 80 — 90% confluency, cells were split and resuspended in a four-well plate containing
glass coverslips (13 mm diameter) coated with Poly-D-Lysine (1Img/mL?) at a density of 7 x 10 cells in

0.5 mL of media. Cells were incubated at 37°C in a humidified atmosphere of 95% air and 5% CO..

52



2.3.3 Transfection

Following 24 — 48 hours incubation, cells were transfected using TurboFect transfection reagent
(Thermofisher, Loughborough, UK) upon reaching approximately 90% confluency. Briefly, 0.5 ug of
the pAcGFP-N1 vector encoding the relevant cDNA was diluted in 100 pl serum-free DMEM prior to
the addition of 1.5 pl of the transfection reagent. The DNA mixture was vortexed immediately and
then incubated at RT for 20 minutes. Following incubation, 100 pl was added to the appropriately
labelled well of the plate and incubated for 24 hours at 37°C in a humidified atmosphere of 95% air

and 5% CO..

2.3.4 Cell Membrane Staining

A fresh 1X working solution of Cell Mask Deep Red (Thermofisher Scientific, Loughborough, UK)
plasma membrane stain was prepared in pre-warmed 1X PBS (1:1000) from a concentrated stock
solution prior to use. Transfected cells were washed 3 times with 1X PBS and submerged in 1 mL of
the prepared staining solution for 10 minutes (37°C/5% CQO.). The staining solution was removed and

the coverslips washed 3X in PBS ready for fixation.

2.3.5 Mitochondria Staining

A 1 mM stock solution of MitoTracker® was prepared by dissolving the lyophilized product in
anhydrous dimethylsulfoxide (DMSO). Serum-fee DMEM was pre-warmed in a water bath set at 37 °C.
The 1 mM stock solution was diluted to a working concentration of 400 nM in serum-free DMEM. The
media on the cells was removed and replaced with the media containing the staining solution. Cells
were incubated for 45 minutes at 37°C/95% air/5% CO,. After staining, cells were washed in pre-

warmed PBS, fixed and mounted as described below (2.3.7 - 2.3.9).

2.3.6 Endoplasmic Reticulum Staining

The endoplasmic reticulum was stained using the CytoPainter ER kit (red fluorescence) by
abcam®(Cambridge, UK). Cells were washed in the 1X assay buffer (diluted in ddH,0) from the 10X
buffer provided by the kit. The buffer covering the cells were removed and they were fixed as
described below. After fixation, the cells were rinsed 3 times in the 1X assay buffer. Enough dual

detection reagent for number of samples was prepared. For every 1mL of 1X assay buffer, 1 pl of red
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detection agent and 1 pl of Hoechst 33342 nuclear stain was added. Enough volume of the dual
detection agent was added to cover the cells. Cells were then incubated for 25 minutes at 37°C/95%
air/5% CO,. Following incubation, the cells were washed 3 times in 1X assay buffer and mounted as

described below.

2.3.7 Cell Fixation

All PBS from the previous washing step was removed and the cells were fixed in 1 mL of 2%
paraformaldehyde (PFA) solution and incubated at RT for a maximum of 20 minutes in the dark to

protect from exposure. Following incubation, cells were immediately washed 3 times with 1X PBS.

2.3.8 Nuclei Staining

To stain the nucleus, 500 pl of freshly prepared Hoechst 33258 (1:500 dilution in PBS; Sigma Aldrich (
Missouri, USA) was added to each well and was incubated at 37°C for 10 minutes. Cells were washed

3 times with 1X PBS following incubation to remove traces of stain.

2.3.9 Mounting

Glass slides (Thermofisher Scientific, Loughborough, UK) were washed with pure ethanol and allowed
to dry. Coverslips were mounted face down onto the slides containing a droplet of Vectashield anti-

fade mounting medium (Vector Laboratories, Peterborough, UK).

2.3.10 Confocal Microscopy

Images were obtained using the Zeiss™ Laser Scanning 880 (Carl Zeiss, Jena, Germany) confocal
microscope using an oil 63x 1.4 NA objective lens. This unit contains a Diode (405nm) laser, an Argon
(458, 488, 514nm) laser, a Diode-Pumped Solid State (DPSS)(561nm) laser and a Helium-Neon (He-Ne)
(633nm) laser. The experimental workflow and acquisition settings used consistently throughout all
the experiments are displayed in Figure 17. Depending on the fluorophore being visualised, the laser
used was selected based upon the individual excitation/emission spectra, see Table 6. Zeiss Efficient

Navigation (ZEN) (Version: Black) was used for projections (XY).
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Table 6 Fluorescent properties of the fluorophores and the Zeiss LSM 880 laser lines/filter sets used.

Fluorophore Laser line Excitation/Emission | Filter Set
(Ex/Em)

Green-fluorescent protein (GFP) Argon (488 nm) | 495/519 eGFP

Hoechst-33258 (Nuclear) Diode (405 nm) | 354/461 Hoechst-33258

Cell Mask Red™ (Plasma Membrane) | He-Ne (633 nm) | 650/655 Cy5

MitoTracker™ (Mitochondria) DPSS (561 nm) 579/599 Texas Red

CytoPainter™ (ER) DPSS (561 nm) 570/670 Rhodamine
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| Switch on Zeiss LSM880 equipment. Load Zen Black software & warm up lasers |

h 4
| Configure experiment & apply following acquisition settings: |

Configuration

Quality Best Signal

Scan Mode Frame (Unidirectional)
Frame Size (X*Y) 764 x 764

Line Step 1

Speed Setting 5

Averaging (Mean) X8 (Line Mode)

Image Bit Depth 12-Bit

Zoom X2

Pin holes 1 Airy Unit

i

Select 63x oil objective lens with 1.4 numerical aperture

| Place a drop of oil onto slide & arrange face-down on the slide. Adjust stage as necessary |

| Using the fluorescent microscope setting, select a channel & find region of interest |

In acquisition, enter ‘live mode” & individually adjust field of focus (Z) & gain settings as
necessary for each channel

Stop live view & take ‘snap shot’ image. For collected image set cross-hair thresholds
according to single-stain controls

Figure 17 Experimental set up and standard workflow of image collection using the Zeiss LSM880

confocal microscope

56



For colocalization analysis, care was taken to avoid detector saturation and crosstalk between
channels. Crosshair thresholds were applied within the Zen Black software (Zeiss), prior to any image
editing. To accurately set the cross hairs, regions of interest (ROI) were drawn around single label
controls (i.e GFP or CellMask (CMR) alone) to prevent artificial inflation, which were prepared and
imaged under the same settings as the double-labelled samples (i.e. TASK3_GFP and CMR). The single
labelled samples were still scanned for in two channels (i.e. for the GFP only sample, the CMR channel
will also be imaged). Examination of the pixel distribution of the GFP-only scatter plot allowed the
setting of the horizontal crosshair just above any background signal and the value was noted. This was
repeated in the red channels (i.e. for CMR, MitoTracker and CytoPainter) in order to set the vertical
crosshair. The co-ordinates collected from the controls were then applied to all the double-labelled
samples collected on that day. By setting these crosshairs, any colocalised pixels are the direct result
of significant intensity levels of both labels and not due to any slight changes in sample preparation
and image collection. It is important to note that the double-labelled experiments were carried out
first to remove potential bias of the user. Following extraction of data from the raw images, simple

image editing was carried out using Adobe Photo Shop.

2.3.11 Statistical Analyses for Confocal Microscopy

Whilst superposition of fluorescent images is the most common method for evaluating co-localisation,
the results of such experiments are often ambiguous and so the Pearson’s correlation coefficient (PCC)

was used as the statistic for quantifying colocalization in this study. The PCC formula is defined as:

(R —R) x (G; — G)

PCC = — =
VIR — R)2 x 3;(G; — G)?

Where R; and G; represent individual pixel intensity values of red and green channels respectively,
whilst R and G refer to the mean intensities of red and green fluorescence across the entire image.
The correlation ‘R’ value is measured from -1 to +1, with +1 representing perfect colocalization and -
1 is perfectly uncorrelated. A value of 0 is considered random or an absence of relationship. All data
was analysed using GraphPad Prism 7 software (GraphPad Software Inc., CA, USA). Values are
expressed as mean * standard error of the mean (SEM). For imaging data, n = number of cells. A
minimum of 3 cells were imaged per slide, over a minimum of 3 passages. An unpaired student’s t-
test was used to determine statistical significance between two different groups of transfected cells.
When comparing three or more groups, a one-way ANOVA test followed by an adhoc Tukey’s multiple

comparison was carried out. Statistical significance was defined as a probability value of P < 0.05.
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2.3.12 In-Cell/On-cell Assay

TsA201 cells were cultured at a density of 2 x 10* cells/well per 100 ul of DMEM media in poly-D-lysine
coated 96-well TC plates and incubated for 24 hours (37°C/95% air/5% CO,). At 80% confluency, cells
were transfected as per the Turbofect protocol described previously with concentrations scaled to suit
the 96-well arrangement. The cells were transfected with 200 ng of DNA and 0.4 ul of Turbofect prior
to incubation overnight (37°C/95% air/5% CO.). To establish membrane surface expression, this assay
utilised a HA-tag positioned on the extracellular M1P1 loop, between alanine 50 (A50) and arginine
51 (R51), which is accessible to antibody detection. The following morning, the media on the plate
was removed and the cells were immediately fixed with 40 pl PFA (2%) for 20 minutes at room
temperature (RT) with no rocking. After fixation, the cells were washed once with 1X PBS. For
membrane expression, cells were washed with 40 pul of 0.1% Tween-20 (TBST) solution. For whole cell
expression, the cells were permeabilised with 40 pul of a 0.1% Triton-X-100 solution. Each wash lasted
a duration of 5 minutes on a rocking table and this was repeated a total of 5 times. After the last wash,
the plate was blocked in a 2.5% non-fat milk blocking solution in 1X TBST at RT for approximately 1
hour to prevent non-specific binding. The blocking buffer was removed, and the cells loaded with 40
ul of the primary monoclonal (mouse) anti-HA antibody which was prepared at a concentration of 1
pug/mL in the 2.5% milk blocking buffer and incubated for 2 hours at RT on a rocking table. Next, the
antibody solution was removed, and the wells were washed 5 times for 5 minutes in TBST and patted
dry between each wash. The final wash step was then removed and the cells covered in a dual
detection of 2.5% milk blocking solution containing secondary goat anti-mouse IRDye (800CW green,
Licor, NE, USA) at a concentration of 1:1000 and the DRAQ5 DNA dye which is provided as a 5mM
solution and diluted to 1:10°000. After incubating for 1 hour at RT in the dark, the cells underwent a
final wash cycle of 5 times of 5 minutes in TBST and the plate was patted until completely dry prior to
imaging. The plate was imaged on a LI-COR plate reader at 700nm and 800nm (169 nm resolution, 7
sensitivity and 3.2 mm offset). Integrated intensity values were recorded and analysed. Statistical

analyses carried out as described in 2.3.11.
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2.4 Results

2.4.1 The G236R mutation displays reduced current at the membrane compared to WT
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Figure 18 Electrophysiological profile of TASK3 and TASK3_G236R

[A] Example “step-ramp” voltage protocol (cells are hyperpolarised from a holding voltage of -60 mV
to -80 mV for 100 miliseconds (ms) then stepped to -40 mV for 500 ms. For the ramp, cells were then
stepped to -120 mV for 100 ms, followed by a 500 ms voltage ramp to +20 mV and a step back to -80
mV for another 100 ms, before being returned to the holding voltage of -60 mV. This protocol was
composed of sweeps that lasted 1.5 seconds (including sampling at the holding voltage) and was
repeated once every 5 seconds). [B] Trace of an untransfected tsA201 cell displaying no endogenous
currents between the -80mV to -40mV voltage range to be analysed. [C] Exemplar trace for WT TASK3
channel in control conditions using the step-ramp voltage protocol. Inset: current-voltage graph in
control conditions. [D] Trace for TASK3_G236R channel in control conditions exposed to the step-ramp
voltage protocol. Inset: current-voltage graph in control conditions. [E] A histogram comparing current
densities (pA/pF) of WT-TASK3 and TASK3_G236R measured as the difference current between -80 and
-40 mV in normal (2.5 mM potassium) external. Error bars represent (SEM) and * statistical
significance (P<0.001). Work carried out by Dr E L Veale (see: (Veale, et al., 2014)).
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In a paper released by our lab group (Veale et al., 2014) it was discovered that following transient
transfection in tsA201 cells, whole-cell patch-clamp electrophysiological techniques recorded a
significantly reduced outward current density (P<0.001) in cells expressing the TASK3_G236R
mutation compared to the WT. Figure 18E displays the 85% reduction in outward current density
from 66 + 3 pA/pF (n = 56 cells) for WT_TASK3 to 10 * 1 pA/pF (n = 17 cells) in TASK3_G236R when
measured between —40 mV and —80 mV (see Materials and Methods: Whole-cell Patch-Clamp
Electrophysiology (Veale et al., 2014)). It was also noted that unlike WT_TASK3 which is typically
outwardly rectifying (Figure 18C), the TASK3_G236R mutant displays altered function and becomes

predominantly inwardly rectifying when measured at currents between —40 mV and —80 mV (Figure

18D).

Following this observation, this study aimed to investigate whether this difference in current density
arises from altered expression of the mutant channel at the membrane due to trafficking issues, using
confocal microscopy. For confocal microscopy, the channels were Ct tagged with green fluorescent
protein (GFP) (ex/em: 488/507nm). It is necessary to note that similar electrophysiological findings
observed in Figure 18, were obtained from the WT and G236R GFP-labelled constructs. The plasma
cell membrane was viewed with the application of a plasma membrane-specific stain: CellMask™ Deep
Red (ex/em: 649/666 nm) and nuclei were stained blue (ex/em: 352/461 nm). To initially assess the
degree of colocalization, the red and green channels may be scanned separately and overlapped giving
in a yellow appearance in the event of colocalization. To quantify this, the ‘Pearson’s Correlation
Coefficient’ (PCC) statistical analysis was employed on a drawn ROI to quantify the degree of overlap,

’

where ‘N’ represents number of cells (minimum of 9 cells, from 3 plates made from 3 different

cultures). For each set of experiments an example of the single-labelled control samples are included.

In Figure 19, image sets [Ai-iii] and [Bi-iii] display examples of the single-label control samples of CMR
and GFP respectively, employed throughout the plasma membrane localisation experiments. [Ci-iii]
confirms that GFP alone does not localise at the membrane by lack of yellow signal in [Ciii], confirming
that any colocalising effect observed in the channel studies are a direct result of the channel and not
the GFP it is attached to. Images [Di-Diii] confirm that in the presence of CMR stain [Ei-iii] expression
of the WT-TASK3_GFP is unaffected. As expected, WT-TASK3_GFP is seen to be expressed at the
membrane with both red and green fluorescence exhibiting similar profiles in [Ei] and [Eii]
respectively. The overlap image in [Eiii] confirms the colocalization of the channel by presence of the
yellow signal. Despite this, a degree of intracellular localisation of WT-TASK3_GFP is still made

apparent as observed by the remaining green presence in [Eiii] alongside the yellow signal.
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Figure 19 A photomicrograph displaying the plasma membrane localisation of GFP-labelled TASK3.

Confocal images [Ai-iii] represent a single-stain control image consisting of membrane stained,
untransfected tsA201 cells. [Ai] Displays the red stained plasma membrane; [Aii] no green
autofluorescence and [Aiii] is the overlap of [Ai] and [Aii]. Nuclei are blue. [Bi-iii] represent a single-stain
control image consisting of tsA201 cells transfected with GFP only. [Bi] No red autofluorescence; [Bii]
green GFP fluorescence and [Biii] an overlap of [Bi] and [Bii]. [Ci-iii] Confocal images of tsA201 cells with
the red plasma membrane stain [Ci] and transiently transfected with GFP [Cii]; the overlay of [Ci] and
[Cii] in [Ciii] show that GFP does not localise with the plasma membrane and that any yellow
colocalization signal observed in the following images is a function of the associated channel trafficking
and not GFP. Images [Di-iii] Show the unstained [Di] WT-TASK3_GFP [Dii] and the overlap [Diii]. Set [Ei-
iii] Display the localisation of WT-TASK3_GFP at the plasma membrane. [Ei] the red stained plasma
membrane; [Eii] transiently transfected WT-TASK3_GFP and [Eiii] an overlay of images [Ei] and [Eii]
resulting in a yellow signal indicative of channel colocalisation at the plasma membrane. All scale bars
are calibrated to 5 uM.
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For the TASK3_G236R_GFP however, Figure 20 [Biii], by qualitative assessment it would appear that
there is less expression of the mutant at the plasma membrane due to the reduced degree of yellow
signal in the overlap image. Indeed, WT-TASK3_GFP PCC (+ SEM) displayed a moderately strong,
positive linear correlation of 0.55 + 0.02 (n= 25 cells, 95% confidence interval (Cl): 0.50 — 0.60).
Conversely, TASK3_G236R displayed a reduction in linearity despite the apparent yellow signal in
Fig[Diii], obtaining a PCC value of 0.40 + 0.04 (n = 25 cells, 95% Cl: 0.32 — 0.48), denoting a weaker

correlation (Figure 21[A]). Using an unpaired student’s t-test, a significant reduction (P<0.001) of

TASK3_G236R expression at the cell plasma membrane was confirmed, when compared to WT.

||i||||||||||||||||||||||| |||||||||||||||||||||||||| |I!|||||||||||||||||||||||

TASK3_G236R_GFP

_GFP (CMR)

TASK3_G236R_GFP

Figure 20 A photomicrograph investigating differences in plasma membrane localisation of GFP
labelled TASK3 and the TASK3_G236R mutation

Confocal images [Ai-iii] represent unstained tsA201 cells transfected with TASK3_G236R_GFP. Nuclei
are blue. [Bi-iii] Display the localisation of TASK3_G236R_GFP at the plasma membrane. [Bi] the red
stained plasma membrane; [Bii] transiently transfected TASK3_G236R_GFP and [Biii] an overlay of
images [Bi] and [Bii] resulting in a yellow signal indicative of channel colocalisation at the plasma
membrane. On initial qualitative assessment there appears to be less yellow overlap signal compared
to [Biii]. All scale bars are calibrated to 5 uM.
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Figure 21 Comparison of two methods used to quantify the degree of colocalization between
fluorophores. [A] Pearson’s Correlation Coefficient (PCC) and [B] Mander’s Overlap Coefficient
(MOCQ)

Mathematically very similar, MOC uses absolute pixel intensities whilst PCC uses the deviation from the
mean. PCC measures colocalization from -1 to +1 in which +1 represents perfect colocalization, -1 is
perfect inverse (or no) colocalization and 0 is random localisation. MOC is measured 0 to +1. Error bars
represent standard error of the mean (SEM).

Presently, there are many different methods available to quantify biological colocalisation
experiments. Whilst PCC analysis appears to be the most used in literature, the Mander’s overlap
coefficients (MOC) were also considered for the quantification of colocalization since they are both

mathematically similar and may be defined as:

£(Ch1,)(Ch2))
(Z(Ch1)%(Ch2y)?)

This equation was developed to dismiss the possibility of obtaining a negative value in colocalization
studies which were considered hard to interpret. MOC uses the absolute pixel intensity (i) and is
measured on a scale of 0 to 1, in which 1 represents perfect colocalization. Whilst both analytical
methods are mathematically very similar and are independent of changes in gain, the MOC is sensitive
to changes in offset and may be falsely inflated, whilst PCC remains unchanged in the event of signal
shifts. The effect of this may potentially be seen in the increased significance observed following MOC
analysis in Figure 21 [B]. The term ‘colocalisation’ is often used loosely however, it may be defined
either as co-occurrence or correlation based upon the chosen method of analysis. Correlation focuses

upon the extent of the relationship between signal (i.e. a pixel with high intensity level in channel 1 is
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likely to have a high intensity in channel 2; whilst low correlation could be a pixel that has high intensity
in channel 1 but is likely to have low intensity in channel 2); co-occurrence considers the fraction of
overlap from a spatial point of view. Whilst it may seem relevant to apply the MOC to these
experiments, the MOC complicatedly combines both correlation and co-occurrence which typically
overlooks low intensity interactions by favouring those that are high intensity and ignores ‘blank’
pixels, whilst PCC only measures correlation. For these reasons amongst others, PCC is considered
more relevant, accurate, and reliable. For the purpose of this study, PCC was measured for individual

cells on which a ROl was drawn to prevent the under representation of correlation.
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2.4.2 Non-functional TASK3 variants: Y205C and Y205A traffic to the plasma membrane as

efficiently as WT-TASK3 GFP
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Figure 22 Comparison of current density (pA/pF) of WT TASK3 and Y205C variant.

Panel [A] a comparison of current density between WT TASK3, TASK3 mutant channel Y205C and GFP-
only. The average whole-cell current of the Y205C mutation measured as a difference between that
seen at -40 mV and -80 mV. Panel [B] is a comparison of zero current potentials (Vrey) observed at 0
mV in a physiological extracellular solution containing 2.5 mM [K*], for WT TASK3, Y205C and GFP-only
transfected cells. Panel [C] is averaged raw data traces (n=6) from human wildtype (WT) TASK3 channel
(black line) and TASK3_Y205C (n=16) (blue line), when transiently expressed in tsA201 cells, using a
step-ramp voltage protocol. Panel [D] is averaged currents (as for [C]) recorded through TASK3_WT
and TASK3_Y205C mutant channels evoked by ramp change in voltage from -120 mV to +20 mV. This
work was carried out by Dr E L Veale.
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Whole-cell patch-clamp electrophysiology confirmed that the mutation of tyrosine to cysteine at
position 205 in TASK3 resulted in a channel that is non-functional when 500 ng of the appropriate
cDNA was transiently expressed in tsA201, as it appears to have a similar current density to that of
GFP-only transfected cells (Figure 22[A]) when measured as the difference in current between —40
mV and —80 mV. For TASK3 Y205C the average whole cell current, in physiological extracellular
solution of 2.5 mM [K*],, was reported at 2.7 pA/pF (n = 16 cells, 95% Cl: 1.9 — 3.5). This is significantly
reduced (P <0.05) when compared to WT-TASK3 which has an average whole cell current of 53 pA/pF
(n =9 cells, 95% Cl: 38 — 69) when measured under the same conditions. As mentioned above, the
average whole cell current of TASK3_Y205C was not significantly different (P>0.05) when compared
to GFP-only transfected controls: 1.9 pA/pF (n =5, 95% Cl: 1.5 — 2.3). Figure 22 [B] Compared the zero
current potentials (Vgey) of WT-TASK3, Y205C and GFP, recorded at 0 mV in the same extracellular
solution as mentioned above. An unpaired student’s t-test confirmed a significant difference (P<0.05)
between the WT-TASK3 (-84 mV (n =6, 95% Cl: -88 to -81)) and Y205C (-29 mV (n = 16, 95% Cl: -35 to
-22)), but no significant difference (P>0.05) when Y205C Vgey Was compared to the GFP-only cells (-31
mV (n =5, 95% Cl: -43 to -20)). Figure 22 [C] displays the averaged raw data traces (n=6) for the human
WT-TASK3 channel (black line) and TASK3_Y205C (n=16) (blue line), when transiently expressed in
tsA201 cells and measured using a standard step-ramp protocol, see Figure 18 legend. Figure 22 [D]
displays the averaged currents (as for [C]) recorded through TASK3_WT and TASK3_Y205C mutant
channels evoked by ramp change in voltage from -120 mV to +20 mV. This work was carried out by Dr

E L Veale (unpublished data).
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Figure 23 Comparison of current density (pA/pF) of WT TASK3 and Y205A variant

Panel [A] a comparison of current density between WT TASK3 and TASK3 mutant channel Y205A. The
average whole-cell current measured as a difference between that seen at -40 mV and -80 mV. Panel
[B] is a comparison of zero current potentials (Vrev) observed at 0 mV in a physiological extracellular
solution containing 2.5 mM [K*], for WT TASK3, Y205A and GFP-only transfected cells. Panel [C] is
averaged raw data traces (n=6) from human WT TASK3 channel (black line) and TASK3_Y205A (n=7)
(blue line), when transiently expressed in tsA201 cells, using a “step-ramp” voltage protocol. Panel [D]
is averaged (n=7) currents recorded through WT TASK3 and TASK3_Y205A mutant channels evoked by
ramp change in voltage from -120 mV to +20 mV. This work was carried out by Dr E L Veale.

A simple substitution of cytosine to adenine at position 614 in human TASK3 was found to introduce
a stop codon at position 205, producing a ‘non-functional’ channel when transiently transfected in
tsA201, likely due to substantial truncation within PD2 and only a single pore domain remaining. Figure
23 compares the electrophysiological profiles of WTTASK3 and the Y205A truncated mutant. [A] Shows
a comparison of current density between WT TASK3 and TASK3 mutant channel Y205A. The average
whole-cell current measured, in cells transfected with 500 ng of cDNA, as a difference between that
seen at -40 mV and -80 mV. For Y205A, the recorded current was 2.8 pA/pF (n=7,95% Cl = 2.0 to 3.5),
using a physiological extracellular solution of 2.5 mM [K*]o. This observed current was significantly

different from WT TASK3 whole-cell current (58 pA/pF (n=6, 95% Cl = 35 to 81)). Unlike Y205C (Figure
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22[A]) in which no difference is observed between the mutant channel and GFP expressing cells,
analysis of data suggests that Y205A is significantly different from GFP-only transfected cells (1.9 pA
pF?! (n=5, 95% Cl = 1.5 to 2.3)), implying the presence of a very small functional current. Comparing
zero current potentials (Vrev) observed at 0 mV in a physiological extracellular solution containing 2.5
mM [K*], for WT TASK3, Y205A and GFP-only transfected cells found a significant difference (P<0.05)
of zero current potentials between the WT [-84 mV (n=6), 95% Cl = -88 to -81) and Y205A [-24 mV
(n=7), 95% Cl = -32 to -15) mutant channels Figure 23 [B]. No significant differences (P>0.05) were
observed when comparing Y205A with GFP-only cells [-31 mV (n=5), 95% Cl = -43 to -20). Both the
averaged raw data traces (n=6) for the human WT-TASK3 channel (black line) and TASK3_Y205C (n=7)
(blue line) (using the standard step-ramp protocol) in Figure 23 and [D], displaying the averaged
currents (as for [C]) recorded through TASK3 WT and TASK3_Y205C mutant channels evoked by ramp
change in voltage from -120 mV to +20 mV show the channel to be largely unfunctional. This work was

carried out by Dr E L Veale (unpublished data).

Considering the reduced expression of TASK3 G236R at the plasma membrane, it seemed necessary
to determine the expression patterns of two novel TASK3 variants (Y205C and Y205A) that have been

shown to elicit the KCNK9-Imprinting syndrome phenotype and display abolished function.
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Figure 24 A photomicrograph investigating differences in plasma membrane localisation of GFP
labelled WT-TASK3_GFP and the TASK3_Y205C/Y205A_GFP mutations

Confocal images [Ai-iii] Display the localisation of WT-TASK3_GFP at the plasma membrane. [Ai] the
red stained plasma membrane; [Aii] transiently transfected WT-TASK3_GFP [Aii] and [Aiii] an overlay
of images [Ai] and [Aii] resulting in a yellow signal indicative of channel colocalisation at the plasma
membrane. Nuclei are stained blue. [Bi-iii] are unstained tsA201 cells transiently transfected with the
TASK3_Y205C_GFP mutation. [Ci-iii] displays the location of the TASK3_Y205C_GFP channel relative to
the plasma membrane. [Di-iii] are unstained tsA201 cells transiently transfected with the
TASK3_Y205A GFP mutation. [Ei-iii] displays the location of the TASK3_Y205A_GFP channel relative
to the plasma membrane. On initial qualitative assessment there appears to be similar yellow overlap
signal in both mutants compared to [Aiii]. All scale bars are calibrated to 5 uM.
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Figure 25 Quantification of colocalization experiment investigating differences in plasma membrane
localisation of GFP labelled WT-TASK3_GFP and the TASK3_Y205C/Y205A_GFP mutations

A histogram displaying the PCC quantification of colocalization of the above images. Error bars
represent standard error of the mean (SEM). No statistical differences (P>0.05) were observed in the
expression of WT-TASK3_GFP and the Y205C and Y2054 mutations following an ordinary one-way
ANOVA analysis with adhoc Tukey’s multiple comparison. Both TASK3 Y205C GFP and
TASK3_Y205A GFP displayed PCC values comparative of WT_TASK3_GFP with an average PCC (+ SEM)
of 0.52 + 0.04 (n = 15 cells, 95% CI: 0.43 — 0.61) and 0.54 + 0.04 (n = 15 cells, 95% Cl: 0.46 — 0.62)
respectively when compared to WT_TASK3_GFP PCC: 0.52 + 0.03 (n = 16 cells, 95% Cl: 0.46 — 0.59).

Cellular localisation of WT_TASK3_GFP in tsA201 cells was examined using confocal microscopy. GFP
fluorescence was observed at the plasma membrane of cells transiently transfected with either
WT_TASK3 _GFP or TASK3 Y205C_GFP or TASK3 Y205A GFP. Control images were collected as
displayed in Figure 19 and the experimental procedure repeated as described above. From qualitative
inspection of Figure 24, it is difficult to identify any clear differences in the overlap images. Instead,
an ordinary one-way ANOVA significance test with an adhoc Tukey’s multiple comparison comparing
each variant against the PCC of the WT_TASK3_GFP was carried out Figure 25. Both TASK3_Y205C_GFP
and TASK3_Y205A_GFP displayed PCC values comparative of WT-TASK3_GFP with an average PCC (+
SEM) of 0.52 + 0.04 (n = 15 cells, 95% Cl: 0.43 — 0.61) and 0.54 + 0.04 (n = 15 cells, 95% CI: 0.46 — 0.62)
respectively when compared to WT_TASK3_GFP PCC: 0.52 + 0.03 (n = 16 cells, 95% Cl: 0.46 — 0.59). As
such, there was interestingly no significant difference (P>0.05) observed between WT_TASK3_ GFP
expression and either of the Y205 variants at the membrane. This suggests that the trafficking and
translation of the Y205 variants is at least as efficient as the WT_TASK3 under these experimental

conditions.

70



2.4.3 Functional consequences of TASK3 variants are likely independent of mitochondrial

expression

Unlike wakefulness, a conscious state in which an individual can interact with the environment, the
term ‘arousal’ describes the extent of vigilance and alertness whilst in the wakeful state (Pfaff and
Kieffer, 2008). As such, vigilance can be regulated depending on environmental stimuli or stressors to
initiate responses such as courtship, fight-or-flight and other behaviours vital to behavioural
adaptation and survival (de Lecea et al., 2012). Altered arousal states are observed in KCNK9
imprinting syndrome (Graham et al., 2016) and TASK3 expression in mitochondria has been implicated
in human pathologies (Kosztka et al., 2011). Reduced expression of the TASK3_G236R_GFP mutant at
the membrane in combination with the altered arousal states naturally directed this study to the

mitochondria.

