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Abstract.
hK2P15.1, a two-pore domain potassium channel (K2P) was first identified in 2001 by
four independent groups (Ashmole et al., 2001; Karschin et al., 2001; Kim and
Gnatenco, 2001; Vega-Saenz de Miera et al., 2001). Although hK2P15.1 fails to show
functional current in recombinant expression systems it was included in the Acid
Sensitive subgroup (TASK) of K2P channels primarily due to its sequence homology
with the other two family members K2P3.1 and K2P9.1. K2P channels are active over
physiological voltage ranges resulting in constituent leak of K+ from the cell. These
channels are fundamental in setting and regulating the resting membrane potential of
cells, are regulated by physiological stimuli and play key roles in several physiological
processes.
At the messenger RNA level, KCNK15 has a wide tissue distribution and shows high
levels of expression specifically in pancreas and adrenal glands (Ashmole et al., 2001;
Kim and Gnatenco, 2001). However, while hK2P15.1 is anticipated to play an important
role in both adrenal and pancreatic function to date the physiological function and
pharmacological profile of this channel has been elusive (Ashmole et al., 2001;
Karschin et al., 2001; Kim and Gnatenco, 2001).
Data presented here provide the first evidence of hK2P15.1 retention within the ER and
inability to achieve surface expression under control conditions. Significantly, hK2P15.1
does localise to other intracellular organelles including the nuclear membrane,
mitochondria, endocytic vesicles and lysosomes. Consequently, the physiological role
of hK2P15.1 was examined. By analysing hK2P15.1 post-translational modification and
binding proteins, the retention of hK2P15.1 within the ER was found to be dependent on
its interaction with BIP. BIP is a chaperon protein involved in cellular response to
stress. Removal of BIP-binding or cellular stress enable hK2P15.1 release from the ER
and targeting at the cell membrane. This links the BIP-dependent ER retention of
hK2P15.1 with the role of BIP in response to cellular stress. Hence, hK2P15.1 is here
suggested to play a role in the control of mitochondrial potential and activity in control
conditions and to achieve surface expression and control the cell membrane potential
under conditions of cellular stress.
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1.1 Ion channels.
A key role of the plasma membrane, which is impermeable to ions, is to specifically and
co-ordinately maintain precise ion concentrations between the cells internal and external
environments. Specific ion concentrations within cytoplasm and the extracellular
environment show variations of 2-20 000 times between compartments depending on
the ion in question. For example, Mg++, Na+, Cl- and Ca++ are respectively 2, 10, 30 and
20 000 times more concentrated in the extracellular environment while K+ is 35 times
more concentrated intracellularly. Ionic gradients are also observed between the
cytoplasm and intracellular organelles including mitochondria and ER.
Ion channels are pore-forming transmembrane proteins present in almost all cells and
mediate rapid and selective ion transport through the membrane (Terlau and Stuhmer,
1998). Ion channels can be controlled by membrane voltage, intracellular or
extracellular ligands, pH and mechanical stimuli and are critical in establishing the
specific ionic content of each cellular compartment and hence in maintaining ionic
gradients across specific membranes. In this way, ion channels are fundamental in many
physiological functions of the cell (Yellen, 2002) and have been implicated in the
control
++

of

membrane

potential

and

cell

excitability,

ATP

production,

++

Ca /Mg -dependent intracellular signalling, hormone and neurotransmitter release,
muscular function, epithelial transport, cell volume regulation as well as cell
proliferation (Yellen, 2002).
As the lipd bilayer forming the cell membrane is impermeable to water-soluble
substance such as ions, the concept of receptor molecules involved in ion transport
across membrane was proposed by Langley in 1907 to explain the existence of ion
gradients across cellular membranes impermeable to ions. Later, in 1941 Cole and
Baker developed the idea of voltage-dependent membrane pores (Cole et al., 1991).
These ideas were confirmed in 1952 by the work of Hodgkin and Huxley in which they
identified voltage-dependent Na+ and K+ currents (Hodgkin and Huxley, 1952a, b, c, d;
Hodgkin et al., 1952). Hodgkin and Huxley proposed a model to explain the rapid
change in membrane potential occurring during the action potential generated in the
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axon of giant squid following stimulation. This model included an explanation for the
different potential across the cellular membrane in conditions of rest (i.e. cellular resting
membrane potential). Since then, the understanding of ion channel properties and
structure has become more and more advanced thanks to the development of voltageclamp electrophysiology and X-ray crystallography together with molecular cell biology
techniques. Significantly, the first crystal structure of a potassium channel (KCh)
determined in 1998 by MacKinnon gave insights into ion channel function at the
molecular level (Doyle, 1998).

1.2 Potassium channels.
KCh are ubiquitously expressed and make up the largest and most diverse superfamily
of ion channels (Wickenden, 2002). KCh are critical to key physiological processes both
in excitable and non-excitable cells. For example, KCh regulate membrane potential,
neuronal and cardiac excitability, neurotransmitter release, heart rate, muscle
contraction, hormone secretion, epithelial transport, cell volume and cell proliferation
(Wickenden, 2002).

1.2.1 Families of potassium channels.

KCh are multimeric proteins formed by a variable number of transmembrane domains
(Tm). K+ ions pass through a K+ selective pore which requires four pore forming
domains (P) to enable K+ flux and selectivity (Coetzee et al., 1999; MacKinnon, 1991).
KCh α subunits (the transmembrane monomeric proteins that contribute to form the
channel pore) are divided into four different groups depending on their structure
(Wickenden, 2002) (Figure 1.1):
(i) 7Tm-1P;
(ii) 6Tm-1P;
(iii) 2Tm-1P;
(iv) 4Tm-2P.
4
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Figure 1.1 Structure of potassium channel α subunits.

Diagram showing the distinct structure of the four types of KCh α subunits (7Tm-1P,
6Tm-1P, 2Tm-1P and 4Tm-2P). The cytoplasmic (int) and extracellular site of the
membrane (ext) are indicated. Each subunit is formed by a variable number of
transmembrane domains (Tm, dark blue, numbered 1-7) and pore forming domains (P,
purple, numbered 1-2). Cytoplasmic domains (lilac) and external domains (light blue)
are also represented.

5

Laura Roncoroni

Introduction

Beyond these structural divisions, KCh are divided into three distinct families based on
both their functional and structural characteristics, their biophysical and modulatory
properties as well as their phylogenetic relationships (Gutman et al., 2003). These three
KCh families are:
(i) voltage- or Ca++-dependent KCh (Kv, Kca);
(ii) inward rectifier KCh (Kir);
(iii) two-pore domain KCh (K2P).

1.2.1.1 Voltage- and Ca++-dependent potassium channels.

Voltage-gated (Kv) and Ca++-dependent (KCa) KCh are tetrameric proteins formed by
either 7Tm-1P or 6Tm-1P α subunits and include (Gutman et al., 2003):
(i)

Kv channels;

(ii)

small conductance KCa channels (SK);

(iii)

intermediate conductance KCa channels (IK);

(iv)

large conductance KCa channels (BK).

These channels are closed at physiological resting membrane potential and allow a K+
flux out of the cell when they are activated by specific gating mechanisms. Kv channels
are activated by membrane depolarisation through a voltage sensor located in the
positively charged fourth Tm domain of their 6Tm-1P α subunits (Papazian et al., 1991;
Terlau and Stuhmer, 1998) (Figure 1.2). These positive charges are pulled toward the
membrane in response to negative charges created by local depolarisation. This causes a
conformational change in the fourth Tm domain which results in the channel opening.
SK and IK channels are voltage insensitive as they lack the voltage sensor in the fourth
Tm domain but instead are activated by intracellular increase of Ca++ ions. Ca++
sensitivity of SK and IK is due to constitutive C-terminal interaction with calmodulin
(Fanger et al., 1999; Xia et al., 1998) (Figure 1.2). BK channels are activated by both
membrane depolarisation and intracellular Ca++ increase. Similarly to Kv channels,
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Figure 1.2 Activation mechanisms of voltage- and Ca++-dependent potassium
channels.

Diagram showing the distinct activation mechanisms for voltage-gated KCh (Kv) and
small (SK), intermediate (IK) and large conductance Ca++-activated KCh (BK). Voltage
sensor in Kv and BK is represented by positive charges (white +) on the fourth
transmembrane domain of these channels. Activation mechanisms (in green) including
membrane depolarisation (↓ΔΨ), increased Ca ++ (ΔCa++) and intracellular Na+, Cl- and
low pH are indicated.
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voltage sensitivity of BK channels is due to the positive residues within the fourth Tm
domain of their 7Tm-1P α subunits. In addition, Ca++ sensitivity of BK channels is due
to three divalent cation binding sites in the C-terminus of each 7Tm-1P α subunit (Bao,
2002; Schreiber and Salkoff, 1997; Xia et al., 2002). Another member of the BK
subgroup, Slo3, lack the Ca++ bowl and as a result is insensitive to Ca++ but activated by
internal Na+, Cl- and alkalinisation (Schreiber et al., 1998; Tang et al., 2010) (Figure
1.2). Additionally, Kv and Kca channel activity is modulated by interaction of α subunits
with their accessory β subunits and by several additional regulatory mechanisms.
Kv channels are crucial in generating electric signals and in cell repolarisation. Hence,
these channels play key roles in cardiac excitability and neurotransmitter release
(Wickenden, 2002). KCa channels are involved in membrane repolarisation following
increased Ca++ concentrations. Therefore KCa channels are involved in inhibition of
neurotransmitter release, muscle relaxation, vascular tone and blood pressure
modulation as well as control of Ca++ cellular concentration (Terlau and Stuhmer, 1998;
Wickenden, 2002).

1.2.1.2 Inward rectifier potassium channels

Kir channels are tetramers of 2Tm-1P α subunits (Gutman et al., 2003) and include:
(i)

classical Kir channels (IRK);

(ii)

renal outer medullarly Kir channels (ROMK);

(iii)

adenosine triphosphate (ATP)-sensitive Kir channels (KATP);

(iv)

G-protein regulated Kir channels (GIRK).

These channels open at hyperpolarised potentials, allowing K+ flux into the cell against
its chemical gradient. This inward rectification is voltage-dependent and is caused by
polyamines and Mg++ ions, which at depolarised potential block the channel from the
cytoplasmic side while at hyperpolarised potential are removed and enable K+ current
(Lopatin et al., 1994; Mark and Herlitze, 2000; Wickenden, 2002; Yang et al., 1995)
(Figure 1.3). IRK and ROMK channels are constitutively active and cause a strong
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(IRK) or weak (ROMK) inward rectification. ROMK rectification is ATP- and protein
kinase A (PKA)-regulated through phosphate binding sites in the C-terminus of the
channel (Doupnik et al., 1995b; Nichols and Lopatin, 1997) (Figure 1.3). KATP channels
are inhibited by ATP through the interaction of ATP with their ATP binding cassette
(ABC) transport-related β accessory subunits (sulfonylurea receptor; SUR) (Nichols and
Lopatin, 1997; Seino et al., 2000) (Figure 1.3). GIRK channels are activated by direct
interaction of their N- and C-termini with G-proteins, as well as by phosphatidylinositol
4,5-bisphosphate (PIP2), intracellular Na+, ethanol and stretch (Mark and Herlitze,
2000) (Figure 1.3).
Kir channels play an important role in re-establishing the required resting potential
across the membrane and the physiological cell concentration of K+ after
hyperpolarisation by enabling K+ entrance into the cell (Doupnik et al., 1995a;
Wickenden, 2002). Additionally, different Kir channels have specific functions
depending on their subfamily and localisation. IRK channels play a role in controlling
the firing rate of cardiac action potentials while ROMK channels are mainly expressed
in kidney and are involved in K+ homeostasis and control of renal reabsorption
(Doupnik et al., 1995a). KATP channels are expressed in muscles, brain and pancreatic β
cells and are fundamental in the coupling between cellular metabolism and membrane
potential, as for example the metabolic control of insulin secretion and muscular
contraction (Miki et al., 2002; Seino et al., 2000; Wickenden, 2002). GIRK channels are
localized in heart, brain and endocrine tissues and play a role in neuronal function and
excitability and in slowing heart rate (Mark and Herlitze, 2000; Wickenden, 2002).
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Figure 1.3 Activation and inhibition mechanisms of inward rectifier potassium
channels.

Diagram showing the distinct activation (green) and inhibition (red) mechanisms for all
inward rectifier KCh (Kir) and specifically for renal outer medullarly (ROMK),
ATP-sensitive (KATP) and G-protein regulated Kir channels (GIRK). Regulatory
mechanisms including membrane hyperpolarisation (↑ΔΨ), protein kinase A (PKA)
activity, stretch and intracellular Mg++, polyamines, ATP, G proteins,
phosphatidylinositol 4,5-bisphosphate (PIP2), Na++ and ethanol are indicated.
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1.2.1.3 Two-pore domain potassium channels.

Two-pore domain (K2P) KCh are the most recently discovered KCh family. The first
member of the mammalian K2P channels family was identified by Lesage et al. in 1996
(Lesage et al., 1996a). Notably, K2P channels are significantly different from previously
described KCh families in both structure and function.
Structurally, K2P are dimers of 4Tm-2P α subunits and include 15 KCNK genes which
encode for 15 channels grouped into six structural and functional subfamilies depending
on their sequence similarities and regulatory properties (Enyedi and Czirják, 2010;
Lotshaw, 2007) (Figure 1.4 and Table 1.1). The first identified K2P channel was named
TWIK-1 for its novel structure with two P domains per subunit and its weak inward
rectification (Lesage et al., 1996a). Following this original nomenclature, K2P channels
subfamilies are named depending on their key functional characteristics:
(i) weakly inward rectifying K2P channels (TWIK);
(ii) TWIK related mechanogated channels (TREK and TRAAK);
(iii) TWIK related acid-sensitive channels (TASK);
(iv) halothane inhibited K2P channels (THIK);
(v) TWIK related alkaline pH activated channels (TALK);
(vi) TWIK related spinal cord Ca++ activated channel (TRESK).
Members of different K2P channel subfamilies share only 20-35% sequence similarity.
In contrast, within other KCh families the overall sequence similarity between members
of different subfamily reaches 60% (Gutman et al., 2003). In spite of sharing only low
levels of sequence similarity, almost all K2P channels possess a short N-terminus and a
long C-terminus. The only exception is represented by K2P18.1, which has instead an
extended intracellular loop and a short C-terminus (Kang et al., 2004b). The C-terminus
of K2P channels studied to date plays a key role in the regulation of these channels.
The most distinctive functional feature of K2P channels is their activity over
physiological voltage ranges which promotes K+ flux from the cell. The background K+
current produced by the constitutive activity of these channels is fundamental in setting
and regulating the resting membrane potential in excitable and non-excitable
11
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Figure 1.4 Phylogenetic tree of two-pore domain potassium channels.

The six K2P channels families (TREK and TRAAK, TALK, TRESK, TWIK, TASK and
THIK) are represented with colour boxes grouping the channels which are members of
each family. Adapted from Goldstein et al., 2005.
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Table 1.1 Properties of two-pore domain potassium channels.

Table summarising the characteristic properties of K2P channels.
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cells and is crucial in several physiological processes (Duprat et al., 2007). Initially all
K2P currents were thought to be time-independent and mainly voltage-independent and
non-inactivating. However it is now apparent that some K2P channels show voltage
sensitivity. Both K2P2.1 and K2P9.1 show weak voltage dependence (Ashmole et al.,
2009; Bockenhauer et al., 2001) while K2P6.1 is inactivated by membrane depolarisation
and high temperature (Enyedi and Czirják, 2010; Patel et al., 2000).
By regulating the resting membrane potential in excitable and non-excitable cells, K2P
channels are involved in several important physiological processes including neuronal
excitability, firing rate, muscular tone, pain modulation and hormone secretion. In
addition, K2P channels play important roles in the control of temperature, oxygen, pH
and metabolic state, cell volume control, apoptosis and tumorigenesis (Alloui et al.,
2006; Dodson and Forsythe, 2004; Duprat et al., 2007; Enyedi and Czirják, 2010;
Girard et al., 2001; Lauritzen et al., 2003; Maingret et al., 2000; Niemeyer et al., 2007;
Patel and Lazdunski, 2004; Patel et al., 2000; Terrenoire et al., 2001).
In particular, THIK channels are sensitive to decreased oxygen availability and have
been consequently implicated in neuronal response to hypoxia and in brain ischemia
(Campanucci et al., 2005). Expression profile and temperature-dependent inactivation of
TWIK channels have implicated them in sour taste detection, muscular tone control and
temperature sensing (Patel et al., 2000; Richter et al., 2004; Salinas et al., 1997). Due to
their modulation mechanisms, TREK and TRAAK channels have been implicated in in
sensing oxygen, heat and the metabolic state of the cell as well as in the control of
neuronal and cardiac activity, neuroprotection and memory (Alloui et al., 2006; Enyedi
and Czirják, 2010; Maingret et al., 2000; Terrenoire et al., 2001). Additionally,
expression of TREK and TRAAK channels in sensory neurons together with the
hipersensitivity to pain in K2P2.1 KO mice support the involvement of these channels in
the modulation of pain (Alloui et al., 2006; Enyedi and Czirják, 2010; Maingret et al.,
2000; Terrenoire et al., 2001). TRESK channels regulate cellular membrane potential in
response to Ca++ levels and due to its expression in the peripheral nervous systems they
are hypothesized to mediate the effects of anaesthetics for pain relief (Enyedi and
Czirják, 2010; Huang et al., 2008). TALK channels are thought to be involved in
14
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pancreatic hormone secretion, HCO3- transport and cellular volume regulation based on
their expression profile (Girard et al., 2001; Niemeyer et al., 2007). Finally, TASK
channels play a role in chemoreception, neuroprotection and tumorigenesis, as described
in more details in Introduction 1.3.2 (Buckler et al., 2000; Davies et al., 2008; Enyedi
and Czirják, 2010; Lauritzen et al., 2003; Patel et al., 1999; Patel and Lazdunski, 2004;
Richter et al., 2004). Principal roles of K2P channels are summarised in Table 1.2.
K2P channel current is regulated by physiological stimuli, neurotransmitters, and
intracellular messengers (Patel and Honore, 2001; Wickenden, 2002). In particular
K2P13.1, member of the THIK subfamily, is modulated by halothane, hypoxia and
polyunsaturated fatty acids (PUFA) such as arachidonic acid (Campanucci et al., 2005;
Enyedi and Czirják, 2010; Rajan et al., 2001) (Figure 1.5). TWIK channels K2P1.1, and
K2P6.1 are weak inward rectifier KCh regulated by intracellular acidity, arachidonic
acid, protein kinase C (PKC), G-proteins and temperature (Chavez et al., 1999; Enyedi
and Czirják, 2010; Lesage et al., 1996a; Lesage et al., 1996b; Patel et al., 2000) (Figure
1.5). TREK (K2P2.1, K2P10.1) and TRAAK (K2P4.1) channels are mechanogated
channels activated by mechanical stretch and potentiated by arachidonic acid,
lysophospholipids, intracellular changes in pH, inhalational anaesthetics and
temperature and inhibited by both PKA and PKC (Enyedi and Czirják, 2010; Fink et al.,
1996; Lesage and Lazdunski, 2000; Maingret et al., 2001; Maingret et al., 2000;
Meadows and Randall, 2001; Patel et al., 1998) (Figure 1.5). The TRESK channel
K2P18.1 is a Ca++-activated KCh (Enyedi and Czirják, 2010) (Figure 1.5). K2P channels
of the TALK subfamily (K2P5.1, K2P16.1, K2P17.1) are activated by extracellular
alkaline pH through a basic amino acid in the pore region which acts as a pH sensor
(Enyedi and Czirják, 2010). TALK channels are potentiated by nitric oxide (NO) and
volatile anesthetics but inhibited by local anesthetics (Enyedi and Czirják, 2010;
Niemeyer et al., 2007; Reyes et al., 1998) (Figure 1.5). TASK channels (K2P3.1, K2P9.1
and the electrically silent K2P15.1) are acid sensitive K2P channels inhibited by
extracellular acid through an histidine residue next to the selectivity filter which acts as
a pH sensor (Enyedi and Czirják, 2010; Kim et al., 2000; Rajan et al., 2000). These
channels are modulated by hypoxia, volatile and local anesthetics and neurotransmitters
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Table 1.2 Roles of two-pore domains potassium channels.

Table summarising the principal roles of K2P channels.
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Figure 1.5 Activation and inhibition mechanisms of two-pore domain potassium
channels.

Diagram showing the distinct activation (green) and inhibition (red) mechanisms for all
K2P channel subfamilies (TREK and TRAAK, TALK, TRESK, TWIK, TASK and THIK).
Regulatory mechanisms including protein kinase A (PKA) and protein kinase C (PKC)
activity, stretch, intracellular polyunsaturated fatty acids (PUFA), lysophospholipids,
Ca++, nitric oxide (NO) and G protein as well as temperature (Temp) and intracellular or
extracellular pH are indicated.
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through G-protein coupled receptors (GPCR) (Buckler et al., 2000; Enyedi and Czirják,
2010; Patel et al., 1999) and are discussed in more details in Introduction 1.3.
Additionally, several K2P channels undergo mechanisms of molecular modulation
depending on post-translational modulations (PTM) and interacting partners which are
described in more details in Introduction 1.5.2.

1.2.2 Potassium channel structure.

In 1998 MacKinnon et al. produced the first high resolution three-dimensional image of
the KcsA KCh from Streptomyces lividans by X-ray crystallography (MacKinnon et al.,
1998) (Figure 1.6). By site directed mutagenesis performed on KcsA to mimick
conserved regions of eukaryotic KCh and analysis of the resulting KcsA structure,
MacKinnon`s work. also showed that the structure of the pore and the extracellular
entry path of KcsA is similar to the structures of eukaryotic KCh such the Shaker KCh
from Drosophila Melanogaster and human Kv channels (MacKinnon et al., 1998). The
structure of the channel pore is overall common to all KCh while the extracellular entry
path is overall common to all KCh with the exception of K2P channels, as recently
demonstrated by the crystallisation of hK2P1.1 and hK2P4.1 (Brohawn et al., 2012;
Miller and Long, 2012). K2P channels show good conservation with the pore structure
and the Tm domain organisation of the other KCh but possess a different extracellular
entry path (Figure 1.6B). This is due to a large extracellular loop connecting the first
Tm and the first P domain within each K2P channel subunit (Brohawn et al., 2012;
Miller and Long, 2012). The extracellular loops of the two subunits of the dimeric K2P
channel form a large extracellular cap located above the entry of the channel pore
(Brohawn et al., 2012; Miller and Long, 2012) (Figure 1.6B). This cap is thought to be
responsible for K2P channels resistance to toxins (Brohawn et al., 2012; Miller and
Long, 2012).
The homotetrameric Kv channels central pore results from a four-fold symmetry spatial
organisation of four identical 6Tm-1P α subunits (MacKinnon, 1991). As K2P channels
contain two P domains within a single subunit, these channels form functional dimers
18
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Figure 1.6 Crystal structures of KcsA and hK2P4.1.

Diagram showing the crystal structure of KcsA and hK2P4.1 from an extracellular top
view (A) and a side view (B). For each hK2P4.1 subunit, in blue the channel portion
from the N-terminus to the second Tm domain and in orange the portion from the third
Tm domain to the proximal C-terminus (most of the channel C-terminus is truncated in
the figure). Adapted from Heginbotham, 1999 and Brohawn et al., 2012.
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(Brohawn et al., 2012; Czirjak and Enyedi, 2002; Gutman et al., 2003; Lesage et al.,
1996b; Lopes et al., 2001; Miller and Long, 2012). Since the two P domains of each K2P
channels subunit are different, this results in a two-fold symmetry of the channel central
pore (Brohawn et al., 2012; Miller and Long, 2012). However, the different type of
symmetry between the central pore of Kv and K2P channels does not alter the overall
structure of the channel pore (Brohawn et al., 2012; Miller and Long, 2012) (Figure
1.6A).

1.2.3 Potassium selectivity.

K+ permeability and rate of flux through the channel is controlled by a central pore
formed by four P domains (Jan and Jan, 1997; MacKinnon, 1995). All KCh share very
similar characteristics in the control of K+ permeability (Doyle, 1998). Almost all KCh
possess a signature sequence composed by a highly conserved critical region of eight
residues, TxxTxGYG (single letter amino acid code), in their P domains. This sequence
is fundamental to channel permeability to K+ (Heginbotham et al., 1994; Kerr and
Sansom, 1995). Within this signature sequence, the last five aa TxGYG are located in
the narrowest part of the pore where they participate in the formation of structural rings
of carbonyl oxygen atoms critical to enable K+ passage while preventing other ions
permeability (Doyle, 1998). These atoms structurally mimic the coordination of K+ in
water. For this reason they strongly interact with dehydrated K+ ions (1.38 Å atomic
radius), stabilising them within the pore and hence enhancing the channel conductance
to K+ (Doyle, 1998; Xu et al., 2009). These carbonyl oxygen atoms are not able to
interact so closely with and hence stabilise other smaller monovalent cations such as Li+
(0.59 Å atomic radius) and Na+ (1.02 Å atomic radius). Since smaller monovalent
cations are unstable within the central pore of the channel, they are not energetically
favoured to pass through it (Doyle, 1998; MacKinnon, 2003; Xu et al., 2009).
The TxxTxGYG signature sequence is conserved among all KCh formed by 7Tm-1P,
6Tm-1P and 2Tm-1P α subunits but not within K2P channels. Most K2P channels contain
a mutation in the second P domain resulting in a TxxTxGFG sequence, which is still
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capable of passing K+ (Enyedi and Czirják, 2010; Yuill et al., 2007). Few K2P channels
present further variations of the signature siquence (Enyedi and Czirják, 2010; Karschin
et al., 2001; Lesage et al., 1996a):
(i)

GFG sequence in the first P domain of K2P2.1, K2P12.1 and hK2P13.1;

(ii)

EYG sequence in the first P domain of hK2P15.1B (Figure 1.8);

(iii)

GLG sequence in the second P domain of K2P1.1 and K2P6.1;

(iv)

GLE sequence in the second P domain of K2P7.1.

Of these alternative P domain signature sequences, all but the EYG in hK2P15.1 and the
GLE sequences in K2P7.1 have been proven to be capable of K+ permeability. For
hK2P15.1 and K2P7.1 this verification has not been possible as to date these channels
have failed to pass current in recombinant experimental conditions (Enyedi and Czirják,
2010; Karschin et al., 2001). However, when the GYG sequence of functional K2P9.1
was mutated into EYG this was sufficient to impair the channel function (Karschin et
al., 2001).

1.2.4 Assembly of potassium channels.

To form a pore of 4 P domains, 4Tm-2P α subunits associate as dimers (Czirjak and
Enyedi, 2002; Doyle, 1998; Lesage et al., 1996b; Lopes et al., 2001) while 7Tm-1P,
6Tm-1P and 2Tm-1P α subunits associate as tetramers (Clement et al., 1997;
Wickenden, 2002; Yang et al., 1995). In this multimerisation process, only α subunits
with the same general structure can assemble together (Shen and Prywes, 2005;
Wickenden, 2002).
7Tm-1P, 6Tm-1P and 2Tm-1P α subunits can associate to form either homotetramers of
four identical α subunits or heterotetramers of two or more α subunits of the same
family. Heteromultimers have different kinetics, conductance and pharmacology than
homomultimers and this results in increased channel diversity (Ding et al., 1998; Isacoff
et al., 1990; Koster et al., 1998; Zobel et al., 2003). In contrast, 4Tm-2P α subunits are
thought to predominantly associate as homodimers (Czirjak and Enyedi, 2002; Enyedi
and Czirják, 2010; Pountney et al., 1999; Rajan et al., 2001). Several K2P channels
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subunits have been demonstrated unable to heterodimerise within the same subfamily,
including the TWIK subunits K2P6.1 and K2P1.1 (Pountney et al., 1999) and the THIK
subunits K2P12.1 and K2P13.1 (Rajan et al., 2001). The only exceptions identified to
date are K2P3.1 and K2P9.1, which can form heterodimers with biophysical, regulatory
and pharmacological properties distinct from the properties of the respective
homodimers (Berg et al., 2004; Clarke et al., 2004; Czirjak and Enyedi, 2002; Kang et
al., 2004a).
Although several tetrameric channels form heterotetramers, their mechanisms of
heterodimerisation are different. 7Tm-1P α subunits associate in tetramers through an
intracellular region near the channel pore (Quirk and Reinhart, 2001). Most 6Tm-1P α
subunits associate through their highly conserved cytoplasmic N-terminal region,
known as the tetramisation domain. This region is responsible for the association of
6Tm-1P α subunits with subunits of the same structural family and prevents their
interaction with 7Tm-1P, 2Tm-1P and 4Tm-2P α subunits (Shen and Pfaffinger, 1995)
In addition to the N-terminal tetramerisation domain, a C-terminal region responsible
for sub-family specific heterotetramerisation is present in the 6Tm-1P α subunits which
form ether-a-go-go (EAG) and human EAG-related (hERG) Kv channels (Kupershmidt
et al., 1998; Ludwig et al., 1997). For 2Tm-1P α subunits the assembly involves
multiple responsible sites, including both their hydrophilic N- and C-termini and the
core region of the channel (Fink et al., 1996; Giblin et al., 1999; Koster et al., 1998).
Assembly of 2Tm-1P α subunits is also dependent on disulphide bridges involving
highly conserved cysteines in the extracellular domains of the channel (Leyland et al.,
1999). Similarly, 4Tm-2P α subunits can associate by an interchain disulphide bond
involving a cysteine residue in the helical region between the first Tm domain and the
first P domain of each subunit forming the dimeric K2P channel (Brohawn et al., 2012;
Lesage et al., 1996b; Miller and Long, 2012). This assembly mechanism has been
shown for the TWIK subfamily of K2P channels and has been hypothesised to happen in
all K2P channels (Czirjak and Enyedi, 2002; Lesage et al., 1996b). However, the critical
cysteine is lacking in the TASK channel subfamily of K2P channels, which are thought
to associate through an alternative mechanism (Enyedi and Czirják, 2010; Lesage et al.,
1996b). Alternative dimerisation mechanisms which involve the channel N- and
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C-termini interaction have been proposed also for TWIK channels and more generally
for all K2P channels (Brohawn et al., 2012; Czirjak and Enyedi, 2002; Lesage et al.,
1996b; Lopes et al., 2001; Miller and Long, 2012). This hypothesis is reinforced by the
crystal structure of hK2P1.1 and hK2P4.1, which show the N-terminus of one α subunit
interacting with the C-terminus of the other (Brohawn et al., 2012; Miller and Long,
2012) (Figure 1.6B).

1.3 Functional TASK channels.

1.3.1 Identification of K2P3.1 and K2P9.1.

The first member of the acid sensitive TASK channels subfamily to be identified was
hK2P3.1, cloned in 1997 by Duprat et al. and initially named TASK (Duprat et al.,
1997). This name was then revised to K2P3.1 to come in line with the International
Union of Basic and Clinical Pharmacology (IUPHAR) nomenclature (Gutman et al.,
2003). Three years later K2P9.1 was identified and named TASK3 (Kim and Gnatenco,
2001; Rajan et al., 2000). While sharing only 35% homology with the other K2P
channels, K2P3.1 and K2P9.1 show 62% overall homology between their sequences and
their similarity increases up to 94% when excluding the C-terminus of the channels
(Rajan et al., 2000). In addition to their sequence homology, both K2P3.1 and K2P9.1
contain a pH sensor consisting of an histidine residue in position 98 (H98) located next
to the selectivity filter in the first P domain of the channel (GYGH) which enables
inhibition of the channel activity at acid extracellular pH (Kim et al., 2000; Rajan et al.,
2000).
Initially another K2P channel, K2P5.1, was included in the TASK channels subfamily due
to its sensitivity to extracellular pH (Reyes et al., 1998). However K2P5.1 has a low
sequence homology with K2P3.1 and K2P9.1 (18.5% and 20.9% respectively) and is
regulated by alkaline rather than acid extracellular pH (Karschin et al., 2001). K2P5.1 is
now grouped with K2P16.1 and K2P17.1 into the alkaline sensitive subfamily (TALK) of
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K2P channels, following a more rigorous classification based on their primary sequence
similarities and their responsiveness to alkaline range of pH (Girard et al., 2001;
Karschin et al., 2001) (Figure 1.4 and Table 1.1).

1.3.2 Tissue distribution and function of K2P3.1 and K2P9.1.

K2P3.1 shows widespread distribution in both human and rodent tissues, with notable
expression in heart, brain and pancreas (Duprat et al., 1997; Jones et al., 2002; Karschin
et al., 2001; Medhurst et al., 2001; Rajan et al., 2002). K2P9.1 is predominantly
expressed in different neuronal populations, often in co-presence with hK2P3.1. hK2P9.1
has also been identified at lower levels in the periphery, including kidney, heart, lung
and pancreas (Berg et al., 2004; Kim et al., 2000; Kovacs et al., 2005; Medhurst et al.,
2001; Rusznak et al., 2008; Talley et al., 2001). The expression profile of both K2P3.1
and K2P9.1 is summarized in Table 1.3. K2P3.1 and K2P9.1 are co-expressed in a number
of neuronal populations and peripheral tissues, in which they have been suggested to
play a role also as heterodimers (Introduction 1.2.4). K2P3.1 and K2P9.1
heterodimerisation is supported by co-immunoprecipitation techniques, which have
shown physical interaction between the two channels when co-expressed in HEK293
cells (Berg et al., 2004). Additionally, co-expression of K2P3.1 and K2P9.1 in
heterologous

systems

produces

current

with

biophysical,

regulatory

and

pharmacological properties intermediate between the two homodimeric channels (Berg
et al., 2004; Clarke et al., 2004; Czirjak and Enyedi, 2002; Enyedi and Czirják, 2010;
Kang et al., 2004a).
As K2P3.1 and K2P9.1channels pass background current they control membrane resting
potential and are consequently involved in processes which are dependent on
hyperpolarisation or depolarisation. In this context, their sensitivity to extracellular pH
makes these channels potential key players in conditions of extracellular acidification
such as increased cellular activity, exocytosis, neuronal transmission, hypoglycaemia
and ischemia. Additionally, both K2P3.1 and K2P9.1 are involved in oxygen sensitivity
and play a key role in the initiation of the hypoxic response, which results in
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Table 1.3 Expression profile of TASK channels.

Table summarising the tissue distribution of TASK channel family members K2P3.1,
K2P9.1 and K2P15.1. m and p indicate expression at mRNA and protein level
respectively. White boxes indicated lack of expression or lack of analysis.
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increased rate of respiration (Buckler et al., 2000; Enyedi and Czirják, 2010; Hartness et
al., 2001; Millar et al., 2000; O’Kelly et al., 1999; Patel and Honore, 2001). Inhibition
of K2P3.1 and K2P9.1 activity following treatment with anaesthetics induces cell
hyperpolarisation and has been shown to mediate the hypnotic and analgesic effects of
anaesthetic (Aller et al., 2005; Bayliss et al., 2001; Maingret et al., 2001; Meuth et al.,
2008; Sirois et al., 2000). Additionally, both K2P3.1 and K2P9.1 have been shown to
have a role in the initiation of apoptosis mediated by cellular depletion of K+ (Lauritzen
et al., 2003). Based on the high level of K2P3.1 expression in adrenal glomerulosa,
K2P3.1 has been implicated in hormone secretion and in particular in the regulation of
aldosterone production (Czirjak and Enyedi, 2002; Davies et al., 2008; Heitzmann et al.,
2008). Finally, K2P9.1 has been linked to cancer: K2P9.1 is upregulated in several
malignant tumours and has been shown to be implicated in the pathogenesis of breast
carcinomas and melanomas (Pei et al., 2003; Pocsai et al., 2006).

1.3.3 Biophysical and pharmacological properties of K2P3.1 and K2P9.1.

When exposed to symmetrical K+ concentrations both K2P3.1 and K2P9.1 show a linear
current-voltage relationship which is described by the Goldman-Hodgkin Katz (GHK)
equation for open rectifier channels (Leonoudakis et al., 1998). In physiological
conditions of high internal and low external K+ concentration, K2P3.1 and K2P9.1 show
outward rectification. Some differences exist between K2P3.1 and K2P9.1 currents.
K2P3.1 shows a robust, outward, instantaneous activating, non-inactivating and
voltage-independent K+ leak current (Duprat et al., 1997; Enyedi and Czirják, 2010;
Lopes et al., 2001). In the same physiological conditions, K+ current expressed by
K2P9.1 is robust, outward, shows a small time-dependent component and is weakly
voltage-dependent (Enyedi and Czirják, 2010; Meadows and Randall, 2001; Rajan et
al., 2000). Weak voltage dependence of K2P9.1 current is due to the voltage-dependent
movement of the second and fourth Tm domains of the channel, which at depolarised
membrane potentials cause increased open probability of the channel (Ashmole et al.,
2009).
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K2P3.1 and K2P9.1 currents are inhibited by extracellular acidification within
physiological ranges in a voltage independent manner while intracellular changes of pH
do not alter channel activity (Duprat et al., 1997; Rajan et al., 2000). The pH sensitivity
of K2P3.1 is mainly due to the pH sensor H98 (Introduction 1.3.1 and Figure 1.7). When
exposed to low extracellular pH, the pH sensor H98 become protonated and induces
conformational changes in the first external loop and in the first P domain of the
channel which results in pore closure (Lopes et al., 2001; Rajan et al., 2002; Yuill et al.,
2007). In K2P3.1 two additional residues located in the external loop of the channel
contribute to the pH sensitivity of the channel: a histidine residue in position 72 (H72)
and a lysine residue in position 210 (K210) (Morton et al., 2003) (Figure 1.7). Notably,
the sensitivity to acidification of K2P9.1 is exclusively due to the pH sensor H98, and
K2P9.1 is less sensitive to pH than K2P3.1 (Kim et al., 2000; Rajan et al., 2000) (Figure
1.7).
K2P3.1 and K2P9.1 currents are inhibited by the activation of the GPCR pathway in
response to hormones and neurotransmitters (NT) such angiotensin, acetylcholine,
thyrotropin releasing hormone (TRH), serotonin, substance P and glutamate (Bayliss et
al., 2001; Czirjak, 2000; Meadows and Randall, 2001; Millar et al., 2000; Talley et al.,
2000) (Figure 1.7). The mechanism of this inhibition is dependent on the direct
targeting of Gqα to the first six amino acids of the channel C-terminus (Chen et al.,
2006; Talley et al., 2000; Veale et al., 2007b). Additionally, K2P3.1 and K2P9.1 currents
are inhibited by the endocannabinoid anandamide and by its synthetic analog
methanandamide in an endocannabinoid receptor-independent way, with these
inhibitors targeting a region of 6 aa in the proximal C-terminus of the channel
(VLRFMT in hK2P3.1 and VLRFLT in hK2P9.1) (Aller et al., 2005; Berg et al., 2004;
Lesage and Lazdunski, 2000; Maingret et al., 2001; Veale et al., 2007a) (Figure 1.7).
Both K2P3.1 and K2P9.1 currents are also inhibited by local anaesthetics acting on the
same C-terminal region (Kindler et al., 1999; Meadows and Randall, 2001) and by
hypoxia (Buckler et al., 2000; Duprat et al., 1997) (Figure 1.7).
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Figure 1.7 Key regulatory residues or domains in TASK channels.