Confocal microscopy was used to determine any differences between WT-TASK3 GFP channels
colocalised with the mitochondria and TASK3_ G236R/Y205C/Y205A_ GFP. As before, the channels
were Ct tagged with GFP (ex/em: 649/666 nm). The mitochondria were visible following staining with
MitoTracker™ Red CMXRos (ThermoFisher Scientific) (ex/em: 579/599 nm). Nuclei were stained blue
(ex/em: 352/461 nm). Statistical significance of colocalization was determined using the PCC values.
In Figure 26, image sets [Ai-iii] and [Bi-iii] display examples of the single-label control samples of
MitoTracker and GFP respectively, employed throughout the mitochondrial localisation experiments.
[Ci-iii] confirms that GFP alone does not localise at the mitochondria by lack of yellow signal in [Ciii],
confirming that any colocalising effect in observed in the channel studies are a direct result of the
channel and not the GFP it is attached to. The overlap image in [Diii] confirms the colocalization of the
WT-TASK3_GFP with the mitochondria by presence of the yellow signal. Initial qualitative analysis of
the G236R and Y205 variants in Figure 27 [B — D] would suggest reduced mitochondrial expression of
the mutants as there is no obvious overlap when compared to the WT in [Aiii]. Surprisingly, significant
difference (P<0.05) in expression was only observed between WT-TASK3 GFP and TASK3 _Y205A GFP
with mean PCC values 0of 0.32 £ 0.07 (n =9, 95% Cl: 0.15 - 0.49) and 0.58 + 0.07 (n =9, 95% Cl: 0.42 —
0.74) respectively, Figure 28. This suggests that truncation of the channel may expose trafficking
motifs which are usually buried within the protein, thus allowing forward traffic in absence of the
trafficking motifs present within the Ct. TASK3_G236R_GFP and TASK3_Y205C displayed similarly low
values to the WT-TASK3_GFP of 0.28 + 0.07 (n =9, 95% Cl: 0.12 —0.43) and 0.28 £ 0.05 (n =9, 95% Cl:
0.16 — 0.41) respectively. In comparison to the plasma membrane, correlation (and therefore degree

of expression) appears to be considerably lower in the mitochondria.
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Figure 26 A photomicrograph displaying mitochondrial localisation of GFP labelled TASK3 and
controls

Confocal images [Ai-iii] represent a single-stain control image consisting of mitochondrial stained,
untransfected tsA201 cells. [Ai] Displays the red stained mitochondria; [Aii] no green autofluorescence
and [Aiii] is the overlap of [Ai] and [Aii]. Nuclei are blue. [Bi-iii] represent a single-stain control image
consisting of tsA201 cells transfected with GFP only. [Bi] No red autofluorescence; [Bii] green GFP
fluorescence and [Biii] an overlap of [Bi] and [Bii]. [Ci-iii] Confocal images of tsA201 cells with the red
mitochondria stain [Ci] and transiently transfected with GFP [Cii]; the overlay of [Ci] and [Cii] in [Ciii]
show that GFP does not localise with the mitochondria and that any yellow colocalization signal
observed in the following images is a function of the associated channel trafficking and not GFP.
Images [Di-iii] Display the colocalisation of WT-TASK3_GFP with the mitochondria. [Di] the red stained
mitochondria; [Dii] transiently transfected WT-TASK3_GFP and [Diii] an overlay of images [Di] and [Dii]
resulting in a yellow signal indicative of channel colocalization with mitochondria. All scale bars are
calibrated to 5 uM.
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Figure 27 A photomicrograph investigating mitochondrial localisation of GFP labelled TASK3, G236R
and the novel Y205 variants

Confocal images [Ai-iii] represent tsA201 cells transfected with WT_TASK3_GFP. [Ai] displays the red
stained mitochondria; [Aii] the same cells displaying the green GFP-fused TASK3 and [Aiii] is the overlap
of [Ai] and [Aii] displaying the location of the channel relative to the mitochondria as a yellow signal.
Nuclei are blue. As [A], images [Bi-iii] display the location of the TASK3_G236R_GFP channel relative to
the mitochondria; [Ci-iii] TASK3_Y205C_GFP and [Di-iii] TASK3 Y205A_GFP. All scale bars are calibrated
to 5 uM.
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Figure 28 Quantification of colocalization experiment investigating differences in mitochondrial
localisation of GFP labelled WT-TASK3_GFP and the TASK3_G236RY205C/Y205A_GFP mutations

A histogram displaying the PCC quantification of colocalization of the images in Figure 27. Error bars
represent standard error of the mean (SEM). Statistical differences (P<0.05) was observed between
the expression of WT-TASK3_GFP and the Y205A mutation within the mitochondria following an
ordinary one-way ANOVA analysis with adhoc Tukey’s multiple comparison.
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2.4.4 Increased ER retention of the TASK3 Y205 mutations but not TASK3 G236R

With the TASK3_G236R mutation displaying reduced expression at the plasma membrane, it would be
logical to consider increased expression in the ER as the channel is potentially sorted into alternate
degradative pathways. Equally, despite the Y205 expression reflecting that of the WT, it is possible

that these mutants are recycled as efficiently as they are delivered to the plasma membrane.

As before, channels were Nt tagged with GFP (ex/em: 649/666 nm). The endoplasmic reticulum was
made visible following staining with the Cytopainer red staining kit by Abcam (ex/em: 580/677 nm).
Nuclei were stained blue (ex/em: 352/461 nm). Statistical significance of colocalization was
determined using the PCC values. In Figure 29, image sets [Ai-iii] and [Bi-iii] display examples of the
single-label control samples of the red CytoPainter and GFP respectively, employed throughout the
ER localisation experiments. [Ci-iii] confirms that GFP alone does not localise at the ER by lack of yellow
signal in [Ciii], confirming that any colocalising effect in observed in the channel studies are a direct
result of the channel and not the GFP it is attached to. The overlap image in [Diii] confirms the
colocalization of the WT-TASK3_GFP with the ER by presence of the yellow signal as expected. For WT-
TASK3_GFP and its variants (G236R, Y205C and Y205A) expression within the ER is apparent by the
yellow overlay signal observed in the image below (Figure 30 [A] — [D]). Ordinary one-way Anova with
adhoc Tukey’s multiple comparison test confirmed that there was no significant difference (P>0.05)
observed in the ER between WT-TASK3_GFP and TASK3 G236R_GFP with PCC of 0.51 + 0.06 (n = 10,
95% Cl: 0.36 — 0.65) and PCC of 0.56 + 0.06 (n = 12, 95% Cl: 0.43 — 0.69) respectively. There was a
significant (P<0.01) increase of the Y205 variants localising at the ER however, when compared to the
WT channel, potentially suggestive of increased retrograde recycling or over expression Figure 31.
Compared to WT-TASK3_GFP, TASK3_Y205C_GFP and TASK3_Y205A_GFP both obtained significantly
increased (P<0.01) PCC values of 0.75 + 0.03 (n =12, 95% Cl: 0.69 — 0.80) and 0.76 + 0.03 (n = 8, 95%
Cl: 0.70 — 0.83) respectively.
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Figure 29 A photomicrograph displaying localisation of GFP labelled TASK3 with the endoplasmic
reticulum (ER)

Confocal images [Ai-iii] represent a single-stain control image consisting of stained ER, untransfected
tsA201 cells. [Ai] Displays the ER; [Aii] no green autofluorescence and [Aiii] is the overlap of [Ai] and
[Aii]. Nuclei are blue. [Bi-iii] represent a single-stain control image consisting of tsA201 cells
transfected with GFP only. [Bi] No red autofluorescence; [Bii] green GFP fluorescence and [Biii] an
overlap of [Bi] and [Bii]. [Ci-iii] Confocal images of tsA201 cells with the red ER stain [Ci] and transiently
transfected with GFP [Cii]; the overlay of [Ci] and [Cii] in [Ciii] show that GFP does not localise with the
ER and that any yellow colocalization signal observed in the following images is a function of the
associated channel trafficking and not GFP. Images [Di-iii] Display the colocalization of WT-TASK3_GFP
with the ER. [Di] the red stained ER; [Dii] transiently transfected WT-TASK3_GFP and [Diii] an overlay
of images [Di] and [Dii] resulting in a yellow signal indicative of channel colocalization with the ER. All
scale bars are calibrated to 5 uM.
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Figure 30 A photomicrograph investigating localisation of GFP labelled TASK3, G236R and the novel
Y205 variants with the ER

Confocal images [Ai-iii] represent tsA201 cells transfected with WT_TASK3_GFP. [Ai] displays the red
stained ER; [Aii] the same cells displaying the green GFP-fused TASK3 and [Aiii] is the overlap of [Ai]
and [Aii] displaying the location of the channel relative to the ER as a yellow signal. Nuclei are blue. As
[A], images [Bi-iii] display the location of the TASK3_G236R channel relative to the ER; [Ci-iii]
TASK3_Y205C and [Di-iii] TASK3 Y205A. All scale bars are calibrated to 5 uM.
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Figure 31 Quantification of colocalization experiment investigating differences in ER localisation of
GFP labelled WT-TASK3_GFP and the TASK3_G236R/Y205C/Y205A_GFP mutations

A histogram displaying the PCC quantification of colocalization of the images in Figure 30. Error bars
represent standard error of the mean (SEM). Statistical differences (P<0.05) was observed in the
expression of WT-TASK3_GFP and the Y205 mutations but not G236R within the ER following an
ordinary one-way ANOVA analysis with adhoc Tukey’s multiple comparison.
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2.4.5 TASK1 variants (G106R and L214R) associated with PAH are expressed at the plasma

membrane as efficiently as the WT channel

In another paper published by my group (Cunningham et al., 2019) the TASK1 mutations (G106R and
L214R) underwent electrophysiological profiling using the whole-cell patch-clamp technique.
Measuring the current density between -40 mV and -80 mV in cells transfected with 500 ng of WT-
TASK1 or G106R/L214R found TASK1 gave average whole cell currents of 7.8 pA pF-1 (n = 44 cells, 95%
Cl = 5.8-9.7) (Figure 32 [A]) in physiological extracellular solution of 2.5 mM [K+]o. Ramp changes in
holding potential from —120 to +20 mV demonstrate that the current is outwardly rectifying [B and C],
with a mean zero current potential of =78 mV (n = 44, 95% Cl = —74 to —82) close to the equilibrium
potential for potassium ions under these recording conditions. By contrast, mutation of a small
uncharged glycine residue at position 106 to a large positively charged arginine residue, resulted in a
poorly functioning channel with significantly reduced current, when expressed alone as a homozygous
mutant channel in tsA201 cells. The average whole-cell current measured at -40 mV was 1.8 pA pF-1
(n =38 cells, 95% ClI = 1.3-2.4). Similarly, mutation of a small hydrophobic leucine residue at position
214 to a large positively charged arginine residue was found to have substantially reduced current
when expressed alone as a homozygous mutant channel in tsA201 cells (Figure 32 [A—B]). The average
whole-cell current measured at —40 mV was 1.6 pA pF-1 (n=27, 95% Cl = 1.0-2.3). The outward
currents recorded from TASK1_G106R and TASK1_L214R channels were statistically significantly
reduced (P<0.05, one-way ANOVA followed by a Dunnett’s multiple comparisons test) from WT TASK1
and not significantly different from untransfected cells. Untransfected tsA201 cells had an average

whole-cell current measured at —40 mV of 1.5 pA pF-1 (n = 36 cells, 95% ClI = 1.2-1.8) (Figure 32 [A-
C).
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Figure 32 Electrophysiological profile of TASK1 and TASK1 mutants: TASK1_G106R and
TASK1_L214R.

[A] shows raw data trace from exemplar human TASK1, TASK1_G106R, TASK1 L214R channel traces
and GFP-alone using a step-ramp voltage protocol. [B] illustrates the current-voltage relationship for
the WT and mutatnt channels evoked by ramp changes in voltage from -120 to -20 mV. [C] illustrates
current density (pA/pF) measured at -40 mV from individual cells transiently expressing WT-TASK1,
TASK1_G106R, TASK1_L214R or untransfected cells. Error bars represent 95% Cl. This work was carried
out by Dr E L Veale.
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Following the observation that the G106R and L214R mutations of TASK1 associated with PAH resulted
in significantly reduced outward currents similar to that seen with TASK3_G236R, it was important to
determine whether this reduction in current was due to reduced expression at the membrane or a
consequence of the mutation affecting the structure function of the channel, so that they can no
longer pass current. The localisation of WT-TASK1 and its pathogenic variants in relation to the plasma
membrane was repeated as discussed in section 2.4.1. Single label controls were carried out as
described in Figure 19. It is clear from Figure 33 [Aiii] that WT_TASK1_GFP is principally expressed at
the plasma cell membrane from the extent of the yellow overlay observed, as with the variants G106R
and L214R which exhibit a similar profile (Figure 33 [B] and [C] respectively). To quantify difference
unobvious to the eye, assessment of the PCC values was carried out (Figure 33 [D]). A moderately
strong PCC value of 0.65 + 0.04 (n = 12 cells, 95% Cl: 0.57 — 0.73) was obtained for WT_TASK1_GFP.
Similarly, G106R and L214R displayed equally strong linearity, acquiring PCC values of 0.75 £ 0.03 (n =
12 cells, 95% Cl: 0.69 — 0.81) and 0.72 + 0.04 (n = 12 cells, 0.64 — 0.80) respectively. One-way ANOVA
confirmed no significant differences were observed between WT_TASK1_GFP and G106R/L214R_GFP
plasma membrane expression (P > 0.05). These data suggest that the trafficking and translation of the

G106R and L214R mutations were equal to WT_TASK1 under these experimental conditions.
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Figure 33 A photomicrograph investigating
plasma membrane localisation of GFP labelled
TASK1 and the novel G106R and L214R variants

Confocal images [Ai-iii] represent tsA201 cells
transfected with WT_TASK1_GFP. [Ai] displays the
red stained plasma membrane; [Aii] the same cells
displaying the green GFP-fused WT_TASK1_GFP
and [Aiii] is the overlap of [Ai] and [Aii] displaying
the location of the channel relative to the plasma
membrane as a yellow signal. Nuclei are blue. As
[A], images [Bi-iii] display the location of the
TASK1_G106R_GFP channel relative to the plasma
membrane and [Ci-iii] TASK1_L214R_GFP. All scale
bars are calibrated to 5 uM. D) A histogram
displaying the PCC quantification of colocalization
of the above images. Error bars represent standard
error of the mean (SEM).
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To support these results and investigate translation and trafficking further, an in-cell/on-cell assay was
carried out to determine differences in the amount of channel expressed at the plasma membrane
surface (on-cell) against proportion of channel expressed throughout the whole cell (in-cell) (Figure
34). Unlike previous confocal experiments, the channels were now tagged upon the externally located
M1P1 loop with a human influenza hemagglutinin (HA) which is accessible to the primary mouse anti-
HA antibody in order to determine proportion of channel on the membrane. To ascertain whole cell
volume, cell membranes were permeabilised with Triton-X-100 allowing access of the anti-HA
antibody to channels held within the cell. A goat anti-mouse antibody conjugated to a green dye that
is detectable at 778 nm was applied alongside a DNA stain (DRAQS5) to confirm equal cell distribution
(Figure 34). Excitation of DRAQ5 confirmed equal cell numbers across all samples (two-way ANOVA, P
< 0.05) with values of 408 + 50 (n =9) for WT_TASK1, 341 + 62 (n=29) for TASK1_G106R and 328 + 65
(n=9) for TASK1_L214R. On cell assay confirmed no difference in expression on the plasma membrane
surface between WT_TASK1, TASK1 _G106R and TASK1 L214R: 487 + 69, 443 + 114 and 377 + 27
respectively (P > 0.05, two-way ANOVA). This result is reflected in the whole cell expression with no
significant differences in total expression between WT_TASK1, TASK1_G106R and TASK1 L214R: 1552
+313,1892 + 351 and 1219 + 311 respectively (P > 0.05, two-way ANOVA). These observations are in-
line with the confocal data collected. It may therefore be said, with a significant degree of certainty,
that under such experimental conditions, TASK1_G106R and TASK1 L214R loss of function is not

caused by trafficking and translational abnormalities.
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Figure 34 A) A histogram displaying integrated on-cell and whole-cell intensity values of HA-
WT_TASK1, HA-TASK1_G106R and HA-TASK1_L214R.

On-cell 800 nm values represent the number of channels present on the plasma membrane cell
surface. In-cell 800 nm values represent the total channel expression of the whole cell. DRAQ5 700nm
is a measure of total cell numbers per sample. B) Image of the 96-well plate organisation with each
row denoted on the left. Columns on the right are permeabilised with Triton X-100. HA-TASK1_WT 2°
represents the secondary only antibody control. The control sample is treated with tansfection reagent
but is not transfected — these values were subtraces from all samples as non-specific background
signal.
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2.4.6 Functional consequences of the TASK1 variants are not due to differences in

mitochondrial expression

Genetic variants of TASK1 have been implicated in conditions with symptoms relating to possible
dysfunction of the mitochondria. For this reason, confocal microscopy was used to determine whether
the TASK1 channels colocalised with the mitochondria and if there was any difference the expression

of pathogenic variants, as this has never been recorded in the literature before.

As before (section 2.4.3), the channels were Nt tagged with GFP (ex/em: 649/666 nm). The
mitochondria were visible following staining with MitoTracker™ Red CMXRos (ThermoFisher
Scientific) (ex/em: 579/599 nm). Nuclei were stained blue (ex/em: 352/461 nm). Statistical significance
of colocalization was determined using the PCC values. For WT-TASK1_GFP and its variants (G106R
and L214R) expression at the mitochondria is apparent by the yellow overlay signal observed in the
image below (Figure 35 [A — C]). Single label controls were collected as described in section 2.4.3. No
statistical differences (P > 0.05) between TASK1 and the mutations expression in the mitochondria
was observed following an ordinary one-way Anova with adhoc Tukey’s multiple comparison test
(Figure 35 [D]). WT-TASK1 PCC of 0.32 + 0.05 (n = 12, 95% Cl: 0.20 — 0.44); TASK1_G106R_GFP PCC of
0.40 £ 0.03 (n =12, 95% Cl: 0.33 — 0.48) and TASK1_L214R_GFP PCC of 0.32 + 0.04 (n = 12, 95% Cl:
0.24 — 0.41). Whilst there is no statistical difference observed between WT-TASK1 and the variants
G106R and L214R, these data display both the yellow overlay and PCC values reflective of that of
TASK3 (Figure 35 [D]) for which there is confirmed mitochondrial expression recorded in the literature
(Rusznak et al., 2008, Stojanovski et al., 2012, Yao et al., 2017). For the first time, this data confirms

the expression of TASK1 in the mitochondrial membrane.
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Figure 35 A photomicrograph investigating
mitochondrial localisation of GFP labelled TASK1
and the novel G106R and L214R variants

Confocal images [Ai-iii] represent tsA201 cells
transfected with WT_TASK1_GFP. [Ai] displays the
red stained mitochondria; [Aii] the same cells
displaying the green GFP-fused TASK1 and [Aiii] is the
overlap of [Ai] and [Aii] displaying the location of the
channel relative to the mitochondria as a yellow
signal. Nuclei are blue. As [A], images [Bi-iii] display
the location of the TASK1_G106R _GFP channel
relative to the mitochondria and [Ci-iii]
TASK1 _L214R _GFP. All scale bars are calibrated to 5
UM. D) A histogram displaying the PCC quantification
of colocalization of the above images, including WT-
TASK for comparison. Error bars represent standard
error of the mean (SEM).
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2.5 Discussion

Heterozygous pathogenic variants of the maternal KCNK9 allele (c.706G>C and 706G>A) have
previously been identified to produce a p.Gly236Arg mutation in human TASK3 (Barel et al., 2008,
Graham et al., 2016), resulting in loss-of-function channels with a reduced outward current density of
approximately 80% in whole-cell patch-clamping investigations (Veale et al., 2014). Advances in
whole-exome sequencing helps the discovery of more novel variants, including Y205C and Y205A
(Sediva et al., 2019) which are shown to exhibit similar phenotypes to KCNK9 syndrome. However, a
major rate-limiting step to future discovery is the fact that KCNK9 syndrome has thus far only been
reported amongst 6 families worldwide (Barel et al., 2008, Graham et al., 2016). Novel variants G106R
and L214R have been shown equally to cause a reduction in TASK1 function, which is reportedly a
major event in the pathogenesis of PAH. With recent hypotheses leaning towards reduced expression
(Antigny et al., 2016), this study was carried out to determine whether the loss-of-function feature
displayed by these mutations is caused by the delivery of dysfunctional channels to the plasma

membrane or, whether reduced current is the direct result of improper trafficking.

2.5.1 TASK3: Plasma Membrane Investigations

In this study, the significant reduction of the TASK3 G236R mutation expressed at the plasma
membrane, when compared to WT in tsA201 cells, was reported for the first time in support of the
reduced outward currents observed in electrophysiological investigations (Veale et al., 2014). In
combination with the reduced colocalised appearance of TASK3_G236R_GFP, the PCC of 0.40 was
significantly lower than that of WT (0.55). Recently, (Veale et al., 2014) disproved that the G236R
mutation gave rise to a non-functional current as previously suggested (Barel et al., 2008), instead
providing evidence for a current which was heavily reduced in the outward direction as the channel
became predominantly inwardly rectifying (Veale et al., 2014). As such, it must be that at least a small
proportion of TASK3_G236R channel are expressed at the membrane and this was apparent from the
imaging data and the moderate linearity of the reduced PCC value, although a significant proportion
of the GFP signal appeared to be situated within an alternate location within the cytoplasm. This
suggests that the presence of TASK3 G236R does have a negative impact on channel trafficking.
Despite reduction in plasma membrane expression, subcellular localisation of the G236R mutant is
otherwise indistinguishable from the WT in both the ER and the mitochondria suggesting that the
channel retains some trafficking function. Considering the location of this mutation within the fourth

transmembrane domain, it is important to remember the critical role of signalling motifs within the Ct
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in TASK trafficking (O'Kelly et al., 2002, Rajan et al., 2002, Kilisch et al., 2015, Zuzarte et al., 2009). The
trafficking of TASK3 relies upon multiple signalling motifs which dictate the transport to and from the
membrane. In particular, the high affinity binding of 14-3-3, which promotes forward trafficking,
requires the [RRXpS/pTXCOOH] (‘p’ denotes phosphorylated residue) motif as the last 5 residues of
the Ct (Coblitz et al., 2005). Binding of 14-3-3 masks the retention motif [KRR] required by COPI for
retention and retrograde transport (Zuzarte et al., 2009). To date, only mutations affecting these
signalling motifs have been implicated in trafficking dysfunctions of TASK3 rather than mutations
occurring elsewhere within the transmembrane portions. In the case of the G236R mutation, itis more
likely that the insertion of a large, positively charged, hydrophilic amino acid like arginine into an
otherwise hydrophobic domain in place of a small, uncharged amino acid like glycine has an
unfavourable effect on protein stability. Whether this induces a conformational change or is limited
to the single transmembrane domain alone is unclear, but it suggests altered trafficking is unlikely to

account for all the deleterious effects of the G236R mutation.

The Y205 truncation (Y205A) resulted in indistinguishable plasma membrane expression from the WT.
This was an interesting finding since the mutation of cytosine to adenine at position 614 introduces a
stop codon at position 205, producing a non-functional channel which is cut short part way through
PD2. It was discussed above that mutations occurring at these positions were unlikely to impede
protein trafficking due to their distance from the signalling motifs present in the Ct. However, in a
construct containing the truncation of the last 5 residues of the TASK3 Ct (AC5) it was found that,
although 14-3-3 binding was inhibited, reducing membrane expression and current density; the
retention signal was simultaneously removed and so forward traffic was observed to continue through
alternate mechanisms resulting in the same level of expression as WT (Zuzarte et al., 2009). It is
therefore clear that trafficking is not regulated exclusively by the motifs mentioned above. For
example, in a paper by Schéneberg et al. (1995), it was demonstrated that the rodent GPCR,
muscarinic acetylcholine receptor (M3), contained several independent units which may regulate

localisation, structure and function (Schoneberg et al., 1995).
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Figure 36 displays the splitting of the murine M3 GPCR at each of the intracellular loops (IL1-3) and
extracellular loops (EL1-3), forming 6 truncated fragments of the full protein

This image was adapted from Schéneberg et al., 1995.

The M3 GPCR is composed of seven transmembrane helices that are linked by three IC and three EC
loop linkers (Figure 36). Splitting the GPCR into fragments containing either internal or external
peptide loops and transiently expressing them in COS-7 cells individually, found that each of the Ct
truncated peptides (minus the first IL1 fragment) were expressed within the plasma membrane to the
same degree as the whole protein. The fragment containing the first transmembrane domain and the
IL1 loop was only observed to localise elsewhere in the cell. Since the first fragment only contained
the first 6 amino acids of the IL1 loop (total of 12 amino acids), it was suggested that the structural
information required for membrane insertion and orientation of the protein were missing
(Schoneberg et al., 1995). These findings suggest that, in the case of the GPCR, the full-length protein
is not required for trafficking and that the full protein is composed of multiple structural subunits
(Schoneberg et al., 1995). For TASK3, Y205C and Y2054, it is then possible that if the intracellular Nt
remains intact, the proteins may continue to be trafficked to membrane regardless of these

mutations.
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\ o N
Figure 37 Displaying the ring-like formation of tyrosine residues around the mouth of the pore

[A] TASK3 homology crystal structure based upon TRAAK (PDB ID 3UM7, Brohawn et al. 2012. The dark
and light blue chains represent the two monomer units; pore domains are gold and the position of the
relevant tyrosine residues are marked red. The green sphere represents a potassium ion in the pore.
[B] A cartoon schematic showing the position of the tyrosine residues with regards to the rest of the
channel components.

The human synaptic GABAa receptor requires 4 tyrosine (Tyr, Y) residues positioned around an EC
binding pocket, where they form an ‘aromatic glove,’ creating a favourable environment for the
formation of cation-m interactions (Zhu et al., 2018). In the full, dimerised conformationally-correct
TASK3 channel, there are four Tyr that can be seen to form a ring around the extracellular mouth of
the channel just above the SF, with each monomer donating both Y96 (PD1) and Y205 (PD2) residues
(Figure 37) (Concha et al., 2018). Tyrosine is amphipathic in nature and is comfortable being situated
in contact with the EC aqueous environment. In the event of Y205 being mutated to the hydrophobic
cysteine (Cys, C) residue, the channel displays an almost complete loss of function (Figure 22) and a
pathogenic phenotype like KCNK9 imprinting syndrome (Sediva et al., 2019) although membrane

expression remains indistinguishable from WT.

The EC cap of TASK3 prevents inhibition by tetraethylammonium (TEA) channel (Brohawn et al., 2012,
Miller and Long, 2012, Concha et al., 2018, Clarke et al., 2008). A TASK 3 construct in absence of the
cap structure generated a channel which was highly sensitive to TEA and relied upon the presence of
Tyr residues at the mouth of pore (Concha et al., 2018). This sensitivity to TEA is also reflected in the
potassium Shaker channels (Heginbotham and MacKinnon, 1992). According to Doyle et al (1998), the
presence of aromatic residues (tryptophan (Trp) and Tyr) at either end of the pore domain loops in

KcsA channels are important in determining the final dimensions of the EC mouth (Doyle et al., 1998).
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Together, these residues were suspected to form an aromatic cuff around the pore which, through
hydrogen bonds (Trp: nitrogen group — Tyr: hydroxyl group) and van der Waals forces, function as a
‘molecular spring,” which alters the dimensions of the mouth to aid the selective uptake of K* ions
(Doyle et al., 1998). In the event of a mutation of Tyr to valine (Val), hydrogen bonds are interrupted
and the KcsA channel takes up a persistently C-type inactivated position (Heginbotham et al., 1994,
Fan et al., 1999). Mutational investigations carried out to explore whether the C-type inactivation of
Kv channels was the result of pore constriction or dilation, found that the mutation of a single Tyr
residue within the ring at the mouth of the filter disturbed the pore structure in such a way that
generates mutual repulsion between the remaining Tyr residues, leading to a permanent state of pore
dilation and C-type inactivation as the residues can no longer come together to complex a K* ion (Hoshi
and Armstrong, 2013). It is therefore possible that the internal location of the Y205C mutation in
TASK3 has no effect on trafficking due to its distance from the signalling motifs in the Ct resulting in a
similar plasma membrane expression pattern as the WT however, following mutation of Tyr at the

mouth of the pore produces a permanently inactivated channel, hence the loss of function like Ky.

An alternative theory could be that the insertion of the hydrophobic Cys into PD2 allows formation of
non-specific disulphide bonds (S-S) which could stabilise the c-inactivated state following the removal
of the Tyr (Hoshi and Armstrong, 2013); it is equally possible that the insertion of a hydrophobic
residue in place of Tyr causes the pore to collapse in on itself. Indeed, application of Cys-specific
oxidising agent: -5”-Dithio-bis(2-nitrobenzoic acid) (DTNB or Ellman’s) which reacts with the free
sulfhydryl chain of Cys to form an S-S bond between the channel and thionitrobenzoic acid residues
were unable to rescue current through Y205C (Appendix 1.1). Methanethiosulfonates (MTS) are
sulfhydryl-reactive compounds that form mixed disulfide linkages and are commonly used to study
Cys residues on proteins; sodium-(2-sulfonatoethyl)-methanethiosulfonate (MTSES) is a negatively
charged, membrane impermeant MTS. It is highly reactive with ionized thiolates and targets sulfhydryl
groups accessible from the aqueous medium. Application of MTSES was observed to have no effect
on Y205C mutant channels, suggesting that 205C was either not accessible from the EC side or was
already cross-linked with the 205C mutation on the other monomer or a different Cys (Appendix 1.2).
As MTSES had no effect on the protein, the disulphide reducing agent: dithiothreitol (DTT) was used
to determine whether the 205C mutation had formed intermolecular S-S between subunits, closing
the channel however, DTT acted only to reduce current further at more positive potentials where the
activation of a voltage-gated channels is observed (Appendix 1.3). Considering these findings, it is not
possible to say that the Y205C mutation does not form a S-S as it is possible that it may cause the pore

to collapse, preventing reagents from accessing the bonds.
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2.5.2 TASK3: ER Investigations

Anincrease in localisation of the Y205C and the Y205A mutants in the ER was unexpected. As discussed
previously, there are multiple signalling motifs contained within the IC terminals of TASK3 which drive
retrograde transport from the Golgi to the ER for degradation in the event of protein misfolding
(Zuzarte et al., 2009). Whilst it has been concluded that, despite presence of Y205 mutations within
PD2, the protein will continue to traffic to the membrane, it is curious to see a concurrent increase in
ER expression when one would typically suspect reduced membrane expression in hand with
increased ER retention. This is not a novel phenomenon and has been previously experienced with
mutations effecting the CFTR gene in cystic fibrosis (Marcorelles et al., 2014). Whilst a portion of the
misfolded mutant channel is retained within the ER for degradation, some of these channels continue
to be directed to the plasma membrane however, they are observed to have a decreased half-life
(Tizzano et al., 1993). Decreased half-lives of ion channels at the membrane have been associated with
unstable proteins which are rapidly recycled and sequestered for degradation. Both TASK3 and TASK1
channels have been shown to undergo rapid-dynamin dependent endocytosis (Mant et al., 2013a). In
unstimulating conditions, these channels colocalise with Rab7* late endosomes (Mant et al., 2013a).
Since both Y205 mutations are non-functional, it is tempting to suggest that the mutant channels
which do reach the surface may enter the same degradative pathway as the unstimulated WT
channels. Recognition of motifs on misfolded proteins by COPI vesicles at the Golgi induces retrograde
translocation to the ER (Zuzarte et al., 2009) where they remain as they undergo multiple rounds of
refolding in attempt to correct the structure. When this cannot be achieved, the proteins are destined
for ER-associated degradation (ERAD) as they are targeted to the cytosol for ubiquitin-dependent

proteasomal degradation (Capera et al., 2019).