Diagram showing the distinct activation (green) and inhibition (red) mechanisms for
K2P3.1 and K2P9.1. Regulatory mechanisms are indicated with their target site and
include low extracellular pH, ruthenium red (RR), Zn++, hypoxia, Genistein and
Quinidine (Quin). Hormones and neurotransmitters (NT) acting on G proteins and
endocannabinoids (EC), local anaesthetics (LA) and volatile anaesthetics (VA) acting
on the C-terminal VLRFM/LT motif are also indicated.
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Both K2P3.1 and K2P9.1 are insensitive to classical KCh blockers such 4-aminopyridine
(4-AP) and tetraethylammonium (TEA) (Duprat et al., 1997; Leonoudakis et al., 1998).
While K2P9.1 is also insensitive to quinidine, K2P3.1 is partially inhibited by this
classical KCh blocker (Duprat et al., 1997; Leonoudakis et al., 1998) (Figure 1.7).
However both K2P3.1 and K2P9.1 currents are strongly decreased by the tyrosine kinase
inhibitor Genistein (Figure 1.7). Genistein is a general K2P channel inhibitor which
shows its maximum effect on K2P3.1 rather than K2P9.1 (Genistein also reduces K2P6.1
and K2P13,1 currents) (Gierten et al., 2008) Activity of both K2P3.1 and K2P9.1 is also
suppressed by the specific inhibitor ruthenium red (RR) (Berg et al., 2004; Czirjak and
Enyedi, 2002, 2003; Kang et al., 2004a; Kim et al., 2009; Larkman and Perkins, 2005;
Lauritzen et al., 2003) (Figure 1.7). In addition, K2P9.1 activity is inhibited by the
divalent cation Zn++ acting on both E70 and H98 (Clarke et al., 2004; Clarke et al.,
2008; Kim et al., 2009; Musset et al., 2006) (Figure 1.7). Finally, K2P3.1 and K2P9.1
currents are activated by volatile anaesthetics such halothane and isoflurane acting on
the same C-terminal region shown to be the target site of Anandamide and local
anaesthetics inhibition (Lopes et al., 2001; Patel et al., 1999; Sirois et al., 2000; Talley
and Bayliss, 2002) (Figure 1.7).

1.4 hK2P15.1.

1.4.1 Identification of hK2P15.1.

hK2P15.1 was identified and cloned in 2001 by four groups from both human adult brain
and testis (Ashmole et al., 2001; Karschin et al., 2001; Kim and Gnatenco, 2001; VegaSaenz de Miera et al., 2001). hK2P15.1 is a 990 nucleotide transcript and 330 amino
acids peptide produced from the KCNK15 gene located on chromosome 20q13.12.
hK2P15.1 is the third member of the Acid Sensitive (TASK) K2P channels due to its high
level of overall sequence homology with the other two characterised members of this
family, hK2P3.1 (52% sequence homology) and hK2P9.1 (53% sequence homology)
(Ashmole et al., 2001; Karschin et al., 2001; Kim and Gnatenco, 2001; Vega-Saenz de
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Miera et al., 2001). When excluding the N-terminal and C-terminal regions, the
homology among the three channels increases to 80% (Ashmole et al., 2001; Karschin
et al., 2001; Kim and Gnatenco, 2001; Vega-Saenz de Miera et al., 2001). Additionally,
hK2P15.1 contains the histidine residue (H98) located next to the selectivity filter
(GYGH) in the first P domain of both the other family members that has been shown to
be responsible for their pH sensitivity in hK2P3.1 and hK2P9.1 (Kim et al., 2000; Rajan
et al., 2000).
Four polymorphisms of KCNK15 coding region have been identified at positions 95,
260, 261 and 323 and give rise to three natural variants of hK2P15.1, named hK2P15.1A
(G95, P260, H261, P323), hK2P15.1B (E95, T260, P261, L323) and hK2P15.1C (G95,
P260, P261, P323 (Ashmole et al., 2001; Karschin et al., 2001; Kim and Gnatenco,
2001; Vega-Saenz de Miera et al., 2001) (Figure 1.8). The frequency of these natural
variants shows equal distribution, however the limited number of studies conducted to
date precludes these findings being considered statistically significant (Ashmole et al.,
2001; Enyedi and Czirják, 2010; Karschin et al., 2001; Kim and Gnatenco, 2001; VegaSaenz de Miera et al., 2001). Notably, hK2P15.1B variant is the only KCh that shows the
EYG mutation in the P domain signature sequence with TxGYG changed into TIEYG.
The functional consequences of this mutation are so far unknown since hK2P15.1 has
not been able to pass current when expressed in heterolougus systems. However,
insertion of the TIEYG mutation into functional hK2P9.1 is sufficient to abolish hK2P9.1
current ( Karschin et al., 2001).
More than sharing high sequence homology with hK2P3.1 and hK2P9.1, hK2P15.1 is also
predicted to be structurally similar to the other two TASK channels and to K2P channels
in general (Ashmole et al., 2001; Karschin et al., 2001; Kim and Gnatenco, 2001; VegaSaenz de Miera et al., 2001). However, data on the exact amino acid content of
hK2P15.1 Tm and cytoplasmic regions are to date conflicting (Ashmole et al., 2001;
Karschin et al., 2001; Kim and Gnatenco, 2001; Vega-Saenz de Miera et al., 2001).
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Figure 1.8 hK2P15.1 natural variants.

The amino acid sequence of the three hK2P15.1 natural variants, hK2P15.1A, hK2P15.1B
and hK2P15.1C. The four SNPs and their residue positions are also indicated.
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Beyond overall structure similarity with K2P channels and in particular TASK channels,
hK2P15.1 structure presents important distinctive features. The extracellular loop
between Tm1 and P1 of hK2P15.1 does not contain any consensus site for N-linked
glycosylation (Kim and Gnatenco, 2001). This is unique to hK2P15.1 within K2P
channels.

Additionally, from in-silico hydrophobicity predictions the internal

cytoplasmic region of hK2P15.1 between Tm2-Tm3 is highly hydrophobic and then
possibly closely associated to the membrane (Kim and Gnatenco, 2001). This
hydrophobic region of hK2P15.1 may interact with the cytoplasmic side of the inner Tm
helices in the channel pore and have effects on the channel gating mechanism. A similar
gating mechanism is performed by the hydrophobic proximal C-terminal regions of
hK2P1.1 and hK2P4.1, which interacts with the inner Tm helices in the channel pore and
maintain the central pore open (Brohawn et al., 2012; Miller and Long, 2012).

1.4.2 Tissue distribution of K2P15.1.

Kcnk15 mRNA has been detected by reverse-transcription polymerase chain reaction
(RT-PCR) and in-situ hybridisation in adult rat brain, with lower levels of expression in
liver and spleen (Karschin et al., 2001). Within the adult rat brain, Kcnk15 has shown
specific expression predominantly in the auditory system and lower levels of expression
within cerebellum, hypothalamus, olfactory system and spinal trigeminal sensory
nucleus (Karschin et al., 2001). KCNK15 shows a widespread tissue distribution with
notable expression in human adult pancreas and adrenal gland (Ashmole et al., 2001;
Kim and Gnatenco, 2001). However, for some human adult tissues including brain,
lung, kidney and muscle data available are conflicting, with KCNK15 detected by one
group (Ashmole et al., 2001) and not detected by the other (Kim and Gnatenco, 2001).
Tissue distribution of KCNK15 mRNA is summarized in Table 1.2.
When comparing the tissue distribution data of all three TASK channels, hK2P15.1,
shows overlapping expression with both hK2P3.1 and hK2P9.1. hK2P15.1 co-localisation
with hK2P3.1 has been observed in several human adult tissues including pancreas and
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kidney (Bai et al., 2005b; Duprat et al., 1997; Medhurst et al., 2001) (Table 1.3).
Similarly, both K2P15.1 and K2P9.1 have shown expression in human adult pancreas and
brain (Kim et al., 2000; Medhurst et al., 2001) (Table 1.3).
To date, hK2P15.1 tissue distribution at protein level has not been analysed because no
commercial antibody specifically recognising hK2P15.1 is available.

1.4.3 hK2P15.1 lacks function.

On the grounds of its high sequence homology with K2P3.1 and K2P9.1, hK2P15.1 was
predicted to have an electrophysiological behaviour similar to these channels. In spite of
this, the expression of hK2P15.1 in various recombinant systems including Xenopus
oocytes (Karschin et al., 2001; Vega-Saenz de Miera et al., 2001) and the mammalian
cell lines HEK293 (Ashmole et al., 2001), HeLa (Kim and Gnatenco, 2001) and COS-7
(Kim and Gnatenco, 2001) fails to evoke current at any of the potentials tested
(Karschin et al., 2001). However, under the same experimental conditions hK2P3.1 and
K2P9.1 produce a characteristic K+ flux in response to all tested potentials (with > 2 nA
of current at + 60 mV) (Kim and Gnatenco, 2001) (Figure 1.9).
Different hypotheses have been postulated to explain the apparent lack of functionality
of hK2P15.1. The

failure of hK2P15.1 to pass current has been attributed to its

expression in cell lines in which it would not normally be expressed with the result of
producing channels which are not correctly processed (Karschin et al., 2001) and thus
retained within the endoplasmic reticulum (Karschin et al., 2001). This eventuality has
been partially rejected. Expressing a GFP-tagged hK2P15.1 in mammalian cells and
examining its fluorescent signal, hK2P15.1 was thought to show surface staining
(Ashmole et al., 2001). However, these images are far from conclusive as these fail to
provide sufficient resolution to demonstrate the channel surface expression.
Additionally, a separate study failed to detect surface fluorescent signal following
overexpression of GFP-tagged hK2P15.1 in Xenopus oocytes (Karschin et al., 2001).
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Figure 1.9 hK2P15.1 lacks function.
A Whole-cell currents recorded from COS7 cells overexpressing either eGFP or
eGFP-tagged K2P3.1, K2P9.1, K2P15.1. Current recorded 48-72 h after transfection in
response to voltage pulses from -120 mV to 160 mV from a holding potential of -80 mV
in 5 mM K+ solution. Adapted from Kim and Gnatenco, 2001.
B Current-voltage relationship for K2P9.1 and K2P15.1. Adapted from Kim and

Gnatenco, 2001.
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Lack of hK2P15.1 function has also been attributed to the structure of the channel
C-terminus. hK2P15.1 C-terminus shows the highest variability when compared to the
functional members of the TASK family, hK2P3.1 and hK2P9.1 (Kim and Gnatenco,
2001). This protein mismatch led to the hypothesis that a key element necessary to the
channel functionality could have been lost in hK2P15.1 C-terminal sequence. However,
this hypothesis has also been rejected following the expression of hK2P9.1 and hK2P15.1
chimeras in recombinant systems in which the C-terminus of one channel was
substituted with the C-terminus of the other one (Kim and Gnatenco, 2001). These
chimeric studies demonstrate that hK2P15.1 with the C-terminus of hK2P9.1 is unable to
pass K+ current and furthermore hK2P9.1 with the C-terminus of hK2P15.1 appears
non-functional (Kim and Gnatenco, 2001). Other possible hK2P15.1 domains
responsible for impaired hK2P15.1 function were investigated by recording the
electrophysiological behaviour of a number of additional chimeric constructs obtained
by swapping different domains between hK2P9.1 and hK2P15.1 (Karschin et al., 2001).
However no hK2P9.1 domains were deemed capable of rescuing hK2P15.1 function,
suggesting that structural characteristics of hK2P15.1 are not responsible for the channel
lack of function (Karschin et al., 2001).
Finally hK2P15.1 has been hypothesised to require heterodimerisation with hK2P3.1 or
hK2P9.1 to function. However co-expression of hK2P15.1 with either hK2P3.1 or hK2P9.1
has to date been unable to alter the electrophysiological behaviour of either channel,
indicating that no functional heterodimers were formed with hK2P15.1 (Kim and
Gnatenco, 2001). Additionally co-expression of hK2P15.1 with one of the other two
TASK channels has been shown unable to carry hK2P15.1 to the cell membrane and
evoke channel function (Kim and Gnatenco, 2001). For these reasons the hypothesis of
hK2P15.1 heterodimerisation with K2P3.1 or K2P9.1 to form a functional channel has
been rejected (Kim and Gnatenco, 2001).
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1.5 Molecular modulation of potassium channels.

1.5.1 Molecular modulation of Kv, Kca and Kir channels.

Ion channels undergo several modulatory mechanisms which are responsible for the
channel diversity and the great variety of native currents recorded in different cells.
These mechanisms include the co-assembly between distinct α subunits within the same
structural family, association of α subunits with a different range of modulatory β
subunits or post-translational modifications (PTM) (Coetzee et al., 1999; Salinas et al.,
1997).

1.5.1.1 Heteromers.

Heterotetramers of Kv, Kca and Kir channels α subunits have different biophysical
properties compared to their homotetrameric forms (Berg et al., 2004). In addition to its
role in current modulation, heteromultimerisation is also involved in the regulation of
channel trafficking and surface expression. For example, within 6Tm-1P α subunits
heterotetramerisation between Kv1.1 and Kv4.1 down-regulates the surface expression
of Kv1.4 (Zhu et al., 2001, 2003) while co-assembly with Kv8.1 alters the biophysical
properties of the Kv2.1 current (Czirjak et al., 2007). Moreover, subunits Kv5-Kv11 have
been shown to be electrically silent but are able to form tetramers with other functional
Kv α subunits and to regulate their biophysical properties (Salinas et al., 1997;
Ottschytsch et al., 2005). Additionally, heterotetramers have been demonstrated to be
necessary within the 2Tm-1P α subunits to enable functional expression of Kir3.1 (Mark
and Herlitze, 2000; Wickman et al., 1998) and to negatively regulate Kir2.1 current
following heterotetramerisation with Kir5.1 (Derst et al., 2001).
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1.5.1.2 Regulatory proteins.

Tetrameric KCh α subunits often require direct association with modulatory β subunits
to form functional channels. Modulatory β subunits can be intracellular proteins, single
transmembrane spanning proteins or large ABC transport-related proteins (Wickenden,
2002). These β subunits do not contribute to the structure of the pore but interact with
the cytoplasmic termini of the α subunits and are critical for the biophysical and
pharmacological properties of the channel (Clement et al., 1997; Sewing et al., 1996;
Wickenden, 2002). Thus, association of specific α subunits with distinct β subunits
contribute to the functional diversity of KCh. Furthermore, β subunits can influence α
subunits expression level (Clement et al., 1997; Coetzee et al., 1999; Sewing et al.,
1996; Wickenden, 2002). Cytoplasmic domains of Kv channels α subunits associate with
modulatory β subunits in a 1:1 stoichiometry (Sewing et al., 1996). For example, the
association of the β subunit Kvβ1 with either of the α subunits Kv1.1 or Kv1.4
accelerates the inactivation dynamics of the channel current (Heinemann et al., 1996).
Similarly, association with the β subunit Kvβ3 accelerate the rate of inactivation of
Kv1.4 and Kv1.5 but has no effects of Kv1.1, Kv1.2 or Kv2.1 currents (Castellino et al.,
1995; Majumder et al., 1995). BK channels can associate with a 2 Tm domains β
subunit which increases the channel sensitivity to Ca++ and its binding affinity with
charbdotoxin (Coetzee et al., 1999; Hanner et al., 1998; Knaus et al., 1994a; Knaus et
al., 1994b). Within Kir channels, KATP channels are functional only when expressed with
their β subunits SUR1 and SUR2 (Coetzee et al., 1999; Seino et al., 2000). SUR
subunits are membrane proteins made of 12 Tm domains and associate with Kir6.1 and
Kir6.2 with a 1:1 stoichiometry, hence forming octameric complexes (Shyng and
Nichols, 1997). SUR subunits are inhibited by ATP and potentiated by ADP. The
regulation of SUR subunits depending on the metabolic state of the cell results in the
modulation of KATP channels activity (Babenko et al., 1998; Seino and Miki, 2004).

1.5.1.3 Post-translational modifications.

PTM are involved in the modulation of KCh activity (Coetzee et al., 1999). For
example, PKC-dependent phosphorylation on Kv3.4 N-terminus inhibits the channel
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inactivation mediated by its N-terminal domain (Covarrubias et al., 1994). Another
example is given by the reduced inactivation of Kv1.4 following channel
phosphorylation mediated by Ca++-calmodulin-dependent protein kinase (CaMKII) on
Kv1.4. (Roeper et al., 1997). N-linked glycosylation has been shown to affect KCh
stability and subcellular localization. For example, Kv12.2 shows shift in its
voltage-dependence following impaired glycosylation of one of its three glycosylation
sites while fully-deglycosylated channel is unable to achieve surface expression (Noma
et al., 2009). Finally, palmitoylation is known to modulate KCh surface expression,
subcellular localization and interaction with other proteins. An example is given by
Kv1.5, which following impaired palmitoylation shows increased surface expression as
consequence of decreased channel internalisation (Jindal et al., 2008).

1.5.2 Molecular modulation of K2P channels.

Since K2P channels are constitutively active when localised at the cell surface, the
molecular modulation of these channels and the regulation of their trafficking are
fundamental to the control of cellular membrane potential. For these reasons, K2P
channels undergo several mechanisms of molecular modulations. Mechanisms
identified to date include alternative splicing, environmental conditions, PTM and
interaction with auxiliary proteins. To date 4TM-2P α subunits have not been shown to
constitutively associate with any permanent additional subunit (Enyedi and Czirják,
2010; Wickenden, 2002). However transient interaction of 4TM-2P α subunits channels
with auxiliary proteins has been shown to play a critical role in the regulation of for
some K2P channels.

All K2P channels excluding K2P15.1 are predicted to undergo N-linked glycosylation on
one or two arginine residues located in the first external loop of the channel.
Additionally, N-linked glycosylation has been demonstrated in-vitro for the TRESK
channel hK2P18.1 (Egenberger et al., 2010). In hK2P18.1, glycosylation controls the
localisation of the channel at the cell surface but also the biophysical properties of the
38

Laura Roncoroni

Introduction

channel (Egenberger et al., 2010). Similar regulatory mechanisms of N-linked
glycosylation have been hypothesised for all K2P channels excluding hK2P15.1, which
does not possess a glycosylation target site (Enyedi and Czirják, 2010; Rajan et al.,
2005).
Within the TWIK family, K2P1.1 is thought to be highly regulated at the cell membrane.
K2P1.1 has been hypothesised to be bound to a small ubiquitin related modifier protein
(SUMO) attached to a C-terminal lysine (K274) of the channel. It has been proposed
that K2P1.1 binding with SUMO is responsible for the channel silencing at the cell
membrane (Rajan et al., 2005; Plant et al., 2005). However no evidence of K2P1.1
SUMOylation has been provided. K2P1.1 silencing has subsequently been hypothesised
to depend on GPCR pathway activation, which would cause internalisation of the
channel from the cell membrane (Feliciangeli et al., 2010). Additionally, K2P1.1
internalisation from the cell surface and retrograde transport has been shown to involve
the interaction of the channel with the exchange factor for ADP-ribosylation factor 6
(EFA6) (Decressac et al., 2004; Franco et al., 1999). Although the mechanisms
underlying K2P1.1 silencing are to date unclear and sometimes conflicting, the channel
activity has been demonstrated to be further regulated by environmental conditions such
as altered extracellular specific ionic concentrations, which enhance K2P1.1 activity with
a mechanism to date unknown (Ma et al., 2011b).
TREK channels are regulated by alternative splicing and interaction with auxiliary
proteins. K2P10.1 possesses two alternative splicing variants which show similar
biophysical properties but different tissue distribution patterns within human brain,
kidney and pancreas (Gu et al., 2002). Surface expression of both K2P2.1 and K2P10.1 is
enhanced by interaction with the auxiliary microtubules-associated protein Mtap2,
which facilitates the channels trafficking to the plasma membrane (Sandoz et al., 2008).
Additionally, the binding between K2P2.1 and the A-kinase anchoring protein AKAP150
is neutral with regards channel localisation but critical for the biophysical properties of
the channel current (Sanders and Koh, 2006).
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The TRESK channel K2P18.1 has been shown to be regulated by PTM and interaction
with the cytosolic adaptor protein 14-3-3 (Aitken et al., 2002). In fact, activation of
K2P18.1 is dependent on dephosphorylation of the channel carried by the Ca++- and
Ca++/calmodulin-dependent protein phosphatase calcineurin (Czirják and Enyedi, 2010;
Czirjak et al., 2004). In contrast, K2P18.1 phosphorylation by PKA activity results in
14-3-3 recruitment to the channel (Czirják and Enyedi, 2010; Czirjak et al., 2008),
which inhibits K2P18.1 activity by disrupting its interaction with calcineurin and its
subsequent dephosphorylation-dependent activation (Czirjak and Enyedi, 2006).
14-3-3 also binds to member of the TASK family. Within the TASK channels family,
molecular modulation is critical for K2P3.1 and K2P9.1 trafficking to the cell membrane
and involves both PTM and binding with auxiliary proteins. Once correctly folded and
assembled, membrane proteins bind the coatomer protein complex 2 (COP-II), which is
involved in their transport from the ER to the Golgi complex (Orci et al., 1996). Both
K2P3.1 and K2P9.1 possess forward trafficking motifs which enable the interaction with
COP-II and the anterograde transport of the channels to the Golgi complex. These
anterograde export signals include a classical di-leucine motif in K2P3.1 C-terminus and
a di-acid sequence in K2P9.1 C-terminus (Ma et al., 2011a; Nishimura et al., 1999;
Nufer et al., 2002; Zuzarte et al., 2007). As with all K2P channels, K2P3.1 and K2P9.1
possess either N- or C-terminal interaction sequences for the coatomer protein complex
1 (COP-I) subunit β (β-COP). Interaction with β-COP is responsible for the channels
retrograde transport from the Golgi complex to the ER and for the channels retention
within the ER (O'Kelly et al., 2002; Zuzarte et al., 2009). To date, this mechanism has
been demonstrated for both K2P3.1 and K2P9.1 and for the TREK channel K2P2.1 (Kim
et al., 2000; O'Kelly et al., 2002). This retrograde transport to the ER mediated by
β-COP interaction is impaired by the competitive binding of the channel with 14-3-3
(O'Kelly et al., 2002; O'Kelly and Goldstein, 2008; Rajan et al., 2002). 14-3-3 has been
shown to bind to the last three aa of both K2P3.1 and K2P9.1 C-termini in a
phosphorylation-dependent manner and to hence enable the channels to escape
β-COP-dependent retrograde transport from Golgi complex to ER (O'Kelly et al., 2002).
Following phosphorylation of S393 in hK2P3.1 and S372 in hK2P9.1 the adaptor protein
14-3-3 is recruited to the C-terminal motifs RRSSPV and RRKSPV in K2P3.1 and K2P9.1
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respectively (O'Kelly et al., 2002). A similar motif is present on hK2P15.1 and the
possibility of binding with 14-3-3 has also been shown for hK2P15.1 C-terminus through
two-hybrid techniques (Rajan et al., 2002). However, this has not been shown to date to
have functional consequences for the channel.

Binding with 14-3-3 causes the

disruption of the binding between the channels and β-COP (Girard et al., 2002; O'Kelly
et al., 2002). This results in the consequent prevention of β-COP-mediated retention of
the channels in the ER and hence enables both K2P3.1 and K2P9.1 to proceed further in
the secretory pathway (O'Kelly et al., 2002; Veale et al., 2007a; Veale et al., 2007b).
For K2P3.1 it has been shown that interaction with the annexin-II subunit p11 also has a
modulatory role on the channel`s surface expression. However, the interaction between
K2P3.1 and p11 has been shown to follow the channel binding with 14-3-3 and to occur
only in a subset of tissues (Girard et al., 2002; O'Kelly and Goldstein, 2008).
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1.6 Hypothesis and aims.
Lack of function of hK2P15.1 may be due to intracellular retention of the channel and
regulated by channel post-translational modificaiton and interaction with auxiliary
proteins.

Aims:
(i)

Investigate hK2P15.1 subcellular localisation by confocal microscopy.

(ii)

Develop and validate a novel antibody to hK2P15.1 to enable the investigation of

the channel subcellular localisation in native tissues.
(iii)

Analyse hK2P15.1 tissue distribution in human tissues at different developmental

stages to determine the expression pattern of the channel.
(iv)

Analyse hK2P15.1 PTM by both in-silico and in-vitro techniques to anticipate

regulatory mechanisms or auxiliary protein binding domains.
(v)

Identify potential binding partners to hK2P15.1 and characterise the region of

interaction with the channel.
(vi)

Investigate the physiological significance of hK2P15.1 binding partners.
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Materials and methods.
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2.1 Chemicals and reagents.
Unless otherwise stated, all chemicals and reagents were obtained from Sigma Aldrich.

2.2 Molecular biology.

2.2.1 Bacteria cultures.

Bacteria cultures were used for competent cell production (Methods 2.2.2), bacteria
transformation (Methods 2.2.3), DNA preparation (Methods 2.2.5) and protein
expression (Methods 2.4.1).
Cultures were initiated either from bacteria frozen at -80°C in Luria Bertani (LB) broth
(10 g/l bacto triptone, 10 g/l NaCl, 5 g/l yeast extract) containing 20% glycerol (glycerol
stock) or from single colonies grown and selected in solid LB agar plates (10 g/l bacto
triptone, 10 g/l NaCl, 5 g/l yeast extract, 15 g/l agar) containing the appropriate
selective antibiotic (50 µg/ml ampicillin, 50 µg/ml kanamycin). All bacteria cultures
were grown shaking at 250 rpm in LB broth in presence of the appropriate selective
antibiotic. Specific volumes and culture time periods are detailed in individual
experiments. Unless otherwise stated, bacteria growth was performed at 37°C. Samples
of bacteria cultures were stored at -80°C in LB broth containing 20% glycerol.
All cultures were handled in sterile conditions.

2.2.2 Competent cell production.

Chemically competent bacteria (XL1-Blu Escherichia Coli (E.Coli) or BL21 (DE3)
E.Coli) were produced to perform DNA transformations (Methods 2.2.3).
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Non-competent bacteria were grown overnight (o/n), then diluted 1:100 into 200 ml of
LB broth. The culture was grown for 2-4 h until its light absorbance at 600 nm
wavelength (OD600) reached the value of 0.5, which allowed an estimation of bacterial
density of 5 x 107 cell/ml. When the OD600 = 0.5 was obtained, the culture was chilled
on ice for 20 minutes. The culture was centrifuged at 4 000 g, 4°C for 10 minutes, the
bacteria pellet was resuspended in cold, sterile 0.1 M CaCl2 and incubated at 4°C for
30 minutes. A further centrifugation was performed at 4 000 g, 4°C for 10 minutes and
the resultant pellet was resuspended in 10 ml of Phosphate Buffered Saline (PBS) buffer
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) containing
60 mM CaCl2, 10 mM piperazine-1,4-bis-2-ethanesulfonic acid (PIPES) and
15% glycerol. The cells were aliquoted on ice into prechilled microcentrifuge tubes,
snap frozen in ethanol-dry ice bath and stored at -80°C. Competency was tested by
transforming 100 µl of competent bacteria with 10-20 ng of DNA.

2.2.3 Bacteria transformation.

Transformation of competent cells was performed in different types of bacteria
depending on the experiment requirements. DH5α E.Coli cells (Invitrogen) were
transformed to prepare DNA for most manipulations; NEB Express High Efficiency
E.Coli cells (New England Biolabs (NEB)) were transformed with ligation products
(Methods 2.2.15) in cloning protocols (Methods 2.2.10); XL10-Gold Ultracompetent
E.Coli cells (Agilent) were transformed with purified DpnI digested (Methods 2.2.7)
polymerase chain reaction (PCR) products (Methods 2.2.12) in site directed
mutagenesis protocols (Methods 2.2.16); BL21 (DE3) E.Coli cells (Stratagene) were
transformed with glutathione S-transferase (GST) and GST fusion protein (GST-FP)
expressing vectors to produce (Methods 2.4.1) and purify proteins (Methods 2.4.8).
To transform DH5α E.Coli cells, 40 µl of competent bacteria was thawed on ice, mixed
with 1-100 ng of DNA and incubated on ice for 40 minutes. Cells were subjected to heat
shock at 42°C for 40 s, incubated on ice for 2 minutes, mixed with 200 µl of LB and
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grown at 37°C for 1 h. Bacteria were then plated on solid LB agar containing the
appropriate selective antibiotic and incubated at 37°C o/n.
For transformation of NEB Express High Efficiency E.Coli cells, 50 µl of competent
bacteria was thawed on ice and mixed with 1-10 ng of DNA. Cells were incubated on
ice for 30 minutes, subjected to heat shock at 42°C for 20 s and incubated again on ice
for 5 minutes. Following the addition of 950 µl of super optimal culture (SOC) solution
(20 g/l bacto tryptone, 5 g/l yeast extract, 0.5 g/l NaCl, 10 mM MgCl2, 10 mM MgSO4,
20 mM glucose), bacteria were grown at 37°C for 1 h. Different dilutions of the bacteria
culture were plated on solid LB agar containing the appropriate selective antibiotic and
incubated at 37°C o/n.
For XL10-Gold Ultracompetent E.Coli cells transformation, 70 μl of competent bacteria
was thawed on ice, mixed with 25 mM β-mercaptoethanol and incubated on ice for
30 minutes with ethanol precipitated DNA from a single mutagenesis reaction. Cells
were subjected to heat shock at 42ºC for 30 s and incubated on ice for 2 minutes. After
addition of 900 μl of NZY medium (5 g/l yeast extract, 5 g/l NaCl, 2 g/l MgSO4, 10 g/l
NZ amine-A casein hydrolysate, pH 7.5) preheated at 42ºC cells were grown at 37ºC
for 1 h. The culture was centrifuged at 3 000 g for 5 minutes and the bacteria pellet was
resuspended in 100 μl of supernatant. Cells were then plated on solid LB agar
containing the appropriate selective antibiotic and incubated at 37°C o/n.
BL21 (DE3) E.Coli cells were thawed on ice and incubated on ice for 10 minutes with
25 mM β-mercaptoethanol. Each 100 µl of competent bacteria was mixed with 1-50 ng
of DNA, incubated on ice for 30 minutes, subjected to heat shock at 42°C for 45 s and
then incubated on ice for 2 minutes. SOC solution was preheated at 42°C and 900 µl of
it was added to the cells. Bacteria were grown at 37°C for 1 h, then plated on solid LB
agar containing the appropriate selective antibiotic and incubated at 37°C o/n.
Table 2.1 summarises transformation conditions for each of the bacteria cells employed.
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Table 2.1 Bacteria transformation.

Table summarising the main steps followed to perform bacteria transformation for the
different cell types utilised in this study.
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2.2.4 Constructs.

2.2.4.1 hK2P3.1 and hK2P9.1 constructs.

In this study constructs for both hK2P3.1 and hK2P9.1 with N-terminal eGFP tag were
utilized (Figure 2.1). hK2P3.1-eGFP and hK2P9.1-eGFP in pEGFP-C1 vector were
produced in our laboratory previously to this study.

2.2.4.2 hK2P15.1 constructs.

The existence of four non-synonymous single nucleotide polymorphisms (SNPs) in
KCNK15 coding region is reflected in three polypeptide variants of hK2P15.1, named
hK2P15.1A, hK2P15.1B and hK2P15.1C (Karschin et al., 2001). These four SNPs
(position 95, 260, 261 and 323) (Figure 2.2) are localised within the channel first pore
forming domain and the channel C-terminus. In this study two of the three hK2P15.1
variants, hK2P15.1B and hK2P15.1C, were used to represent the differences in the first
pore forming domain (E or G in position 95) and C-terminus of the channel (T or P in
position 260, L or P in position 323) (Figure 2.1). hK2P15.1B in pcDNA3.1 vector was a
kind gift from Dr. Dongee Kim (Chicago Medical School, USA). hK2P15.1C in
pcDNA3.1 vector was kindly donated by Professor Peter Stanfield (University of
Warwick, United Kingdom).
To detect hK2P15.1 by immunocytochemistry and Western Blot analysis, two
tagged-hK2P15.1C constructs were also utilised. hK2P15.1-AcV5 in pcDNA3.1 vector
was produced in our laboratory with a discreet AcV5 tag on the second external loop of
the channel (Figure 2.1). hK2P15.1-eGFP in pEGFP-N1 was kindly donated by Dr. Ian
Ashmole (University of Leicester, United Kingdom) and possesses a C-terminal eGFP
tag (Figure 2.1).
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Figure 2.1 hK2P3.1, hK2P9.1 and hK2P15.1 constructs and position of tags.

Diagram of hK2P3.1, hK2P9.1 and hK2P15.1 predicted structures and representing the
constructs used in this study. AcV5 tag in the second external loop of the channel or
eGFP tag either N- or C-terminal to the channel are represented. For constructs
encoding hK2P15.1B and hK2P15.1C variants, SNPs within the first pore domain and the
channel C-terminus are also shown. For constructs encoding mutants of
hK2P15.1-eGFP, deleted regions are represented by dashed lines.
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Figure 2.2 hK2P15.1 natural variants.

Diagram showing the amino acid sequence of the three hK2P15.1 natural variants,
named hK2P15.1A, hK2P15.1B and hK2P15.1C. The four SNPs and their residue
positions are also indicated.
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Mutant variants of hK2P15.1-eGFP in pEGFP-N1 vector with four different deletions
within the channel C-terminus were produced by site directed mutagenesis (Methods
2.2.16). Four constructs were obtained by deleting the region hK2P15.1 (265-285) or
7 aa-long fragments within it. These constructs were named Δ265-285, Δ265-271,
Δ272-278 and Δ279-285 (Figure 2.1). Mutagenesis primers utilised are listed in Table
2.2.

2.2.4.3 Glutathione S transferase (GST) fusion proteins constructs.

GST-fusion constructs of hK2P15.1 (129-158) and hK2P15.1 (244-330) were produced
by cloning (Methods 2.2.10) PCR products (Methods 2.2.12) of the designated areas in
frame into pGEX-6P-1 vector (Amersham). As the C-terminal regions of hK2P15.1B
and hK2P15.1C are not identical, the C-terminus of both variants was considered. Three
constructs were produced:
i) GST-hK2P15.1Int: GST fusion construct of hK2P15.1 (aa 129-158),
ii) GST-hK2P15.1CtB: GST fusion construct of hK2P15.1B (aa 244-330),
iii) GST-hK2P15.1CtC: GST fusion construct of hK2P15.1C (aa 244-330).
hK2P15.1 (129-158) was obtained by PCR reaction on hK2P15.1C construct as template
using IntF and IntR primers (Figure 2.3 and Table 2.3). This reaction resulted in a
predicted 107 bp product (named Int) with EcoRI and SalI restriction sites incorporated
on the 5’ and 3’ ends respectively to enable direct cloning into pGEX-6P-1 vector
(Figure 2.3). Int was purified by gel extraction (Methods 2.2.14) and ligated (Methods
2.2.15) into the EcoRI/XhoI (NEB) digested (Methods 2.2.7) pGEX-6P-1 vector.
hK2P15.1 (244-330) was obtained by PCR reaction on either hK2P15.1B or hK2P15.1C
constructs as template using CtF and CtC primers (Figure 2.3 and Table 2.3). These
reactions resulted in two predicted 277 bp products (named CtB and CtC respectively)
with EcoRI and NotI restriction sites incorporated on the 5’ and 3’ ends respectively to
enable direct cloning into pGEX-6P-1 vector (Figure 2.3). CtB and CtB were
gel-purified and ligated into the EcoRI/NotI (NEB) digested pGEX-6P-1 vector.
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Table 2.2 Primers for site directed mutagenesis.

Table reporting the four hK2P15.1 mutants obtained by site directed mutagenesis on
hK2P15.1-eGFP. For each construct, the deleted region within hK2P15.1 sequence and
the primers utilised to obtain the deletion are indicated.
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Figure 2.3 Identification and production of hK2P15.1 regions of interest and
creation of GST fusion constructs.
A Diagram of hK2P15.1 predicted structures showing the two regions of interest selected
to produce GST fusion constructs. Red arrows indicate the forward and reverse primers
which give product sizes of 107 bp and 277 bp for Int and CtB/CtC respectively.
Restriction sites incorporated into PCR products are also indicated.
B Diagram of pGEX-6P-1 vector showing the site of insertion (multiple cloning site

(MCS)) of PCR products corresponding to hK2P15.1 (129-158) (Int), hK2P15.1B
(244-330) (CtB) and hK2P15.1C (244-330) (CtC) in frame with GST.
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Table 2.3 Primers for GST fusion constructs production.

Table reporting the sequence of the primers utilised in this study to produce GST fusion
constructs of hK2P15.1 (129-158) and hK2P15.1 (244-330). For each primer, the enzyme
restriction (ER) site incorporated is also indicated.
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2.2.5 DNA preparation.

A range of DNA preparations was utilised depending on the requirements of the
experiments and on the DNA concentration, level of purity and quantity required. DNA
required to screen ligation products by digestion (Methods 2.2.7) and sequencing
(Methods 2.2.18) was prepared through miniprep purifications, while DNA required for
transformations (Methods 2.2.3), transfections (Methods 2.3.2), PCR (Methods 2.2.12)
and other plasmid manipulations was prepared through maxiprep purifications.
To perform miniprep purifications various kits were used through the course of this
study, including QIAGEN, Promega and Metabion kits. In general terms, after DNA
transformation a single colony from the LB agar plate was grown o/n in 5 ml of LB
containing the appropriate selective antibiotic. The culture was centrifuged at 12 000 g,
4°C for 2 minutes and the resultant pellet was resuspended in 300 µl of cell
resuspension buffer (50 mM TrisHCl pH 8.0, 10 mM ethylenediaminetetraacetic acid
(EDTA), 100 µg/ml RNaseA). Bacteria were lysed in 300 µl of cell lysis buffer
(200 mM NaOH, 1% sodium dodecyl sulfate (SDS)) and the lysate was incubated for
5 minutes at room temperature (RT). To neutralise the lysis buffer and to precipitate
bacterial proteins and genomic DNA, 300 µl of cold 3.0 M potassium acetate was added
and the solution was incubated on ice for 5 minutes, after which it was centrifuged at
12 000 g, 4°C for 10 minutes. The supernatant containing plasmid DNA was added to a
spin column and centrifuged at 12 000 g for 1 minute. The DNA bound to the column
was washed twice: each time 600 µl of wash buffer (1 M NaCl, 50 mM
3-[N-morpholino] propanesulfonic acid (MOPS) pH 7.0, 15% isopropanol) was added
to the column and the column was centrifuged at 12 000 g for 1 minute. 50 µl of water
was added to elute the DNA form the column and the column was centrifuged at
12 000 g for 1 minute. The DNA was quantified (Methods 2.2.6) through UV
spectrophotometry at 260 nm wavelength (λ).
To perform maxiprep purifications, QIAGEN maxiprep purification kits were
employed. After DNA transformation, a single colony from the LB agar plate was
grown o/n in 5 ml of LB containing the appropriate selective antibiotic. The culture was
diluted 1000 times into 500 ml of LB containing the appropriate selective antibiotic and
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grown o/n. The culture was centrifuged at 12 000 g, 4°C for 15 minutes and the
resultant pellet was resuspended in 10 ml of cell resuspension buffer (50 mM TrisHCl
pH 8.0, 10 mM EDTA, 100 µg/ml RNaseA). Bacteria were lysed by adding 10 ml of
cell lysis buffer (200 mM NaOH, 1% SDS) and the lysate was incubated 5 minutes at
RT. To neutralise the lysis buffer and to precipitate bacterial proteins and genomic
DNA, 300 µl of cold 3.0 M potassium acetate was added. The solution was incubated
on ice for 20 minutes, after which it was centrifuged at 12 000 g, 4°C for 30 minutes.
The supernatant was centrifuged again at 12 000 g, 4°C for 15 minutes. The resulting
supernatant was added to a column already equilibrated with 10 ml of column
equilibration buffer (750 mM NaCl, 50 mM MOPS pH 7.0, 15% isopropanol and 0.15%
Triton X-100). The solution was let flow through the column to allow binding between
the DNA and the column. To wash the DNA, 30 ml of wash buffer (1 M NaCl, 50 mM
MOPS pH 7.0, 15% isopropanol) was added to the column and the buffer was let flow
through it twice. The DNA was eluted in 15 ml of elution buffer (1.25 M NaCl,
50 mM TrisHCl pH 8.5, 15% isopropanol), precipitated by adding 0.7 volumes of
isopropanol and immediately centrifuged at 12 000 g, 4°C for 30 minutes. The resultant
pellet was washed in 5 ml of 70% ethanol and centrifuged at 12 000 g, 4°C for
10 minutes. The DNA contained in the pellet was resuspended in 100-200 µl of water
and quantified through UV spectrophotometry at 260 nm λ.
The compositions of the different buffers used and the main steps followed in the DNA
purification protocols are summarised in Table 2.4 and Table 2.5.