2.5.3 TASK1: Plasma Membrane Investigations

The G106R and L214R mutations were found to produce significantly reduced outward currents when
compared to the WT-TASK1 (Cunningham et al., 2019). This reduction in function was not caused by
translational or trafficking deficiencies following the observation of equal channel distribution at the
plasma membrane and was more likely the result of a change in the structural and functional
properties. Both G106R and L214R mutations occur in EC positions (Figure 38), between PD1 — TM2
and PD2 — TM4 respectively. Insertion of a large, positively charged, hydrophilic residue like Arg in
place of smaller residues like Gly and Leu, is suspected to alter channel arrangement. It has been
suggested previously that the arrangement of the histidine (His, H98) and aspartic acid (Asp, D204)

residues within the channel are crucial for TASK1 pH-sensitivity and ionic-selectivity (Yuill et al., 2004).
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It can be seen in Figure 38 that the H98-D204 residues from each monomer within the channel form
a ring just above the mouth of the SF. Whilst the H98 residues are recognised as the direct pH sensor,
D204 are suspected to support TASK1 sensitivity by maintaining an optimal conformation. Expression
of the G106R and L214R mutations close to this ring inserts a large residue into the cavity of the SF,
potentially blocking ion flow through the channel or at least altering the optimal conformation in a

way that inhibits function.

[A] (B]

[C] (D]

L214R

Brohawn et al., 2012)

[A] Top view of the channel; [B] bottom view of the channel and [C] side view of the channel. The
G106R mutations are visible in red and L214R mutations in green. Function critical H98 and D204
residues are highlighted yellow and magenta respectively [D] A schematic of TASK1 structure
highlighting the position of the mutations relative to the pore domains. Image reproduced and
adapted from Cunningham et al., 2019.
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2.5.4 TASK1: Mitochondria Investigations

Under normal conditions, the expression of TASK1 in PASMCs is associated with the regulation of
resting membrane potential (Lesage and Lazdunski, 2000, Gurney et al., 2003), mediating vascular
responses following changes in EC pH and oxygen tension. Simply, inhibition of TASK1 prevents the
efflux of K* ions which enhances the open probability of Ca** channels in PASMCs, causing
depolarisation and vasoconstriction of pulmonary vessels. In TASK1 KO models, PASMCs were
significantly depolarised, sensitive to the effects of hypoxia and insensitive to the effects of pH and
chemical inhibitors like anandamide. As such, physiological and pathophysiological conditions
including hypo-/hyperventilation or ischemia, or indeed anything that induces a local pH change may
increase pulmonary arterial pressure (Olschewski et al., 2006). As shown in these KO experiments,
many patients diagnosed with PAH display significantly reduced TASK1 expression (Antigny et al.,
2016) or genetic mutations, such as G106R and L214R (Navas et al., 2016) resulting in decreased
function. Reduced TASK1 current promotes vasoconstriction, proliferation and inflammation (Antigny

et al., 2016).

Considering the sensitivity of TASK1 to changes in oxygen levels in PASMCs and vascular tone, TASK1
is often referred to as an oxygen ‘sensor’ (Olschewski et al., 2006). Mitochondria within PASMCs of
resistance level arteries have also been given this title, responding to reductions in alveolar oxygen
tension in their local environment by initiating hypoxic pulmonary vasoconstriction (HPV) (Weir et al.,
2005, Archer et al., 1993, Ryan et al., 2015). HPV is an autoregulatory mechanism which matches
perfusion to ventilation by shunting perfusion to areas within the lung with better ventilation. This is
important in patients suffering with the likes of acute pneumonia (Sylvester et al., 2012). Initiation of
the mechanism is suspected to be driven by mitochondria in PASMCs during hypoxic events (Weir et
al., 2005). The “Redox Theory” hypothesises that a reduction in oxygen levels slows the rate of electron
flux through the mitochondrial electron transport chain complexes | and lll, decreasing ROS
production causing closure of K* channels and subsequent activation of Cay channels, resulting in
vasoconstriction (Archer et al., 1986, Ryan et al., 2015). Unlike mitochondria in renal arteries where
changes in oxygen levels have little effect on ROS production, it is a unique ability of PASMCs
mitochondria to regulate ROS production for modulation of HPV (Michelakis et al., 2002).
Disturbances in mitochondrial redox signalling have been associated with the failure of mitochondria
to detect changes in oxygen (Ryan et al., 2015). Considering the implication of TASK1 in PAH as an
oxygen sensor and its dysfunction having been associated with depolarisation and vascular
remodelling (Olschewski et al., 2006), it is curious that the presence of TASK1 in the mitochondria as

a regulator of mitochondrial membrane potential alongside TASK3 has not yet been considered.
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The colocalisation data in this chapter showed no significant difference in the degree of mitochondrial
expression of TASK1 and the G106R and L214R mutants. Whilst a yellow overlay indicative of
colocalisation is not clearly visible, the expression of TASK1 at the mitochondria cannot be conclusively
ruled out. The average PCC value of TASK1 and its variants at the mitochondria was 0.35. In the case
of WT-TASK3 which has confirmed mitochondrial expression in literature, a low PCC value of 0.3 was
also achieved. This data is in support of a possible role of TASK1 in the regulation of mitochondrial
membrane potential however, any consequences of the G106R and L214R mutations are not the effect
of altered expression but more likely a result of structural and functional changes discussed above in

relation to the membrane.

2.5.5 TASK3: Mitochondria Investigations

The presence of TASK3 on the inner mitochondrial membrane in malignant and non-malignant cells
has been well documented in the literature for supporting mitochondrial functions and pathologies
like cancer (Ruszndk et al., 2008). By comparison, investigation into the role of TASK3 channels in
arousal and wakefulness and their relationship to sleep disorders, considerably less so. TASK3
channels are ubiquitously expressed throughout the CNS and PNS where they modulate neuronal
excitability. The dynamic modulation of TASK channels is suspected to underlie changes in arousal,
wakefulness, sleep and general anaesthesia (Bayliss and Barrett, 2008). Particularly, it is the
expression of TASK channels in the preoptic and superchiasmatic nuclei (SCN) within the
hypothalamus and thalamocortical (TC) relay neurons which implicates their role in the regulation of
the sleep-wake cycle (Talley et al., 2001b). During sleep-wake activity, the transition between these
states is mediated by neurotransmitter activation of neurons of the ascending brainstem, like the
basal forebrain cholinergic neurons which form the main source of acetylcholine (Ach) (Vu et al.,
2015). The release of ACH drives a depolarising shift in the membrane potential of TC neurons which
inhibits the oscillatory burst activity associated with deep sleep (<15 Hz) and switches to the tonic
firing activity associated with wakefulness and rapid eye movement sleep (REMS) (approx. 40 Hz)

(Bista et al., 2012, Meuth et al., 2003, Meuth et al., 2006a, Meuth et al., 2006b).

Wakefulness is also supported by the expression of TASK1 and TASK3 within serotonergic dorsal and
caudal raphe neurons within noradrenergic cell bodies of the locus coeruleus where the depolarising
effect upon acidification contributes to the stimulation of behavioural arousal (Talley et al., 2001b,
Washburn et al., 2002, Duprat et al., 2007). Much of this activity is driven by the open and closure of
K2P channels like TASK1/TASK3 and TREK which appears to rely critically upon Gayg signalling (Coulon
et al., 2010, Steinberg et al., 2015) however, Veale et al (2014) have reported previously that cells
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transiently expressing the TASK3_G236R mutation fail to respond to Gag-induced inhibition (Veale et
al., 2014). One of the symptoms reported in KCNK9-imprinting syndrome is low arousal, or reduced
vigilance and alertness during wakefulness (Graham et al., 2016). Orexin neurons function to promote
wakefulness (Burdakov et al., 2006). It has recently been shown the that inhibition of these neurons
requires regulation of glucose metabolism by TASK3 channels, presenting a novel pathway in the
regulation of consciousness and energy balance (Burdakov et al., 2006). There is no literature currently
available which explores the expression of mutants associated with KCNK9 imprinting syndrome in

mitochondria.

This study aimed to determine whether there were any differences between expression of WT and
mutants in mitochondria which could lead to altered metabolism and the symptoms surrounding
arousal in KCNK9 imprinting syndrome. As expected, TASK3 was found to colocalise with the
mitochondria in transiently transfected tsA201 cells, although the degree of expression was low. No
significant difference between expression of WT-TASK3, G236R or Y205C variants in the mitochondria
confirms that any of the functional consequences of these channels is not due to impaired trafficking
or expression within the mitochondria. Interestingly, the expression of the Y205A mutant appeared to
be almost double that of WT-TASK3. Unlike other organelles, mitochondria contain their own genome,
however this only encodes 13 peptides (approx. 1%) of the mitochondrial proteome. The other 99%
are encoded on the nuclear genome and are synthesised on cytosolic ribosomes (Stojanovski et al.,
2012). Prior to insertion into the inner mitochondrial membrane, the proteins are retained in their
nascent, unfolded form to allow passage through the small membrane pores of the mitochondria. This
process requires the binding of cytosolic chaperones that stabilise the peptide and guide them to pore
(Stojanovski et al., 2012). Whilst TASK3 channels lack the cleavable amino-terminal presequences
required for mitochondrial targeting (Yao et al., 2017, Stojanovski et al., 2012), it is suspected to
contain non-cleavable internal import signals that target the channel to TOM70 receptors at the
mitochondrial outer membrane for internalisation, assembly sorting into the inner membrane

(Stojanovski et al., 2012).

With the Y205A Nt intact, the channel continues to be trafficked to and from the plasma membrane
and the ER in a state which is folded and recognisable. It is currently unclear which cytosolic
chaperones are involved in the mitochondrial targeting of TASK3 channels. It is possible that
truncation of Y205A enhances the exposure of the internal import signals utilised in mitochondrial
trafficking, increasing expression at the mitochondria. It is unlikely that this overexpression has
implications in arousal since that is a symptom associated with the G236R mutation which was

indistinguishable from the WT.
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2.6 Conclusions and Further Study

Here | have provided evidence for reduced plasma membrane expression of the TASK3_G236R mutant
despite expression within the ER and mitochondria being indistinguishable from the WT. In absence
of increased ER retention, it would be useful to expand this colocalisation study to include late
endosomes and lysosomes to determine whether TASK3_G236R channels are rapidly recruited into
alternate degradative pathways. It is unlikely that the reduction in plasma membrane expression is
linked to reduced gene translation as a concurrent reduction would be expected within the ER and
mitochondria, although confirmation either by in-cell western or flow cytometry could resolve this.
This study confirms that the Y205C and Y205A mutations have no effect on plasma membrane
expression confirming that channels will continue to be expressed on the plasma membrane provided
that the Nt remains intact and is likely dysfunctional due to the insertion of cysteine into the mouth
of the pore with blocking or destabilising effects. In absence of resolved TASK3 crystal structure, this
is difficult to confirm. Together this data suggests that impaired trafficking to the membrane is unlikely
to account for all the deleterious effects of this channel in KCNK9 imprinting syndrome, as both Y205C
and G236R mutations display differing trafficking characteristics but produce the same functional and

phenotypic outcomes.

In line with CFTR (Marcorelles et al., 2014), it is suspected that increased retention of Y205C and Y205A
in the ER, despite efficient membrane expression, is linked to decreased half-lives (Tizzano et al., 1993)
of those expressed at the plasma membrane which are retrieved by the same rapid dynamin-
dependent endocytosis mechanisms as WT channels. The Y205C and Y205A retained within the ER are
suspected to undergo refolding attempts until labelled for ERAD and ubiquitin-dependent
proteasomal degradation. This could explain the simultaneous expression of these mutants at the
plasma membrane and ER although further investigations into these systems looking into interactions

between specific pathway proteins are required.

The TASK3_G236R and Y205C mutations implicated in KCNK9 imprinting syndrome do not exert
pathological influence through altered expression at the mitochondria as they are expressed in equal
measures to the WT. Whilst these channels lack the discreet signalling motif required for
mitochondrial targeting, it is suspected that these channels locate to the mitochondria via an internal
sequence similar to the many other proteins which also lack the signalling motif (Stojanovski et al.,
2012). For this reason, it is possible that the increased mitochondrial expression of the TASK3_Y205A
mutation is due to the enhanced exposure of the internal signalling motif following truncation of this
channel. Itis unlikely that this overexpression has implications in arousal since that is a symptom which

has been associated with the G236R mutation however, it remains possible that the presence of a
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dysfunctional channel is enough to alter mitochondrial membrane potential.

The reduced function of the G106R and L241R mutations of TASK1 observed in patients with PAH is
not caused by translational or trafficking deficiencies following the observation of equal channel
distribution at the plasma membrane. It is more likely the result of a change in the structural
properties following the insertion of a much larger residues in proximity of structures key to functional

roles.

For the first time, this study investigated the localisation of TASK1 within mitochondria. Despite low
expression rates, TASK1 channels do appear to localise within mitochondria however, the G106R and
L214R mutations displayed no significant difference in expression when compared to WT. Whilst this
suggests that differential expression of mutant channels within the mitochondria is unlikely to
contribute to the progression of PAH, it cannot be said that the presence of dysfunctional channels do
not disturb mitochondrial redox signalling in hypoxic conditions. Unfortunately, the methods used in
this study are unable to determine which compartment of the mitochondria TASK1 channels are
localised in. As previously described for TASK3, a pull-down assay identifying protein-protein
interactions with compartmental-specific proteins could solve this issue and help to understand a
functional role of TASK1 in regulation of mitochondria membrane potential in health and disease (Yao

etal., 2017).
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Chapter 3:
Investigation into the G-Protein Regulation of the

TASK3_G236R Mutated Channel
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3.1 Introduction

As discussed in Chapter 1, TASK3 channels are regulated by a wide variety of biological and
pharmacological stimuli (Talley and Bayliss, 2002b, Lesage and Barhanin, 2011) which may work
through GPCR signalling mechanisms (Chen et al., 2006, Mathie, 2007) to mediate the leak
conductance underlying cellular excitability, the physiological consequence of which is linked to
processes such as motor control (Perrier et al., 2003, Talley et al., 2000, Lazarenko et al., 2010) and
aldosterone secretion (Bandulik et al.,, 2010). Previously our laboratory has demonstrated, in
expression systems and native IKso present in CGNs, pronounced GPCR regulation of TASK3 channels
by the muscarinic acetylcholine receptor (M3), which couples through the G-protein: Gq. This effect
could not be replicated with the M2 receptor, which couples through Gi.. In addition, we were able
to show that a selective Gog antagonist, YM-254890, abolished the inhibition of TASK3, suggesting
that GPCR regulation of TASK3 channels occurs through Gag (Veale et al., 2007b). Indeed, co-
expression of the constitutively active form of the G-protein (Gagy*) in the absence of the M3 receptor,
caused a significant reduction of the TASK3 current (Veale et al., 2007b). More recently, Vu et al.
(2015) described a significant neuromodulatory role of TASK3 following histaminergic input in the
basal forebrain, regulating changes in our arousal state, conscious awareness and maintenance of

wakefulness (Vu et al., 2015).

Histamine (H1) receptors belong to the rhodopsin-like GPCRs, which like M3 receptors, couple through
Gq. Zhang et al. (2016) have shown that endogenously released neurotensin (NT) increased the
excitability of the dentate gyrus granule cells via Gag-coupled inhibition of TASK3, which facilitates the
induction of long-term potentiation (LTP). In co-immunoprecipitation studies, they showed that NT
was able to inhibit TASK3 channels co-expressed with NT receptors (NTS1) via a direct interaction of
Gog1n with TASK3. Gastrointestinal tract NT has been implicated in modulation of a variety of
physiological functions including pain, temperature, blood pressure, learning, memory and
neurological diseases such as schizophrenia and Parkinson’s disease. Similarly to histamine, NT has
also been shown to have acute effects on sleep-wake regulation and interacts closely with the
dopaminergic system (Mustain et al., 2011). There is also evidence to suggest that NT and NTS1
receptors may be a component of a pathway involved in both sleep and mood disorders (Fitzpatrick
et al., 2012). High levels of NT have been detected in children diagnosed with Prader-Willi Syndrome,

a condition with similarities to that of KCNK9 Imprinting Syndrome (Butler et al., 2015).
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3.1.1 TASK3: Histamine, NT and Wakefulness

To stay awake, the brain requires the constant activity of multiple pathways including: aminergic
(histamine, dopamine, noradrenaline, acetylcholine), peptidergic (hypocretin, orexin, cocaine- and
amphetamine-regulated transcript peptide (CART)) and certain glutamatergic and GABAergic
pathways (Yu et al., 2018). These arousal pathways ascend through the paramedian region of the mid
brain and divide into dorsal and ventral pathways. The dorsal pathway innervates the thalamus where
it processes signals associated with sensation, motor responses and cognition. The larger ventral
pathway stimulates the hypothalamus, basal forebrain and the cortex (Scammell et al., 2017).
Interestingly, patients sustaining severe injury to the dorsal regions tend to remain awake but in a
vegetative state (Plum and Posner, 1972), which contrasts with injuries occurring within ventral
pathway regions whereby patients display symptoms of low arousal and sleep more than average
(Fuller et al., 2011). Together this suggests that both the dorsal and ventral pathways are required for
functional wakefulness with dorsal pathways supporting the ‘content of consciousness’ through
regulation of thalamocortical signalling and ventral pathways dictating the ‘behavioural state’ of

wakefulness (Scammell et al., 2017).

TASK channels are widely expressed throughout the CNS (Talley et al., 2001b) and as such, activation
of TASK3 channels by neurotransmitters or volatile anaesthetics (i.e. halothane), causes neural
hyperpolarisation and subsequent changes to neuromodulatory activity. TASK3 channels expressed
on basal forebrain cholinergic neurons (BFCN) have been shown to modulate the electrocortical
signatures of arousal following a histaminergic input (Vu et al., 2015). Histamine is a neurotransmitter
which modulates specific aspects of wakefulness like motivation and cognition (Haas and Panula,
2003). Histaminergic cell bodies originate purely within the tuberomammillary nucleus (TMN) and
project extensively throughout the neocortex and hippocampus where they innervate the brain and
promote wakefulness (Figure 39) (Haas and Panula, 2003, Yu et al., 2018). Under normal physiological
settings, histamine acts directly upon H1 receptors (Panula et al., 2015), coupled with Gag1,
expressed upon BFCN to inhibit TASK3 channels, causing neuronal depolarisation and increased high
frequency electroencephalogram (EEG) oscillations associated with wakefulness (Steinberg et al.,
2015). It was demonstrated that arousal states increased following the micro perfusion of histamine
into the basal forebrain as seen by heightened EEG oscillatory activity during non-REM sleep, of which
mice spent less time in, and more time in a quiet wakefulness (Vu et al., 2015). In contrast, the effect
of the micro perfusion in TASK3 KO mice was significantly less however, the histamine-induced arousal
was not abolished suggesting that there are other mechanisms present supporting the histamine
pathways (Vu et al., 2015). The activity of TASK3 channels in the BFCN following histamine activation

appears to rely critically upon with Gag/1 for channel inhibition (Broicher et al., 2008).
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Spinal Co

Figure 39 Histaminergic pathways originate from the tuberomammillary nucleus (red centre) and
extensively innervate many areas of the brain.

PP = Posterior pituitary gland; MTA = midline thalamic areas; VT = ventral tegmentum; ST = substantia
nigra; HC = hippocampus and AD = amygdala. Adapted from HAAS et al., (2003).

Neurotensin (NT) is a 13 amino acid neuromodulatory peptide which is expressed throughout the CNS
where it acts through a diverse range of intracellular cascades to enhance or depress neuronal activity
(Tschumi and Beckstead, 2019). Extensive expression of NT within dentate gyrus region of the
hippocampus, alongside key receptors NTS1 and NTS2 (Quirion et al., 1987, Boudin et al., 2000),
signifies a possible role of the neuropeptide in learning and memory processing and supporting wider
cognitive functions (Azmi et al., 2006, Tirado-Santiago et al., 2006, Ohinata et al., 2007, Yamauchi et
al., 2007, Li et al., 2011, Laszlo et al., 2010, Xiao et al., 2009) although the molecular mechanisms
underlying these activities remain undefined. Predominantly acting through GPCRs: NTS1 and NTS2
coupled to Gq proteins (Watson et al., 1992), work carried out by Zhang et al. (2016) determined that
the enhancement of action potential firing frequency induced by NT was independent of PLC,

intracellular Ca®* and PKC and rather a function of direct action of Gag/11 binding at the channel.
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Following the discovery of the TASK3_G236R mutation associated with KCNK9 imprinting syndrome
(Barel et al., 2008), one of the striking discoveries was that the channel no longer appears to be
sensitive to inhibition following activation of similar GPCR, the muscarinic (M3) receptor (Veale et al.,
2014). Interestingly, low arousal states have been reported in patients expressing the TASK3_G236R
mutation (Graham et al., 2016). In addition, identification of a role for NT modulation of TASK3 via
GPCR regulation in the dentate gyrus may offer an insight into the cognitive abnormalities which
similarly arise in KCNK9 Imprinting syndrome (Graham et al., 2016) should NTS1 regulation of the

TASK3_G236R variant be examined.
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3.2 Aims and Objectives

Previously it was shown that WT-TASK3 is regulated by GPCRs acting through Gog and that this is, at
least in part, likely through a direct action of the G-protein on the channel (Veale et al., 2007b, Zhang
et al., 2016). It was also shown that this regulation is lost from the KCNK9 Imprinting Syndrome mutant
(G236R) channel (Veale et al., 2014). In this study, the mechanism by which the inhibitory effect of the
activated G-protein occurs was examined in more detail. Electrophysiological experiments found that
WT channels expressed with an activated G-protein resulted in a subsequent reduction in current
levels. | aimed to determine using confocal imaging techniques if the observed reduction in current is
a consequence of internalisation of the channel from the plasma membrane or a consequence of

physiological changes to the channel itself.

Additionally, for the first time the effects of activated G-proteins on the G236R mutated channel were
examined to determine whether the attenuated regulatory effect of the activated GPCRs is replicated
by activated G-proteins and if there are any changes in expression of the channel at the membrane
which mirrors the increase in current recorded, when GPCRs are present. A combination of confocal

microscopy and electrophysiological methods were used.

Two forms of activated G proteins, Gog and Gaus, both of which have been found to have a similar

inhibitory effect on TASK3 channels were studied.
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3.3 Methods

3.3.1 Molecular Biology

The molecular biology in this chapter was carried out as described in section 2.3.1. Both human Ga,

and Gag/11 plasmid DNA were bought from Origene (Rockville, USA).

3.3.2 Cell culture

The cell culture in this chapter was carried out as described in section 2.3.2.

3.3.3 Transfection

The transfections carried out in this chapter are as described in section 2.3.3.

3.3.4 Plasma Membrane Staining, Slide Preparation and Viewing

Cell membranes were stained as described in section 2.3.4. Slides were prepared and imaged as

described in sections 2.3.7 — 2.3.11.

3.3.5 Whole-Cell Patch-Clamp

For whole-cell patch-clamp methodology, see ‘materials and methods’in Veale et al. (2014). Solutions

listed in Appendix 3.4
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3.4 Results

3.4.1 Reduced current of WT-TASK3 channels when co-expressed with activated G-proteins is

not a consequence of channel internalisation

Cellular localisation of GFP-tagged WT-TASK3 transiently transfected in tsA201 cells was examined
using confocal microscopy. GFP fluorescence was measured at the plasma membrane of cells
transiently transfected with WT-TASK3_GFP and either activated Gaq or activated Gaui. Control
images were collected as displayed in Figure 40, [Ai-iii], [Bi-iii] and [Ci-iii]. Experimental procedure was
as described in section 2.3.4 and 2.3.7 — 2.3.11. Co-expression of WT-TASK3 with Gag [Di-iii] was
compared to WT-TASK3 alone [Ci-Ciii]. Similarly, the same process was repeated for co-expression
with Gaui. [Ei-iii]. An ordinary one-way ANOVA significance test with an adhoc Tukey’s multiple
comparison comparing each situation with WT-TASK3_GFP was performed. Co-expression of either of
the activated G-proteins had no significant effect (P > 0.05) on WT-TASK3_GFP plasma membrane
expression with WT-TASK3_GFP producing a PCC (£ SEM) of 0.52 + 0.03 (n= 14, 95% Cl: 0.46 — 0.57)
compared to 0.56 + 0.03 (n= 12, 95% Cl: 0.50 — 0.62) and 0.63 + 0.04 (n= 10, 95% CI: 0.55 — 0.71) for
Gog and Gaus, respectively (Figure 41). This suggests that the reduced current recorded through WT-
TASK3 when co-expressed with an activated Gq protein is not due to internalisation or recycling of the

channel but likely due to a gating mechanism.
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Figure 40 Plasma membrane localisation of WT-TASK3 is not altered by inhibitory activated G-
proteins

a  WT-TASK3_GFP + Gous

WT-TASK3_GFP + Ga,
(CMR)

A photomicrograph investigating the effect of Gag and Gai; co-expression on plasma membrane
localisation of GFP labelled TASK3. Confocal images [Ai-iii] represent tsA201 cells transfected with Ga;.
[Ai] displays the red stained plasma membrane; [Aii] the same cells in the green channel with no green
autofluorescence and [Aiii] is the overlap of [Ai] and [Aii]; images [Bi-iii] represent tsA201 cells
transfected with Goy. [Ci-iii] represent tsA201 cells transfected with GFP-tagged WT-TASK3; [Di-iii]
represent tsA201 cells co-transfected with GFP-tagged WT-TASK3 and Gois; [Ei-iii] represent tsA201
cells co-transfected with GFP-tagged WT-TASK3 and Gag All scale bars are calibrated to 5 uM.
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Figure 41 PCC quantification of plasma membrane expression of WT-TASK3 co-expressed with
activated G-protein, Gay; or Gay

A histogram displaying the PCC quantification of plasma membrane colocalisation following co-
transfection of Gai: or Gag. For both Ga, and Gais, no significant difference (p > 0.05) was observed
in plasma membrane expression of TASK3, when compared to channel expression in the absence of G-
protein expression.

3.4.2 TASK3 G236R mutant channels are not inhibited by activated G-proteins

We then went on to examine the effect of activated G-proteins on the pathogenic variant channel,
TASK3_G236R. Using patch-clamp electrophysiology, comparison of current density between human
TASK3_G236R and TASK3_G236R co-expressed with Gag in a 1:1 ratio, found the channel to be
insensitive to the presence of Gog (Figure 42). The average whole-cell current of TASK3_G236R
measured as a difference between that seen in -40 mV and -80 mV, increased but was not significantly
different (P > 0.05, unpaired t-test, 95% Cl: -12 to +20) when co-expressing 500 ng of each cDNA
[TASK3_G236R: 13 pA pF? (n=3, 95% Cl: 3 to 3); TASK3_G236R + Gag: 17 pA pF! (n=3,95% Cl: -6 to
40). Whilst current density between human TASK3 and TASK3 co-expressed with G-protein alpha g
(Gay) in a 1:1 ratio, found the average whole-cell current of TASK3 to be significantly reduced (P <
0.05, unpaired t-test, 95% Cl: -62 to -39) from 72 pA pF?! (n=9, 95% Cl: 60 to 84) to 22 pA pF* (n= 11,
95% Cl: 16 to 28) when co-expressing 500 ng of each cDNA.
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Figure 42 TASK3_G236R channels are not inhibited following co-expression of activated Ga,.
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[A] Averaged raw data traces of TASK3_G236R channels (black line) and TASK3_G236R + Gay, (blue line).
[B] Comparison of current density between human TASK3_G236R and TASK3_G236R co-expressed with
Gag in a 1:1 ratio. The average whole-cell current of TASK3_G236R measured as a difference between
that seen at -40 mV and -80 mV. [C] Average raw data traces (n= 9) of WT-TASK3 channels (black line)
and WT-TASK3 co-expressed with Gag (red line) (n= 12) transiently expressed in tsA201 cells and
recorded using a “step-ramp” voltage protocol. [D] Comparison of current density between human
TASK3 and TASK3 co-expressed with Gay in a 1:1 ratio. The average whole-cell current of TASK3 was
measured as a difference between that seen at -40 mV and -80 mV. This work was carried out by Dr E

L Veale.
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3.4.3 Plasma membrane localisation of TASK3 G236R is affected by activated G-proteins

Cellular localisation of GFP-tagged TASK3_G236R transiently transfected in tsA201 cells was examined
using confocal microscopy. GFP fluorescence was measured at the plasma membrane of cells
transiently transfected with TASK3_G236R_GFP and either activated Ga, or activated Gayi. Control
images were collected as displayed in Figure 40, [Ai-iii], [Bi-iii] and [Ci-iii]. Experimental procedure was
as described in section 2.3.4 and 2.3.7 — 2.3.11. Co-expression of TASK3_G236R with Gayg [Bi-iii] was
compared to WT-TASK3 alone [Ai-iii]. Similarly, the same process was repeated for co-expression with
Gaus. [Ci-iii]. An ordinary one-way ANOVA significance test with an adhoc Tukey’s multiple comparison
comparing each situation with WT-TASK3_GFP was performed. Co-expression of activated Gog had
no significant effect (P > 0.05) on TASK3_G236R_GFP plasma membrane expression when compared
to TASK3_G236R_GFP producing PCC (+ SEM) values of 0.44 + 0.03 (n= 16, 95% Cl: 0.37 — 0.51)
compared to 0.32 * 0.03 (n= 11, 95% Cl: 0.25 — 0.39) respectively (Figure 43). Interestingly, co-
expression of activated Gay; had a significant effect (P > 0.001) on TASK3_G236R_GFP plasma
membrane expression, with PCC values of 0.54 + 0.03 (n= 10, 95% Cl: 0.47 — 0.60). These data suggest
that whilst GPCR regulation of current by TASK3_G236R channels is completely abolished, direct G-

protein interaction with these mutated channels cannot be ruled out.
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Figure 43 Plasma membrane localisation of
TASK3_G236R is altered by inhibitory activated G-
proteins

A photomicrograph investigating the effect of Ga,
and Gaj: co-expression on plasma membrane
localisation of GFP labelled TASK3_G236R. Confocal
images [Ai-iii] represent tsA201 cells transfected with
TASK3_G236R_GFP. [Bi-iii] represent tsA201 cells cO-
transfected with GFP-tagged TASK3_G236R and Ga,.
[Ci-iii] represent tsA201 cells co-transfected with GFP-
tagged TASK3_G236R and Goii. [D] A histogram
displaying the PCC quantification of plasma
membrane colocalisation following co-transfection of
Gai; or Gag. A significant difference (p > 0.001) was
observed in plasma membrane expression of
TASK3 G236R when co-expressed with Goii: when
compared to channel expression in the absence of G-
protein expression or Ga,.
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3.5 Discussion

TASK3 channel activity can be regulated by hormones and transmitters acting through GPCRs coupled
to G-proteins of the Gag/11 subclass (Chen et al., 2006). Following activation of a GPCR, the channel is
inhibited, increasing neuronal excitability and encourages the firing of APs (Fink et al., 1996, Kim et
al., 2000, Czirjak et al., 2001, Chemin et al., 2003, Mathie, 2007). There is a large body of data available
which debates the mechanisms of channel inhibition following GPCR activation (see section 1.5.2)
however, the latest findings suggest a role for the binding of the activated Gag: directly to the
channel (Zhang et al., 2016). In contrast to WT-TASK3 channels, the G236R mutant channels
responsible for KCNK9 Imprinting Syndrome, have been found to give rise to smaller functional
outward currents that are insensitive to the activation of GPCRs (Veale et al., 2014). In this study, it
was found that the TASK3_G236R mutant channel is not inhibited following co-expression of activated
Gag/1 (Figure 42), however it does increase the plasma membrane expression of the pathogenic

channel only (Figure 43).