2.2.6 DNA quantification.

DNA obtained from minipreps and maxipreps (Methods 2.2.5) was quantified through
spectrophotometry. Sample concentration was estimated by its light absorption at
260 nm λ (OD260). DNA quality and purity was assessed by comparing the light
absorption values of the sample at 230 nm (OD230) compared to OD260 and at 280 nm
(OD280) compared to OD260. Ratio OD260/OD230 greater than 1.5 indicated negligible
DNA contamination by organic compounds or guanidium salt (present in DNA
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Table 2.4 DNA preparation.

Table summarising the main steps followed to obtain DNA preparation by either
miniprep or maxiprep protocols.
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Table 2.5 Buffers for DNA preparation.

Table indicating the different buffers utilised for DNA preparations.
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purification columns); ratio OD260/OD280 greater than 1.8 was index of protein-free
samples. The concentration of DNA produced through PCR reaction (Methods 2.2.12)
was evaluated by comparing PCR product and Hyperladder (Bioline) intensities when
visualizing DNA gels under UV light after electrophoresis.

2.2.7 DNA digestion.

DNA was digested by restriction enzymes to perform restriction analysis, to produce
intermediate fragments for cloning (Methods 2.2.10) and to eliminate DNA template in
site directed mutagenesis protocols (Methods 2.2.16).
Digestions were performed in a 20-50 µl reaction volume and contained 1-5 µg of
DNA, 1-5 U of restriction enzyme(s), 1x of the reaction buffer specific for the enzyme
and 100 µg/ml of bovine serum albumin (BSA) when required by the enzyme(s) used.
When double digestions were performed, the restriction buffer enabling highest activity
of both enzymes was employed. Most of the digestions were performed by incubating
the reaction volume at 37°C for 1 h and inactivated by incubating at 65°C for
20 minutes. Different incubation and inactivation temperatures were used as required by
specific enzymes.

2.2.8 DNA dephosphorylation.

DNA dephosphorylation was performed in cloning protocols (Methods 2.2.10) to avoid
self ligation of vectors.
Dephosphorylation reaction was performed in 40 µl volume by mixing the desired
amount of DNA with 5 U of Antarctic phosphatase (NEB) and 1x of Antarctic
phosphatase buffer (NEB) and by incubating at 37°C for 1 h. After this time the reaction
was heat-inactivated by incubating at 65°C for 5 minutes.
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2.2.9 DNA electrophoresis.

DNA electrophoresis was performed to check DNA preparations (Methods 2.2.5), to
identify successful clones (Methods 2.2.10), to visualise PCR products (Methods
2.2.12) or to isolate and purify specific DNA fragments from restriction digestions
(Methods 2.2.7) or PCR reactions.
DNA samples were mixed with 0.2 volumes of DNA loading buffer (40% sucrose,
0.05% bromophenol blue, 1 M EDTA pH 8.0, 0.5% SDS). Electrophoresis was
performed at RT in agarose gels (1-2 % agarose, Tris-acetate-EDTA buffer (TAE)) in
TAE buffer (40 mM TrisBase, 1 mM EDTA pH 8.0, 20 mM acetic acid), applying a
voltage of 80-100 V. When low melting agarose was used, electrophoresis was
performed at 4°C and a maximum voltage of 30 V was applied.

2.2.10 Cloning.

Cloning protocols were utilized to produce GST fusion constructs
.
Specific primers which included 5` and 3` restriction enzymes were designed (Methods
2.2.11) to amplify regions of interest within hK2P15.1 sequence by PCR reaction
(Methods 2.2.12).

pGEX-6P-1 vector was digested (Methods 2.2.7) and

dephosphorylated (Methods 2.2.8). PCR product and dephosphorylated digested vector
were analysed by DNA electrophoresis (Methods 2.2.9), quantified (Methods 2.2.6) and
gel extracted (Methods 2.2.14). Insert and vector DNA were ligated (Methods 2.2.15)
and transformed into NEB Express High Efficiency E. Coli. Minipreps (Methods 2.2.5)
were utilized to isolate plasmid DNA form bacteria colonies. DNA was then screened
by restriction analysis (Methods 2.2.7) and sequenced (Methods 2.2.18) to ensure it
encoded the GST-FP of interest.
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2.2.11 Primer design.

Primers used in PCR reactions (Methods 2.2.12) were designed to amplify the
housekeeping gene 60S ribosomal protein L27 (RPL27) and to detect KCNK15 mRNA
in KCNK15 tissue distribution analysis by retro-transcription PCR (RT-PCR) (Methods
2.2.20), to produce products corresponding to hK2P15.1 regions of interest in GST
fusion construct cloning protocols (Methods 2.2.10) and to perform site directed
mutagenesis (Methods 2.2.16) on hK2P15.1-eGFP.
The forward primer RPL27F and the reverse primer RPL27R utilised to amplify a
123 bp segment of RPL27 mRNA were designed over two different exons of the gene.
To detect KCNK15 mRNA the forward primer T5UTRF and the reverse primer
T5at357R were designed over two different exons of KCNK15.
To generate PCR products corresponding to hK2P15.1 (129-158), hK2P15.1B (244-330)
and hK2P15.1C (244-330), primers were designed containing specific restriction enzyme
sites at both 5` and 3` ends. These digestion sites were created to clone the resulting
PCR products in frame into pGEX-6P-1 vector. The forward primer IntF (EcoRI site)
and the reverse primer IntR (SalI site) were designed to amplify hK2P15.1 (129-158).
The forward primer CtF (EcoRI site) and the reverse primer CtR (NotI site) were
designed to amplify aa 244-330 of both hK2P15.1B and hK2P15.1C.
To delete aa 265-285 from hK2P15.1-eGFP, the forward primer Δ265-285F and the
reverse primer Δ265-285F were designed. Similarly, the pairs of primers
Δ265-271F/Δ265-271R, Δ272-278F/Δ272-278R and Δ279-285F/Δ279-285F were
designed to delete aa 265-271, 272-278 and 279-285 respectively from hK2P15.1-eGFP.
The sequence and the respective associated restriction site of each primer are specified
in Table 2.6.
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Table 2.6 Primers utilised in this study.

Table indicating the name and sequence of all primers utilised in this study. In general
terms, F and R at the end of each primer name indicate forward and reverse primers
respectively. Restriction (ER) sites incorporated in the primers are also indicated.
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2.2.12 PCR.

PCR reactions were performed to amplify KCNK15 product and the housekeeping gene
RPL27 product from cDNA samples, to produce hK2P15.1 (129-158) and hK2P15.1
(244-330) from hK2P15.1 constructs and to perform site directed mutagenesis (Methods
2.2.16) on hK2P15.1-eGFP construct.
Different polymerase enzymes were employed depending on the DNA template used or
on the level of fidelity required in the PCR products. PCR reactions were performed in
20 µl or 50 μl volume, which composition (Table 2.7) depended on both the DNA
polymerase utilized and the GC content of the DNA template to amplify. For templates
with high GC content, betaine and dimethyl sulfoxide (DMSO) were added to the
reaction volume.
Every PCR reaction consisted of an initial phase of DNA denaturation, followed by a
variable number of cycles including three phases of DNA denaturation, primer
annealing and DNA elongation respectively; lastly, the reaction was completed by a
phase of final DNA elongation. The duration of each phase and the temperatures chosen
for DNA denaturation and elongation were determined by the type of DNA polymerase
employed. In PCR performed for site directed mutagenesis, duration of the DNA
elongation phase depended also by the size of the product to amplify. Annealing
temperature (Ta) was a function of the characteristics of the primers and was optimised
by gradient PCR for each pair of primers and their relative template. The number of
cycles performed was depending on the DNA template to amplify or the type of
mutation to introduce. Table 2.8 summarises the cycling conditions used for each PCR
reaction.
For the amplification of RPL27 products from cell and tissue cDNA, RPL27F and
RPL27R primers were used with GoTaq DNA Polymerase (Promega) and Ta of 60ºC.
KCNK15 products were amplified form cells and tissue cDNA by using GoTaq DNA
Polymerase with T5UTRF and T5at357R primers and Ta of 68ºC.
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Table 2.7 PCR reaction volume.

Table summarising the composition of the reaction buffer used to perform PCR
depending on the DNA polymerase utilised.
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Table 2.8 PCR cycling conditions.

Table summarising the cycling conditions to perform PCR depending on the DNA
template to amplify.
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To accurately amplify hK2P15.1 (129-158) from hK2P15.1C construct, PCR was
performed by using Phusion High-Fidelity DNA Polymerase (Finnzymes) with InF and
IntR primers and Ta of 65ºC. To amplify hK2P15.1 (244-330) from hK2P15.1B and
hK2P15.1C constructs with CtF and CtR primers and Ta of 70ºC, Taq DNA Polymerase
(NEB) was used.
To perform site directed mutagenesis on hK2P15.1-eGFP construct, PfuUltra
High-Fidelity DNA Polymerase (Agilent) was used with Ta of 55ºC. Different pairs of
primers were used depending on the desired deletion to introduce, which included
Δ265-285F/Δ265-285R,

Δ265-271F/Δ265-271R,

Δ272-278F/Δ272-278R

and

Δ279-285F/ Δ279-285R.

2.2.13 PCR purification.

PCR products (Methods 2.2.12) for cloning protocols (Methods 2.2.10) were purified
using a Qiagen QIA QUICK kit. The 50 μl PCR reaction was mixed with 250 µl of
proprietary binding buffer and the solution was transferred to a column and centrifuged
at 12 000 g for 1 minute. The column was filled with 750 µl of proprietary wash buffer
and it was centrifuged at 12 000 g for 1 minute twice. The PCR product was then eluted
by adding to the column 30 µl of water at 65°C, by incubating 1 minute and by
centrifuging at 12 000 g for 1 minute.

2.2.14 Gel extraction.

To obtain clean and specific DNA products, DNA was separated by electrophoresis
(Methods 2.2.9) and it was extracted and purified from agarose gels using either the
Qiagen QIAEX II Gel Extraction kit or low melting agarose based electrophoresis. To
further purify DNA and remove extraction reagents, DNA was subsequently
ethanol-precipitated (Methods 2.2.17).
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When the Qiagen QIAEX II Gel Exctraction kit was employed, the band of interest was
visualized under UV light, cut from the agarose gel and transferred to a tube.
Proprietary agarose solubilisation buffer was added to the tube according to the size of
the DNA (6 volumes for DNA < 100 bp; 3 volumes for DNA 100 bp-4 kb; 3 volumes
plus 2 volumes of water for DNA > 4 kb). The suspension was vortexed for 30 s and
proprietary binding resin was added according to the amount of DNA (10 µl for DNA <
2 µg; 30 µl for DNA 2-10 µg plus 30 µl for each additional 10 µg of DNA). The
reaction was incubated at 50°C for 10 minutes, vortexing every 2 minutes; it was then
centrifuged at 12 000 g for 30 s and the resultant pellet was resuspended in 500 µl of
proprietary solubilisation buffer. The solution was centrifuged at 12 000 g for 30 s and
the resultant pellet was resuspended in 500 µl of proprietary wash buffer twice. A
further centrifugation was performed at 12 000 g for 30 s and the resultant pellet was
air-dried for 10-15 minutes, resuspended in 20 µl of water and incubated at 50°C for
5 minutes. The solution was finally centrifuged at 12 000 g for 30 s and the supernatant
containing the purified DNA was collected. The DNA was quantified through UV
spectrophotometry at 260 nm λ.
Alternatively, specific DNA products were isolated from low melting agarose gel based
electrophoresis. The band of interest was visualized under UV light and cut from the
low melting agarose gel. The segment of gel containing the DNA was stored in a tube.
When required, the agarose was incubated at 65°C for 10 minutes and the DNA held in
the melted gel was available for use.

2.2.15 Ligation.

Ligations were performed to clone (Methods 2.2.10) different hK2P15.1 regions in frame
into pGEX-6P-1 vector.
pGEX-6P-1 was digested (Methods 2.2.7) with appropriate restriction enzymes,
dephosphorylated (Methods 2.2.8), isolated by electrophoresis (Methods 2.2.9) and
purified by gel extraction (Methods 2.2.14). The insert of interest was obtained by PCR
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reaction (Methods 2.2.12), identified by electrophoresis, isolated and purified by gel
extraction or stored in low melting agarose. Ligation was set up in a reaction volume of
40 µl containing 200 ng of total DNA, 400 U of T4 DNA Ligase (NEB) and 1 x of T4
DNA Ligase buffer (NEB). Amount of DNA in the reaction was calculated to have a
fixed molar ratio between the vector and the insert; molar ratios of 1: 1, 1: 3 or 1: 6 were
tested each time.
When gel extraction was performed to purify DNA for both the vector and the insert to
use in the ligation, the reaction volume was mixed gently and incubated at RT for 1 h,
after which 400 U of T4 DNA Ligase was added. The ligation was carried out by
incubating at 16°C o/n and then heat inactivated by incubating at 65°C for 10 minutes.
Transformations (Methods 2.2.3) of NEB Express High Efficiency E.Coli cells were
then performed to detect resulting clones, the DNA of which was prepared (Methods
2.2.5) and analyzed by digestion and sequencing (Methods 2.2.18 to identify the clones
of interest.
When the ligation insert was stored in low melting agarose gel, the segment of gel
containing the insert DNA was melted at 65°C for 10 minutes and incubated at 37°C for
20 minutes. The required amount of water was added and the solution was incubated at
65°C for 10 minutes, vortexed again and incubated at 37°C for 2 minutes. T4 DNA
Ligase and T4 DNA Ligase buffer were added, the solution was incubated at RT for 1 h
and the reaction was carried out as previously described.
Table 2.9 summarises ligation protocols depending on the storage conditions of the
insert DNA.

2.2.16 Site directed mutagenesis.

Site directed mutagenesis protocols were utilised to create hK2P15.1-eGFP constructs
mutants with deletions of aa 265-285, 265-271, 272-278 and 279-285 within hK2P15.1
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Table 2.9 Ligation.

Table summarising the main steps to perform DNA ligation depending on the
purification protocol used to obtain DNA insert.
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sequence. PCR reactions (Methods 2.2.12) were performed to amplify mutant constructs
over template construct. PCR conditions are summarized in Table 2.7 and Table 2.8.
Mutagenesis primers sequences are given in Table 2.6. PCR products were
DpnI-digested

(Methods

2.2.7)

to

cleave

the

DNA

template

and

then

ethanol-precipitated (Methods 2.2.17). DNA was resuspended into 15 μl of water and
transformed (Methods 2.2.3) into XL10-Gold Ultracompetent E.Coli cells (Agilent).
Minipreps (Methods 2.2.5) were utilized to isolate plasmid DNA form bacteria colonies.
DNA was then screened by restriction analysis and sequenced (Methods 2.2.18) to
ensure it encoded the mutated construct of interest.

2.2.17 DNA ethanol-precipitation.

DNA was ethanol-purified to both concentrate and clean products deriving from DNA
preparations (Methods 2.2.5), restriction analysis (Methods 2.2.7), dephosphorylation
(Methods 2.2.8) and gel extraction.
0.1 volumes of 3 M sodium acetate and 2 volumes of ice-cold ethanol were added to the
sample DNA. After 1 h incubation on ice, Mg2+ was added to a final concentration of
10 μM and the reaction was centrifuged at maximum speed, 4°C for 20 minutes. The
resultant pellet was air-dried, resuspended in the desired amount of water and quantified
(Methods 2.2.6) through UV spectrophotometry at 260 nm λ.

2.2.18 DNA sequencing.

All new constructs, PCR products (Methods 2.2.12), cloning (Methods 2.2.10) and site
directed

mutagenesis

products

(Methods

2.2.16)

were

sequenced

by

Geneservice - Source BioScience plc.
Plasmid DNA was supplied to the company at the concentration of 100 ng/μl diluted in
water; PCR products were purified and supplied at the concentration of 1 ng/μl for
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every 100 bp of product; sequencing primers were supplied at the concentration of
3.2 pmol/µl.
2.2.19 RNA extraction.

To analyse KCNK15 tissue distribution at messenger level by RT-PCR (Methods
2.2.20), total mRNA was extracted from human embryonic tissues and human cancer
cell lines (Methods 2.3.1).
Human embryonic and fetal tissues were collected from women undergoing termination
of pregnancy between 8-12 weeks post-conception. Human fetal tissues were obtained
after termination of pregnancy according to guidelines issued by the Polkinghome
Report and with ethical approval from the Southampton & South West Hampshire Local
Research Ethics Committee. Tissues were stabilized in RNAlater (Qiagen) and stored at
-20°C. Homogenisation was performed using a small pestle and a 1 ml sterile syringe in
1 ml of TRIZOL for every 100 mg of tissue.
Human cancer cell lines were collected from 75 cm2 flasks. Cell pellets were
homogenised in 1 ml TRIZOL for every flask of cells using a small pestle and a 1 ml
sterile syringe.
Tissues and cells lysates were incubated at RT for 10 minutes and centrifuged at
12 000 g, 4°C for 10 minutes. The upper fatty layer was removed and the aqueous
supernatant containing DNA, RNA and proteins was transferred to a new tube and
incubated at RT for 10 minutes. RNA was isolated through phase separation by adding
200 µl of RNase-free chloroform to the aqueous supernatant for every 1 ml of TRIZOL
previously used. The sample was vortexed vigorously for 30 s, then incubated at RT for
10 minutes and centrifuged at 12 000 g, 4°C for 30 minutes. Three phases were
obtained: a lower organic phase containing proteins, an interphase containing DNA and
an upper aqueous phase containing RNA. The upper aqueous RNA phase was
transferred to a new tube. RNA precipitation was performed by adding 0.7 volumes of
RNase-free isopropanol and 20 µg/µl of RNase-free glycogen (Invitrogen) to the RNA
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phase, then vortexing for 30 s and incubating at -80°C for 2 h. The sample was
centrifuged at 12 000 g, 4°C for 30 minutes and the supernatant was removed. The
resultant pellet containing RNA was washed in cold 80% ethanol twice, then incubated
on ice for 10 minutes and centrifuged at 12 000 g, 4°C for 15 minutes. The resultant
pellet was air-dried for 10 minutes and resuspended in 20 μl of RNase-free water for
every 1 ml of TRIZOL previously used. The RNA contained in the solution was
quantified (Methods 2.2.6) through UV spectrophotometry at 260 nm λ. Possible DNA
contaminations were removed by treating the sample with DNase: 1 µg of total RNA
was mixed with 1 U of DNase amplification grade I in 1 x DNase reaction buffer and
incubated at RT for 15 minutes. The reaction was interrupted by adding 1 µl of 50 mM
EDTA to the solution and by incubating at 70°C for 10 minutes. The resulting total
mRNA sample was chilled on ice and stored at -80°C.
To avoid RNase activity during the manipulations, all the materials handled were
RNase-free or treated with di-ethyl-pyro-carbonate (DEPC) to inactivate potential
RNases.
The different phases of the RNA extraction protocol used are summarized Table 2.10.

2.2.20 RT-PCR.

To investigate KCNK15 mRNA tissue distribution, total mRNA extracted (Methods
2.2.19) from human fetal tissues or human cancer cell lines (Methods 2.3.1) was
retro-transcripted to cDNA to be then analysed by PCR reaction (Methods 2.2.12).
A reaction volume of 13 µl was prepared by mixing 1 µg of total RNA, 500 μM of each
dNTPs and 10 ng/µl of random primers (Promega). The solution was incubated at 65°C
for 5 minutes and chilled on ice for 1 minute. The reaction volume was brought to 20 µl
by adding 200 U of Superscript III retro-transcriptase (Invitrogen), 1 x of first-strand
buffer (Invitrogen), 40 U of RNaseOUT recombinant RNase inhibitor (Invitrogen) and
5 mM of dithiothreitol (DTT; Invitrogen). The solution was incubated at 25°C for 5
minutes, at 50°C for 1 h and at 70°C for 15 minutes. Residual RNA was removed by
75

Laura Roncoroni

Materials and methods

Table 2.10 RNA extraction.

Table summarising the main steps followed to extract RNA from human fetal tissue or
cancer cell lines.
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adding 2 U of E.Coli RNase H (Invitrogen) and by incubating at 37°C for 20 minutes.
The cDNA obtained was ready to be analysed by PCR reaction.

2.3 Tissue culture.

2.3.1 Cell cultures.

Cell cultures were used for RNA extraction (Methods 2.2.19), cell transient transfection
(Methods 2.3.2), binding assays (Methods 2.4.9), Western blot analysis (Methods 2.5.6)
and immunocytochemistry (Methods 2.5.8).
Different adherent cell lines were cultured, which included human epithelial carcinoma
cells (HeLa), human embryonic kidney cells (HEK293), human colon carcinoma cell
(HCT116) and the human colon adenocarcinoma cell lines SW480 and SW620.
Cultures were initiated from cells frozen at -80ºC in freezing medium (90% fetal bovine
serum (FBS), 10% DMSO). Unless otherwise stated, cells were cultured at 37ºC in
standard culture medium composed by Dulbecco`s Modified Eagle Medium (DMEM)
(Invitrogen) with 10% FBS (Invitrogen), 100 u/ml Penicillin (Invitrogen) and 100 μg/ml
Streptomycin (Invitrogen). Cells were maintained in standard growing conditions of
20% oxygen and 5% CO2 unless otherwise stated. Cells were cultured on 75 cm2 flask,
10 cm-diameter Petri dishes or 6 wells plates. Cultures were split by Trypsin
(Invitrogen) treatment every 2/3 days depending on the cell growing rate in order to
avoid exceeding 90% confluence.
All cultures were handled in sterile conditions.
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2.3.2 Cell transient transfection.

HeLa and HEK293 cells were transiently transfected prior to binding assays (Methods
2.4.9), Western Blot analysis (Methods 2.5.6) and immunocytochemistry (Methods
2.5.8).
Transfections were performed on cells plated in Petri dishes or in 6 well plates and
incubated in DMEM with 10% FBS. When Petri dishes were used, 2 x 106 cells were
plated 12 h before transfection. 10 μg of DNA was diluted in 250 μl of 150 mM NaCl
and vortexed; in another tube, 10 μl jetPEI (Polyplus transfection) was mixed with
250 μl of 150 mM NaCl and vortexed. When 6 wells plates were used, 200 000 cells
were plated in each well. 1 μg DNA diluted in 150 μl of 150 mM NaCl and 4 μl jetPEI
(Polyplus transfection) mixed with 150 μl of 150 mM NaCl were used instead.
JetPEI solution was added dropwise to the DNA solution and the tube was vortexed
immediately for 30 s. After 20-30 minutes incubation at RT, transfection reagent was
added drop by drop over the plated cells. Cells were incubated at 37ºC, 20% oxygen and
5% CO2 for 4 h, after which cells were washed in PBS and new DMEM with 10% FBS
was added. Cells were incubated for 24-48 h in standard growing conditions prior to
analysis. Alternatively, cells were incubated from o/n to 24-36 h, re-plated and
subjected to specific treatment (Methods 2.3.3).

2.3.3 Cell treatment.

Cells were grown under standard culture conditions (20% O2, 5% CO2, 25 mM glucose,
37oC) or conditions in which glucose or pO2 were altered or cell stress was induced.
Oxidative stress was produced by incubating the cells with 2.5 mM DTT for
30-60 minutes. Cellular stress was also induced by altered glucose or oxygen
availability. Cells were incubated for 24-72 h in either low glucose medium
(5.5 mM glucose) or high glucose medium (50 mM glucose). Alternatively, cells were
cultured in standard medium but incubated at 2.5% oxygen for 24-72 h.
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To alter global protein phosphorylation status, cells were incubated o/n with either
0.4 mM 8-bromo-cyclic adenosine monophosphate (AMP), a broad spectrum protein
kinase A (PKA) activator, or 20 μM 14-22 amide merystoilated peptide, a PKA
inhibitor.

2.4 Cell biology.

2.4.1 Protein expression.

To perform glutathione or protein G Sepharose matrix-based binding assays (Methods
2.4.9), GST and GST-FP of hK2P15.1 (129-158) and hK2P15.1 (244-330) were
expressed in BL21 (DE3) E.Coli bacteria cells.
One single colony of BL21 E.Coli cells previously transformed (Methods 2.2.3) with
the GST or GST-FP expressing vector of interest was picked up from a solid LB-agar
plate and incubated o/n at 37ºC in 5 ml of LB containing the appropriate selective
antibiotic. A glycerol stock (Methods 2.2.1) was prepared with part of the culture, while
1 ml of the culture was diluted 3 times into 3 ml (small scale protein production) or 50
times into 50 ml (large scale protein production) of new LB containing the appropriate
selective antibiotic. The fresh culture was grown at 37ºC for 1-4 h until its light
absorbance at 600 nm wavelength (OD600) reached the value of 0.5, moment that was
considered the time zero (t0) of the protein expression. A sample of 1 ml was collected
from the culture and centrifuged at 12 000 g for 2 minutes, the pellet of which was
resuspended in 150 µl of PBS and stored at - 20ºC. Tac promoter mediated protein
expression was induced by adding to the culture 0.5-1 mM of Isopropil
β-D-1-tiogalattopiranoside (IPTG), which binds and neutralizes the Tac promoter
inhibitor LacI. The culture was grown at 30ºC or 37ºC for 6-24 h and 1 ml of culture
was collected after 1, 2, 3, 4, 6 and 24 h. Each sample was centrifuged at 12 000 g for
2 minutes and the resultant pellet was resuspended in 150 µl of PBS and stored at -20ºC.
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Samples were then analysed by protein electrophoresis (Methods 2.5.1), gel staining
(Methods 2.5.2) and protein solubilisation (Methods 2.4.4) and they were compared to
determine the optimal protein induction conditions, corresponding to the conditions
which achieved the highest level and the best solubility of GST and GST-FP. Samples
lysates (Methods 2.4.2) were also used to perform Western Blot analysis (Methods
2.5.6) to verify the specific induction of GST and GST-FP.
Once the optimal protocol for the protein induction was established, after the addition of
1 mM IPTG the culture was grown at 30ºC for 6 h. Samples of the culture were taken at
the beginning and at the end of the protein induction to enable verification of induction
effectiveness. The induced culture was centrifuged at 12 000 g, 4ºC for 15 minutes, the
supernatant was disposed of and the resultant pellet was stored at -80 ºC.

2.4.2 Total cell lysate.

2.4.2.1 Bacteria cell lysate.

Bacteria cell lysates were utilised for plasmid DNA preparation (Methods 2.2.5), protein
solubilisation protocols (Methods 2.4.4), protein electrophoresis (Methods 2.5.1) or
Western Blot analysis (Methods 2.5.6).
For both DNA preparation and protein solubilisation protocols, details of bacteria lysis
are given in the respective sections. For Western Blot analysis, bacteria cells were
pelleted at 12 000 g, 4ºC for 5 minutes and resuspended in PBS with 1% Nonidet P-40
(NP-40), 0.5 mM EDTA and protease inhibitors. Resuspended cells were incubated
20 minutes on ice pipetting every 5 minutes and then centrifuged at 5 000 g, 4ºC for
5 minutes. The resulting supernatant corresponding to total cell lysate was used
immediately or stored at -80ºC.
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2.4.2.2 Mammalian cells lysate.

Mammalian cell lysates were utilised for binding assays (Methods 2.4.9), protein
dephosphorylation (Methods 2.4.10), protein deglycosylation (Methods 2.4.11), protein
electrophoresis (Methods 2.5.1) or Western Blot analysis (Methods 2.5.6).
Cells were collected from flasks or Petri dishes by Trypsin treatment or scraping. Cell
pellet after centrifugation at 1 200 g for 3 minutes was resuspended in PBS and
centrifuged again at 1 200 g for 3 minutes. Pellet was resuspended in 200 μl cold lysis
buffer (10 mM TrisHCl pH 7.5, 150 mM NaCl, 0.5% NP-40, protease inhibitors) with
1 ml syringe. The sample was incubated 30 minutes on ice while drawing it through a
syringe every 5 minutes. Cell lysate was centrifuged at 5 000 g, 4ºC for 5 minutes. The
resulting supernatant (total cell lysate) was used immediately or stored at -80ºC.

2.4.2.3 Tissue lysis.

To perform binding assays (Methods 2.4.9) samples were prepared from rat tissues;
protein preparations were obtained as total cell lysates.
Tissues were collected from adult rats and stored at -80°C until their use. Each tissue
was weighed, chopped into small pieces and homogenized with a small pestle in 3 µl of
RIPA buffer (PBS, 50 mM Tris, 150 mM NaCl, 0.01 % SDS, 1 % NP-40, 0.5 %
Na-deoxycholate, protease inhibitors) per 1 µg of tissue. The homogenate was incubated
on ice for 30 minutes and centrifuged at 10 000 g, 4°C for 10 minutes. The supernatant
was centrifuged again at 10 000 g, 4°C for 10 minutes. The resulting supernatant
corresponding to the total cell lysate was used immediately or stored at -80 °C.

2.4.3 Protein quantification.

Protein preparations from cells and tissue lysates (Methods 2.4.2) were quantified
through colorimetric assays by using a DC Protein Assay kit (Biorad) based on the
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Lowry method (Lowry et al., 1951). To determine the calibration curve as internal
reference, 5 protein samples of 5 µl each were prepared by diluting bovine serum
albumin (BSA) at different known concentrations from 0.1 mg/ml to 10 mg/ml.
Samples of 5 µl each were also prepared from total cell lysates to be quantified, both at
the original sample dilution and at a 1:10 dilution. To allow redox reactions, 25 µl of
alkaline copper tartrate solution (98 % proprietary buffer A, 2 % proprietary buffer S)
was added to each sample, the solution was mixed and 200 µl of buffer containing folin
(proprietary buffer B) was then added to it. The reaction volume was incubated at RT
for 15 minutes to allow reduction of the folin and oxidation of the aromatic residues in
the proteins samples, mediated by reduction and oxidation of the copper. The
concentration of reduced folin in the sample was quantified through UV
spectrophotometry at 750 nm λ. Using the measurement of reduced folin concentration,
total cell lysates protein concentration was deduced by referring to the calibration curve.

2.4.4 Protein solubilisation.

To perform glutathione or protein G Sepharose matrix-based binding assays (Methods
2.4.9) GST and GST-FP of hK2P15.1 (129-158) and hK2P15.1 (244-330) were
solubilised following protein expression (Methods 2.4.1).
Pellet of 50 ml of GST and GST-FP induced culture was resuspended in 10 ml of
resuspension buffer (PBS, 0.5 mM EDTA pH 8, protease inhibitors). Small scale
solubilisation trials were performed with 1 ml of resuspended culture. Series of
solubilisation steps and protein detection steps were utilised to optimize solubilisation
protocol for GST-FP. As solubilisation agents, different detergents, reducing or
denaturing elements were tested to determine the optimal solubilisation conditions:
1-3 % Triton X-100, 1 % NP-40, 1 % tween20, 0.03 % SDS, 10 mM DTT,
0.2-0.5% N-lauroylsarcosine (sarcosyl), 8 M urea.
Once the optimal protocol was established, the pellet of 50 ml of GST or GST-FP
culture was solubilised in 10 ml of first solubilisation buffer (PBS, 0.5 mM EDTA
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pH 8, protease inhibitors, 1 % Triton X-100). Resuspended solution was rotated at RT
for 3 h and sonicated on ice with 3 bursts of 1 minute; bacterial solutions were then
centrifuged at 12 000 g, 4ºC for 20 minutes.
For GST and GST-hK2P15.1Int protein solubilisation, the supernatant corresponding to
the soluble fraction was transferred to a new tube; 1 ml of it was stored at -80ºC to be
analysed by protein electrophoresis (Methods 2.5.1) and the remainder was ready to be
matrix-purified (Methods 2.4.8). The pellet corresponding to the insoluble fraction was
resuspended in 10 ml of PBS and was stored at -80 ºC to be analysed by protein
electrophoresis.
For GST-hK2P15.1CtB and GST-hK2P15.1CtC protein solubilisation, the supernatant
corresponding to the first soluble fraction was transferred to a new tube and stored at
-80 ºC to be analysed by protein electrophoresis. The pellet corresponding to the first
insoluble fraction was resuspended in 10 ml of second solubilisation buffer (PBS,
0.5 mM EDTA pH 8, protease inhibitors, 0.03 % SDS), rotated at RT for 3 h, sonicated
on ice with 3 bursts of 1 minute at 5 µ and then centrifuged at 12 000 g, 4ºC for
20 minutes. The supernatant corresponding to the second soluble fraction was
transferred to a new tube; 1 ml was stored at -80ºC to be analysed by protein
electrophoresis and the remainder was ready to be matrix-purified. The pellet
corresponding to the second insoluble fraction was resuspended in 10 ml of PBS and
was stored at -80 ºC to be analysed by protein electrophoresis.
Solubilisation protocols for the different GST-FP are summarised in Table 2.11.

2.4.5 Dialysis.

Dialysis was utilized to remove solubilisation agents from solubilised (Methods 2.4.4)
GST-FP of hK2P15.1 (244-330).
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Table 2.11 Protein solubilisation.

Table summarising the main steps followed to purify GST and GST-FP.
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For each soluble GST-FP, a sample of 100 μl was transferred into Slide-A-Lyzer MINI
dialysis devices 7K MWKO (Thermo Scientific) and incubated with stirring at RT in
2 L of dialysis buffer (PBS, 1% Triton X-100). Samples were then incubated with
stirring in 2 L of new dialysis buffer o/n at 4ºC. Dialysis buffer was changed and 1 h
incubation at RT while stirring was performed.

2.4.6 Synthetic peptides.

Synthetic peptides were utilized to perform binding assays (Methods 2.4.9) to hK2P15.1
N-terminus (aa 1-8) and hK2P15.1 C-terminus (aa 244-330). All synthetic peptides were
obtained from Cambridge Peptides Ltd.
Two 8 aa-long synthetic peptides mimicking hK2P15.1 N-terminus (corresponding to aa
1-8) in both non-phosphorylated status and phosphorylated in S5 were obtained (Table
2.12). A third 8 aa-long peptide corresponding to hK2P3.1 N-terminus (identical to
hK2P9.1 N-terminus) was also obtained (Table 2.12). Prior to binding assays, these
peptides were biotinylated (Methods 2.4.7) and matrix-immobilized (Methods 2.4.8).
Additionally, four synthetic peptides corresponding to 21-24 aa-long fragments of
hK2P15.1 C-terminus (corresponding to aa 244-330) were obtained. These peptides
corresponded to hK2P15.1 (244-264), hK2P15.1 (265-285), hK2P15.1 (286-306) and
hK2P15.1 (307-330) (Table 2.12). hK2P15.1 C-terminal sequence was screened to avoid
interruption of known regulatory motifs when defining C-terminal fragments. Each
peptide was synthesized with a final N-terminal cysteine to be immobilized on Sulfolink
coupling matrix (Methods 2.4.8) prior to binding assays.

2.4.7 Peptide biotinylation.

Synthetic peptides (Methods 2.4.6) corresponding to hK2P15.1 (1-8) (both
phosphorylated in S5 and non-phosphorylated) and to hK2P3.1/hK2P9.1 (1-8) were
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Table 2.12 Synthetic peptides.

Table reporting all synthetic peptides used in this study and their sequences.
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biotinylated prior to be matrix-purified (Methods 2.4.8) in binding assays protocols
(Methods 2.4.9).
Synthetic peptides were diluted at 1 mg/ml in PBS and incubated with a 20-fold molar
excess of EZ-Link Sulfo-NHS-LC-Biotin (Pierce). Reaction volume was incubated
30 minutes at RT to allow biotinylation of the amine group of each peptide.

2.4.8 Protein purification.

2.4.8.1 Glutathione Sepharose matrix-based protein purification.

To perform GST based binding assays (Methods 2.4.9), after solubilisation (Methods
2.4.4) GST and GST-hK2P15.1Int were purified by binding to glutathione matrix.
Glutathione Sepharose 4 Fast Flow master solution (GE Healthcare) was washed 3
times by adding 2 volumes of PBS and centrifuging at 1 000 g for 2 minutes. The
matrix pellet was diluted 1:2 in PBS and 200 µl of it was added to every 10 ml of
soluble protein solution. The solution was incubated rotating at 4ºC for 2 h to allow the
binding between the matrix and the GST or GST-FP. The complex matrix-GTS or
matrix-GST-FP was pelleted and washed with wash buffer (PBS, 1% Triton X-100,
0.5 M NaCl) by centrifuging the solution at 1 000 g for 2 minutes and removing the
supernatant 5 times. After the last centrifugation, the matrix-GST or matrix-GST-FP
complex in the resultant pellet was diluted 1:2 in PBS. A 20 µl sample of it was taken to
be analysed by protein electrophoresis (Methods 2.5.1) and the remainder was stored at
4 ºC.
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2.4.8.2 Protein G Sepharose matrix-based protein purification.