For GPCR-regulated inhibition, TASK channels critically rely upon the presence of six residues
(V#*3LRFLT?*) at the interface of the final transmembrane domain and the Ct. Not only is this motif
crucial for Gog-mediated inhibition, it has also been implicated in regulation by volatile anaesthetics,
neurotransmitters (Talley and Bayliss, 2002b) and pharmacological agents (Veale et al., 2007a). The
complex cascade which follows GPCR activation is a highly debated topic as discussed in section 1.5.2.3
however, more recent hypotheses lean toward the direct binding of Gag/1 to the intracellular Ct
(Zzhang et al., 2016). This concept raises questions with regards to the function of the VLRFLT motif.
Do these six amino acid residues function as a direct binding site for Gag/11 or are they crucial to the
transduction of an intracellular signal to the channel gate? It is tempting to lean towards VLRFLT
behaving as a transducer due to the wide range of modulatory molecules known to act on the channel
(see Table 3, section 1.5.2) with their diverse structures which influence channel function through this
mechanism. K2P family member, TREK1, contains a similar region at the same location which is key to
regulatory aspects including pharmacological mediators, volatile anaesthetics as well as physiological
factors such as mechanical stretch, acidification and GPCR-mediated inhibition (Honore, 2007, Veale
et al., 2007a). In this channel, the region plays a structural as well as a modulatory role as it supports

the channel in the post-synaptic scaffold (Sandoz et al., 2006).
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Novel insights into the VLRFLT region have recently been provided following the publication of the
TASK1 crystal structure (Rodstrom et al., 2019). Until now, K2P channels differed from other potassium
channels as they appeared to lack a gating mechanism below the SF, believing that the inner vestibule
remained open to this point. A new gating structure, the “X-gate,” has since been identified in the
TASK1 crystal structure in which the VLRFMT portions (analogous to VLRFLT in TASK3) within the
fourth transmembrane domain/Ct of each monomer interact as they cross-link in front of the

intracellular vestibule entrance (Rodstrom et al., 2019), taking up a closed conformation (Figure 44).
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Figure 44 TASK1 crystal structure displays novel 'X-gate' beneath the SF.

View of the crossing TM4 helices from the membrane plane; (inset) Enlarged X-gate structure
highlighting position of the VLRFMT residues. Adapted from Rédstrém et al. (2019).

The X-gate is stabilised by ‘hinge’ residues Leucine (Leu, L) 241 — Valine (Val, V) 242 and a ‘latch’
(Asn250) either side of the VLRFMT, creating the bends in TM4 which give it the characteristic ‘X’
shape. Alanine (Ala, A) scanning mutagenesis across Threonine (Thr, T) 230 — Thr248 (inclusive of the
VLRFMT region) observed a 6-fold increase in outward current, with Leu244 at the centre of the X-
gate creating the largest effect (Rédstrom et al., 2019). Mutation of the equivalent residue in TASK3
similarly increased outward current suggesting that these residues are critical in supporting the closed
state of the channel in both TASK1 and TASK3. Furthermore, mutations within the X-gate region
reduced the sensitivity of the channel to volatile anaesthetics like sevoflurane, proving that the region

has an active role in the channels response to activating agents (Rodstrém et al., 2019). The
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TASK3_G236R loss of function mutation directly precedes the hinge residue of the gating mechanism
in TM4 and it has been suggested that the insertion of a large positive residue into the vestibule is
likely to interfere with the ion conduction pathway (Rédstrom et al., 2019). The effect of this mutation
can be partly overcome by the A237T gain of function mutation (Ashmole et al., 2009) or by application
of the non-steroidal anti-inflammatory drug, flufenamic acid (FFA) (Veale et al., 2014). The
Caenorhabditis elegans protein SUP-9 is a K2P channel which shares a high degree of sequence
similarity to TASK1 and TASK3 channel. Mutation of the analogous residue (A236T) in SUP-9 increased
the open probability of the channel (Ashmole et al., 2009, de la Cruz et al., 2003). The human TASK1
crystal structure confirmed the existence a hydrogen bond between the carbonyl oxygen of Ala237 on
TM4 and Asparagine (Asn, N)133 which disrupts the helical structure of TM4 and stabilises the helical
bend created by the hinge residues (Ashmole et al., 2009, Rédstrom et al., 2019). It is possible that
the introduction of Thr at this position prevents this interaction between TM2 and TM4, destabilising
the helical bend and promoting the open conformation of the X-gate. Unfortunately, the A237T
mutation was unable to overcome the loss of effect of GPCR regulation on the G236R mutated channel
and remains inwardly rectifying (Veale et al., 2014). Whilst the A237T mutation may improve K*
permeability, it is unlikely to rescue G-protein regulation of the TASK3_G236R channel since it fixes
the gate in an open position (Ashmole et al., 2009), likely preventing the transduction of a cytoplasmic
signal to the SF via TM4 (Bagriantsev et al., 2011, Piechotta et al., 2011). Indeed, presence of A237T
in WT-TASK3 is similarly detrimental to the sensitivity of TASK3 channels to regulation by the
muscarinic GPCR even in absence of the G236R mutation (Veale et al., 2014). Although it is clear that
X-gate is critical to the regulation of TASK channels, the exact function of the VLRF(M/L)T sequence
remains unclear. It is possible that the presence of the rigid G236R mutation preceding the hinge alters
TM4 conformation in a way which hinders the exposure of the VLRF(M/L)T sequence, preventing
potential binding of Gay; alternately, in absence of the A237T gain of function mutation, G236R fixes
the X-gate in semi-open/closed state which allows the reduced flow of ions however, the presence of
the positively charged arginine near the inner mouth of the channel likely drives inward-rectification

rather than outward, as described for calcium-activated K* (SK) channels (Li and Aldrich, 2011).

The TASK channel subfamily contributes to the background current in neuronal populations
throughout the CNS and are inhibited by Gag-coupled receptors including those for thyrotropin-
releasing hormone, serotonin (5-HT), glutamate and acetylcholine (Mathie, 2007). Another such GPCR
regulating TASK3 current includes the histamine (H1) receptor underlying wakefulness. Activation of
Gag-coupled H1 receptors by the wake-active neurotransmitter histamine, have been shown to inhibit
TASK3 channels and this underlies activation of cholinergic neurons by histamine in the basal forebrain

(Figure 39) (Vu et al., 2015). Symptoms of low arousal have been reported in patients expressing the
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TASK3_G236R mutation (Graham et al., 2016). Whole-cell patch clamp recordings obtained from
recombinant TASK3 and TASK3_G236R channels co-expressed with H1 receptors, showed that current
through WT-TASK3 channels was inhibited following direct application of histamine. Conversely,
inhibition of TASK3_G236R channels following histamine application was significantly attenuated and
indeed, a small activation current by histamine was observed. A similar finding was recorded when
the TASK3_G236R channel was co-expressed with the Gag-coupled muscarinic (M3) receptor (Veale
et al.,, 2014). Together with the electrophysiological recordings presented in Figure 45, it was

confirmed that the G236R mutant is insensitive to Gag-mediated inhibition.
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Figure 45 TASK3_G236R channels are no longer inhibited by activation of histamine (H1) receptors

[A] Averaged raw data traces of TASK3 channels co-expressed with H1 receptors was inhibited
following activation of receptors by 20 uM of histamine using a step-ramp voltage protocol. [B]
Inhibition of TASK3_G236R channels is significantly attenuated (p < 0.01) following application of
histamine. Unpublished work carried out by Dr E L Veale.

G-proteins are commonly localised to the cytoplasmic face of the plasma membrane where they
function as molecular switches (Wedegaertner, 2012), dynamically cycling between active and
inactive states in the regulation of many intracellular signalling cascades (Preininger and Hamm, 2004,
Dorsam and Gutkind, 2007). As described previously in Figure 10, following activation of the GPCR,
GDP is released from the heterotrimeric G protein and phosphorylated at the intracellular face of the
plasma membrane allowing the binding of GTP which drives the dissociation of the activated Ga
protein from the GBy unit (Lambert, 2008). In order to remain bound to the membrane, G-proteins
require multiple binding mechanisms to form a ‘hydrophobic anchor’ (Wedegaertner, 2012). The
presence of single membrane binding signal, such as a covalently bound lipid, may offer weak affinity
to the membrane alone however, the availability of multiple motifs or sequences may synergize to
provide a high affinity, multivalent interaction, otherwise known as the ‘two-signal hypothesis’ or

kinetic trapping (Dunphy and Linder, 1998, Hancock et al., 1990, McLaughlin and Aderem, 1995,
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Morales et al., 1998, Resh, 1999, Wedegaertner, 2012). Curiously, an increase was observed in
TASK3_G236R_GFP plasma membrane expression following co-expression with both constitutively
active Gog and Gag/1, although only the latter was significant (p < 0.001) (Figure 43). A similar trend
was also detected with the WT-TASK3_GFP although this difference was not significant (Figure 41).
Together with the loss of GPCR regulation following histamine and muscarinic activation, this would
suggest that the G-protein remains able to interact with the channel directly but is no longer able to

regulate the TASK3_G236R channel.

3.6 Conclusions and Further Study

Whilst the X-gate is intricately involved in the regulation of TASK channels, it is important to note that
not all regulatory pathways converge and rely upon this region. The polymodal nature of TASK
channels means it is likely to be regulated through alternate routes. For instance, application of EC
zinc to a TASK3-VLRFLT deletion model results in an inhibition which is indistinguishable from WT-
TASK3. Equally, pH sensitivity is shown to be altered in the deletion model yet the His98 proton sensor
is present on the extracellular side of the SF (Veale et al., 2007a). Therefore, alternate transduction

mechanisms may be present unless it is later found that these two gating mechanisms are coupled.

It can be concluded that whilst less TASK3_G236R channels are expressed at the plasma membrane,
this cannot explain all the effects of the mutation on the channel. The inhibition of these TASK3_G236R
channels by H1 receptor activation is significantly attenuated despite a proportion of the channels
continuing to be expressed. Co-expression of both WT-TASK3 and TASK3 G236R with activated G-
proteins both appeared to increase expression of the channels at the plasma membrane, likely due to
the hydrophobic anchor of the G-protein at the membrane. This suggests that the G-protein can still
interact with the G236R channel but cannot regulate it. Attenuation of histamine inhibition may
contribute to the low arousal state seen in patients with KCNK9 Imprinting Syndrome however, it is
now clear that therapeutic strategies which aim to increase TASK3_G236R channel expression at the
membrane in this syndrome may fail to overcome all of the functional consequences of the mutation

and may in fact be detrimental to the patient.

Therapeutic approaches should therefore focus upon improving channel function. Whilst genetic
recovery of the G236R has been demonstrated following the co-expression of A237T, it was unable to
reverse all the effects of the disease-causing mutant. Furthermore, genetic modifications by the likes
of CRISPR-Cas9 gene therapies are still in infancy stages having only just entered human clinical trials

phase. In absence of this therapy in practice, there remains precedents for overcoming the effects of
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loss of function mutations using pharmacological manipulation with evidence of pharmacological
application of the phospholipase inhibitor, ONO-RS-082, remedying the functional effects of the
G203D mutation implicated in PAH (Ma et al., 2013). Identification of the cytoplasmic X-gate has
discovered a unique environment for molecular and pharmacological exploration. Whilst this novel
gate is important for the control of channel activity, it remains unclear how the region is involved in
the transduction of IC signal to functional response and the implications of the G236R mutation on
this. Once functional mechanisms like these are determined, we can work towards identifying
therapeutics which may at least soothe certain symptomatic effects such as low arousal in KCNK9

Imprinting Syndrome.
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Chapter 4:
Production and Purification of the

TASK3 C-terminal Peptide
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4.1 Introduction

The demystification of the human proteome offered novel mechanistic insights into function and
disease however, the details in the ‘how’ remain highly sort after as structural determination remains
the time-fast technical hurdle. Of the 24,000 genes humans possess, 19 — 20,000 are protein-encoding
with 4,800 — 7,200 (20 — 30% of the total genome) encoding membrane proteins in the form of ion
channels, receptors, transporters, and enzymes. Membrane proteins represent over half of all known
drug targets (Babcock and Li, 2014). Therefore, the identification of structural points of interest will
only work to enhance the development of more target-specific drugs, enhancing efficiency and

reducing side-effects.

Unfortunately, the structural determination of membrane proteins is notoriously difficult. The first
challenge being the removal of an integral membrane protein from the native environment. The
cellular environment is complex. Firstly, the lipid membrane accounts for only 6 - 12% of the cytosolic
volume, of which the plasma membrane represents only 2 - 5% (Rawlings, 2016). Therefore, the
remaining 82% of cell weight is comprised of a highly specialised biochemical environment which
stabilises the cell. Secondly, a plasma membrane protein exists in three different physiological
environments at any one time: extracellular —intramembrane —intracellular, which equates to further
considerations regarding pH and macromolecular organisation amongst others. Moreover,
experimental requirements present yet a further problem, with many techniques such as NMR and X-
ray crystallography requiring large quantities of pure protein which is expensive in terms of time and
resources. Combined, these problems make the validation of topological and functional predictions

very difficult and so remain the focus of many labs today.

K2P channel proteins are no exception. Since their first discovery, it took almost 20 years for the first
two K2P crystal structures (TRAAK and TWIK-1) to be deposited into the PDB in 2012 (Brohawn et al.,
2012, Miller and Long, 2012) and a wait of almost 25 years for a crystal structure of a member of the
highly studied TASK family, TASK1 to be published (Rodstrom et al., 2019). Unfortunately, these
structures are incomplete and do not contain information regarding the IC terminal regions, where
much of the channels regulatory activity occurs, presenting only the transmembrane portions and the
extracellular helical cap. It is common to remove soluble termini prior to crystallization as they are
often intrinsically disordered and flexible which is detrimental to the formation of well-diffracting

crystals for structural studies (Bertheleme et al., 2013).
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As discussed in section 1.5, TASK3 may be regulated by anaesthetic activation (Talley and Bayliss,
2002b), methanandamide inhibition (Veale et al., 2007a), as well as hormones and transmitters which
are all suspected to act through the intracellular Ct via GPCR activation of Gag/11 (Mathie, 2007). It was
originally believed that TASK channels were activated by PIP; and inhibited by GPCR-induced PIP,
depletion as was the case for Ky and Kir channels (Czirjak et al., 2001, Chemin et al., 2003, Lopes et al.,
2005) however, the confidence in these hypotheses was shaken when it was suggested that Gog/11
instead binds directly to the channel (Chen et al., 2006, Veale et al., 2007b, Zhang et al., 2016). This
led to a debate regarding the required necessity of PLC and PIP; in the inhibition of TASK until the
application of DAG (a downstream product of Gag/11 activation and PLC) to DAG-depleted inside-out
excised patches still resulted in the inhibition of TASK channels (Wilke et al., 2014), thus maintaining

their relevance to inhibitory mechanisms.

The presence of 6 amino acids ‘VLRFLT’ in the extreme proximal portion of the Ct has proven to be
essential for modulation of channel activity (Wilke et al., 2014, Veale et al., 200743, Talley and Bayliss,
2002b) with deletion abolishing halothane-induced activation and GPCR-inhibition and mutations to
this motif serving to diminish these effects (Talley and Bayliss, 2002b). Furthermore, deletion of the
VLRFLT motif has been shown to alter the pH sensitivity of the channel. Considering the locations of
the motif in the IC Ct domain and the EC His98 proton sensor, this suggests that alterations to internal
gating mechanisms are coupled to EC modulation. Such mechanical coupling has been observed in
Drosophila KCNKO channels in which phorbol ester-mediated regulation of IC pathways influences EC
modulation by Zinc (Zilberberg et al., 2001). Interestingly, the deletion of the VLRFLT motif had no
effect on zincinhibition of TASK3 channels and so it can be concluded that this motif does not underpin

all the regulatory pathways of this channel (Veale et al., 2007a).

The VLRF(L/M)T (TASK1/TASK3) motif has recently been implicated in the formation of the novel ‘X-
gate’ which lies on the cytosolic side of the SF (Rodstréom et al., 2019). Until now, unlike most
potassium channels, K2P channels lacked a lower gate on the IC side of the SF. The TASK1 crystal
structure revealed a lower gate formed by the interaction of the VLRFMT domains within the Ct of
each monomer, crossing over to form the X’-like structure. As discussed previously in section 3.5,
mutations occurring within and around this motif drastically effect the open probability of the channel
and reduce channel’s sensitivity to volatile anaesthetics (Rodstréom et al., 2019). Loss of function
variants of TASK channels are associated with diseases like PAH (Ma et al., 2013, Navas et al., 2016)
and KCNK9 Imprinting syndrome (Barel et al., 2008, Veale et al., 2014). Such variations cause
mutations which occur around the X-gate leading to pathologic reductions in outward current and an
inability to respond to GPCR regulation. Whilst this region is clearly significant to channel function, it

is unclear whether the VLRFLT (in the case of TASK3) motif participates as a transducer of signal to the
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gate or, as a direct binding site of modulatory molecules. Due to the diverse range of modulatory
molecules known to induce an effect on the channel and the wide range of channels these molecules
can act upon, the former is most likely (Veale et al., 2007a). In support of this, work carried out by
Andres-Enguix et al. (2007) found that the Lymnaea orthologue of hTASK1 (LyTASK) was also highly
responsive to activation by general anaesthetics with additional stereoselectivity. Mutating the six
analogous amino residues of LyTASK to that of hTASK1 resulted in anaesthetic sensitivity reflective of
hTASK1 yet, the stereoselectivity remained. This supports the idea that the VLRF(L/M)T residues are

critical to sensitivity but are unlikely to function as a binding site (Veale et al., 2007a).
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4.2 Aim and Objectives

The aim of this chapter was to produce and purify the hTASK3 Ct peptide inclusive of the VLRFLT motif
in order to investigate its functional capacity. The overall objective of this chapter was to use
recombinant protein expression methods to produce a functionally active and conformationally
correct hTASK3 Ct peptide to test the significance of the VLRFLT motif in protein-protein interactions
in the following chapter. The first objective was to identify optimal expression conditions of the BL21
(DE3) Escherichia coli (E.coli) bacteria by varying the temperature and time of the induction phase
until the highest concentration of protein was achieved. The second objective was to effectively purify
and store the protein in a way that it remains stable in solution using a variety of chromatographic
and electrophoretic techniques. Finally, the third objective used a combination of dynamic light
scattering and circular dichroism to confirm that the protein existed homogenously in solution in a

conformationally correct state.
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4.3 Methods

4.3.1 Transformation

PGEX-6P-1

240_NLVVLRFLTMNSEDERRDAEERASLAGNRNSM
VIHIPEEPRPSRPRYKADVPDLQSVCSCTCYRSQDYGG | |
RSVAPQNSFSAKLAPHYFHSISYKIEEISPSTLKNSLFPSP
ISSISPGLHSFTDHQRLMKRRKSV_374

Figure 46 Schematic displaying the TASK3_C-Terminus (+VLRFLT) construct design

The peptide sequence is subcloned within the multiple cloning site (MCS) and fused to a glutathione-S-
transferase (GST) tag. The pGEX-6P-1 vector contains a cleavage site for Precision Protease ™ (PP) for
specific removal of the GST tag following purification.

The TASK3 C-terminus (including VLRFLT) insert (AA240—-374) was cloned into the multiple cloning
site (MCS) of the pGEX-6P-1 vector (Genscript) (Figure 46) with ampicillin (AMP) resistance. The
plasmid was transformed in competent BL21 (DE3) E.coli under control of the isopropyl-p-D-1
thiogalactopyranoside (IPTG)-inducible tac-promoter, engineered alongside a lac repressor protein
that binds the DNA operator sequence and prevents access of RNA polymerase to the promotor site.
IPTG resembles the galactose sugar structure and is added to the solution when the conditions are
correct for protein expression as it binds to the /ac repressor protein causing a conformational change
which reduces its binding affinity for DNA. This feature allows for controlled expression as RNA
polymerase once again has access to the promoter site in order to transcribe the target gene. PGEX6P-
1 aids high-level expression of fusion proteins however, in suboptimal conditions basal levels of
expression from a lac promoter and the tac promoter may interfere with the isolation of clones
containing the insert in the proper orientation. An outcome which may persist if the insert is toxic to
the host. Basal-level expression, from the lac promoter was minimised via the incorporation of the

catabolite glucose into the SOC growth medium (Appendix 3.2).

Competent BL21 (DE3) (Novagen, EMD Millipore) (~100 uL) were removed from -80°C and defrosted
on ice. The cell aliquot was transferred to a 15 mL falcon. Plasmid stock concentration was 50 ng/uL.
A working concentration of 100 ng of TASK3_(+VLRFLT) plasmid was added to cells and mixed prior to
incubation on ice for 30 minutes (mins). Cells underwent heat-shock in a bath pre-warmed to 42°C for

37 seconds (sec). The falcon tube was briefly returned to ice for 2 mins and recovered with 600 pL of
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LB/SOC media. Cells were incubated for 1 hour (hr) at 37°C/220 rates per mins (rpm). An ampicillin
(AMP) agar plate was equilibrated to room temperature (RT). Following incubation, cells were
centrifuged at 4000 rpm/10 mins/RT. Having discarded 400 pl of the supernatant (SN), the pellet was
resuspended in the remaining SN and 200 uL spread onto the AMP agar plate which was left to set at

RT for approximately 20 mins before being transferred to 37°C overnight (ON).

4.3.2 Starter Culture

The following morning, the plate was checked for single colonies prior to being placed at 4°C until late
afternoon in preparation of the small ON culture. For the cultures, 10g of LB Broth (Sigma, USA) was
dissolved in 500 mL in double-distilled water (ddH,0). The media was sterilised using a Stericup and
Steritop (0.22 uM) Vacuum driven Sterile Filter™ (Merckmillipore, USA). AMP (stock concentration:
1000 pg/mL) was removed from -20°C and the plate from 4°C and allowed to equilibrate to RT. Into
each of two 14 mL propylene, round-bottomed culture falcons (Falcon), 5 mL of LB broth was added
followed by AMP to a final dilution of 1:1000. A -single colony was transferred into each of the culture

falcons and placed at 37°C/220 rpm/ON.

4.3.3 Induction

AMP was removed from -20°C and the small cultures removed from the incubator. The Nanodrop™
2000C spectrophotometer was used to measure optical density (OD) of the starter cultures. Into one
cuvette 600 uL of LB broth was added, serving as a blank. Into two other cuvettes, 540 uL of LB broth
and 60 pL of the respective starter culture was added to obtain a 10x dilution (OD >1 falls outside of
the linear range of detection). OD was measured, ensuring to blank first. IPTG induction requires a
starting OD of 0.1 and so it is necessary to determine the appropriate dilution factor. To 100 mL LB in
a 500 mL conical, 100 uL AMP and the appropriate volume of starter culture was added. Growth rate
of the culture was checked every hour (approximately 2 hrs) until a desired induction OD of 0.6-0.8
(exponential growth phase) was reached. IPTG was added to the culture at a final concentration of 1
mM and placed at 30°C/220 rpm. Cells were harvested 3 hrs post-induction, as determined to be the
optimal conditions. The culture was transferred to two 50 mL falcons and spun down in a pre-cooled
centrifuge at 4°C/4000 rpm/20 mins. The SN was discarded, and the cell pellet frozen ON at -20°C or

until ready for lysis.
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4.3.4 Solubilisation

Cell pellets were defrosted on ice for 30 mins. Working on ice, 30 mL of 1X PBS solution was added to
one pellet and pipetted to dissolve. This solution was transferred to the other pellet and pipetted once
again to dissolve. Cells were lysed using sonication: 5-min experimental time, 30 sec pulses on/off at
80% amplification. Following sonication, a 30 pL (‘total protein’) sample was collected for gel analysis.
Initially, four different solubilisation buffers were trialled: 8M Urea, 6M Guanidinium (GuHCI), 1M
Urea or 1M GuHCI. Into four labelled Eppendorf tubes, 1 mL of sonicated solution was added to each.
In a pre-cooled centrifuge, samples were spun at 4°C/13500 rpm (maximum)/10 mins. From one of
the centrifuged samples, 30 pL of SN was removed and placed in a new Eppendorf tube labelled: PBS.
All remaining SN was removed from cell pellets and placed in a falcon tube. Expression tests showed
the protein to be insoluble in phosphate-buffered saline (PBS), the protein was suspected to be
contained within the cell pellet. Each pellet was resuspended in 1 mL of the respective solubilisation
conditions prior to centrifugation at 4°C/13500 rpm/10 mins. Resulting SN was transferred to freshly

labelled Eppendorf tubes and stored on ice.

4.3.5 Guanidinium (GuHCI) Precipitation

To avoid the precipitation of GUHCI in presence of sodium dodecyl sulphate (SDS) and interference on
the gel, 25 plL of each sample SN was collected and transferred to labelled Eppendorfs prior to addition
of 225 L ice cold ethanol. These samples were vortexed and incubated at -80°C for 10 mins followed
by centrifugation at 4°C/13500 rpm/5 mins. The SN was discarded, the pellet suspended and mixed
thoroughly in 250 L ice cold ethanol to remove remaining traces of GUHCIl. Samples were spun at
4°C/13’500 rpm/5 mins before SN was removed and the pellet air dried prior to resuspension in 25 pL

PBS.

4.3.6 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

To each 25 uL of sample following GuHCI precipitation, 25 pL of SDS sample Buffer (2X) was added and
inverted to mix. Samples were boiled for 5 min (100°C). A 12%, 15 well precast gel (BioRad™) was
loaded into a cassette and tank before the central reservoir was filled with running buffer. Into each
well, 13 uL of each sample (5 plL of the Amersham Blue™ Mwt marker (BioRad™)) was loaded whilst
remaining wells were filled with sample buffer. The samples were stacked at a voltage (V) of 120 until

linear prior to increasing voltage to 170 V until the gel was complete (approximately 40 mins). On
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completion, the gel was removed and submerged in staining solution on a rocking table for 15 mins
before transfer into de-staining solution for 15 mins. De-staining solution was refreshed and left on

rocking table ON for development.

4.3.7 DNA Precipitation

The samples were further purified via precipitation of contaminant DNA. From a 10% stock
Polyethyleneimine (PEIl) solution, PEl was added to the protein solution at a final concentration of
0.2%. Care was taken to add PEl in small increments with gentle stirring between additions. The
solution was left on the bench for approximately 20 mins at RT. Following the rest period, the sample

was centrifuged at RT for 1 hour/20000 rpm and the SN collected.

4.3.8 Protein Precipitation

Ammonium Persulfate (APS) (228.18 g/mol) was added to a total of 65% solution saturation. This was
calculated using software provided by Encorbio (http://www.encorbio.com/protocols/AM-S0O4.htm).
APS was crushed to remove crystals. APS was added gradually at RT. Solution was stirred for a
minimum of 1 hr however, best results were obtained following an ON-stirring period, or until
completely dissolved. The solution was split evenly into two centrifuge vials and filled with ddH,0 to
aid pellet formation. Samples were centrifuged at 4°C/17000 rpm/3 mins. The pellet at this stage is
extremely delicate so SN was immediately discarded, and the pellet kept on ice. Next, one pellet was
resuspended in 5 mL of 8M urea solubilisation buffer, transferred to the other pellet and again
resuspended. Using a 0.22 uM filter syringe the sample was filtered, and protein concentration
determined using 2 pL of sample on the Nanodrop™. The Nanodrop™ (baseline wavelength nano
meter (nm) correction: 340 nm) provides protein concentration (A280) in mg/mL with an A260:280
ratio value. The ultraviolet (UV) 260:280 ratio signifies level of deoxyribose nucleic acid (DNA)
contamination in the sample; a reading of <1.0 is considered acceptable. Protein peaks maybe visible
at both 230 nm/280 nm whilst DNA absorbs at 260 nm. All the collected protein was diluted in an
arginine-based refolding buffer to obtain an approximate concentration of 0.1 mg/mL and left ON at

4°C.
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4.3.9 Glutathione-S-Transferase Column

A Glutathione-S-Transferase (GST) column was attached to the chromatography system and the
column/sample pump washed through with PBS. The Column was set at a perfusion rate of 2 mL/min.
The refolded sample was re-filtered using a 22 uM syringe filter. The column was equilibrated for
approximately 5 X maximum volume (25 mL) or until all parameters remained constant. The sample
was injected, flow-through (FT) collected and the column washed with PBS following complete
loading. Elution buffer (reduced glutathione — Appendix 3.3) was then applied, and appropriate

samples collected.

4.3.10 Size Exclusion Chromatography

Size exclusion chromatography (SEC) was carried out using an AKTA Purifier 100 HiLoad 16/60
Superdex 75 Prepgrade (PG) (120 mL) column with a maximum detection weight of 75 kilodalton (kDa)
and 4 mL fraction volume. Rate of elution was compared to a set of standards with known Mwt and

elution rates for reference.

4.3.11 Strong-Q Anion Exchange Chromatography

Two sample buffers were prepared for the Strong Q-column anion exchange chromatography (QC):

Buffer A (500 mL): Buffer B (500 mL):

25 mM HEPES/70 mM NaCl (pH 10) 25 mM HEPES/1 M NaCl (pH 10)
12.5 mL HEPES 12.5 mL HEPES

7 mL NaCl (5 M) 100 mL NaCl (5 M)

2.2 mL NaOH (4 M) 2.2 mL NaOH (4 M)

The anion QC was washed and equilibrated first with three column volumes (60 mL) of a combination
of sample buffers (A and B) prior to column activation with sample buffer A for 3 column volumes.
Once the sample had finished loading, the column was briefly washed with sample buffer A, before a

sample B concentration gradient to 100% was executed.
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4.3.12 Dynamic Light Scattering

Size of protein (aggregates) was estimated using the DynaPro — Nanonstar (WYATT) at 25°C. In 10 pl,
sample was diluted 1:20 in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer ranging
in pH from 10 to pH 6 or PBS.