To perform binding assays (Methods 2.4.9) to hK2P15.1 C-terminus, after solubilisation
(Methods 2.4.4) GST, GST-hK2P15.1CtB and GST-hK2P15.1CtC were purified by
binding to protein G Sepharose matrix.
Protein G Sepharose 4 Fast Flow mater solution (GE Healthcare) was washed 3 times
by adding 2 volumes of PBS and centrifuging at 1 000 g for 2 minutes. The matrix
pellet was diluted 1:2 in PBS and 50 µl of it was added to every 1.5 ml of soluble
protein solution. The solution was incubated rotating at 4ºC for 30 minutes to allow
non-specific binding between the matrix and the GST or GST-FP. The complex
matrix-GST or matrix-GST-FP was pelleted, the supernatant was mixed with 2.5 µg of
anti-GST antibody (Novagen) and the solution was incubated rotating at 4ºC for 2 h to
allow the binding between the antibody and the GST portion of GST or GST-FP. After
2 h, 200 µl of washed protein G Sepharose matrix was added to the solution and
incubated rotating at 4ºC o/n to allow the binding between the matrix and the
antibody-GST or antibody-GST-FP complex. The complex matrix-antibody-GTS or
matrix-antibody-GST-FP was pelleted and washed with wash buffer (PBS,
1 % Triton X-100, 0.5 M NaCl) by centrifuging the solution at 1 000 g for 2 minutes
and removing the supernatant 5 times. After the last centrifugation, the complex
between matrix-antibody-GST or matrix-antibody-GST-FP in the resultant pellet was
diluted 1:2 in PBS. A 20 µl sample of it was taken to be analysed by protein
electrophoresis (Methods 2.5.1) and the remainder was stored at 4 ºC.

2.4.8.3 GFP-trap matrix-based protein purification.

GFP and GFP tagged protein were matrix-purified by binding to GFP-trap beads prior
to protein dephosphorylation (Methods 2.4.10) or to binding assays (Methods 2.4.9).
Total cell lysate of mammalian cells (Methods 2.4.2) transfected (Methods 2.3.2) with
constructs encoding for eGFP or eGFP-tagged proteins was diluted up to 500μl with
cold dilution buffer (10 mM TrisHCl pH 7.5, 150 mM NaCl, 0.5mM EDTA, protease
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inhibitors). A sample of 10 μl was removed and stored at -80ºC to be used as input
sample in binding assays. Diluted cell lysate was incubated with 20 μl of GFP-trapA
agarose beads (Chromotek). If requested by specific experimental conditions, 2 mM
ATP and 2 mM Mg2+ was added to the reaction. Reaction volume was rotated o/n at
4ºC. The complex between beads and eGFP-tagged proteins was pelleted and washed
with wash buffer (PBS, 1 % Triton X-100, 0.5 M NaCl) by centrifuging the solution at
1 000 g for 2 minutes and removing the supernatant 3 times. After centrifugation, the
complex contained in the pellet was diluted 1:2 in PBS and stored at 4ºC.

2.4.8.4 Streptavidin agarose matrix-based protein purification.

Biotinylated (Methods 2.4.7) synthetic peptides (Methods 2.4.6) were matrix-purified
by binding to streptavidin resin prior to binding assays (Methods 2.4.9).
Streptavidin agarose resin (Pierce) was washed 3 times by adding 2 volumes of PBS and
centrifuging at 1 000 g for 2 minutes. The matrix pellet was diluted 1:2 in PBS and 50
µl of it was added to every 0.5 ml of 1 mg/ml biotinylated synthetic peptides solution.
Reaction volume was incubated rotating at RT for 1 h. The complex between beads and
biotinylated

peptides

was

pelleted

and

washed

with

wash

buffer

(PBS,

1 % Triton X-100, 0.5 M NaCl) by centrifuging at 1 000 g for 2 minutes and removing
the supernatant 5 times. After centrifugation, the complex contained in the pellet was
diluted 1:2 in PBS and stored at 4ºC.

2.4.8.5 SulfoLink coupling matrix-based protein purification.

Synthetic peptides containing an N-terminal cysteine (Methods 2.4.6) were
matrix-purified by binding to iodoacetyl-coupled resin prior to perform binding assays
(Methods 2.4.9).
SulfoLink coupling resin (Pierce) was washed 3 times in 2 volumes of PBS by
centrifugation at 1 000 g for 2 minutes. Washed resin was diluted 1:2 in PBS and 50 μl
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of diluted resin was added to 0.5 ml of 1 mg/ml peptide solution in coupling buffer
(50 mM TrisHCl pH 8.5, 5 mM EDTA). Reaction solution was incubated rotating for
1 h at RT. The pelleted matrix-peptide complex was washed 5 times in wash buffer
(PBS, 1 % Triton X-100, 0.5 M NaCl) by centrifuging at 1 000 g for 2 min and
discharging the supernatant. After the last wash, the matrix-peptide complex contained
in the pellet was diluted 1:2 in PBS and stored at 4ºC.
Table 2.13 summarises the purification protocols for the different types of matrix
utilized.

2.4.9 Binding assays.

2.4.9.1 Glutathione Sepharose matrix and Protein G Sepharose matrix-based
binding assays

Glutathione Sepharose matrix and protein G Sepharose matrix-based binding assays
were performed to isolate proteins that specifically bind hK2P15.1 (129-158) or
hK2P15.1 (244-330) respectively.
To summarize the protocol principle, GST and GST-FP of interest were produced in
bacteria cultures by inducing their Tac promoter mediated protein expression (Methods
2.4.1). GST and GST-FP were solubilised (Methods 2.4.4) and matrix-purified
(Methods 2.4.8) through their GST portion. A complex was formed between matrix and
GST or GST-FP. Proteins non-specifically bound to the matrix were removed by
applying stringent wash conditions altering salt and detergent levels. The complex
between matrix and GST or GST-FP was used to perform binding assays by incubating
with tissue lysate (Methods 2.4.2) to allow the interaction between GST or GST-FP and
potential binding partners. Non-specifically or low affinity interacting proteins were
removed from the complex by applying stringent wash conditions altering salt and
detergent levels. Specifically interacting proteins were eluted in a low pH solution,
separated by protein electrophoresis (Methods 2.5.1) and stained (Methods 2.5.2) by
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Table 2.13 Protein purification.

Table summarising the main steps followed in protein purification protocols depending
on the matrix utilised.
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Coomassie or silver staining. Proteins that bound specifically hK2P15.1 (129-158) or
hK2P15.1 (244-330) but did not bind the GST control were isolated from the gel and
identified by mass spectrometry (Methods 2.5.3). The different steps to follow in the
GST-based binding assay protocol are presented schematically in Figure 2.4.
After GST and GST-FP purification by glutathione Sepharose matrix or protein G
Sepharose matrix (Methods 2.4.8), 20 µl of purified protein was incubated with 1 ml of
rat brain homogenate at the concentration of 0.5 mg/ml. The solution was incubated
rotating at 4ºC for 1 h and was then pelleted by centrifugation at 1 000 g for 2 minutes.
The resultant pellet underwent five 2 minute washes with wash buffer (PBS, 1%
Triton X-100, 0.5 M NaCl). Bound proteins were eluted from matrix with 30 µl glycine
elution buffer (150 mM NaCl, 200 mM glycine, pH 2). The elution buffer was separated
from the complex by centrifugation at 10 000 g for 2 minutes. The supernatant
containing eluted proteins was removed and mixed with 5-10 µl of TrisHCl pH 9 until it
reached pH 7.

2.4.9.2 GFP-trap beads-based binding assays.

GFP-trap beads-based binding assays were performed to identify proteins specifically
interacting with GFP and GFP tagged TASK channels. After protein purification by
GFP-trap beads (Methods 2.4.8), 20 µl of purified protein was washed 3 times with
dilution buffer (10 mM TrisHCl pH 7.5, 150 mM NaCl, 0.5mM EDTA, protease
inhibitors) by centrifuging the solution at 1 000 g for 2 minutes and removing the
supernatant. The resulting pellet was incubated with 30 μl glycine elution buffer
(150 mM NaCl, 200 mM glycine, pH 2) and centrifuged at 10 000 g for 2 minutes.
Supernatant was kept in another tube and corresponded to low pH-eluted binding
proteins. To neutralise low pH, 5 µl of TrisHCl pH 9 was added to both the supernatant
and the pellet. Strongly interacting proteins were eluted by incubating the pellet with 30
μl of loading buffer (8% SDS, 250 mM TrisHCl pH 6.8, 35% Glycerol, Bromophenol
blue, 50 mM DTT), boiling the suspension for 5 minutes at 95ºC and collecting the
supernatant after centrifugation at 10 000 g for 2 minutes.
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Figure 2.4 GST-fusion protein-based binding assays.

Scheme showing the principle of GST-fusion protein (GST-FP) binding assays.
Expression of cloned GST and GST-FP in BL21 (DE3) E.Coli is induced by addition of
IPTG, which binds and neutralises the Tac promoter inhibitor LacI (1). Expressed GST
and GST-FP are solubilised (2) and purified by immobilisation on agarose beads and
washing in stringent conditions to remove non specifically interacting bacterial proteins
(3). Purified GST and GST-FP are incubated with tissue homogenate (4) and non
specifically interacting proteins are removed by washing in stringent conditions (5).
Specifically interacting proteins are eluted by low pH followed by loading buffer
incubation (6), collected (7) and separated by SDS-PAGE (8). Proteins interacting with
GST-FP but not with GST are isolated (8) and identified by mass spectrometry (9).
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2.4.9.3 Streptavidin agarose matrix and SulfoLink coupling matrix-based binding
assays.

Streptavidin agarose matrix-based binding assays were performed to identify proteins
specifically interacting with peptides mimicking hK2P15.1 (1-8) or hK2P3.1/hK2P9.1
(1-8). SulfoLink coupling matrix-based binding assays were performed to identify
proteins specifically interacting with peptides corresponding to fragments of hK2P15.1
(244-330).
After peptide purification by streptavidin agarose matrix or SulfoLink coupling matrix
(Methods 2.4.8), 50 μl of purified peptides was incubated with 1 ml of rat brain
homogenate at the concentration of 2 mg/ml and incubated rotating o/n at 4ºC. The
solution was centrifuged at 1 000 g for 2 minutes and the pellet was washed 5 times
with wash buffer (PBS, 1 % Triton X-100, 0.5 M NaCl) by centrifuging the solution at
1 000 g for 2 minutes and removing the supernatant. The resulting pellet was incubated
with 30 μl glycine elution buffer (150 mM NaCl, 200 mM glycine, pH 2) and
centrifuged at 10 000 g for 2 minutes. Supernatant containing low pH-eluted interacting
proteins was incubated with 5 µl of TrisHCl pH 9 to neutralize acid pH. The pellet
containing strongly interacting proteins was incubated with 30 μl of loading buffer (8%
SDS, 250 mM TrisHCl pH 6.8, 35% Glycerol, bromophenol blue, 50 mM DTT) and
boiled at 95ºC for 5 minutes. interacting proteins were then obtained by centrifugation
at 10 000 g for 2 minutes and interacting proteins contained in the supernatant collected.
Table 2.14 summarises binding assays protocols for the different types of matrix
utilized.

2.4.10 Protein dephosphorylation.

Protein dephosphorylation was performed on total cell lysate (Methods 2.4.2) of
HEK293 cells (Methods 2.3.1) transfected (Methods 2.3.2) with hK2P15.1-eGFP after
purification by GFP-trap beads (Methods 2.4.8). Two samples of 20 µl purified protein
each were incubated with Alkaline Phosphatase buffer (NEB) and protein inhibitors.
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Table 2.14 Binding assays.

Table summarising the main steps followed in binding assays protocols depending on
the matrix utilised.
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One sample was then incubated with Alkaline Phophatase (NEB) to enhance protein
dephosphorylation and the other sample with PhosStop to prevent it. Both samples were
incubated 1 h at 37ºC. Proteins were then eluted by incubation with 30 μl of loading
buffer (8% SDS, 250 mM TrisHCl pH 6.8, 35% Glycerol, bromophenol blue, 50 mM
DTT) and boiled at 95ºC for 5 minutes. After centrifugation at 10 000 g for 2 minutes,
supernatant was collected.

2.4.11 Protein deglycosylation.

Protein deglycosylation was performed on hK2P9.1-eGFP and hK2P15.1-AcV5 after cell
transfection (Methods 2.3.2) and cell lysis (Methods 2.4.2). 200 μl total cell lysate was
diluted up to 500 μl with cold dilution buffer (10 mM TrisHCl pH 7.5, 150 mM NaCl,
0.5 mM EDTA, protease inhibitors). Deglycosylation treatment was performed in 30 μl
reaction volume containing 23 μl of dilutes total cell lysate.
To investigate N-linked glycosylation, deglycosylation treatment was performed in
30 μl reaction volume containing 23 μl of diluted total cell lysate. Control sample was
prepared by adding 4 μl of water and 3 μl of buffer G5 (50 mM sodium citrate, pH 5.5)
(NEB). EndoH-treated sample was prepared with addition of 3 µl water, 3 µl buffer G5
and 500 U EndoH (NEB). PNGase F-treated sample was obtained by addition of 3 µl
1% NP-40, 3 µl buffer G7 (50 mM sodium phosphate, pH 7.5) (NEB) and 500 U
PNGase F (NEB). Control and EndoH-treated samples were incubated for 2 h at 37ºC,
while PNGase F-treated sample was incubated for 2 h at 30ºC.
To investigate O-linked glycosylation, treatment was performed in 30 μl reaction
volume containing 20 μl of diluted total cell lysate. Control sample was prepared by
adding 4 μl of water, 3 µl buffer G7 and 3 µl 1% NP-40. Deglycosylated sample was
prepared with addition of 3 µl buffer G7, 3 µl 1% NP-40, 100 U Neuraminidase (NEB)
and 800 U O-glycosidase (NEB). Both samples were incubated for 2 h at 37ºC.
After treatment, samples were compared by Western Blot analysis (Methods 2.5.6).
Table 2.15 summarises the different deglycosylation treatments conditions utilised.
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Table 2.15 Protein deglycosylation.

Table summarising the reaction volumes and main steps followed to perform protein
deglycosylation
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2.5 Protein detection.

2.5.1 Protein electrophoresis.

Protein electrophoresis was performed to optimise and verify GST-FP expression
(Methods 2.4.1), solubilisation (Methods 2.4.4) and matrix-based purification (Methods
2.4.8), to isolate proteins resulting from binding assays (Methods 2.4.9) and to separate
proteins prior to Western Blot analysis (Methods 2.5.6).
Protein samples were mixed with 4x loading buffer (8% SDS, 250 mM TrisHCl pH 6.8,
35% glycerol, bromophenol blue, 50 mM DTT) (Table 2.16), incubated at 37°C for
15 minutes and centrifuged at 12 000 g for 1 minute. When samples containing
Sepharose matrix were handled, the supernatant was the fraction of the sample to
analyse.
Polyacrylamide gels were prepared by polymerising a short 4 % polyacrylamide layer
on top of a main 7.5-15% polyacrylamide layer containing 8 M urea. Preparation of 4 %
polyacrylamide (3.84% acrylamide (Biorad), 0.16% bis-acrylamide (Biorad), 125 mM
TrisHCl pH 6.8, 0.1 SDS, 0.1% tetramethylethylenediamine (TEMED), 0.05%
ammonium persulfate (APS)), 7.5 % polyacrylamide (7.28% acrylamide, 0.22%
bis acrylamide, 375 mM TrisHCl pH 8.8, 0.1% SDS, 0.05 %TEMED, 0.05% APS),
12 % polyacrylamide (11.68% acrylamide, 0.32% bis-acrylamide, 375 mM TrisHCl pH
8.8, 0.1% SDS, 0.05% TEMED, 0.05% APS) and 15% polyacrylamide gels (14.56%
acrylamide, 0.44% bis-acrylamide, 375 mM TrisHCl pH 8.8, 0.1% SDS, 0.05%
TEMED, 0.05% APS) (Table 2.16) was performed without protein contamination and
all devices were previously cleaned with 70% ethanol.
Samples were separated by SDS gel electrophoresis (SDS-PAGE) on 7.5-15 %
polyacrylamide gels in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS)
(Table 2.16) by applying a voltage of 60-100 V. Proteins on the gel were either
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Table 2.16 Buffer and gels for protein electrophoresis.

Table summarising the composition of gels and buffer utilised to perform protein
electrophoresis.
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transferred to a nitrocellulose membrane for Western Blot analysis or stained (Methods
2.5.2) to be visualised and eventually identified by mass spectrometry (Methods 2.5.3).

2.5.2 Protein staining.

2.5.2.1 Coomassie blue staining.

To verify protein transfer in Western Blot analysis (Methods 2.5.6), GST-FP expression
(Methods 2.4.1), solubilisation (Methods 2.4.4) and matrix-based purification (Methods
2.4.8), SDS gels were stained using a Coomassie based protocol.
Coomassie based staining was performed by incubating SDS gels in the proprietary
Instant-Blue solution (Expedeon) for 15-30 minutes, after which the solution was
removed and the gels was rinsed with water and visualised.

2.5.2.2 Silver staining.

To distinguish and isolate proteins resulting from binding assays (Methods 2.4.9), SDS
gels were silver stained to achieve a better and more sensitive band resolution.
Silver staining was performed by using the ProteoSilver PROTSIL1 kit. The gel was
fixed by incubation in 100 ml of fixing solution (50% ethanol, 10% acetic acid) for
20 minutes and washed firstly in 100 ml of 30% ethanol for 10 minutes, then in 200 ml
of water for 10 minutes. The gel was incubated in 100 ml of proprietary sensitizing
solution for 10 minutes and washed in 200 ml of water for 10 minutes twice. A silver
equilibration was performed by incubating the gel in 100 ml of proprietary silver
solution for 10 minutes, after which the gel was washed in 200 ml of water for 1 minute.
The gel was developed by incubation in 100 ml of proprietary developer solution for 3-6
minutes, until the bands were clearly visible but not too strongly stained. Finally, the
reaction was terminated by adding 5 ml of proprietary stop solution to the developer
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solution and by incubating for 5 minutes. The gels was washed in 200 ml of water for
15 minutes and visualised.

2.5.3 Protein identification.

After protein electrophoresis (Methods 2.5.1) and gel staining (Methods 2.5.2), bands of
interest were cut from the polyacrylamide gel, transferred into a tube and kept in water.
Proteins contained in each isolated band were identified by mass spectrometry by the
Medical Biomics Centre of Saint George’s University of London, United Kingdom.

2.5.4 Antibody design.

A rabbit polyclonal antibody directed against hK2P15.1 and named hK2P15.1-LR was
commissioned at Covalab Société à Responsabilità Limitée (S.A.R.L.). Two rabbits
were immunised against two different peptides of 14 and 15 amino acids each. The first
peptide, LRRKFGFSAEDYRE (Figure 2.5), corresponded to hK2P15.1 (48-61) within
the first external loop of the channel. The second peptide, HKLERCARDNLGFSP
(Figure 2.5), corresponded to hK2P15.1 (294-308) within the distal portion of the
channel C-terminus. For both rabbits, serum immunoreactivity against both peptides
was tested. The final affinity purified antibody was obtained by purifying against the
second peptide a pool of final immunised sera (day 67 post immunisation) of both
rabbits. Synthetised peptides, as well as sera samples from intermediate bleedings (day
0, day 39 and day 53 post immunisation) of both rabbits were also obtained.

2.5.5 Antibodies.

Different primary and secondary antibodies were utilised in binding assays (Methods
2.4.9) or to detect proteins of interest in Western Blot analysis (Methods 2.5.6) and
immunocytochemistry (Methods 2.5.8). Table 2.17 summarises all antibodies used in
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Figure 2.5 hK2P15.1 structure and position of hK2P15.1-LR epitope.

Diagram of hK2P15.1 predicted structure showing the position of the epitopes selected
to act as immunogenic peptides for hK2P15.1 antibody design and production. Only
peptide 2 was utilised for hK2P15.1-LR purification.
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Table 2.17 Antibodies.

Table reporting all antibodies utilised in this study and indicating their work dilution
depending on the technique utilised.
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this study with specifications, host organism and working dilutions for each of the
techniques they were employed for.