4.3.13 Circular Dichroism

Conventional circular dichroism (CD) spectra were measured on a Chiracscan (v.4.2.15) spectrometer
calibrated with HEPES buffer. Measurements were collected under the following parameters: 1 mm
path length cell, 1 nm increments, 0.5 second integration time and a 0.5nm bandwidth at 4°C. Spectra

were measured in the wavelength range of 260 to 190 nm.
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4.4 Results

4.4.1 Protein is Solubilised only by 8 M Urea

Protein M B 8 & 8 1o 2 gt Lane 1:37C—=0 Hr
Insoluble . % Lane 2:37C—3 Hr
(no band) Lane 3: 37C—3 Hr (SN)
Lane 4:25C—=3 Hr
Lane 5: 25C—3 Hr (SN)
Lane 6: BioRad MWM
Protein in Lane 7:37C—=5 Hr
Pellet Lane 8:25C—3 Hr
fraction Lane 9: 37C — Overnight

Lane 10: 25C— Overnight

Figure 47 The TASK3 peptide is most efficiently expressed at 3-5 hours post induction at 37°C

An SDS-PAGE gel demonstrating the different induction conditions trialled for the expression of
(+VLRFLT) TASK3 in BL21 E. coli. Lane 1 shows no prominent expression at approximately 43 kDa
immediately after induction. Lane 2 shows significantly more expression at 43 kDa, after 3 hours
incubation at 37°C after induction. The protein is not soluble, confirmed by lack of protein band in the
supernatant fraction (lane 3). Lanes 4 and 5 show a similar expression rate following a 3-hour
incubation at 25°C however protein remains equally insoluble. At 5-hours in 37°C (lane 7) not much
more protein is expressed compared to 3-hours in lane 2. The conditions observed in lanes 8 — 10 were
equal or less.

Initial expression tests showed that protein expression was highest 3 — 5 hours post induction at 37°C,
although the product did not appear to be soluble (in PBS) as seen by the absence of bands at
predicted molecular weight of 43 kDa in the supernatant (SN) fractions in Figure 47. Following
recombinant expression, in vitro denaturation & refolding of the protein was carried out in attempt
to resolubilise. Chaotropic denaturants: urea and GuHCI, were used in attempt to partially unfold the
peptide by disrupting the hydrogen bonding network between water molecules to reduce the stability
of the protein’s native state by weakening the hydrophobic effect. The protein remained insoluble in
1M urea/GuHCl and precipitated out of solution as can be seen by the lack of bands in lanes 5 and 6
of Figure 48. Whilst the protein is marginally solubilised in 6M GuHCI (lane 10), solubilisation occurs
most efficiently in 8M urea as evidenced by the prominent band at approximately 43 kDa in lane 8.
Under such conditions most, if not all, proteins denature and require a refolding phase to be included

in protein production.
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250 Lane 2: Sample Buffer
150 Lane 3: BioRAD MWM
Lane 4: PBS + SN
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75 Lane 6: 1M Guanidinium + SN
Lane 7: Sample Buffer
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Figure 48 The TASK3 peptide is most efficiently solubilised in 8M urea

An SDS-PAGE of the trialled solubilisation conditions, specifically chaotropic agent’s urea and GuHCI
at varying concentrations. Lane 1: total protein sample collected after bacterial sonication. Lane 3:
molecular weight marker (MWM). Lane 4 shows no prominent protein band at approx. 43 kDa in PBS
suggesting that the peptide is insoluble in PBS. Lanes 5 and 6 shows that peptide is equally insoluble
in IM urea and GuHClI respectively by lack of band. Protein is most successfully solubilised in 8M (lane
8) which is clearly more intense than solubilisation in 6M GuHCI (lane 10). MWM is in kDa (lane 11).

4.4.2 GST Tag Cleavage upon Exposure to PBS

To purify the protein, it was loaded onto a GST column utilising the GST-tag present in the pGEX-6P-1
vector (Figure 49). Following first application of elution buffer (10 mM reduced glutathione), no
significant elution peak was observed and DNA contamination (260 nm absorbance) was apparent
despite previous Nanodrop™ confirmation of no contamination. This suggested an error in the
refolding phase despite visible absence of protein precipitation in solution prior to the column. It was
suspected that the protein remained bound to the column. To investigate the latter, flow rate was
decreased to 0.5 mL/min to increase binding time, and concentrations of
tris(hydroxymethyl)aminomethane hydrochloride (TRIS-HCI) and reduced glutathione in the elution
buffer were increased to 150 mM and 30 mM respectively. The pH of the elution buffer was adjusted
with the addition of TRIS-Base® as opposed to salt (NaOH) to prevent interference. Elution was
repeated with the revised buffer resulting in a diffuse peak Figure 49, with low 280 nm absorption
despite a high protein concentration observed prior to the refolding process. Post-refolding Nanodrop
carried out on the collected A3 fraction (blanked against the new elution buffer) confirmed no DNA
contamination as evidenced by lack of a 260 nm absorption peak but is instead likely a case of

glutathione absorbance. Whilst protein concentration at this stage appeared low (400 pug/mL), it was
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consistent with the small bacterial culture it was derived from (100 mL). SDS-PAGE Gel was carried out

to determine the origin of the peak.
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Figure 49 The GST column used for peptide purification was unable to elute the protein following
application of 10mM reduced glutathione

The product was only eluted upon application of 30 mM reduced glutathione as observed in the second
significant blue peak. Blue trace: UV 280 nm, wavelength at which protein absorbs; red trace: UV 260
nm, wavelength at which DNA is absorbed. Elution with 10 mM reduced glutathione was unsuccessful.

Repetition of elution using a 30 mM reduced glutathione. Fraction A3 following elution by 30 mM
reduced glutathione was collected.

In Figure 50, GST-tagged protein remained in the flow through (FT) in lane 3, whilst the protein appears
to have been cleaved during chromatography as identified by a GST band present at 28 kDa and the
absence of free TASK3 at 15 kDa in lane 4 (Figure 50). It was suspected that the TASK3 portion had ran
from the gel or precipitated into the column upon cleavage of the GST fragment which transfers

solubility. Alternately, the entire sample may have been in the FT and there may be excess free-GST
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within the column left from a previous experiment. Regardless, the lack of binding to the column could

be due to poor refolding of the GST itself or structural interference of the TASK3 protein with the GST

binding motif.
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Figure 50 An SDS-PAGE gel analysing the GST column flow through and eluate suggests the peptide
is cleaved upon exposure to PBS (pH 7.0)

Lanes 2 and 3 show that the GST-tagged peptide remains in the flow through as well as the eluate,
evidenced by the bands at 38 kDa. Lane 4 shows the eluate (fraction A3 from figure 45) contains
cleaved protein in the form of free-GST suggesting free-TASK3 has either precipitated into the column
or has run from gel. Mwt marker is in kDa (lane 1 and 5).

Size exclusion chromatography (SEC) was carried out using an AKTA Purifier 100 HiLoad 16/60
Superdex 75 Prepgrade (PG) (120 mL) column with a maximum detection weight of 75 kDa and 4 mL
fraction volume. SEC is a chromatographic method used to separate molecules in solution by size.
Larger proteins are excluded from gel matrix as they have less volume to traverse and elute sooner;
whilst smaller proteins are permitted to enter the gel matrix and with more volume to traverse, they
elute later. Rate of elution is compared to a set of standards with known Mwt and elution rates for
reference. SEC was first carried out on the GST column (un-concentrated) FT using a Superdex 75
10/300 GL column (Appendix 2.1) as this appeared to contain the full length protein as seen in lane 3
(Figure 50). Elution rate of Ovalbumin (43kDa) (approx. 11 mL) was used as a reference for the elution
of TASK3. Whilst a peak was present at the suspected elution point (Appendix 2.1), the protein
concentration of the FT peaks was low (A280: 0.124 mg/mL; 280:260 of 1.5) so the sample was
concentrated, and SEC repeated to amplify the signal. The FT sample was concentrated using a
Sartorius Viva Spin 20 concentrator by centrifugation at 4°C/3700 rpm for approximately 3 hrs

(checked every hr until a volume of 3 - 5 mL was obtained). Nanodrop™ reading of the concentrated
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FT determined protein concentration to be 3.27 mg/mL (280:260 of 1.25). The large (4 mL) loop was
attached to the HiLoad 16/60 Superdex 75pg column and 2 mL of sample injected at a flow rate of 0.6

mL/min; fraction size collected was set to 3 mL (Figure 51).
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Figure 51 Following concentration of the GST column flow through collected in Figure 17, the SEC
graph suggests the peptide has denatured in solution

Two minor broad peaks (red arrows) were observed around the estimated elution volume for this
column (60 mL). Fractions B6B5B4 and B2B1C1 (see red fractions on X-axis) were collected to run on a
gel. The large 280 nm (blue)/260 nm (red) absorption peaks at 100 mL suggests the protein has
degraded/precipitated out of solution.

The chromatographic separation and calibration curve for the standard protein on the HiLoad 16/60
Superdex 75 pg column inferred that TASK3 protein was expected to elute at approximately 60 mL.
The SEC graph of the concentrated GST flow through (Figure 51) displays two minor peaks around this
volume (see fractions: B6-B4/B2-C1). Whilst it is likely that these fractions may contain the protein,
the high 260 nm absorbance suggests DNA contamination through binding to the protein. Observation
of a peak later than 100 mL was unexpected since it minimally coincides with Aprotonin (Mwt: 6.5
kDa), yet the Sartorius viva spin 20 concentrator has molecular cut-off of 5 kDa. Taken together,
seemed the protein had degraded. Regardless, fractions: B6B5B4 and B2B1C1 were pooled and
concentrated using the 6 mL volume Sartorius concentrator and centrifuged at 4°C/3700 rpm for

approximately 3 hrs until a volume of 1 mL was obtained. Nanodrop™ confirmed fractions B6B5B4
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had a final concentration of 0.432 mg/mL (280:260 of 0.66) and fractions B2B1C1 a concentration of
0.219 mg/mL (280:260 of 0.71) following concentration. Samples of each were loaded onto a gel for
SDS-PAGE (Figure 52).
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Figure 52 SDS-PAGE confirms protein is cleaved during the GST column purification stage

Lanes 1 and 2 are empty. The B6B5B4 and B2B1C1 elutions collected from the previous SEC of the
concentrated GST-column flow through shows that the protein is cleaved as demonstrated by bands

present in lanes 3 and 4 at 25kDa and 15kDa indicative of free-GST and TASK3 respectively. Mwt
marker is in kDa.

The B6B5B4 fraction collected from the SEC at the correct volume clearly contained both cleaved
protein and GST as seen in lane 4 (Figure 52). The protein was whole following refolding but was

cleaved during GST column purification.

It is sometimes the case that high-level expression of foreign fusion proteins in E. coli may result in
the formation of insoluble inclusion bodies that consist of aggregated proteins in complex with

ribonucleic acid (RNA). This interferes with the ability of detergents to solubilise proteins.

In attempt to improve the solubility of the GST-tag, a new transformation was carried out with the

following adjustments as suggested in literature (Saluta and Bell, 1998):
e  Growth temperature reduced from 37°C to 20°C

e Reduced induction period from 3 hours to 1.5 hours (Op: 0.6)
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e Inducing at a higher cell density (Op: 2.0) for a shorter period
e Increasing culture aeration (minimum of 1:5 volume)
e Rat lysate buffer as suggested by (Zuzarte et al., 2009)

Two 50 mL cultures and one 500 mL culture were produced from three 5 mL starter cultures and
grown ON at 37°C. Each 50 mL culture was induced with 1mM IPTG at 20°C for a period of 1.5 hrs,

except one had a starting Op of 0.6 and the other an Op of 2.0.

The protein remained insoluble in PBS as evidenced by lack of bands in the SN samples (lanes 5 and 7)
in Figure 53, despite altering expression conditions. Protein also remained insoluble in Triton-X-100
buffer and expression was strongest with induction carried out at 37°C for 3 hrs. The next expression
test moved forward using the pellet obtained from the Triton-X-100, 500 mL culture since the protein
was absent in the SN and was denatured in 8M urea as before. At this stage, two different refolding

buffers were trialled: an arginine-based buffer versus PBS overnight.

N

.

4 5 6 7 8 9

(=Y

0 kDa

250 Lane 1: Mwt Marker
Lane 2: BL21

150 Lane 3: Mwt Marker

Lane 4: 0,0.6 Total

Lane 5: 0,0.6 SN

Lane 6: 0,2.0 Total

Lane 7: 0,2.0 SN

Lane 8: Triton-x-100 Total

Lane 9: Triton-x-100 SN

Lane 10: Mwt Marker

‘ [

Induction conditions had no effect
on solubility in PBS

g 4 19
il 1

Protein insoluble in
Triton-x-100

|

r e

Protein in insoluble pellet fraction
i 15

Figure 53 SDS-PAGE following a new peptide expression test in attempt to increase solubility of the
GST tag confirms the protein remains insoluble in PBS and Triton-X-100

Lane 2: Pre-induction starter culture. Adjusting induction conditions had no effect on protein solubility
in PBS as seen by the lack of bands at 43 kDa in lanes 5 and 7 as the protein remains in the insoluble
pellet fraction in lanes 4 and 6. Protein is equally insoluble in Triton-X-100 solution in lanes 8 and 9.
Expression remains strongest at 3 hrs/37°C/0OD: 0.6-0.8. Mwt marker is in kDa (lanes 1, 3 and 10)
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To avoid the use of a GST column for purification and subsequent protein cleavage, the protein was
dialysed to remove traces of arginine from the refolding buffer prior to attempting Q-column (QC)
exchange chromatography. Since the protein is currently at a pH above the isoelectric point (Pl), it
would bind to a positively charged anion exchanger and therefore, a Q-strong anion exchanger was
used. The initial salt concentration of the protein solution was 200 mM, whilst total salt concentration
of sample buffer B was 1M [NaCl]. The protein eluted at approximately 82% of sample B. Due to a lag
caused by system dead space, it was more appropriate to refer to conductivity, which suggested that
protein was truly eluted at approximately 400 mM NaCl (Figure 54). Fractions A12-B12 were collected

for SEC and fractions B10-9, B8 and B7-6 were also collected for gel peak identification.
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Figure 54 To avoid the use of a GST column, Strong QC Exchange Chromatography was carried out
on the refolded protein following denaturation by 8M Urea

The protein began to elute at approximately 80% of sample B application (green trace) however in the
event of lag caused by system dead space, conductivity (milli-siemens (mS)) (brown trace) is referred
to for elution. Protein eluted at approximately 400 mM NaCl. Fractions A12-B12 were collected for
analysis. The blue trace: 280 nm absorption and red: 260 nm absorption
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The below gel (Figure 55) suggests that despite some cleavage, as displayed faintly by bands at 28 kDa
in lane 6, stable, full-length protein at the correct Mwt was also present however, the product was
very dilute. For this reason, eluates A12-B12 were concentrated to 1 mL prior to application on SEC
for confirmation and GST column for investigation of binding capacity. A 500 pL sample was loaded

onto both. Fractions B10-9, B8 and B7-6 produced no protein bands, suggesting that the later peaks

on the GST column were just noise.

Lane 1: Before Refold

Lane 2: Before Concentration
Lane 3: PBS Spin down

Lane 4: Post Concentration
Lane 5: Post Concentration (ON)
Lane 6: A12-B12 Eluate

Lane 7: B10-B9 Eluate

Lane 8: B8 Eluate

Lane 9: B7-B6 Eluate

Lane 10: Mwt Marker

B6-10 eluates show no
protein contamination

Cleaved GST

Figure 55 Following QC in HEPES buffer, the TASK3 peptide appears whole and reasonably pure

The gel shows that protein is whole at the expected Mwt in lane 1 following denaturation and prior to
refolding. Following refolding, the sample required concentrating prior to application on the QC (see
weak band in lane 2). Lane 3 highlights the unsuitability of PBS for the refolding phase supporting the
solubilisation of the peptide as the lack of band points towards the precipitation of the protein.
Following the arginine refold and concentration, the protein band in lane 4 at 38 kDa is more apparent;
whilst some GST cleavage is apparent, the quantity of whole protein remaining is increased. The
protein remained stable ON in the arginine refold buffer in lane 5. Lane 6 Fraction A12-B12 collected
from QC required concentrating prior to SEC analysis. Fractions B10-B6 in lanes 7-9 were collected
from the QC to confirm the late signal was noise and not TASK3 degradation proved correct as no
protein is visible. Mwt marker is in kDa (lane 10).
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The A12-B12 concentrate was loaded onto SEC for analysis (Figure 56). Fractions A8-10 were thought
most likely to contain the protein however the peak arrived too early at volume 8.5 mL, indicative of
a Mwt of approximately 75 kDa and suggestive of dimerization. Alternately, it may be an aggregate of
cleaved protein. Regardless, eluate fraction A9 was collected for gel confirmation. The noise at the

end of the graph are the result of system pressure fluctuations and may be ignored.
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Figure 56 SEC analysis of the A12/B12 fraction from the QC column suggests dimerization

The peptide eluted earlier than expected (8.5 mL rather than the ovalbumin reference volume of 11
mL) but as a single peak however it may be an aggregate of cleaved protein. Fraction A9 was suspected
to hold the peptide and collected for gel analysis.

For the GST-column, the QC A12-B12 concentrate was diluted in 50 mL PBS to achieve a final
concentration of 0.1 mg/mL. At first the sample appears highly contaminated as suggested by the
exceeding 260 nm absorbance in Figure 57. However, as confirmed by the Nanodrop™, this is due to
absorbance by glutathione. Fractions A5-A6 contain the eluted protein and were collected for SDS-

PAGE determination.
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Figure 57 Application of whole protein purified on QC to the GST column, diluted in PBS saw no
protein in the flow through and eluate fractions A5-A6 were collected for gel analysis

The exceedingly high 260 nm absorbance (red trace) would suggest contamination however
Nanodrop™ analysis confirmed this to be absorbance by glutathione. Eluate fractions: A4-6 and A9
were collected for gel analysis.

From the gel in Figure 58, it appears that the GST is cleaved either upon exposure to PBS or during
dissolution in a buffer of pH 7.0 having been previously stored in HEPES at pH 10 post QC purification.
Following refolding, TASK3 is predominantly whole with minor cleavage observed in lanes 2 and 3
(Figure 58). Protein was diluted in PBS in preparation for GST column purification, lane 4. The absence
of a band in lane 4 could be that the sample was too dilute or more likely, hints at the precipitation of
TASK3 upon exposure to PBS. Following GST purification, Lanes 5, 6 and 7 show only the GST-tag
present at 25 kDa and the absence of protein entirely — further supporting precipitation prior to GST
purification. The peak present on the GST column is likely GST alone. It was decided to repeat the GST

column but in the presence of pH 10 HEPES as opposed to PBS (pH 7.0).
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Figure 58 GST is either cleaved upon exposure to PBS or during the transfer into pH 7 buffer having

been stored in HEPES pH 10 following QC purification

TASK3 remains relatively whole during refolding and QC purification in lanes 1 — 3 however, following
application the GST column (lane 4) no protein is apparent. It is possible that the protein sample was
too dilute but it is more likely that the TASK3 precipitated out of solution following exposure to PBS as
suggested previously. Following GST column purification, eluates A4 — A9 (lanes 5 — 8) vaguely show
only the presence of free-GST at 25 kDa and no TASK3, further supporting precipitation. Mwt is in kDa

(lane 9).
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4.4.3 The TASK3 Peptide is Stable in HEPES Buffer (pH 10)

Considering these findings, it raised the question: is the peptide sensitive to the PBS buffer itself or is
it a matter of pH? It appeared that once the protein is introduced to PBS (pH 7.0), it undergoes
cleavage. However, stored in the HEPES buffer (pH 10) for the strong QC exchange, the protein

remains whole. Was it HEPES or was it the change from pH 10 to pH 7.0?

Following a new QC in which the protein appeared whole (Appendix 2.2), the GST column was
repeated in both pH 10 & pH 7 HEPES. Figure 58 showed the minor presence of cleaved GST therefore,
on the following GST readouts (Figure 59), the presence of protein in the FT was thought to be free
protein. The second peak following elution was suspected to be a combination of free-GST and GST-

tagged TASK3.
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Figure 59 Comparison of GST columns carried out in (A) HEPES pH 10 and (B) HEPES pH7 confirm GST
cleavage occurs as a result of exposure to PBS and not as a function of pH

Whole protein collected from the QC and applied to the GST column in either HEPES pH 10 or pH 7
generated graphs display peaks (UV 280 nm, blue trace) occurring at similar positions and intensities
(mAU). The first peak is the flow through and expected to contain free protein whilst the second peak
is the elution, expected to contain a combination of free GST and some GST-tagged TASK3 if cleavage
is indeed a function of PBS exposure. For gel analysis, HEPES pH 10 (A), flow through fractions A2 and
the ‘peak shoulder’ A1 were collected alongside eluate fraction A5. From HEPES pH 7, the flow through
fraction A2 and eluate fraction A5 were collected.
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Figure 60 The peptide remains whole in pH 10 HEPES flow through however the GST is dysfunctional
for purification purposes

To confirm, the protein was in a whole state following the QC and prior to the GST column (lane 1). In
pH 10 HEPES, full protein is visible in the flow through (lanes 2 and 4) however, only free GST remains
following elution (lane 3). There appears to be significantly less whole protein in the HEPES pH 7
samples however, lanes 5 — 6 display a similar flow through and elution product as pH 10. Mwt marker
is in kDa (lane 7).

Comparison of the GST columns carried out in HEPES (pH 10) versus HEPES (pH 7) showed peaks
occurring at similar positions and intensities (milli-absorbance units (mAU)), implying that it is not the
pH of the buffer dictating protein cleavage but is rather the exposure to PBS buffer itself. Whilst the
protein was still detected in the GST column FT, it remained predominantly uncleaved at pH 10 as seen

in lane 2 (Figure 60).
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To further confirm the incompatibility between the protein and PBS as a storage buffer, the samples
B2B1C1 and B6B5B4, collected from the FT of the GST column/SEC in Figure 49 and Figure 51
respectively, were defrosted having been stored at -80°C as they contained cleaved TASK3. Upon
defrosting on ice, protein precipitation was immediately apparent as evidenced by the turbidity of the
solution. The samples were briefly centrifuged at maximum rpm with pre-/post-spin samples taken
for loading onto a gel prior to GST column application. Following the reaffirmation of the unsuitability
of PBS, it was hopeful that a GST column may further purify the cleaved protein in the flow through
when the running buffer was switched to HEPES (pH 10). Initially the GST graph in Figure 61 seems
exceedingly noisy however, it was likely the presence of an air bubble in the system. To confirm this
was the case, fraction A4 was collected for a UV check when the reading was at what appeared to be

baseline. FT fraction A2 was collected as was the fraction A9 eluate.
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Figure 61 Frozen flow through samples (in PBS) of previous GST column shown to contain free TASK3
were reloaded onto a GST column in HEPES pH 10 in attempt to purify the free protein

Flow through samples B2B1C1 and B6B5B4 collected from the size exclusion chromatography following
a GST column (Figure 19 and Figure 17 respectively) were pooled and stored in PBS at -80°C as they
were observed to contain free-TASK3 (Figure 20). Following defrost, there was a clear precipitate.
Samples were collected pre- and post- spin down for gel analysis prior to loading onto the GST column
in HEPES pH 10 to purify cleaved protein. The trace is initially noisy due to an air bubble in the system.
Flow through fraction A2 and eluate fraction A9 were collected for gel analysis.
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It was confirmed using the Nanodrop™ on fraction A4 that the noise observed on the graph was indeed
air as it contained a protein concentration of 0.0 mg/mL (280:260 of 0.07). Alternately the first peak
observed in the FT (A2) contained 0.021 mg/mL whilst the eluate had a protein concentration of 0.118
mg/mL with A260/280 ratios of 1.91 and 9.06 respectively. With such low protein concentrations
observed combined with drastic RNA/DNA contamination depicted by the A260/280 (>1.0), a gel was

carried out (Figure 62).
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Figure 62 No free-TASK3 remained in solution following PBS storage at -80°C

A sample of the turbid protein solution following defrosting was collected prior to centrifugation, lane
2, contains both free-GST (25 kDa) and TASK3 (15 kDa). Following spin down (lane 3) a significant
reduction in band intensity and therefore protein is observed. As such, no protein is visible in the GST
column A2 flow through (figure 30) in lane 4 and only free-GST in the A9 eluate as TASK3 no longer
remained in solution. Mwt marker is in kDa (lane 1).

It is apparent from the gel that following centrifugation, protein concentration has declined
significantly as can be seen by a reduction in band intensity between lanes 2 and 3 respectively (Figure
62) at both 25 kDa but more so at 15 kDa where the TASK3 band is now non-existent. It is therefore
not surprising that no bands are seen in the FT (lane 4) as the protein appears to have precipitated
out of solution. Only residual GST can be seen in the eluate as expected. It was thus decided that a
new preparation would be carried out, maintaining the protein in HEPES where possible with an
additional pH scout using dynamic light scattering (DLS) to investigate the effect of HEPES pH on
protein polydispersity/homogeneity. To investigate the effect of the 6 amino acid (VLRFLT) motif on

solubility, a second construct in which the motif was deleted was also transformed (Figure 63).
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pGEX-6P-1

248 _MNSEDERRDAEERASLAGNRNSMVIHIPEEPRP /
SRPRYKADVPDLQSVCSCTCYRSQDYGGRSVAPQNSF | /
SAKLAPHYFHSISYKIEEISPSTLKNSLFPSPISSISPGLHS | /

FTDHQRLMKRRKSV_374 /

Figure 63 Schematic displaying the TASK3_C-Terminus (-VLRFLT) construct with the pGEX-6P-1
vector

The peptide sequence (in which the VLRFLT motif has been deleted) was subcloned within the multiple
cloning site (MCS) and fused to a glutathione-S-transferase (GST) tag. The pGEX-6P-1 vector contains
a cleavage site for Precision Protease ™ (PP) for specific removal of the GST tag following purification.

Following expression, it is clear from lanes 3 and 4 in Figure 64, that the new construct containing the
motif deletion (-VLRFLT) is equally insoluble in PBS buffer as it cannot be seen in the SN portion, and
that expression closely imitates that of the +VLRFLT construct. Therefore, the 6 amino acid motif is
not the cause of peptide insolubility. This protein also remains stable at the correct Mwt following the
QC in HEPES buffer pH 10. For the purpose of this study, work progressed with the TASK3_(+VLRFLT)

construct only.
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Figure 64 The TASK3 peptide expressed without the VLRFLT motif is equally insoluble

TASK3 with the VLRFLT motif deletion is equally insoluble in PBS as shown by lack of band at 43 kDa in
the supernatant in lane 4. The protein remains insoluble in 1M urea (lane 3) and will require 8M urea
solubilisation and refolding like its (+VLRFLT) counterpart. Following QC purification of the deletion
construct in HEPES pH 10, the protein remains whole (lane 6) at the correct molecular weight. Mwt
marker is in kDa (lane 1).

To determine the effect of HEPES buffer pH on the protein polydispersity index (PDI), a pH scout was
carried out in which protein, following QC separation, was diluted 1:20 in HEPES buffer ranging in pH
(6, 7, 8 and 10) and in PBS as a control. The data can be seen below in Table 7. The protein is most
predominantly retained in a monomeric state at pH6.0 in a salt concentration that has been reduced
from 200 mM to 70 mM, which is more convenient both physiologically and experimentally as the
likes of nuclear magnetic resonance (NMR) are carried out at this pH. In DLS, it is only possible to make
a generalised assumption with regards to protein species size, i.e. whether the protein is present as

monomer (small), dimer/trimer (medium) or polymer/aggregate (large) species.
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Table 7 DLS investigation of the effect of HEPES pH on homogeneity/aggregation of the protein

TASK3_(+VLRFLT) is aggregated in solution as indicated by the significantly higher Mwt and % mass

HEPES
pH10

HEPES
pH8

HEPES
pH7

HEPES
pH6

PBS
pH7

pH10-1
Peakl
pH10-2
Peakl
Peak2
pH10-3
Peakl
Peak2
pH8-1
Peakl
Peak2
Peak3
pH8-2
Peakl
Peak2
Peak3
Peak4
Peak5
pH8-3
Peakl
Peak2
Peak3
Peak4
pH7-1
Peakl
Peak2
pH7-2
Peakl
Peak2
pH7-3
Peakl
Peak2
Peak3
pH6-1
Peakl
pH6-2
Peakl
Peak2
Peak3
pH6-3
Peakl
Peak2
Peak3
pH6-4
Peakl
Peak2
Peak3
pH6-2.1
Peakl
Peak2
Peak3
pH6-2.2
Peakl
Peak2
Peak3
PBS-1
Peakl
Peak2
Peak3

Diffusion
Coefficient

(cm’)
3.52€-07

3.66E-07
7.69E-08

3.71€-07
7.46E-08

3.86E-07
7.57€-08
1.13E-08

3.71E-06
7.16E-07
1.37€-07
1.88E-08
3.20€-09

3.90€-07
7.68E-08
1.62E-08
1.04€-08

2.95E-07
5.59E-08

4.10E-07
4.75E-08

4.29€-07
4.89E-08
2.26E-08

2.38E-08

2.77€-06
1.87E-08
9.49E-09

2.34E-06
1.81E-08
9.84E-09

3.31E-06
4.35€-07
1.75E-08

4.20E-06
4.29€-07
1.91E-08

2.27€-06
1.79€-08
1.07€-08

2.87€-07
5.35€-08
2.44E-09

3.90E-07
4.58E-08
1.99E-08
4.19€-09

7.26€-07
5.22E-08
1.93E-08

Radius
{nm)

6.84

6.57
31.32

6.49
3228

6.24
31.81
213.09

0.65
3.36
17.53
128.29
753.08

6.17
3139
14851
231.19

8.16
43.09

5.88
50.76

5.62
49.26
106.77

101.09

0.87
129.02
253.88

1.029
132.82
244.97

0.73
5.54
137.71

0.57
5.62
126.47

1.06
134.48
225.55

839
45.05
986.03

6.17
52.58
12111
574.97

332
46.18
1249

Diameter
(nm)

13.69

13.15
62.65

12.98
64.56

12.48
63.63
426.18

13
6.73
35.07
256.59
1506.16

12.34
62.77
297.017
462.38

16.32
86.19

11.75
101.51

1123
98.52
213.55

202.184

174
258.05
507.77

2.06
265.64
489.94

145
11.09
275.42

115
11.23
252.93

212
268.96
451.1

16.77
90.09
1972.06

12.34
105.15
24221

1149.93

6.63
92.36
2498

#

108.22

20.36
31.64

25.26
37.17

5.25
21.77
16.55

15.37

353
78.52
13.63
36.86

199
3493
11.74
10.63

9.39
24.99

13.93
38.68

15.06
3732

9.69

9.87
18.64
228

119
16.44
18.07

0
11.76
15.36

1.13€-14
11.49
12.26

116
1417
88

11.07
17.55
11.59

o
32.48
11.82
18.01

11.73
28.42
16.55

PD
{nm)

7.41

134
991

164
12

0.33
6.93
35.26

0.1
119
13.77
17.49
277.55

1.04
10.96
17.44
24.57

0.77
10.77

0.82
19.63

0.85
18.38

9.8

0.09
24.05
57.89

0.12
2184
44.25

0
0.65
21.15

117

0.04
0.1

0.06
0.14

0.002
0.05
0.03

0.02
0.12
0.62
0.02
0.14

0.03
0.12
0.01
0.01

0.01
0.06

0.02
0.15

0.02
0.14

0.01

0.01
0.03
0.05

0.01
0.02
0.03

0
0.01
0.02

6.51E-17 1.29€-32

0.65
155

0.12
19.06
19.85

093
79
114.24

0
17.08
14.32

103.55

0.39
13.12
20.68

0.01
0.02

0.01
0.02
0.01

0.01
0.03
0.01

0
0.11
0.01
0.03

0.01
0.08
0.03

MWt
(kDa)

303.13

275.95
10646.1

267.92
114211

2441
11041.3
945237

123
57.45
2739.03
288370
18130600

238.03
10695.7
406108
1143920

457.31
22460.2

21211
32936.1

190.903
30709.5
187665

165126

2.44
292227
1424110

3.60138
312750
1309830

16
185.18
340344

0917173
190.83
278847

3.86
321972
1079700

487.82
249123
34062900

237.964
35766.4
251987
9642460

55.66
26404.4
270840

%
Intensity

100

18.95
81.05

17.85
82.15

5.06
59.83
35.12

013
0.949
74.27

8.68
15.97

491
72.19
9.88
13.02

3.94
96.06

183
98.17

163
90.76
7.61

100

0.47
82.93
16.6

1.03
75.46
2351

0.29
0.7
99.01

0.12
0.7
99.19

0.24
83.18
16.58

4.49
90.24
5.26

1.06
87.13
10.3
151

0.42
54.92
44.66

Mass
100

95
499

94.79
5.2143

79.11
8.78
1211

93.59
3.75
174
0.14
0.78

79.64
115
281
6.05

78.07
2193

81.95
18.046

81.03
16.28
2.69

100

99.08
0.64
0.28

99.2
0.51
0.29

98.39
0.52
11

98.31
0.6
11

96.02
2.97
1.01

67.95
16.41

65.13
21.66
9.01
42

76.78
7.21
16.01
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Briefly, DLS functions via the shining of a monochromatic light source in a Brownian motion into a
solution containing moving particles such as protein. This results in a Doppler shift that alters the
wavelength in a way which corresponds to the size of the particle. Unfortunately, such multimodal
approaches are skewed towards larger species. As soon as protein is removed from ice it will
eventually begin to aggregate. The presence of large aggregates even at a low mass population alters
the mean hydrodynamic size. This will have an adverse effect on the accuracy of data associated with
smaller molecules in the same solution as the larger species effectively obscure the scattering of
smaller species. This makes it difficult to differentiate between monomers, oligomers and aggregates,
leading to a potentially inaccurate assumption that a very monomeric solution with a low mass

population of aggregate may resemble a solution with a very high mass population of large aggregates.

In this instance, the focus was upon the predicted Mwt and percentage (%) mass. Ideally, a high %
mass of low Mwt would indicate a homogenous monomeric solution. On average at pH 6, 98.19% of
the solution peaks consisted of protein with an average predicted Mwt of 2.48 kDa. Furthermore,
literature dictates a % polydispersity (Pd) <20% is considered monodisperse (Stetefeld et al., 2016). At
pH 6 the average %Pd (considering all peaks) of 12.05% suggests the solution is monodisperse,
containing particles of uniform size that are stable as they did not appear to degrade and aggregate
over experimental time. In comparison, the PBS sample carried out with the same DF and protein
batch, saw an average of 69.87% of the prominent solution peaks contained protein of an average
Mwt of 260.48 kDA. With an average %Pd of 15% you could argue that the solution is monodisperse
but in combination with the previous gels, it is most likely only cleaved GST present that is

predominantly aggregated in solution. Similar results were obtained in pH 7.

Despite all previous gels describing a protein that was stable at pH 10, the DLS results would suggest
otherwise. With an average mass of 96.6% containing protein with an average Mwt of 282.3 kDa and
a %Pd of 44.49 it is easy to suggest that in reality, pH 10 HEPES buffer is less stabilising than HEPES at
pH7 however, a Mwt of 282.3 kDa is still considered small and may potentially represent dimer, trimer

or oligomer conformation.

Circular dichroism (CD) was used to determine whether the recombinant protein is folded or unfolded.
Whilst it may not provide the residue specific information that can be extracted from X-ray
crystallography or NMR data, it requires <20 pg of protein to estimate the secondary structural
composition. The data in Figure 65 (top left) is reported in units of ‘AE.” Briefly, CD functions via an
unequal absorption of left-/right-handed orientated circularly polarised UV light. This light has both
time-dependent electric and magnetic fields associated with it. By passing through various

prisms/filters, light becomes polarised and its electric field vector will oscillate sinusoidally in a single
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plane. Unlike linearly polarised light, rather than oscillating in a single direction, circularly polarised
light has an electric field vector which maintains its magnitude but begins to rotate. The result is two
vectors of equal length, one of which is rotating clockwise (ER) and the other, in an anti-clockwise (EL)
direction. An asymmetric molecule such as a protein will absorb right and left-handed circularly
polarised light to different extents thus requiring separate indices of refraction. Therefore, in reporting
units as [AE] (M-1cm-1), it is describing the difference in ER and EL absorbance by the molecule in
qguestion. Amides of the polypeptide backbone contain chromophores which are aligned in arrays,
allowing their optical transitions to split or be shifted into multiple characteristic transitions, or

‘spectra.’

Using a CD analysis programme such as ‘CAPITO’ exposes the data to various algorithms including the
likes of multilinear regression, singular value decomposition, ridge regression, principal component
factor analysis, convex constraint analysis, neural-based network analysis and the self-consistent
method (Wiedemann et al., 2013). Such calculations refine the CD output into displays of a-helical
proteins which display negative bands at 222 nm, 208 nm and positive bands at 193 nm; alternately,
antiparallel B-pleated sheets produce CD spectra with negative bands 218 nm and positive bands at

195 nm.

According to the plot comparison of spectral values at A=200 nm vs A =222 nm (Figure 65, top left),
the CAPITO software predicts (+VLRFLT)TASK3 to be folded when compared to the Far-UV CD spectra
of entries within the ‘Protein Circular Dichroism Data Bank’ (PCDDB). Whilst CD curve of TASK3 itself
(top left, upper panel) appears slightly noisy, it vaguely depicts the presence of a-helices (7%) with
positive and negative absorbance peaks at approximately 198 nm and 220 nm respectively; B-sheet
(41%) positive/negative absorption at 218 nm and 195 nm respectively and 52% irregular
conformation. As the TASK3 fragment expressed here is suspected to contain a flexible tail region, it
is not unsurprising that the protein contains a relatively high proportion of irregular structure. Equally
a small proportion of a-helices is to be expected as the VLRFLT motif is superficially embedded in the
intracellular side of the membrane as it is in the extreme portion of the transmembrane domain 4.
Regardless, the value of 7% is too low when you consider that the Schistosoma japonicum GST class-
mu included in the PGEX-6P-1 vector has 47% of its structure attributed to a-helices. This raises several
guestions in the realms of sample purity and folding. Considering the purity observed in previous gels,
it is more feasible the high salt concentration (200 uM) and the presence of arginine may interfere

with the spectra.

149



15 CD curve 15
.
£
s 5 10
Z 0
1 5
T 3
-10 L £
190 200 210 220 230 240 250 260 o
wavelength (nm) '2
2 O PCDDE entries ER
0 O Uwversky et al 2002 -
= ® samplel
E =2
o
T -4 1
= -5
o —6 -
5 -8
-10 e ]
-1
=10 =5 0 5 10 956 200 210 220 230 240 250
[A€] 30 (M1 em!) wavelength (nm)
15
= Samplel
= Predicted CD curve (NRMSD of 1.27)
10
= 5
E
S 1
=
ER
-5
_lq
o 190 200 210 220 230 240
wavelength (nm)

Figure 65 CD spectra of the peptide with the VLRFLT motif contains regions of a-helices and -
pleated sheets but is predominantly irregular in structure in line with its flexible Ct nature

Upper left: Smoothed Far-UV CD spectra of (+VLRFLT) TASK3, lower panel: a plot comparison of
spectral values at A= 200 versus A= 222 nm to predict folding state against CAPITO reference data
bank. Upper right: Recorded (+VLRFLT) TASK3 CD overlaid with CD spectra of ‘similar’ proteins based
upon lowest area difference (Aa): black (TASK3), blue (ubiquitin), green, (8-crystallin B1) and red (y-D
crystallin). Bottom: Predicted CD curve via basis spectra (NRMSD: 0.93).
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4.4.4 GST-TAG: Dysfunctional but Necessary

In order to determine whether it is the GST that is correctly folded alone with an unfolded TASK3 or
correct folding of the entire protein, it was necessary to plan a new CD experiment involving protein
in which the GST had been enzymatically cleaved whilst reducing the concentration of salt in the
buffer. In Figure 66, there appeared to have been some minor cleavage achieved as evidenced by very
faint GST bands at 28 kDa as seen in lanes 5 and 6 with the ‘strongest’ TASK3 band vaguely apparent
at 15kDa following O/N cleavage. This suggested that cleavage is possible however, the process

required optimisation.

kba 1 2 3 4 5 6

Lane 1: Mwt Marker

Lane 2: TASK3 PRE-CLEAVAGE (1:3)
Lane 3: [TASK3 PRE-CLEAVAGE]
Lane 4: TASK3 PROTEASE (T0)

Lane 5: TASK3 PROTEASE (T4)

Lane 6:[TASK3] O/N

Whole Protein

250
150
100
75

50

Precision
Protease 37

25 Cleaved GST
20
15 Free TASK3

10

Figure 66: SDS-PAGE showing GST cleavage by PreScission protease was ‘most’ efficient following
overnight incubation

In lane 2 the protein is present in a full state prior to enzymatic cleavage. Lanes 3 — 6 show different
incubation time points of the +VLRFLT peptide with the Prescission protease enzyme. Very faint bands
of free protein can be seen around 25 kDa and 15 kDa in lane 6 following overnight incubation however
this requires optimising as the majority remains in full state (43 kDa).
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An APS flash refold test in HEPES buffer of various pH resulted in the immediate precipitation of
protein out of solution. This was visible by the instantaneous turbidity of the solution and is supported
by the lack of bands in lanes 2 — 6, Figure 67. To cross-check the DLS data that suggested the use of
pH 6 HEPES buffer kept the protein in a stable monomeric state, the concentration of the pH 6 flash
refold was checked before and after centrifugation. If the protein had precipitated out of solution, the
concentration would be reduced following spin down as the precipitated protein will pellet. True
enough, the concentration reduced from 0.184 mg/mL to 0.128 mg/mL; whilst not a significant

reduction, it is important to consider the small size of this sample.

kDa 1 2 3 4 5 6

Lane 1: Mwt Marker
Lane 2: PBS
Lane 3: pH10
Lane 4: pH8
Lane 5: pH7
Lane 6: pH6

250
150
100

75

50

37

25

20

15
10

Figure 67 A flash refold test following APS protein extraction in HEPES buffer of varying pH resulted
in immediate precipitation

The absence of any protein in lanes 2 — 6 show that the use of HEPES buffer as a direct refolding agent
is unsuitable regardless of pH. Mwt marker is in kDa (lane 1).

152



Both constructs eluted at approximately the same conductivity (concentration of buffer B) as to be
expected as there is only a difference of 6 amino acids between the two (Figure 68). Equally, a reduced
protein absorbance observed from the new construct was unsurprising as it was produced from a
smaller batch volume. In both instances, there appears to be limited DNA contamination as evidenced

by a much smaller red 260 nm absorbance when compared to the fuchsia 230 nm absorbance.

280 nm Absorbance (Protein) Concentration (mM)
260 nm Absorbance (DNA) ——— Sample Injection Marker
Conductivity (mS/cm)

b
r
h

v

mAL 1™ L

TASK3 (+VLRFLT) b TASK3 (-VLRFLT)

K\\\

Absorbance (mAU)

Volume (mL)

Figure 68 QC of product from a new expression including readings for the (+VLRFLT) TASK3 (Left)
and (-VLRFLT) TASK3 (Right)

The +VLRFLT construct was eluted at approximately 50 mL of buffer B with a conductivity of 43.065
mS/cm with a 280 nm UV reading of 183.71 mAU and fractions A10 — B11 were collected and pooled.
The -VLRFLT construct was eluted at approximately 40 mL of buffer B with a conductivity of 41.242
mS/cm with a 280 nm UV reading of 117.749 mAU and fractions B10 and B11 were collected and
pooled. The -VLRFLT shows reduced protein absorbance (blue 280 nm trace) as it was produced from
smaller culture batch.
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The initial SEC carried out on the +VLRFLT construct purified from the previous QC (Figure 69, left)
carried out at pH 10 appeared to be too dilute with a concentration of 0.419 mg/mL (A260:280 of
0.98) as shown below by the minimal 280 nm absorbance despite being at the correct elution volume.
Therefore, the sample was concentrated and rechecked on the Nanodrop™. The final concentration
was 0.659 mg/mL (A260:280 of 0.71). Following this result, the -VLRFLT construct was concentrated
immediately prior to SEC and had a concentration of 0.25 mg/mL (A260:280 of 0.76). The pH 10 sample
is pure producing a single peak region with a protein absorption of 146.305 mAU (Figure 69, right).
The peak occurs at an earlier volume than expected, corresponding to a Mwt of 70 kDA. It is unlikely
that this is the result of aggregation, rather indicating the presence of dimers as the peak is narrow

and tall. Lane 3 of the gel in Figure 71 confirms the protein is uncleaved.

280 nm Absorbance (Protein) ——— Sample Injection Marker
260 nm Absorbance (DNA)

Absorbance (mAU)
Absorbance (mAU)

[T N O N T N T T T T T I S 5 e Rt AT R R e

Volume (mL) ~ Volume (mL)

Figure 69 SEC of +VLRFLT construct purified in the previous Q-column

(Figure 66, fractions A10 —B11) (A) Chromatograph depicts a peak at a slightly early position but was
too dilute as seen by the low 280 nm (blue) absorbance. (B) Chromatograph is the same protein
following concentration. The sample is pure in HEPES pH 10, producing a single peak with a protein
absorption of 146.305 mAU. Fraction B10 was collected
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280 nm Absorbance (Protein) ———— Sample Injection Marker
260 nm Absorbance (DNA)

......

Absorbance (mAU)

Volume (mL)
Figure 70 : SEC of -VLRFLT construct in HEPES pH 10 is pure

With a peak 280 nm absorption (blue trace) of 109.823 mAU. Fraction B10 was collected as suspected
to contain most of the protein however, the B8 fraction which contain a small shoulder on the peak
was collected for gel analysis.

The SEC profile of the -VLRFLT construct (Figure 70) closely resembles that of the +VLRFLT construct
at the same pH (pH 10) (Figure 69, right). The 280 nm peak has an absorption value of 109.823 mAU
and appeared earlier expected, again, most likely due to the presence of dimers in solution. Fraction
B10 was collected as it contains the majority of the eluted protein however, there is also a small
shoulder on the peak descent and so fraction B8 was collected to investigate on the gel in Figure 71.

From lanes 1 and 2, bands at the correct Mwt show the protein remains whole.
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Lane 1: TASK3 (-VLRFLT)
B10/SEC pH10
Lane 2: TASK3 (-VLRFLT)
B8/SEC pH10
Lane 3: TASK3 (+VLRFLT)
B10/SEC pH10
Lane 4: Mwt Marker

Figure 71 SDS-PAGE confirms that both the -VLRFLT and +VLRFLT (B8/B10 and B10 fractions
respectively) were pure and in whole conformation as depicted by a single band at 43 kDa in lanes 1
- 3. Mwt marker is in kDa (lane 4).

This is also true for the (+VLRFLT)_TASK3 construct at pH 8 (Figure 72B) which depicts an early (7.3
mL), narrow peak with minimal DNA contamination however, there was a considerably smaller 280
nm UV absorbance of 84.601 mAU — this suggests that the protein may have precipitated into the
column. Contradicting the previous DLS results, SEC carried out in pH 6 HEPES buffer with the
(+VLRFLT)_TASK3 construct, depicts severe protein precipitation with a 280 nm absorbance of 55.609
mAU, post-concentration (Figure 72A) when compared to 146.305 mAU of the pH 10 SEC sample
(Figure 70). With a considerably higher 260 nm absorbance level, the presence of more than one broad
peak and an elution volume that remains too early. Following concentration, fraction B9 contained

the highest protein concentration, as determined by the Nanodrop™ to be 0.037 mg/mL.
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280 nm Absorbance (Protein) ———— Sample Injection Marker

260 nm Absorbance (DNA)
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Figure 72 Up to 95% purified when carried out at more physiologically feasible pH

Purification in pH 10 HEPES buffer, was repeated at pH 6 (A) and pH8 (B) in attempt to achieve a more
biologically feasible pH condition. A) Repetition of the SEC in pH 6 resulted in severe protein
precipitation as the 280 nm absorbance (blue) drops to 55.608 mAU compared to 146.305 mAU
recorded in pH 10 purification. The presence of a broad peak and increased 260 nm absorbance (red)
suggests DNA contamination and likely aggregation. Fraction B9 was collected for gel analysis. B) A
single narrow peak like that observed in pH 10 (figure 36) eluted earlier than the reference at approx.
70 kDa suggestive of dimerization however, 280 nm absorbance was significantly less at pH 8 (84.601
mAU) compared to pH 10 (146.305 mAU). Suspected to be precipitating into the column. Fraction B8
was collected for gel analysis.

Following these results, it was clear that the pH 6 HEPES buffer was an unsuitable solution for TASK3
purification and storage. With very similar outputs, it was decided to repeat the process from the QC
purification in pH 10 (required for anion exchange) prior to repetition of SEC using the HilLoad

Superdex® 75 pg column at pH 10 and pH 8.

From a new 2 L preparation of the TASK3_(+VLRFLT), the QC (Figure 73) exhibits protein elution with
a reduced conductivity (34.961 mS/cm) when compared to the previous anion exchange (43.065
mS/cm). The profile has shifted considerably to the left, with the peak maxima occurring at 66.698
mL. This is most likely due to the increased size of the bacterial media used in this production.
Nevertheless, the peak has a reasonable width considering a protein concentration of 6 mg/mL was

achieved in this preparation.
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280 nm Absorbance (Protein) Concentration (mM)
260 nm Absorbance (DNA) —— Sample Injection Marker
Conductivity (mS/cm)

/

Absorbance (mAU)

Volume (mL)
Figure 73 QC from a new 2L preparation of + VLRFLT TASK3.
The protein elution conductivity (brown trace) has shifted left and is reduced (34.961 mS/cm) when
compared to previous anion exchanges (approx. 43.065 mS/cm). This is due to the increased size of

bacterial culture used in this preparation. Samples A11 — B11 were collected and pooled for SEC
analysis.

Figure 74 displays stark differences between protein elution and buffer pH. Despite the equal loading
of protein, the very broad pH 8 peak (Figure 74B) displays a maximum mAU of 50, approximately half
of that displayed in the pH 10 buffer (Figure 74A). This confirms the previous suspicion that protein in
the pH8 buffer is precipitating into the column. A following Nanodrop™ indeed confirms the presence
of little-to-no protein present in fraction A12 of the pH8 SEC (Figure 75, lane 1), with a total
concentration of 0.304 mg/mL (A260:280 of 0.72) compared to that of the pH 10 SEC in which fractions
A11-B11 had a concentration of 1.332 mg/mL (A260:280 of 0.61) (Figure 75, lane 2).

158
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Figure 74 Comparing SEC traces of pH8 and pH 10 confirms pH8 HEPES produces 77% less produce
as TASK3 is confirmed to precipitate into the column

A) SEC of +VLRFLT TASK3 in pH 10 HEPES produces a single peak at the correct elution volume with an
280nm absorbance (blue trace) of 90 mAU. Fractions A11 to B11 were collected for gel analysis. B) SEC
of +VLRFLT TASK3 in pH 8 HEPES produces a broad peak with a maximum 280 nm absorbance of 50
mAU, fractions A11 and A12 were collected for gel analysis.

3 kDa
?‘._ 250  Lane 1:SEC pH8 (A11 +A12)
- Lane 2: SEC pH10 (A11-B11)

#7150 |ane 3: Mwt Marker
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Figure 75 Peptide precipitates out of solution following SEC in HEPES pH 8

SEC of +VLRFLT TASK3 in pH 8 HEPES produced a broad peak in the previous SEC of which fractions A11
and A12 were collected. Lane 1 shows that the reduction in protein elution is due to the precipitation of
protein seen by the lack of band at 43 kDa. SEC of +VLRFLT TASK3 in pH 10 HEPES produced a single
peak at the correct elution volume and fractions A11 to B11 were collected. Despite the presence of free
GST and TASK3 at 25 kDa and 15 kDa, significantly more of the whole protein is apparent at 37 kDa in
lane 2.
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4.4.5 Production and Purification of PreScission Protease™

Fractions A4 and A5 in Figure 76 containing the newly expressed PreScission protease were collected,
pooled, concentrated and dialysed ON at 4°C to remove residual glutathione present in the elution
buffer used for the GST-column. The Nanodrop confirmed a final concentration of 5.387 mg/mL

(A260:280 of 0.84) and confirmed on a gel, lanes 4 and 5 (Figure 77).

280 nm Absorbance (Protein) ——— Sample Injection Marker

260 nm Absorbance (DNA)

nnnnnn

Absorbance (mAU)

nnnnn

Volume (mL)

Figure 76 Newly expressed PreScission protease is successfully purified on the GST column with a
280nm absorbance (blue) of 280 mAU

Fractions A4 and A5 were collected and pooled for gel analysis. Nanodrop confirmed a total of 5.387
mg/mL.

The new protease was added to (+VLRFLT) TASK3 at a ratio of 1:5 (i.e. 450ul TASK3 with concentration
of 0.2 mg/mL and 50ul cleavage buffer (10X): 90ug total protein in a 1:5 dilution gives a DF of 18.
Divide this by the concentration of the protease (5.387 mg/mL) gives the volume of protease to add:
3.34ul). A positive control for protease, amylose protein, was also included. Samples were collected

at time points: 1 hour, 4 hours and ON for a gel.
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The protease has a Mwt of 46 kDa. The expressed protein in lane 1 (Figure 77) is at the correct Mwt
and is soluble as seen by a band in the SN in lane 2. A small proportion is seen in the GST-column FT
but this is likely due to saturation of the column as the protein was highly concentrated. Eluate
fractions A4 and A5 seen in lanes 4 and 5 respectively show broad bands of high protein concentration
at the correct Mwt. A positive control was included in the form of amylose protein in lane 6 to test the
functionality of the protease. It is evident that the protease is effective in cleavage even after 1 hour
as seen in lane 7, a band is present at the correct Mwt of 46 kDa for the protease and the cleaved
product is present at 12 kDa. TASK3 in lane 8 is the negative control in absence of protease (pre-
digestion). One hr following digestion, there is no cleavage as shown by the unchanged TASK3 band in
lane 9. After 3.5 hrs and ON (lane 10 and 11 respectively), there are extremely faint bands present

depicting free-GST (28 kDa) and TASK3 (15 kDa) although this required optimisation.
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. 100 (Post-Sonication)
- 75  Lane 3: PreScission X1
(FT Post-GST)
50 Lane 4: PreScission A4
(GST Eluate)
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(GST Eluate)
Lane 6: Amylose (Pre-Digestion)
25  Lane 7: Amylose (1Hr Digestion)
Lane 8: TASK3 (+VLRFLT) Pre-Digestion
Lane 9: TASK3 (+VLRFLT) 1Hr Digestion
Lane 10: TASK3 (+VLRFLT) 3.5 Hr Digestion
Lane 11: TASK3 (+VLRFLT) O/N Digestion
- 15 Lane 12: Mwt Marker

20

Figure 77 The Precission protease was successfully eluted on the GST column and effective at
cleaving GST from the amylose control sample and TASK3 (+VLRFLT) but requires optimisation

Lane 2 shows that the PreScission protease in soluble in solution as observed by a band at approx. 46
kDa. The protein was successfully purified on the GST column as there is no protein present in the
column flow through (lane 3) but is successfully eluted in the A4 and A5 fractions collected in lanes 4
and 5. Lanes 6 and 7 contain the gst-tagged amylose control pre-digestion (lane 6) and after one hour
incubation (lane 7) in which two clear bands are present with the cleaved product at 12 kDa. Cleavage
of the GST-tag from TASK3 (+VLRFLT) was attempted in different conditions. Lane 8 contains the whole
peptide as a single band at 43 kDa pre-digestion. After one hour (lane 9), 3.5 hours (lane 10) and
overnight (lane 11) there was only very faint presence of free-GST however the protein remains
predominantly whole and requires optimisation. Mwt marker is in kDa (lane 12).
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To improve the efficiency of the cleavage, protein concentration was increased, and the ratio
increased from 1:5 to 1:2; the cleavage buffer was also revised and can be seen in Appendix 3.3. In
particular, the concentration of EDTA and Triton-X-100 were increased. Product literature states that
PreScission protease has an active range of pH 6 — pH 8. It is apparent from lane 1 in Figure 78 that
TASK3 in pH 8 the protease was unable to cleave the protein. Considering the previous results
surrounding pH 8, this not a dysfunction of the protease, more likely the denatured protein blocking
enzyme active site. This is a reasonably confident conclusion to draw since lane 2 shows the ability of
the protease to cleave TASK3 at pH 10 (Figure 78). Whilst there is still a considerable amount of total
protein present at 45 Kda however, there is considerably more free-GST and TASK3 present when

compared to that in Figure 77 (lanes 9 — 11).
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Figure 78 Despite adjustment of the conditions, PreScission protease cleavage remains inefficient

At pH 8, no protein remains as the peptide has precipitated leaving only the protease itself in lane 1.
Cleavage is slightly more successful in pH 10 conditions with evidence of free protein at 25 kDa and 15
kDa however, it remains mostly whole (lane 2). Mwt marker is in kDa (lane 3).
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Following this cleavage test, the remaining (+VLRFLT) _TASK3 was cleaved under the newly optimised
conditions prior to loading onto a GST-column to separate the free-TASK3 from the cleaved GST. The
GST column below in Figure 79 has an interesting profile, most likely caused by trapped air in the
system. The FT peak contained within fraction A3 was intended to contain free-TASK3 should cleavage
have been successful, with a second peak observed in the eluate containing free-GST. It is curious that
this peak is equal but opposite in the UV 280 nm with apparent high DNA contamination suggestive
of protein degradation. However, when fraction A7 was run on the Nanodrop™, there appeared to be
no 260 nm absorbance at all, with clean peaks at both 230 nm and 280 nm with a protein
concentration of 1.461 mg/mL (A260:280 of 0.37). This points towards a mechanical error in the
system as opposed to a poor sample. To confirm the nature of the protein present within each peak,

SDS-PAGE was carried out, see Figure 80.

280 nm Absorbance (Protein) ———— Sample Injection Marker

260 nm Absorbance (DNA)

s
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Volume (mL)

Figure 79 GST column was unable to separate free protein in pH 10 from the cleaved GST

Free-TASK3 was expected to be found in the flow through however the 280 nm adsorption (blue) was
very noisy, likely due to air in the system. Fraction A3 was collected for gel analysis. Very little protein
appeared to elute following application of reduced glutathione however, A7 was collected for gel
analysis regardless.
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In Figure 80, a TASK3 pre-cleavage sample was included to ensure the protein was whole to begin with
and that there had been no extensive degradation prior to cleavage, lane 1. Despite seeing significant
improvement in cleavage following the alteration of the cleavage conditions (Figure 78), there is still
a considerable amount of whole protein immediately post-digestion as can be seen by a band
alongside that of protease itself in Lane 2. Lane 3 confirms that without undergoing cleavage, the GST-
TASK3 remains unable to bind the column. This is possibly due to the denaturing of GST itself at pH 10
which the TASK3 requires to remain solubilised and stable. Equally it could be that, should the peptide
have the flexible-tail-like properties it is suspected to have, it may be obstructing the binding sites of
GST that are required for column adherence. Unfortunately, there was little-to-no free-TASK visible
within the FT. It could be that cleavage was so inefficient and that there may be some TASK3 present
but is too dilute and falls below the sensitivity of SDS-PAGE. The only protein present within the GST-
eluate fraction appears to be the protease at 46 kDa at a reduced concentration, this is likely due to

some being retained within the column.

Lane 1: TASK3 Pre-GST Cleavage
Lane 2: Post-Digestion

Lane 3: GST Column FT (A3)
Lane 4: GST Elution (A7)

Lane 5: Mwt Marker

Figure 80: SDS-PAGE of GST column attempted to purify free-TASK3 was unsuccessful as protein
remained whole

Lane 1 shows TASK3 (+VLRFLT) prior to cleavage. Lane 2 shows TASK3 following a 3 hr incubation with
the protease in pH 10 conditions. Both the protease and the whole protein remain present as two
separate bands. The whole protein appears uncleaved in the flow through (lane 3) with only the
protease left in the eluate (lane 4). Mwt marker is in kDa (lane 5).
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To confirm whether this process of cleavage had any effect on protein secondary structure, the CD
experiment discussed above was repeated using the FT protein from the above GST column. The plan
initially was to repeat the CD using cleaved protein to determine whether it was in fact the TASK3 that
was folded and not just the GST portion alone. However, it is difficult to draw a solid conclusion from
the CD data at this stage as free-TASK3 was not clearly visible on the gel in Figure 80. There is a clear
reduction in concentration of whole protein between lanes 2 and 3 which would imply some protein

has been successfully cleaved and therefore CD was attempted due to its high sensitivity.

It is clear that this process has a significant effect on protein secondary structure as can be seen via
the difference in profiles in Figure 81 and Figure 65. Since the sample is not homogenous, some noise
was to be expected. Prior to GST-cleavage, the protein clearly displays folded regions of a-helices, pB-
pleated sheet and the irregular domains suspected of a cytosolic tail, all of which are comparative to

other reference proteins stored within the PCDDB.
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Figure 81 CD investigation of effect of GST cleavage on ‘free’ TASK3 secondary structure. Presence
of GST is essential for retaining secondary structure of TASK3 (+VLRFLT)

(Upper left) Upper panel: Smoothed Far-UV CD spectra of (+VLRFLT) TASK3, lower panel: a plot
comparison of spectral values at A= 200 versus A= 222nm to predict folding state against CAPITO
reference data bank (Top Left). Recorded (+VLRFLT) TASK3 CD overlaid with CD spectra of ‘similar’
proteins based upon lowest area difference (Aa): black (TASK3), blue (ubiquitin), green, ([-crystallin
B1) and red (y-D crystallin) (Top Right). Predicted CD curve via basis spectra.
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4.5 Discussion

The cytosolic carboxyl domain of TASK3 has been implicated in GPCR regulation (Fink et al., 1996, Kim
et al., 2000, Czirjak et al., 2001, Chemin et al., 2003). A hydrophobic motif consisting of 6 amino acids
[VLRFLT] found in the extreme proximal region of the Ct, is crucial for GPCR regulation (Talley and
Bayliss, 2002b). In the absence of this motif, the effects of anaesthetic activation, methanandamide
inhibition and GPCR mediated regulation are lost (Talley and Bayliss, 2002b, Veale et al., 2007a) in
such a way that mimics the loss of GPCR regulation causative of KCNK9 Imprinting Syndrome (Veale
et al., 2014). It is unclear whether this motif behaves as a direct binding site for regulatory molecules
or is essential for intracellular signal transduction to the SF gating mechanisms. To address the role of
the VLRFLT motif as a potential binding site in the following chapter, it was necessary to produce the

Ct of TASK3 inclusive of the VLRFLT motif which has not been achieved before.

In the absence of crystal structures, homology models were previously relied upon to determine
proximity of amino acids in suspected bond formations and provide insight into potential mechanisms.
Homology models of TASK3 (Veale et al., 2014), based upon the crystal structure of TRAAK (Brohawn
et al., 2012), elucidated upon the transmembrane portions of the channel however, structure in-
relation-to function of the Ct remains unknown due to its lack of apparent tertiary arrangement and
prominent irregularity, even following publication of the TASK1 crystal structure (Rodstrém et al.,
2019). It has become standard practice in recombinant protein expression for structural analysis to
remove flexible amino acid sequences as it is the more rigid, stable proteins that are likely to crystallise
(Long et al., 2005, Long et al., 2007, Tao et al., 2009, Brohawn et al., 2012, Miller and Long, 2012).
Removal of the N- or Ct serves to reduce conformational heterogeneity and enhance the formation of
ordered crystal lattices (He et al., 2014, Holcomb et al., 2017). Indeed, using the Karplus and Schulz
flexibility prediction tool (Karplus and Schulz, 1985), it is clear in Figure 82 that the transmembrane
portions of the channel are significantly more rigid than the regions of the Ct. Through recombinant
expression of the GST-TASK3(+VLRFLT) peptide alone, the Ct is stripped of any possible interactions it
may have when present in the cell. Removal of local stability may cause the peptide to partially unfold,
in turn exposing non-polar regions and residues, reducing solubility and making aggregation more

likely (Hwang and Park, 2008).
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Figure 82 Karplus and Schulz flexibility predictions

The x-axis represents residue position and y-axis, the flexibility score. The threshold is 1.0. Flexible
regions are yellow (above threshold) and rigid regions are green (below threshold). Area to the right
of the red dashed line represents the TASK3 C-terminal portion (+VLRFLT); area to the left of the red
dashed line [A] WT TASK3 and [B] is the GST portion.
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The introduction of ‘intrinsic disorder’ has recently emerged as a concept used to describe functional
proteins lacking a clear tertiary arrangement (Tompa, 2009, Dunker et al., 2001, Deiana et al., 2019).
Whether present as an intrinsically disordered protein (IDP) as a whole or a structured protein
containing intrinsically disordered regions (IDPRs), rapid identification of these structures continue to
challenge the traditional sequence-structure-function paradigm (Schlessinger et al., 2011, Babu, 2016,
Deiana et al., 2019) in health and disease (Uversky et al., 2014). According to this criterion, and as
stated by the classical lock-and-key mechanism (Fischer, 1894), molecular interactions require
complimentary binding surfaces. It is now realised however, that the presence of functionally active
disordered domains participate in the formation of stable complexes through induced-fit interactions
(Borgia et al., 2018, Arai, 2018), serving to expand the repertoire of possible protein interactions (van

der Lee et al., 2014).
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Figure 83 Prediction of naturally disordered regions

[A] The PONDR® VL-XT online algorithm was used to predict disordered regions with the full TASK3
protein. Outputs are measured between 0 and 1 before smoothing with a window of 9 amino acids. A
residue score 2 0.5 is considered disordered. [B] The TASK3 sequence and ruler. Red underline
highlights sequences of disorder promoting residues; yellow underline highlights the Ct domain.
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IDPRs are characterised as containing <30% of disordered residues with at least one terminal segment
(Nt/Ct) containing a region longer than 30 consecutive disordered residues or, a segment longer than
40 disordered residues at a location distinct from the terminal regions (Deiana et al., 2019). Frequently
found within the cytoplasmic domain of transmembrane proteins (Dosztanyi et al., 2006, lakoucheva
et al., 2002, Burgi et al., 2016), it is suspected that these regions play a possible role in the recruitment
of regulatory molecules due to the often close proximity to phosphorylation sites (lakoucheva et al.,
2004). Sequence analysis of the TASK3 protein identified a long stretch of disorder promoting residues
closely following the VLRFLT motif (Figure 83) and preceding the phosphorylated residues critical for
channel trafficking following 14-3-3 and COPI binding (Kilisch et al., 2016). IDPRs are also suspected to
play a major functional role in their ability to undergo folding upon contact with a phospholipid
membrane or binding partner as part of a signalling pathway (Davidson et al., 1998, Weinreb et al.,
1996, Sugase et al., 2007, Biirgi et al., 2016), similarly to that described in TREK1 regulation (Sandoz
etal., 2011).

Like TASK3 GPCR inhibition depends upon the VLRFLT motif, inhibition of TREK1 channels by a wide
range of neurotransmitters, hormones, and pharmacological mediators all converge upon a glutamate
residue (E306) within the cytosolic Ct, following stimulation from GPCRs coupled to G, and Gs proteins
(Honoré et al., 2002). Whilst the mechanisms by which TREK1 is regulated by Gq-coupled receptors
remains unclear, Sandoz et al. (2011) identified that GPCR inhibition of TREK1 occurs through the
direct association and dissociation of the Ct with the plasma membrane. With inhibition associated
with the dissociation from the membrane and vice versa with channel activity. This function appeared
to be independent of PKC, rather depending on the hydrolysis of PIP; into DAG and IP3 but not when
PIP, is converted to PIP via the Ciona intestinali voltage sensing phosphatase or rapamycin system
which rapidly transports phosphoinositide 5-phosphatase enzymes to the membrane in order to break
down PIP, to PIP. This suggests that the TREK1 Ct interacts non-specifically via electrostatic
interactions to phosphoinositides generally rather than specifically binding to PIP, alone. This is not
specific to TREK1 and resembles that of other Kz channels including GIRK (KIR.X), ROMK1 (KIR1.1) and
Kate. Such mechanisms are not restricted to potassium channels. The transient receptor potential
ankyrin 1 channel (TRPA1) is a non-selective cation channel relying upon certain domains within the
cytosolic Ct which are critical to channel activity in response to temperature, osmolarity, chemical

compound, pH and many more (Witschas et al., 2015).
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Whilst it is established that basic residues in the TREK1 Ct electrostatically interacts with negatively
charged head groups on the inner leaflet of the lipid bilayer resulting in a conformational change from
a largely irregular random coil structure to B-pleated sheets (Sandoz et al., 2011), the mechanisms
involved in IDPRs binding to signalling molecules is unclear. There are currently two proposed
mechanisms: 1) the induced fit, in which the IDPR folds in a way that is specific to the ligand binding,
or 2) IDPRs dynamically adopt several conformations allowing a ligand to bind to a specific
subpopulation of conformations, otherwise known as ‘conformational selection’ (Gianni et al., 2014,
Vuzman and Levy, 2010, Birgi et al., 2016). The latter mechanism may explain how the plethora of
structurally diverse modulatory molecules act upon TASK3 channels and supports the role of the
VLRFLT as a transduction motif rather than a binding site (Veale et al., 2007a), since the large

disordered region immediately follows.

The biophysical analysis of peptide fragments in this instance is subject to a considerable degree of
uncertainty since the behaviour of the fragment alone may differ from that of the full-length protein.
Previous studies have shown that proteins containing >30% of disordered residues have an increased
propensity to undergo proteolytic degradation (Gsponer et al., 2008), likely due to the lack of tertiary
arrangement (Deiana et al., 2019). The GST-TASK3 peptide produced here displayed a disordered
residue content of 43.4%. Whilst the protein was not cleaved during expression, it was readily cleaved

throughout the purification stages and remained insoluble under normal physiological conditions.

Following successes of Zuzarte et al. (2009) in the production of a soluble TASK3 Ct (not inclusive of
the VLRFLT, amino acid (AA) 249-374), this investigation mirrored their expression using PGEX vectors,
with added inclusion of the VLRFLT motif. BL21 (DE3) E. coli were selected as the expression host of
choice due to the documented ease of use, availability, high growth and production rates
(Hammarstrom et al., 2002), and to remain in line with the Zuzarte et al. (2009) method. The
disadvantages of this expression system lie in the loss of post-translational modifications and
production commonly in the form of inclusion bodies (Baneyx, 1999). The pGEX-6P-1 vector was
therefore utilised as it included the GST fusion tag to support solubility and folding of the peptide. GST
is commonly utilised as fusion partner for single-step purification (Smith and Johnson, 1988), owed to
its binding with high-affinity to solid-state chromatography resins coupled with glutathione and
elution in mild and non-denaturing conditions following the addition of reduced glutathione. GST
fusion tag expression on the Nt has also been shown to stabilise protein folding and promote
expression as a soluble protein rather than in inclusion bodies (Harper and Speicher, 2011) due to its
hydrophilic surface. Despite its often-successful application, GST fusion proteins are susceptible to
proteolytic degradation and inconsistent solubility, having severe effects on peptide production (Li,

2011).
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Comparing isoelectric point (pl) of the fragment containing the motif (135 AA) against that of Zuzarte
et al. (2009) (126 AA), resulted in only a 0.2 difference in overall net charge, becoming slightly more
positive, yet (+VLRFLT) and (-VLRFLT) TASK3 constructs were found to be equally insoluble (see Figure
47 and Figure 64 respectively). This implied that the presence of the hydrophobic motif had no effect
on protein stability in solution as hypothesised due to residence within the IC membrane. It also
suggested that the presence of the hydrophobic VLRFLT motif alone was not the reason for insolubility.
Despite being polar in nature the peptide remained insoluble in physiological conditions. This
phenomenon is not unheard of in the production of IDPs (Graether, 2019) which have a propensity to
form protein-protein interactions due to their ease of hydrogen bond formation and the availability
of charged residues that readily contribute to electrostatic interactions (Linding et al., 2004). Together,
these factors make the aggregation of the peptide almost inevitable. Considering this, application of
the mild chaotrope GuHCIl was first attempted since this resolubilisation agent induces the least
protein modifications and would not interfere with affinity purification, although requiring removal
prior to SDS-PAGE analysis to prevent precipitation. Unfortunately, this agent and urea were unable
to effectively solubilise protein at moderate concentrations, with the application of 8M urea most
successful but the sample required refolding. Another disadvantage of this approach is the potential
for covalent modification as concentrated urea solutions can accumulate isocyanate ions over time,
leading to the carbamylation of amino groups (Hwang et al., 2014). This was avoided as much as

possible by the production of fresh solution each trial.

Unlike many ordered proteins, proteins containing regions of intrinsic disorder display often
inexplicable resilience when exposed to harsh conditions like extreme temperatures and pH (Uversky,
2017, Lee et al., 2019), maintaining functionality or rapidly regaining it when returned to physiological
conditions (Uversky, 2013, Uversky, 2016). Unexpectedly, the GST-TASK3 peptide was stable and
whole in a monomeric conformation only in HEPES (pH 10) solution and not PBS (pH 7); with exposure
to the latter resulting in cleavage of the GST tag and precipitation, thus of no use for purification via
the GST column. Furthermore, enzymatic cleavage of GST from the peptide in HEPES buffer resulted
in a loss of structure. The protein was first exposed to this high pH during the utilisation of the strong
anion exchange column. The peptide exhibited a predicted pl of 9.3. As the protein appeared unstable
in buffers such as TRIS at a pH below the pl, anion exchange purification was used. In a buffered
solution of a pH > pl, the peptide becomes negatively charged allowing binding to the positively
charged functional groups of the anion exchange resin. HEPES buffer is a zwitterionic sulfonic acid
buffering agent used in the standard ion exchange protocol due to its capacity to maintain
physiological pH despite fluctuations in environmental CO,. HEPES buffer was used at pH 10 in order

to exceed the protein pl despite HEPES maintaining a pH buffering capacity of 6.8 — 8.2 (Good et al.,

172



1966). Although alternative buffers such as diethylamine are more equipped to this alkaline condition
(Fekete et al., 2015), HEPES has been successfully used in anion exchange chromatography at a pH
which exceeds this capacity elsewhere in literature in the purification of proteins (Tamaskovic et al.,

2012).

In absence of knowledge of the buffers used by Zuzarte et al. (2009) in the production of the TASK3 Ct
without the VLRFLT motif included, it remains unclear as to why the Ct peptide produced in this study
was insoluble. With deletion of the motif failing to save the solubility of the peptide, this study found

the technique impossible to replicate.

4.5.1 Limitations

The findings of this study must be seen with consideration of the limitations. Due to the difficulties
experienced in protein production and purification, time limitations meant that we were unable to
alternate expression approaches or undertake extensive optimisation. Whilst the protein is currently
stable in HEPES at pH 10, this buffer may not be the most suitable with regards to the strong anion
exchange chromatography or from a physiological perspective. Given more time it would be useful to
experiment with alternate fusion tags which may be better equipped to solubilise and purify the
protein at a physiological pH such as the SUMO tag (Marblestone et al., 2006). Optimisation of this
phase could eventually lead to a more homogenous product which would provide better insight into

the structural features following CD or even NMR spectroscopy.

4.6 Conclusions

The Ct peptide produced in this chapter displayed significantly different physicochemical properties
with regards to pl and stability in solution. Expression of this peptide in an environment lacking the
possible electrostatic interactions provided by the phospholipid bilayer may be equally detrimental to
the solubility of the peptide. Nevertheless, the GST-TASK3(+VLRFLT) peptide remains stable in HEPES
buffer at pH 10 despite the GST fusion tag appearing to be dysfunctional. Both the CD data presented
herein and sequence analysis point toward the peptide being intrinsically disordered in nature. Since
intrinsically disordered proteins display high resilience in extreme conditions such as the highly basic
environment described here, it is hopeful that the peptide remains stable enough for binding

characterisation studies of the VLRLFLT motif in the following chapter.
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Chapter 5:
Functional Characterisation of the TASK3 VLRFLT
Motif

174



5.1 Introduction

Like TREK1, channel inhibition of TASK3 following GPCR regulation has been shown to occur mostly
independently of PKC, unable to entirely abolish TASK3 current in certain conditions, with some
evidence supporting a counteractive performance of PKC, targeting threonine 341 (Thr341) within the
Ct to prevent prolonged inhibition and support reactivation of the channel (Veale et al., 2007b).
However, differing from TREK1, it has also been suggested that inhibition of TASK3 occurs
independently of Gag/11 mediated activation of PLC and PIP, (Chen et al., 2006, Zhang et al., 2016). In
the event of GPCR stimulation, it is suspected that insertion of PIP; into the inner leaflet allows non-
specific electrostatic interactions of the TREK1 Ct and, whilst the channel remains ‘gated,’ it is now
activatable following stimulation by depolarisation, membrane stretch or IC acidification. It is only
when the negative charge of the E306 residue is masked either via protonation in acidic conditions
where the channel remains open in a typical ‘leak’ state or through mutations such as E306A which
retains the pore in a ‘locked’ open position. Considering this, how could a similar affect be achieved
following the direct binding of Gag/11to the Ct domain of TASK3 without PIP, or PKC activity? Direct
inhibition of channel activity by Gag/11 has been previously described in the cold-activated TRPMS ion

channel following histaminergic input (Zhang et al., 2012, Zhang, 2019).

Unlike conventional signalling cascades, Gay was reported to cause channel inhibition independently
of PLC and PKC activity, as well PIP, hydrolysis by forming a complex with the channel and was
dependent upon the presence of a VLRFLT motif (Talley and Bayliss, 2002a). Instead, it was proposed
that direct binding of inactivated Gag/11 in a constitutive complex undergoes a conformational change
following GPCR activation causing a ‘rapid and direct trans-inhibition’ (Zhang et al., 2012). It would be
tempting to speculate that considering PIP; independence, following GPCR activation, should the
Gag/11 already be complexed with the TASK3 Ct, Gag/11 could be activated faster than the conventional
PLC pathway can be initiated. This would negate the requirement for PIP, depletion. Couple this with
a potentially high affinity of TASK3 for PIP,, may also address theories surrounding PIP, depletion,
should the channel be fully occupied by PIP; even in the event of depletion as a result of PLC activation
(Gamper and Shapiro, 2007, Suh and Hille, 2008). Such a theory is supported by the work carried out
by Zhang et al. (2016), demonstrating the co-precipitation of TASK3 with Gogu: following
neurotensinergic excitation of NTS1. Model structures of the heterotrimeric Gafy hint at the presence
of a switch Ill loop extending out from the protein surface to bind to proteins such as the TRPM8
channel however, this binding site differs from that which interacts with PLC. Therefore, their separate
binding domains which permit mutual and independent regulation by Gag11 may potentially offer an

explanation of the minor effects of PLC and PIP, reported by some groups (Zhang et al., 2012).
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5.2 Aims and Objectives

The most recent literature suggests that WT-TASK channels are regulated by the direct binding of
activated Gag/11 to the Ct following activation of GPCRs by external agonists (Zhang et al., 2016). This
regulation is also reported to be dependent on the presence of the VLRFLT motif at the extreme
proximal end of the Ct. To date, it has not yet been confirmed whether these 6 amino acids serve as a
binding site or a transducer of the intracellular signal to the selectivity filter gating mechanisms. The
aim of this study was firstly to determine whether a constitutively active Gag/11 analogue, GAQ/11,
binds directly to the channel and secondly, to characterise the affinity of binding events should they
take place. The objective of this chapter was to investigate the binding properties of the hTASK3 Ct
peptide inclusive of the VLRFLT motif produced in Chapter 4, and conclusively confirm the direct
binding of Gag/11 to the channel. Using synchrotron radiation circular dichroism, this chapter provides
insight into conformational changes occurring at a secondary structure level upon binding of GAQ/11

to the TASK3_(+VLRFLT) Ct peptide.
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5.3 Methods

5.3.1 Protein Production and Purification

The TASK3_(+VLRFLT) and TASK3_(-VLRFLT) peptide were produced and purified as described in
Chapter 4.

5.3.2 Synchrotron Radiation Circular Dichroism (SRCD)

SRCD spectra were measured on beam Line B23 at the Diamond Light Source Ltd (Didcot., UK). The
instrument was calibrated with HEPES buffer. SRCD measurements were collected under the following
instrument parameters: a 10 mm path length cell, 1 nm increments, 1 second integration time and a
1nm bandwidth at approximately 24.6°C. Spectra were measured over the wavelength range of 260
to 185 nm, however below 210 nm the spectra were too noisy to include below (likely due to high salt
concentration of the buffer), therefore only the far-UV spectral region (210 - 260 nm) are shown. Each

wavelength represents 4 replicates and the error bars on the graph represent standard deviation.

Samples were used at a concentration of 0.22 uM in 25 mM HEPES/70 mM NaCl at pH 10 (Appendix

3.3). Sample controls can be seen in the table below:

Sample

GST-TASK3_(+VLRFLT) (43 kDa) Protein produced in Chapter 4
Glutathione-S- Transferase Tag (26.98 kDa) Purified Protein OriGene (Rockville, USA)
14-3-3 a/B (29 kDa) Purified Protein Merck (Darmstadt, Germany)
GAQ/11 (41.9 kDa) Purified Protein OriGene (Rockville, USA)
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5.4 Results

5.4.1 The 14-3-3 a/B positive control binds the TASK3 (+VLRFLT) peptide

SRCD spectroscopy was carried out to explore the interactions of the TASK3_VLRFLT peptide with the
GAQ/11 protein. The 14-3-3 a/B adaptor protein was included in this study as a positive control known
to bind the [RRKSV] motif expressed in the extreme distal portion of the TASK3 Ct (Zuzarte et al., 2009).
Through analysis of the spectra in the far-UV region (210 — 260 nm) it is not possible to identify
conformational changes occurring at the secondary structure level with regards to the formation of a-
helices etc. however, it can confirm overall changes in secondary structure as a result of interactions
in equimolar combinations. In support of the binding of 14-3-3 a/p to the TASK3 Ct which is reported
in literature to be critical for the forward traffic of the channel to the membrane, distinct differences
were observed between the calculated (red dotted line) and observed (solid blue line) values in the
SRCD spectra for the TASK3_(+VLRFLT) peptide and 14-3-3 a/B (Figure 84). When titrated together,
both the 14-3-3 (green line) and TASK3 (black line) spectra appear to change significantly when
compared to the proteins in isolation. This suggests that despite existence in pH 10 conditions, the

TASK3 peptide remains conformationally correct and able to bind with a known binding partner.
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Figure 84 SRCD spectra of the TASK3 peptide in combination with 14-3-3 in equimolar conditions

Spectra of TASK3 (black) and 14-3-3 (green) were first collected in isolation for generation of calculated
value (red dashed). Titration of the two proteins together produced an observed spectra (blue) that
was significantly different from the calculated trace, confirming that the 14-3-3 does bind to the
TASK3_(+VLRFLT). Error bars represent standard deviation (n=4).
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In Figure 84, the calculated trace was first obtained by collecting the SRCD spectra for both 14-3-3
(solid green line) and TASK3 (solid black line) were first collected in isolation. These two spectra were
then added together to generate a calculated value (red dashed line) for the titration of the proteins.
Following the titration of TASK3 and 14-3-3 together in solution at equimolar concentrations, the
actual observed spectra (solid blue line) is not superimposed with the calculated value. Since there
remains a clear difference between the observed spectra and the calculated spectra of the binding
partners in isolation, it confirms that a significant binding event is occurring between the peptide and

the 14-3-3 ligand has taken place.

To validate the effect of binding as a result of interaction with the Ct peptide rather than the
associated Nt GST tag, purified recombinant GST protein was also assessed for binding with the
purified partners. For Figure 85, the SRCD spectra for both GST and 14-3-3 were first collected in
isolation. These two spectra were then added together to generate the calculated value (red dashed
line). Following the titration of GST and 14-3-3 together in solution at equimolar concentrations, the
observed spectra (solid blue line) is seen to completely overlap the calculated value. No difference
between the observed spectra and the calculated spectra of the binding partners in isolation confirms
that no binding between the tag and the ligand takes place and that the binding observed in Figure 84
is a result of 14-3-3 binding the peptide and not the tag and provides a suitable negative binding

control for the following results.
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Figure 85 SRCD spectra of purified GST in combination with 14-3-3 a/

The titration of purified GST tag with the 14-3-3 ligand together produced an observed spectra (blue)
that was no different from the calculated trace (dotted red), confirming that the 14-3-3 does not bind
to the GST tag. Error bars represent standard deviation (n=4).

179



5.4.2 GAQ/11 directly interacts with the TASK3 (+VLRFLT) peptide

To validate the effect of GAQ/11 binding as a result of interaction with the peptide rather than the
associated Nt GST tag, purified recombinant GST protein (orange line) was first assessed for binding
with the purified GAQ/11 (green line). It can be seen in Figure 86, that there is a significant difference
between the observed and calculated values obtained following the GST_ GAQ/11 titration,
confirming the presence of non-specific binding between the tag and the GAQ/11 ligand. In this case,
the difference between the calculated and observed values of the GST_GAQ/11 spectra were
calculated and subtracted from the observed values of the TASK3_GAQ/11 spectra (Figure 87) to

account for any binding of the GAQ/11 protein to the tag.
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Figure 86 SRCD spectra of purified GST in combination with GAQ/11

Spectra of GST (orange) and GAQ/11 (green) were first collected in isolation for generation of
calculated value (red dashed). Titration of the two proteins together produced an observed spectra
(blue) that was significantly different from the calculated trace, confirming that the GAQ/11 does non-
specifically bind to the GST tag. Error bars represent standard deviation (n=4).

The structure of GAQ/11 consists of a combination of a-helices, B-sheets and turns (Kamato et al.,
2015). It appears that the spectra of GAQ/11 alone (green line) in Figure 87, that the protein has
retained secondary structure following storage in pH 10 solution as the spectra resembles beta-sheet
conformation by its positive value at 210 nm. Alternately, the TASK3_(VLRFLT) peptide (black line)
appears to be predominantly irregular in structure however, the spectra unfortunately do not contain
low wavelength regions (<200 nm), where signature spectrums for ‘random coil’ and ‘unfolded’ and
denatured regions reside and are therefore unable to make predictions regarding structure from this

data.
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Fortunately, the GST_14-3-3 and TASK3_(+VLRFLT) Ct_14-3-3 interactions depicted in Figure 85 and
Figure 84 offer both negative and positive controls respectively. It can therefore be said with a great
certainty that upon the titration of the protein and the peptide, and subtraction of the GAQ/11
interaction with the GST tag, as quantitatively it appears that a complex is formed since the calculated
(red dotted line) and observed spectra (blue solid line) continue to remain significantly different, an
observation supported by the small, non-overlapping error bars. Whilst the difference is very clear at
wavelengths between 210 and 225 nm, the difference appears much smaller at ~235 nm. Although
inferential statistical analyses are not routinely conducted for SRCD, to demonstrate the magnitude
of suspected binding, an unpaired students t-test was carried out on the smallest (230 nm) and largest
(215 nm) differences between observed and calculated spectra in Figure 87 to confirm significance.
The smallest absolute difference between the calculated and observed spectra was 0.5576 + 0.1061
(unpaired student’s t-test, p <0.01) when compared to the largest absolute difference, 1.37 + 0.4761

(unpaired student’s t-test, p <0.05), confirming that the binding remains significant.

— GAQ/11 (0.22 uM)
— TASK3 (0.22 uM)
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Figure 87 SRCD spectra of the TASK3 peptide in combination with GAQ/11 in equimolar conditions

Following confirmed binding of GAQ/11 to GST, the effect of this binding was subtracted, and any
difference observed above is the direct result of GAQ/11 (green line) binding to the TASK3 peptide
(black line) and not the tag. Differences between the observed (blue line) and calculated (red dotted
line) values for the TASK3_GAQ/11 interaction confirms a conformational change in secondary
structure associated with a binding event. Error bars represent standard deviation (n=4).
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5.5 Discussion

Activation of Gag/11-coupled receptors by neurotransmitters, hormones and pharmacological agonists
inhibit TASK3 channels, causing depolarisation and increasing excitability of the membrane. Unlike
conventional GPCR regulation, inhibition of TASK3 channels continues independently of PIP, and PKC
actions (Wilke et al., 2014, Zhang et al., 2016) and instead the direct interaction of Gog/11 with the
channel rather than the downstream signals has been observed (Zhang et al., 2016, Chen et al., 2006).
A similar model of channel inhibition was previously reported by Wilke et al. (2014) who argued for
the role of the direct binding of resident membrane messenger DAG to the channel, inducing channel
inhibition following GPCR activation of PLC. However, other groups have determined GPCR regulation
of TASK3 to occur independently of this action (Zhang et al., 2016). It is becoming increasingly evident
that there is no single pathway involved in the GPCR regulation of TASK3 channels (Mathie, 2007),
with all of those mentioned above likely to contribute to channel regulation. The data presented in

this chapter primarily supports the direct interaction of Gog/11 with the channel.

SRCD was used to identify possible changes in secondary structure content accompanying the
formation of a complex between the TASK3_(+VLRFLT) peptide and the Gagn1 analogue. Direct
interaction of TASK channels with 14-3-3 a/B proteins has previously been detected in yeast-two-
hybrid screens and co-immunoprecipitation studies (O'Kelly et al., 2002, Rajan et al., 2002, Shikano et
al., 2005). This interaction is identified to occur at the [XRRKS"V] motif at the extreme distal portion of
the TASK Ct and is critical for forward traffic from the ER (Zuzarte et al., 2009). As such, 14-3-3 a/B was
included as a positive control for its known binding activities however, this interaction has not before
been observed using CD technology. The SRCD data in Figure 85 initially confirms that the GST tag
expressed on the TASK3 Ct peptide does not interact with the 14-3-3 o/ at all, as evidenced by the
complete overlap of the GST and 14-3-3 a/p traces. This data set therefore serves as an important
negative control for any binding activity. Upon titration of 14-3-3 a/B with the TASK3_(VLRFLT), the
peptide continued to interact with the protein binding partner, as can be observed by the clear lack
of overlap in Figure 84. Not only does this finding serve as a positive control for peptide-protein
interaction, it shows that the peptide is likely to remain conformationally correct and functional
despite having been expressed in non-physiological conditions. Whilst it is apparent that direct
interaction of the 14-3-3 protein with TASK channels is critical in the regulation of channel expression
(Zuzarte et al., 2009), the mechanism of binding and the subsequent transduction remains unclear.
The mammalian 14-3-3 proteins are suspected to contain an interactome consisting of >200 proteins
(Mackintosh, 2004), many of which are known to be ion channels other than TASK3. Therefore, it is

unlikely that each of these target proteins contain a conserved binding site for a protein which is a
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notably rigid dimeric structure (Yaffe, 2002, Obsil et al., 2001, Rittinger et al., 1999). The binding of
14-3-3 to its target protein has been shown to induce a conformational change and/or constrain the
protein in a particular conformational arrangement leading to a plethora of functional outcomes
including: promotion of substrate binding, stabilisation of transition states, enhancing post-
translational modifications (Yaffe, 2002) or, in the case of TASK1 and TASK3, facilitation of channel
localisation by masking the retention signal (Zuzarte et al., 2009). Such an interaction supports the
theory surrounding the presence of IDPRs within the TASK3 Ct which undergo induced-fit or
conformational selection interactions as discussed previously in section 4.5. SRCD spectroscopy
techniques were originally employed to investigate the changes in secondary structure following
protein-peptide interactions at wavelengths lower than the detection limit of conventional CD.
Unfortunately, the high salt concentration of the HEPES buffer used in these experiments made the
identification of specific changes at the secondary level impossible since the spectra were too noisy at
wavelengths <210 nm. Therefore, predictions cannot be made regarding the degree of order or
structure of the peptide/complex because these features are typically found in the range of 180 — 200
nm (Wallace, 2009) and can only elucidate upon the presence of binding activity. However, SRCD

displaying the direct 14-3-3 interaction with TASK3_(+VLRFLT) remains to be a novel finding.

Whilst the GST tag did not bind to 14-3-3 a/B, it did unexpectedly exert a small amount of interaction
with GAQ/11 (Figure 86). After correcting for GST binding, the difference in overall secondary
structure continued to be significantly different following titration when compared to the GAQ/11 and
TASK3_(+VLRFLT) in isolation (Figure 87). This finding supports previous studies that utilised co-
immunoprecipitation approaches that hinted toward the direct binding of Gog/11 with the TASK3 Ct
(Chen et al., 2006, Zhang et al., 2016). The direct binding of Gag/11 with the termini of transmembrane
ion channels following GPCR activation is not a novel phenomenon, having been previously described
for Cay (Simen et al., 2001), GIRK (Koike-Tani et al., 2005) and more recently TRPM8 channels (Zhang,
2019). In the case of TRPMS, Gag/11 gates the channel through interactions with its Switch IIl domain.
The exchange of GTP to GDP following GPCR activation causes major conformational changes to
Gag/11, engaging the negatively charged switch Il loop for interaction (Waldo et al., 2010, Zhang,
2019). Gag/11 may then electrostatically bind via its switch Ill loop to positively charged residues in the
TRPMS8 Nt whilst its a3 helix binds to the TRP domain in the proximal region of the Ct. Together, these
two binding sites likely tether the G-protein to a site within the cytoplasmic cavity of TRPMS, causing
allosteric inhibition (Zhang, 2019). Indeed, the recent discovery of a lower X-gate of TASK1 channels
have been shown to ‘trap’ channel inhibitors within the vestibule, snaring inhibitors by the crossing of
the individual subunit Ct at the VLRFLT motif (R6dstrom et al., 2019). The VLRFLT motif is critical for

the response following application of volatile anaesthetics (Patel et al., 1999) and GPCR activation
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(Talley and Bayliss, 2002a), with deletion of the VLRFLT motif abolishing channel inhibition (Veale et
al., 2007a) whilst truncation (removal of the phosphorylation sites at the extreme distal portion of the
Ct) significantly reduces inhibition (Talley and Bayliss, 2002a). Since GPCR-mediated channel inhibition
has been shown to continue unabated following PKC and PLC inactivation (Zhang et al., 2016), it is
unlikely that the TASK3 Ct functions as a molecular scaffold, bringing together Gagi1 and PKC in
proximity. Neither is it likely that the binding of Gag/11 to the Ct activates local PKC to induce channel
phosphorylation since 1) channel inhibition is not abolished following Ct truncation (Talley and Bayliss,
2002a) and 2) channel inhibition remains unaffected in absence of PLC conversion of PIP, to IP; and
DAG (Zhang et al., 2016) despite the direct application of DAG also proving to inhibit the channel
(Wilke et al., 2014).

As discussed previously in section 4.5, GPCR inhibition of TREK1 occurs through the direct association
and dissociation of the Ct with the plasma membrane (Sandoz et al., 2011). This function appeared to
be independent of PKC but instead relied upon electrostatic interactions to phosphoinositides
generally rather than specifically binding to PIP; alone (Sandoz et al., 2011). Like the allosteric
inhibition of TRPMS following direct Gag11 binding (Zhang, 2019), it is possible that Gag/11 requires the
positively charged residues of the VLRFLT motif for the switch Il loop interaction whilst the rigid a3
helix binds to an unknown site within the channel vestibule. Binding of Gag/11 in such a manner at the
extreme proximal portion of the Ct may alter the conformational arrangement, in turn allosterically
hindering the electrostatic interaction with the inner leaflet of the plasma membrane. It is possible
that this could drive the dissociation of the Ct, resulting in channel inhibition. Indeed, the crystal
structure of TASK1 has shown that the VLRFLT X-gate structure must be capable of undergoing
significant conformational changes to accommodate for the presence of hydrated K* ions and channel
inhibitors (Rodstrom et al., 2019). Such conformational changes include the relaxation of the X-gate
from an extended helix into a a-helical conformation, allowing the straightening of the TM4 domains
as the channel takes on a more activated state (Rodstrom et al., 2019). It has been suggested that the
G236R loss of function mutation associated with KCNK9 imprinting syndrome is caused by the
insertion of a large, positively charged amino acid may prevent the conduction of ions through the
pore (Veale et al., 2014) however, the loss of GPCR regulation observed in this syndrome closely
resembles that of the VLRFLT deletion studies (Veale et al., 2007a). Since the binding of Gaga1 to
TRPMS requires two binding sites to stabilise the interaction (Zhang, 2019), it is not unreasonable to
suggest that the G236R mutation may either be very close to the a3 helix binding site thus impeding
access or, it may prove to be the binding site required to stabilise the Gag/1 interaction. Since my

investigation consisted of the Ct peptide only, this may only be hypothesised.
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5.5.1 Limitations and Future Work

In continuation of these findings, it would be appropriate to first repeat the SRCD investigation using
the TASK3 peptide that does not contain the VLRFLT motif. This would finally confirm whether the
motif functions as a binding site for Gag/1 or is required for the transduction of intracellular signals to
the SF. Unfortunately, the time constraints of the PhD research programme prevented this study from

being fully conducted at the Diamond Light Source (Didcot, Oxford).

Following confirmation of direct binding of Gag/1 to the peptide, it would be useful to identify the
properties of this interaction using techniques such surface plasmon resonance. Such approaches
would elucidate a selection of relevant parameters including reaffirmation of ligand binding,
specificity, binding stoichiometry, kinetics (association/dissociation) and affinity. Due to the high salt
content of the peptide storage buffer, SRCD was unable to specifically identify changes occurring at
the secondary level following protein-peptide interactions. Due to the flexible nature of the Ct, the
techniques usually used for structural investigation, such as X-ray crystallography and single-particle
electron microscopy, are limited. A better approach would be to consider NMR spectroscopy, which
can provide residue-specific information, or small-angle X-ray scattering to identify the changes in

shape, especially when working with proteins containing IDPRs (Ambadipudi and Zweckstetter, 2016).

One of the key limitations of this study was that the production of the isolated peptide meant these
findings could not be directly related to events occurring in vivo or in vitro and may only be used to
hypothesise upon cellular mechanisms. In producing the peptide fragment alone, it was stripped of
the naturally occurring interactions within the cellular environment which would likely destabilise the
fragment in solution. During the period of this PhD programme, phospholipid bilayer nanodisc
technology has advanced, providing an alternative approach to the studying of whole transmembrane
proteins in membrane mimetics using styrene maleic acid rather than denaturing detergents (Bayburt
and Sligar, 2010). These systems have been successfully implemented in purification and
reconstitution of full-length transmembrane ion channels, which stabilise the structure and enable

the application of conventional NMR technology for full structural resolution (Autzen et al., 2018).

The modulation of TASK3 channels occurs in a complex interactome where it is possible that regulation
manifests from multiple binding events. Such an observation alludes to the limitations of clinical
benefits produced by mono-target therapies. Using technologies such as those mentioned above may
serve to identify distinct binding epitopes/interactions which will aid in the development of novel

multi-target drugs with a more favourable therapeutic profile.
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5.6 Conclusions

This chapter provides evidence that the TASK3_(+VLRFLT) peptide produced in Chapter 4 is likely to
be conformationally correct, as SRCD spectra confirms for the first time the direct interaction of the
known binding partner: 14-3-3 a/B. Furthermore, the direct binding of Gag/11 to the peptide was also
confirmed although it was not possible to identify whether the VLRFLT motif serves as a transduction
region or a direct binding site. Whilst the study was unable to determine the specifics of the structural
changes occurring at a secondary level following the binding of GAQ/11, it is possible due to the
flexible nature and the presence of IDPRs, that the Ct fragment both in vivo and in vitro are likely to

undergo induced-fit or conformational selection interactions upon binding of Gag/11.

186



Chapter 6:

Consolidation
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This thesis set out to explore the regulation and function of TASK channels in disease, with focus upon
variants associated with KCNK9 Imprinting syndrome and PAH. The first part of this study sought to
explore the cause of the reduced activity of TASK channel variants associated with disease as a
function of impaired trafficking to the plasma membrane. Additionally, the investigation extended to
the subcellular organelles to determine differences in expression of the mutant channels in the ER and
mitochondria, and the possible implications in pathogenesis. The second part of the study surrounded
the regulation of TASK3 channels following the activation of Gog-coupled receptors. Our lab has
previously shown that GPCR-induced inhibition of TASK3_G236R channels was abolished (Veale et al.,
2014). For the first time, the effects of activated G-proteins on the G236R mutated channel were
investigated to determine whether the regulatory effect could be replicated following the direct
application of activated Gag in absence of the receptor. It also aimed to determine whether any
reduction in current was a consequence of internalisation of the channel from the plasma membrane
or a consequence of physiological changes to the channel itself following co-expression with activated
G-proteins. The final portion of this research focused upon the binding characteristics of the TASK3 Ct.
Deletion of the VLRFLT motif from the proximal region of the TASK3 Ct has been shown to attenuate
channel regulation by anaesthetics and GPCR activation, a functional consequence mirrored by the
TASK3_G236R variant. In absence of a crystal structure containing this motif, determining its role as a
signal transducer or a binding site remained to be resolved. For the first time, a TASK3 Ct peptide was
produced that contained the VLRFLT motif, allowing for the characterisation of the binding activity of

the Ct peptide.

6.1 Exploration of TASK channel trafficking and the functional consequences of pathological

variants

Upon discovery of the TASK3_G236R mutation, it was originally concluded that the channel was non-
functional, a finding that has since been disproved following confirmation of a current which is
significantly reduced and predominantly inwardly rectifying when compared to the WT (Veale et al.,
2014). Similar manifestations were identified in novel TASK3 channel variants: Y205C and Y205A which
also present with the KCNK9 Imprinting syndrome phenotype. Likewise, the loss-of-function G106R
and L214R mutations occurring in TASK1, have been implicated in an aggressive form of PAH (Navas
et al., 2016). Due to the constitutively active nature of TASK channels expressed at the plasma
membrane surface, changes in the level of surface expression can directly alter current density and
thus function (Mathie et al., 2010). In Chapter 2, | show that the TASK3_G236R channel exhibits

reduced expression at the plasma membrane. Considering the data confirmed that the channel
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continues to be trafficked to the ER and mitochondrial compartments as efficiently as the WT, it
suggests that the channel is rapidly recycled from the plasma membrane and recruited into alternate
degradative pathways rather than displaying impaired trafficking ability. Regardless, a small
proportion of the G236R variant continued to traffic to the plasma membrane however, GPCR-
mediated inhibition of the channel remained significantly attenuated (Chapter 3). Whilst previous
literature had shown that activated Goginteracts directly with the WT channel (Zhang et al., 2016), we
confirm in Chapter 3 for the first time that the TASK3_G236R channel continues to interact with
activated Gaq as the co-expression of TASK3_G236R with the activated G-protein enhanced the
colocalisation of the mutant channel with the cell surface membrane although all regulatory activity

is lost.

Unlike TASK3_G236R, the Y205C and Y205A variants were found to have no effect on channel
trafficking to the plasma membrane and were indistinguishable from WT. Previous investigation into
TASK3 trafficking had suggested that the channel required the 14-3-3 and COPI binding motifs within
the Ct to drive antero- and retrograde transport (Zuzarte et al., 2009). | found this not to be the case
with the Y205 truncation and instead suggest that the channel either contains internal trafficking
motifs which are exposed following the truncation of the protein or, that the channel will continue to
traffic to the membrane providing that the Nt remains intact. The Y205 residues are thought to
contribute to an ‘aromatic cuff’ around the mouth of the pore domain which regulates pore dimension
and supports selective K* uptake (Doyle et al., 1998). In shaker and hERG channels, disruption to this
analogous region forces the pore into a permanently inactive C-type gating position (Heginbotham et
al., 1994, Fan et al., 1999). Likewise, insertion of the hydrophobic Cys residue (Y205C) into the pore
domain promotes the formation of non-specific S-S bonds which can equally stabilise the inactivated
state, causing the pore to collapse inwards on itself (Hoshi and Armstrong, 2013). Together, these data
offer explanation for the complete lack of current observed at the membrane with the Y205 variants,
which are independent of trafficking impairments. This hypothesis of channel instability neatly
coincides with our findings of significantly increased expression of the TASK3_Y205 variant channel in
the ER despite efficient plasma membrane expression. Misfolded or unstable proteins have been
shown to evade the quality control mechanisms enforced during protein production and continue to
be trafficked to the membrane however, these proteins often display a decreased half-life (Tizzano et
al., 1993). As such, these channels are likely to undergo rapid endocytosis to the ER prior to targeting
to the cytosol for degradation (Marcorelles et al., 2014). Considering this finding, it would be insightful
to extend this study to include colocalisation studies of the Y205 and G236R variants, with a focus on

the late endosomes and lysosomes to determine the degradative fate of these channels.
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There is a large body of data available which explores the role of TASK3 channels expressed on the
inner mitochondrial membrane due to its malignant implications however, there is little availability of
research that investigates the role of mitochondrial TASK3 expression in arousal and wakefulness in
association with sleep disorders. Low arousal is one of many symptoms reported in patients with
KCNK9 Imprinting syndrome (Graham et al., 2016). Until now, there was no literature available which
explored the expression of the variants associated with this condition in relation to mitochondrial
metabolism. Despite finding that the Y205A truncated channel was expressed significantly more than
the WT, the expression of the G236R and Y205C variants was not. This study was therefore unable to
definitively link TASK3_G236R expression in the mitochondria to the low arousal symptoms reported
however, it does confirm that the mutant channel can still be trafficked to the mitochondria. It is
perhaps more plausible that symptoms of low arousal are likely to be attributed to the loss of GPCR
regulation following stimulation by wake-active neurotransmitters histamine and neurotensin in basal

forebrain cholinergic neurons and dentate gyrus cells respectively.

TASK1 channels are key participants in the regulation of the resting membrane potential of PASMCs
(Olschewski et al., 2006). Reduced expression of TASK1 in PASMCs is now a recognised event in the
pathogenesis of PAH (Antigny et al., 2016). TASK1 channel variants, G106R and L214R, are two
particularly aggressive homozygous mutations (Navas et al., 2016) which fail to respond to
pharmacological interventions that have previously been shown to enhance WT activity (Ma et al.,
2013, Cunningham et al., 2019). Like the TASK3_ Y205 mutations, | found that the non-functional
G106R and L214R TASK1 channel variants were translated and expressed at the plasma membrane as
efficiently as the WT channel. Due to the hypoxic events inherent to PAH (Weir et al., 2005), TASK1
expression in the mitochondria was investigated and confirmed for the first time. The expression of
the G106R and L214R mutations appeared to be no different to the WT, which implies that the
presence of these mutations in the mitochondria do not contribute to the progression of PAH. Despite
this finding, it does open an avenue for research into the effect of these mutations on mitochondrial

redox signalling when examined under hypoxic conditions, such as those found in PAH.

Together, the connotations of these findings are significant in the development of future therapeutic
approaches to both KCNK9 imprinting syndrome and PAH. Firstly, these findings confirm that
trafficking impairments do not account for all the deleterious effects of the G236R mutation; it is more
likely the destabilising effect of the insertion of a large hydrophilic residue into a hydrophobic
environment in place of a small, uncharged amino acid. Similarly, mutations surrounding Y205 are also
likely to contribute to the destabilisation of the pore. Therapeutic strategies aiming to increase
TASK3_G236R channel expression at the membrane in the treatment of KCNK9 Imprinting syndrome

could be detrimental to the patient. Indeed, the current through G236R channels can be recovered
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pharmacologically through application of fenamates however, such approaches are not likely to
rescue GPCR-mediated regulation. Likewise, the G106R and L214R variants of TASK1 also represent
loss-of-function channels in which functional currents cannot be restored pharmacologically.
Promoting the expression of dysfunctional channels at the plasma membrane may only serve to
exacerbate symptoms therefore, in absence of effective pharmaceutical activators, genome editing
approaches such as CRISPR/CAS9 technology may be more successful however, these therapies are

not yet ready for clinical application.

6.2 Functional characterisation of the TASK3 C-terminus

The function in-relation-to structure studies of transmembrane ion channels have been difficult to
accomplish due to the tendency of integral membrane proteins to denature once removed from their
native environment. Until recently, no crystal structures for TASK channels had been published
(Rodstrom et al., 2019) and yet they still remain incomplete, lacking the IC terminal regions where
much of the channels’ regulatory activity occurs. The 6 amino acid ‘VLRFLT' motif in the extreme
proximal portion of the Ct is critical to the regulation of channel activity by both pharmacological and
physiological modulators (Wilke et al., 2014, Veale et al., 2007a, Talley and Bayliss, 2002b), with
deletion of the motif altering pH sensitivity and abolishing GPCR regulation (Talley and Bayliss, 2002a).
With the location of the motif in the IC Ct domain and the His98 proton sensor in an EC region,
alterations to internal gating mechanisms are clearly coupled to EC events however, this motif cannot
underpin all the regulatory pathways of this channel (Veale et al., 2007a). Discovery of a novel X-gate
identified that the analogous VLRFMT motif in TASK1 is directly involved in channel gating (R6dstrom
et al., 2019), with mutations occurring within and around the motif mirroring the reduced channel
activity displayed by the pathogenic TASK3 G236R mutation associated with KCNK9 Imprinting
syndrome (Barel et al., 2008, Veale et al., 2014). Whilst the VLRFLT motif is essential to function, it is
unclear whether it behaves as a transducer of signal or a direct binding site. As such, a TASK3 Ct

peptide inclusive of the VLRFLT motif was produced in Chapter 4 for the first time.

The GST-TASK3 Ct peptide used in this study was produced both with and without the VLRFLT motif.
Regardless of the presence of the hydrophobic motif that is embedded within the plasma membrane,
the peptide remained insoluble under physiological conditions. Production of proteins for structural
studies commonly see the removal of the terminal regions of integral membrane proteins due to an
innate lack of tertiary arrangement and structural irregularity predisposing the protein to aggregation
during purification. Indeed, the recombinant expression of the GST-TASK3_(+VLRFLT) Ct resulted in a

protein that demonstrated poor solubility and a propensity to precipitate out of solution, stabilising
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in conditions significantly different from those considered to be physiologically relevant. Despite the
non-physiological conditions in which the peptide was stabilised, it can be postulated that the peptide

is unlikely to behave physiologically since it is only a fragment of the full protein.

In expressing the peptide recombinantly, it was deprived of local stabilising interactions otherwise
present in vivo, promoting peptide unfolding and reduced solubility, as was observed for GST-
TASK3_(+VLRFLT). Such interactions have been proven to be central to channel regulation for some
K2P channels. Indeed, GPCR modulation of TREK1 is dependent upon the non-specific electrostatic
interactions driving the direct association and dissociation of the Ct with the plasma membrane,
causing activation and inhibition respectively (Sandoz et al., 2011). Proteins without obvious tertiary
arrangement are now often classified as containing regions of ‘intrinsic disorder.” IDPRs are commonly
located within the flexible cytoplasmic domain of proteins where they are suspected to undergo
folding upon contact with a phospholipid membrane as a mechanism for signal transduction (Birgi et
al., 2016). Sequence analysis of TASK3 identified regions of disorder promoting residues neighbouring
the VLRFLT motif. Since TASK3 channels are known to be regulated by a wide variety of structurally
diverse channel modulators, it is logical to suspect that the TASK3 Ct forms stable complexes through
the mechanisms of dynamic conformational selection as opposed to an induced fit binding, supporting
the role of the VLRFLT as a transduction motif rather than a binding site. Indeed, the ability of the
peptide to remain stable in solution at pH 10 speaks for the resilience of IDPs to maintain functionality
in harsh conditions or regain it when returned to physiological conditions (Uversky, 2016, Uversky,

2017, Uversky, 2013, Lee et al., 2019).

Using SRCD in Chapter 5, | show that regardless of conditions, the peptide remained conformationally
correct as it continued to interact with the 14-3-3 adaptor protein known to bind directly to the
[XRRKSPV] motif (Zuzarte et al., 2009). The direct binding of Gag/: with the TASK3 Ct was also
confirmed using CD techniques for the first time. For TRPM8 channels, Gag/11 inhibits activity through
simultaneous electrostatic binding of its negative switch Ill loop to positive residues of the Nt as the
a3 helix binds to the TRP domain of the Ct (Zhang, 2019). Contrary to TRPMS8, GPCR inhibition of TASK3
channels continues mostly unabated in absence of PLC, PKC and DAG (Zhang et al., 2016). Like GPCR
regulation of TREK1 relies upon electrostatic interaction of the Ct with the plasma membrane
independently of PKC (Sandoz et al., 2011), | propose that Gag/1 requires the positively charged
residues of the VLRFLT motif for the switch Ill loop interaction whilst the rigid a3 helix binds to an
unknown site within the channel vestibule. This causes a conformational change that allosterically
hinders the electrostatic interaction with the inner leaflet of the plasma membrane, dissociating the
Ct as a mechanism of channel inhibition. As such, the effect of pore-altering mutations like G236R

could impede the access of the Gagni a3 helix from stabilising the interaction, preventing the
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transduction of signal to the SF.

Since | was unable to obtain SRCD data for the GST-TASK3_(-VLRFLT) construct during the scope of this
PhD, the function of the VLRFLT motif as a binding site or a transducer could not be confirmed. As
such, the next logical step would be to carry out these experiments, although the data presented here
would lean towards the function as a transducer. With the work in this study conducted only on a
fragment of the full protein, the findings of this thesis are not directly relatable to cellular mechanisms
occurring in vivo or in vitro and instead provide hypotheses to explore new avenues of research
including confirmation of the Ct IDPRs and determination of induced-fit or conformational selectivity
binding mechanisms. Unfortunately, biochemical and biophysical techniques can only go so far in
describing the functions of an integral membrane protein. Alone, these techniques provide little
information regarding the three-dimensional structure and the complex interactions occurring at a
molecular level that support channel activity. Therefore, the most effective future experiments would
focus upon the encapsulation of full-length TASK3 protein from a native membrane environment into
a membrane mimetic such as the phospholipid nanodisc for crystallisation studies. Such approaches
provide a stable environment for in vitro biophysical characterisation, flexibility for conformational

changes and retain local interactions which are key to channel regulation.

6.3 Concluding Remarks

Loss-of-function pathological variants of TASK channels are associated with conditions like PAH and
KCNK9 Imprinting syndrome. With limited structural information available, the identification of key
regulatory processes is paramount to establishing therapeutic strategies for the treatment of these
conditions and many more. In this study, imaging and electrophysiological techniques determined that
the reduction in TASK3_G236R current observed in KCNK9 Imprinting syndrome is a direct result of
both trafficking impairments and structural abnormalities as demonstrated by reduced membrane
expression but a continued ability to associate with activated Gag/11 despite losing GPCR-mediation
inhibition. The consequences of TASK3 mutations including (Y205C and Y205A) are therefore
presumably linked to the destabilisation of the channel pore, preventing transduction of IC regulatory
signals to the SF. As such, therapeutic strategies aiming to increase mutant channel expression at the
membrane in the treatment of KCNK9 Imprinting syndrome could be detrimental to the patient.
Similarly, loss-of-function TASK1 mutations associated with PAH (G106R and L214R) are dysfunctional
whilst trafficking is unaffected. Despite demonstrating the localisation of TASK1 channels in the

mitochondria for the first time, this study was unable to link the pathogenic variants to the hypoxic
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events involved in the progression of PAH. More work is required to investigate the role of TASK1

mutations in mitochondrial redox signalling under hypoxic conditions.

Finally, this study produced a TASK3 Ct peptide inclusive of the VLRFLT motif critical to GPCR
regulation, which appeared to be intrinsically disordered in nature and conformationally correct as |
confirm the direct binding of Gag/11. In absence of a crystal structure containing this motif, we can only
hypothesise the role of the VLRFLT motif in GPCR regulation however, the work included within this

thesis provides the foundations for further exploration.

194



1.1 Application of DTNB to tsA201 cells expressing Y205C had little effect on the current.

Appendix 1

[A]
o -
g 25
E 20-
2 15
vy
c
S  10-
=
(] 51
=
=
O 0

[B]

current (pA)

==

-3
'\..*0

S

e@
Q«

600
400
200
0
-200
-400
-600

= Control
— DTNB (0.5)

time (ms)

Figure 88 Cysteine modifying agent -5”-Dithio-bis(2-nitrobenzoic acid) (DTNB or Ellman’s reagent),
reacts with free sulfhydryl side chains of cysteine to form an S-S bond between the protein and a
thionitrobenzoic acid (TNB) residue, was applied to see if it was able to recover any current through
the Y205C mutant channel. Application of DTNB to the cells resulted in a yellow colour been

observed but was found to have little effect on the current

[A] a comparison of current density when the mutated channel is in control solution and in a solution
containing 0.5 mM DTNB. No significant difference (P > 0.05, 95% Cl = -1.6 to 1.6) was observed
between current recorded in control solution (2.72 pA pF* (n=16, 95% Cl = 1.9 to 3.5)) and in 0.5 mM
DTNB (2.71 pA pF* (n = 6, 95% Cl = 0.5 to 4.9)); [B] is averaged raw data traces (n=16) from cells in
control (black line) and in DTNB (n=6) (blue line), when transiently expressed in tsA201 cells. This work
was carried out by Dr E L Veale.
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1.2 MTSES had no effect on Y205C mutant channels
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Figure 89 Methanethiosulfonates (MTS) are sulfhydryl-reactive compounds that form mixed
disulfide linkages and are commonly used to study cysteine residues on proteins. Sodium (2-
sulfonatoethyl) methanethiosulfonate (MTSES) is a negatively charged, membrane impermeant
MTS. It is highly reactive with ionized thiolates and targets sulfhydryl groups accessible from the
aqueous medium. MTSES had no effect on Y205C mutant channels, which suggests that 205C is
either not accessible from the extracellular side or is already cross linked with the 205C on the other
monomer or a different cysteine

[A] A comparison of current density when the mutated channel is in control solution and in a solution
containing 2.5 mM MTSES. No significant difference (P > 0.05, 95% Cl = -1.1 to 2.1) was observed
between current recorded in control solution (2.7 pA pF* (n=16, 95% Cl = 1.9 to 3.5)) and in 2.5 mM
MTSES (3.2 pA pF* (n =5, 95% Cl = 0.93 to 5.5)); [B] averaged raw data traces (n=16) from cells in
control (black line) and in MTSES (n=5) (blue line), when transiently expressed in tsA201 cells. This work
was carried out by Dr E L Veale.
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1.3 DTT acted only to reduced current at more positive potentials, where we observe

activation of a voltage-gated channel.
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Figure 90 As MTSES had no effect on the protein, we then went on to look at whether the 205
cysteines’ had formed intermolecular disulphide bonds between subunits, which had closed the
channel. To do this we used the disulphide reducing agent, dithiothreitol (DTT).

[A] a comparison of current density when the mutated channel is in control solution and in a solution
containing 5 mM DTT. No significant difference (P > 0.05, 95% Cl =-0.95 to 1.79) was observed between
current recorded in control solution (2.6 pA pF* (n=19, 95% Cl = 1.9 to 3.2)) and in 5 mM DTT (3.0 pA
pF1(n=6,95% Cl=1.2to 4.9)); [C] averaged raw data traces (n=19) from cells in control (black line)

and in DTT (n=6) (blue line), when transiently expressed in tsA201 cells. This work was carried out by
Dr E L Veale.
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Appendix 2

2.1 SEC of un-concentrated flow through from GST

mAL
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Figure 91 SEC of un-concentrated FT from GST column (Figure 45).

SEC was carried out on the GST column (un-concentrated) FT using the Superdex 75 10/300 GL, as it
appeared to contain the full-length protein (see Figure 49) and the elution rate of Ovalbumin (43 kDa)
was used as a reference elution rate. Red trace: 260 nm; blue trace: 280 nm and pink trace: 230 nm
absorbance. Two minor peaks present at the approximate reference Ovalbumin elution volume (11
mL). The 260 nm reading suggests intense DNA contamination, but sample is too dilute.
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2.2 QC confirms new preparation is in a whole state

280 nm Absorbance (Protein) Concentration (mM)
260 nm Absorbance (DNA) —— Sample Injection Marker
Conductivity (mS/cm)
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e —
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Volume (mL)

Figure 92 Strong QC of the remaining refolded protein confirms the protein remains in a whole state

The protein began to elute at approximately 60% of sample B application (green trace) and the protein
eluted fully at approximately 400 mM NaCl (light blue). Fractions A11-B11 were collected for analysis
(Figure 59)
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Appendix 3

3.1 Microscopy Solutions

Solution

Recipe

2% Paraformaldehyde (PFA)

Add 5 mL (1X) PBS

Add ddH;0 to a volume of 30 mL

Heat solution to approx. 80°C (do not boil)

Add 1g PFA and 1 mL (5M) NaOH, aspirate to
dissolve

Add 900 pL (5M) HCl

Add HCI dropwise to pH 6.8 (use pH strips)

Q.S. to 250 mL with ddH,0 and filter

3.2 In-cell/On-cell Western Blot

Solution Recipe
2% Paraformaldehyde See above
TBS 0.2 M TRIS Base (121.14 g/mol)

1.5 M NaCl (58.44 g/mol)
Q.S. to 500 mL with ddH,0

0.1% Tween-20 PBS (TBST) Wash buffer

100 mL of (10X) TBS
900 mL ddH,0
1 mL Tween-20

0.1% Triton-X-100 Permeabilisation buffer

10 pL Triton-X-100
10 mL (1X) PBS

5% Bovine serum blocking buffer

150 mL TBST
7.5g non-fat dry milk
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3.3 Protein Production and Purification Solutions

Solution

Recipe

Super optimal broth with catabolite
repression (SOC) media (250 mL)

5g Bactotryptone

1.25g Bactoyeast extraxt

0.5 mL (5M) NacCl

0.625 mL (1M) KCI

2.5 mL (1M) MgCl,

2.5 mL (1M) MgSO,

5 mL (1M) Glucose

Q.S. to 250 mL with ddH,0 and filtered

Resolubilisation buffer:
Urea (8M)

20 mM (1X) PBS (pH 7.5) (1M)
150 mM NaCl (5M)

480g Urea (60 g/mol)

Q.S. to 1 L with ddH,0

Resolubilisation buffer:
Guanidinium Hydrochloride (6 M)

50 mM MES (2-(N-morpholino)ethanesulfonic acid) buffer
(pH 6.5) (5M)

150mM NaCl (5M)

573.78g Guanidinium (95.63 g/mol)

Q.S. to 1 L with ddH,0

2X Sample buffer

100 mM TRIS (pH 6.8)

2% SDS

100 mM DTT (dithiothreitol)
0.015% B-Mercaptoethanol

15% Glycerol

1 x Small spatula Bromophenol-Blue
Q.S. to 1 L with ddH>0

Staining solution

0.25% R250 Coomassie (2.5 g/L)
10% Acetic acid

40% Methanol

Q.S. with ddH,0

De-staining solution

10% Acetic acid
20% Methanol
Q.S. with ddH,0

10% Polyethylenimine (w/v)

Add 10mL of polyethylenimine to 70 mL ddH,0 and titrate
solution to pH 7.9 with (5M) HCI
Q.S. To 100mL with ddH,0 and filter

Arginine refolding buffer

20 mM (1X) NAP (Nucleic acid preservation buffer) (1M)
200 mM Arginine (174.2 g/mol)

150mM NaCl (5M)

Q.S. to 50 mL with ddH,0

10 mM Elution buffer (pH 8)

50 mM TRIS (pH 8) (1M)
10 mM Reduced glutathione (307.32 g/mol)
Q.S. with ddH,0

Rat lysate buffer
(Zuzarte et al., 2009)

1% Triton-X-100

150 mM NaCl

10 mM TRIS-HCI

Protease inhibitor cocktail
Q.S. to 50 mL with ddH,0
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Solution (cont.)

Recipe (cont.)

Wash buffer

20 mM PBS (pH 7.5)
150 mM NacCl

1M Urea

1% Triton-X-100

Strong anion exchange (Buffer A) (pH 10)

25 mM HEPES

70 mM Nacl

20 mM NaOH

Q.S. to 500 mL with ddH,0

Strong anion exchange (Buffer B) (pH 10)

25 mM HEPES

1 M NaCl

20 mM NaOH

Q.S. to 500 mL with ddH,0

Digestion buffer (pH 8)

50 mM TRIS-HCI
150 mM NacCl

1 mM EDTA (ethylenediaminetetraacetic acid)

1 mM DTT
0.01 % Triton-X-100

10 X Cleavage buffer (pH 7)

50 mM TRIS-HCI
150 mM NaCl

5 mM EDTA

1 mM DTT

0.1% Triton-X-100

3.4 Electrophysiology Solutions

Solution

Recipe

External Solution

145 mM NaCl

2.5 mM KCI

3 mM MgCl,

1 mM CaCl,

10 mM HEPES

(pH adjusted to 7.4 with 1 M NaOH)

Internal Solution

150 mM KCl

3 mM MgCl,

5 mM EGTA

10 mM HEPES

(pH adjusted to 7.4 with 1 M KOH)
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