2.5.6 Western Blot analysis.

Western blot analysis was performed to detect proteins of interest after protein
electrophoresis (Methods 2.5.1) of GST and GST-FP induced samples (Methods 2.4.1),
transfected cells (Methods 2.3.2) and samples eluted from binding assays (Methods
2.4.9).
After protein electrophoresis, polyacrylamide gels were transferred to nitrocellulose
membrane (GE Healthcare). The transfer chamber was assembled inside a plastic
perforated cassette by stacking the polyacrylamide gel and the nitrocellulose membrane
and by placing them between 2 stratified layers, each of them composed internally by
two filter papers and externally by a sponge. Protein transfer was performed at 250 mA,
4ºC for 2 h in transfer buffer (20 mM Tris, 153 mM glycine, 20 % methanol). Proteins
remained in the polyacrylamide gels were visualised by Comassie based staining
(Methods 2.5.2).
Proteins transferred to the nitrocellulose membrane were stained by incubating the
membrane in Ponceau red solution (1% acetic acid, 0.1% ponceau red) for 5 minutes,
after which the solution was removed and the membrane was rinsed with water.
To minimise non-specific antibody binding, the membrane was incubated for 5 minutes
and then for 1 h in blot solution (50 mM TrisHCl pH 7.4, 150 mM NaCl, 50 g/l dried
skimmed milk (Marvel), 0.05% tween20). When antibodies detecting phosphorylated
proteins were utilised, Net-gelatine buffer (50 mM TrisHCl pH 7.4, 150 mM NaCl,
2.5 g/l gelatine, 5 mM EDTA, 0.05% Triton X-100, 0.1% tween20) with 3% BSA was
used instead of blot solution. The membrane was incubated from 1 h to o/n at 4ºC with
the primary antibody diluted in blot solution (or Net-gelatine buffer with 0.5% BSA).
To wash the excess of antibody, after hybridisation the membrane was incubated at RT
3 times for 15 minutes each with blot solution (or Net-gelatine buffer with 3% BSA).
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The secondary antibody horse radish peroxidase (HRP)-conjugated diluted in blot
solution (or Net-gelatine buffer with 0.5% BSA) was applied to the membrane for 1 h.
Washes of 15 minutes each were performed 3 times with Tris-buffered-saline-tween
(TBST) solution (50 mM TrisHCl pH 7.4, 150 mM NaCl, 0.05% tween20) to eliminate
the excess of antibody. The antibodies used and their working dilutions are specified in
Table 2.17.
After the last wash in TBST solution, the membrane was incubated for 5 minute with
the enhanced chemi-luminescent (ECL) solutions West PICO Chemiluminescent
Substrate-SuperSignal (Pierce) or West FEMTO Max Sensitivity Substrate-SuperSignal
(Pierce), depending of the strength of the signal to detect. Both solutions were prepared
by mixing the proprietary solution A with the proprietary solution B in equal volumes.
Protein signal was detected by film impression in dark room. A film was exposed to the
membrane for a time variable from 2 s to o/n depending on the signal intensity. After
exposure, the film was incubated shaking for 2-5 minutes in developer solution
(Kodak), rinsed in water, incubated shaking for 5 minutes in fixing solution (Kodak)
and rinsed in water before being air-dried. Images of dried films were acquired by
scanning.
The main steps followed to perform Western Blot analysis are summarised in Table
2.18. Compositions of the different buffers and reagents used for Western Blot analysis
are summarised in Table 2.19.

2.5.7 Western Blot analysis quantification.

Images of films obtained following Western Blot analysis were quantified using the
software ImageJ. A square box including the biggest band to quantify was drawn; the
same box was placed around each of the bands to quantify. Intensity of each band was
measured by calculating the integrated density over the area defined by the box.
Background value was subtracted. The intensity of each band was then normalised
against the intensity of a normalisation protein blotting.
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Table 2.18 Western Blot analysis.

Table summarising the main steps utilised to perform Western Blot analysis.
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Table 2.19 Buffers for Western Blot analysis.

Table summarising the composition of all buffer utilised to perform Western Blot
analysis.
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2.5.8 Immunocytochemistry.

Immunochemistry was performed on transfected (Methods 2.3.2) HeLa cells to
investigate hK2P15.1 subcellular localization and to validate and characterise antibodies
for hK2P15.1 detection. HeLa cells were transfected on sterile coverslips placed in the
wells of a 6 wells plate. After transfection and eventual treatment (Methods 2.3.3) cells
were washed 3 times in PBS and fixed by incubation in filtered 4% paraformaldehyde
(PFA) for 7 minutes. Cells were washed 3 times in filtered 100 mM glycine solution to
quench PFA autofluorescence and two additional washes in PBS were performed.
When cell membrane staining was performed, cells were incubated for 20 minutes at RT
with 1 μg/ml lectin staining solution and washed 3 timed in PBS. Cells were then
mounted with Vectashield (Vector Labs) on glass slides and coverslips were sealed to
the slide with nail varnish. Slices were stored 4ºC to be subsequently analysed by
microscopy (Methods 2.5.9).
When intracellular staining was performed, cells were permeabilised by incubation with
PBS with 1% Triton X-100 for 7 minutes and washed 3 times in PBS. Incubation with
3% BSA in PBS for 30 minutes was performed to minimise non-specific antibody
binding. Cells were washed twice in PBS and incubated with primary antibody diluted
in PBS with 1% BSA for either 2 h at RT or o/n at 4ºC in wet environment. During
antibody incubation, parafilm was placed on top of the antibody solution to avoid
evaporation. After antibody hybridisation, cells were washed in PBS 3 times. Cells were
then incubated with secondary antibody diluted in PBS with 1% BSA for 1 h at RT. If
secondary antibody fluorophore-conjugated was utilised, after hybridisation cells were
washed 3 times in PBS, mounted and stored at 4ºC. If secondary antibody
biotin-conjugated was utilised instead, after hybridisation cells were washed 3 times in
PBS and incubated with streptavidin fluorophore-conjugated solution in PBS with 1%
BSA for 1 h at RT. Following 3 washes in PBS, cells were mounted as described above.
Table 2.20 summarises immunochemistry protocols in the different conditions utilised.
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Table 2.20 Immunocytochemistry.

Table summarising the main steps utilised to perform immunocytochemistry on
transfected HeLa cells.
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2.5.9 Microscopy.

After immunocytochemistry (Methods 2.5.8), fixed cells mounted on glass slides were
analysed by either epifluorescence or confocal microscopy.

2.5.9.1 Epifluorescence microscopy.

Epifluorescent microscopy was utilised for preliminary analysis for hK2P15.1 antibodies
(Table 2.17) optimisation.
Images were acquired with the inverted microscope Zeiss Axiovert 200 (Zeiss).
Different lasers emitting at specific λ were employed as the excitation light source,
including HBO103 mercury vapor short-arc lamp and HAL 100 halogen illuminator.
Images were acquired in xyz scan mode at 520 Hz scanning speed. Scanned fields of
view were 23 mm width x 23 mm height. Each image was generated at 512 pixels x
512 pixels with 8 bit colour resolution.
Images were acquired with a 63x magnification objective lens (0.75 numerical aperture
(LD Achroplan 63x/0.75)). Detector sensitivity for each channel was set to the
maximum exposure time which gave no signal in control samples (no primary
antibody).

2.5.9.2 Confocal microscopy.

Confocal analysis was utilised for hK2P15.1-LR (Methods 2.5.4) validation and for the
analysis of hK2P15.1 subcellular localisation.
Images were acquired with the inverted confocal microscope Leica TCS SP5 II (Leica).
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To specifically excite each fluorophore utilised in the immunofluorescent staining
(Methods 2.5.8), different lasers emitting at specific λ were employed as the excitation
light source. DAPI (nuclear counterstain present in Vectashield mountant (Vector
Labs)) was excited with a soft UV diode laser at 405 nm λ; eGFP was excited with an
Argon laser at 488 nm λ; TRITC was excited with a yellow diode-pumped solid state
(DPSS) laser at 561 nm λ; TexasRed was excited with a Helium-Neon (NeNe) laser at
594 and 633 nm λ. All lasers were used at 25% power.
Images were acquired in xyz scan mode with 90º rotation at 600 Hz scanning speed.
Scanned fields of view were 155 μm width x 155 μm height with a Z slice every
0.45 μm. Each Z slice was generated as the average of 4 acquired frames at 1024 pixels
x 1024 pixels with 8 bit colour resolution.
Images were acquired with a 100x magnification, oil-immersion objective lens (1.40
numerical aperture and 1.52 refraction index (HCX PL APO CS 100.0x1.40 OIL)).
Detector sensitivity for each channel was set to the maximum gain (650-950 volt) which
gave no signal in control samples (no primary antibody).

2.5.10 Image quantification.

Confocal images (Methods 2.5.9) were quantified for hK2P15.1-LR (Methods 2.5.4)
validation and for the analysis of hK2P15.1 subcellular localisation.
Single stacks of confocal images were quantified with LAS AS Lite software to verify
signal colocalisation between two stains of interest. Usually hK2P15.1 tag signal (either
eGFP or AcV5) was compared to the staining of either hK2P15.1-LR or markers for
intracellular compartments. A line defining the region of interest (ROI) was traced
across a cell expressing medium/low levels of transfected protein (Methods 2.3.2). A
minimum of 20 cells were analysed for each experimental condition, and an average of
10 lines were traced across each cell. Intensity of each signal was quantified along the
ROI. For each signal, a trace of the signal intensity along the ROI was obtained. To
establish colocalisation between two signals, the two traces of intensity were
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superimposed. Colocalisation of the two signals resulted in overlap of their intensity
peak positions. For non-colocalising signals, the distance between intensity peak
positions was measured.

2.6 In-silico analysis.
In-silico analyses were performed to predict hK2P15.1 subcellular localization, structure
and post-translational modifications (PTM).

2.6.1 Prediction of hK2P15.1 subcellular localisation.

Wolfpsort software (http://wolfpsort.org/) was utilized to predict hK2P15.1 subcellular
localization. Wolfpsort is an extension of the software PSORTII (http://psort.hgc.jp/).
The software analyses a protein primary sequence and screens it for motifs or domains
predictive of protein localization to specific cell compartments. Different algorithms
were utilized.
The k-nearest neighbor algorithm (k-NN score) was utilized to predict the probability of
protein localisation within different cell compartments. Presence of signal sequence or
cleavable signal peptide was predicted by large positive outputs following analysis by
McGeoch method (signal prediction score (PSG)) and Von Heijne method (GvH score)
respectively. Probability of mitochondrial or nuclear localization was calculated by
discriminant analysis (MITDISC and NUCDISC score respectively), which evaluates
the protein N-terminal sequence for MITDISC and the presence of nuclear localization
signals or ribonucleoprotein consensus motifs for NUCDISC. ER luminal retrieval and
ER membrane retention were predicted by screening the protein primary sequence for
presence of N-terminal XXRR like and C-terminal KKXX like or KDEL ER retention
motifs. Probability of protein internalisation from the cell membrane to target either
Golgi or clathrin-coated endocytic vesicles was estimated by the presence of YQRL or
C-terminal tyrosine containing motifs respectively. To predict protein localization
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within peroxisomes, presence of peroxisomal matrix-targeting sequences (PTSs) was
evaluated by screening for N-terminal PTS2 or C-terminal SKL PTSs. Lysosomal
protein localization was predicted by vacuolar targeting motifs (VAC) and C-terminal
di-leucine motifs, although this prediction is far from being complete and need strong
improvement. Finally, cytoskeletal localization was predicted by screening for actininbinding motifs, with the knowledge that this may be insufficient.

2.6.2 Prediction of hK2P15.1 structure.

hK2P15.1 structure was predicted by analyzing the channel primary sequence using the
software TMpred (http://www.ch.embnet.org/software/TMPRED_form.html). TMpred
identifies the position of the transmembrane regions (Tm) of a protein according to its
hydrophobicity profile. Regions with high hydrophobicity (above a threshold level of 1)
are predicted as Tm. For each predicted Tm, a prediction of orientation is also given.
To complete the in-silico analysis of hK2P15.1 structure, hK2P15.1 protein primary
sequence was manually compared to hK2P3.1 and hK2P9.1 sequences. Characteristic
elements of hK2P3.1 and hK2P9.1 pore domain or cytoplasmic regions were sought in
hK2P15.1 sequence. Presence in hK2P15.1 sequence of regulatory elements known to
either activate or inhibit hK2P3.1 and hK2P9.1 was also investigated.

2.6.3 Prediction of hK2P15.1 PTM.

To predict PTM, hK2P15.1 primary sequence was analysed with different software from
the server of Technical University of Denmark (TUD).
Phosphorylation was predicted by NetPhos (http://www.cbs.dtu.dk/services/NetPhos)
and NetPhosK (http://www.cbs.dtu.dk/services/NetPhosK/). NetPhos identifies serine,
threonine and tyrosine residues within the protein primary sequence and calculates their
likelihood of being phosphorylated in-vivo. Residues with phosphorylation likelihood
above the threshold levels of 0.5 are considered phospho-acceptor sites. NetPhosK
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identifies these predicted phosphorylation targets and predicts which kinases may be
responsible for their phosphorylation.
Glycosylation was predicted by NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc)
or NetOGlyc (http://www.cbs.dtu.dk/services/NetOGlyc), which identify arginine
residues predicted to undergo N-linked glycosylation or serine and threonine residues
predicted to undergo O-linked glycosylation above the threshold level of 0.5
respectively.
To complete the in-silico analysis of hK2P15.1 PTM, hK2P15.1 primary sequence was
analysed with the softwares BDM-PUB (http://bdmpub.biocuckoo.org/prediction.php)
and Sumoplot (http://www.abgent.com/tools/sumoplot). BDM-PUB and Sumoplot
identify lysine residues within a protein primary sequence and calculate their likelihood
to be ubiquitinated or sumoylated above threshold levels respectively.
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Chapter 3

Results

Characterisation of hK2P15.1 tissue distribution and
subcellular localisation.
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3.1 Introduction.
KCNK15 tissue expression at the mRNA level has been examined in adult rat (Karschin
et al., 2001) and human tissues (Ashmole et al., 2001; Karschin et al., 2001) and shows
a very specific and distinct distribution pattern. In rodent, Kcnk15 mRNA was observed
mainly in brain, with specific expression in the auditory system, cerebellum,
hypothalamus, olfactory system and spinal trigeminal sensory nucleus (Karschin et al.,
2001). Lower levels of Kcnk15 mRNA were identified in liver and spleen (Karschin et
al., 2001). In human tissues, KCNK15 mRNA is present in adrenal gland, pancreas and
testis, while no expression was observed in stomach, bowel, thymus, prostate, spleen
and skin (Ashmole et al., 2001; Kim and Gnatenco, 2001). There is conflicting data with
regard to KCNK15 expression in a number of tissues including brain, heart, lung, kidney
and skeletal muscle (Ashmole et al., 2001; Kim and Gnatenco, 2001). Nevertheless
KCNK15 mRNA differential tissue distribution in sensory and endocrine systems
suggests a specific function for hK2P15.1. Therefore understanding the hK2P15.1
expression pattern may provide insight into possible physiological roles. For this reason,
KCNK15 mRNA expression was examined by RT-PCR in different tissues and at
different developmental stages.
hK2P15.1 tissue expression at protein level has yet to be reported. A major restriction is
the lack of specific and reliable antibodies to detect hK2P15.1. Recently, two
commercially available hK2P15.1 antibodies targeted at hK2P15.1 C-terminal region
were developed (Santa Cruz Biotechnology, Abcam). Here both antibodies were
examined to determine their ability, specificity and reliability to detect hK2P15.1, both
by immunocytochemistry and Western Blot analysis. In addition, both commercially
available antibodies were compared to a new polyclonal antibody (hK2P15.1-LR)
commissioned by our laboratory and directed against hK2P15.1 (294-308). The ability of
hK2P15.1-LR to detect hK2P15.1 and its affinity to the channel C-terminus were
investigated both by immunocytochemistry and Western Blot analysis.
Together with hK2P15.1 tissue expression, the subcellular localization of the channel
was also investigated. Establishing whether or not hK2P15.1 reached the cell surface
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would help explain why the channel appears not to function when expressed in
recombinant expression systems (Ashmole et al., 2001; Karschin et al., 2001; Kim and
Gnatenco, 2001). To date the only published data regarding hK2P15.1 subcellular
localization are from fluorescent images of eGFP-tagged channel which fail to provide
sufficient resolution to determine if the channel achieved cell surface expression
(Ashmole et al., 2001). In that study, hK2P15.1 has shown a similar distribution pattern
to hK2P3.1 when over-expressed in HEK293 cells (Ashmole et al., 2001) and, although
hK2P3.1 is known to be both localized at the membrane and retained intracellularly, no
certain conclusions could be drawn for hK2P15.1 from those experiments. Here
hK2P15.1

subcellular

localization

was

analysed

and

characterized

by

immunocytochemistry and confocal microscopy through the use of several organelle
markers to identify the cell compartment of interest.

3.2 hK2P15.1 tissue distribution.

3.2.1 Characterisation of KCNK15 mRNA tissue distribution.

KCNK15 mRNA tissue distribution was characterised in human adult and fetal tissues
and in several human cancer cell lines by RT-PCR analysis. Human adult cDNA was
obtained from Ambion and analysed by PCR reaction (Methods, 2.2.12). Human fetal
and cancer cell line mRNA was extracted (Methods, 2.2.19) from human fetal tissues
and cancer cell lines respectively and was retro-transcribed to cDNA (Methods, 2.2.20)
for analysis by PCR reaction.
Intron spanning primers for KCNK15 detection were designed (Methods, 2.2.11) to
specifically amplify KCNK15 cDNA and discriminate between amplification from
KCNK15 cDNA and genomic DNA (Figure 3.1). Figure 3.1A illustrates the site of
annealing of KCNK15 specific primers both at genomic and mRNA level and the
expected product size when detecting genomic (4349 bp) rather than transcript (414 bp)
KCNK15 amplification. KCNK15 specific primers optimisation was performed on a
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Figure 3.1 KCNK15 genomic organisation and optimisation of RT-PCR conditions
for KCNK15 mRNA detection.
A Diagram showing KCNK15 genomic and mRNA organisation and the position of
primers used to distinguish RT-PCR from genomic product. Red arrows indicate the
forward and reverse primers which give product sizes of 4349 bp and 414 bp from
genomic and cDNA respectively.
B Image of a 1.5 % agarose gel with products of a temperature gradient PCR from
pooled cDNA of human fetal tissues with KCNK15 specific primers. A single band of
414 bp is detected with an annealing temperature of 67.7°C.
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pool of human fetal cDNA and included the optimisation of reaction components,
concentrations and annealing temperatures. Figure 3.1B shows the screening of a range
of annealing temperatures performed to ensure optimal yield and specificity. Optimal
product was obtained at the expected size (414 bp) with annealing temperature of
67.7°C (Figure 3.1B) and its specificity was supported by sequencing analysis
(Methods, 2.2.18), which confirmed that it corresponded to KCNK15 mRNA.
Product of the expected size was detected and showed sequence identity of KCNK15 in
human fetal esophagus, pancreas and skeletal muscle but not in negative controls (no
reverse transcriptase) nor in the no-template control reaction (Figure 3.2A). Liver
produced a faint product of the correct size (Figure 3.2A) but failed to provide high
quality sequence data to allow sequence analysis. In human fetal heart and stomach
products smaller than predicted (300-400 bp) were detected (Figure 3.2A). These
products were revealed by sequencing analysis not to correspond to KCNK15 and were
therefore dismissed as artifacts. In several tissues KCNK15 mRNA was not detected
(Figure 3.2A). No KCNK15 mRNA amplification would represent no or low KCNK15
expression in these tissues. Table 3.1 provides a summary of KCNK15 mRNA tissue
distribution in the human fetal tissues considered. The cDNA content and quality of the
analysed human fetal tissues was confirmed through successful amplification of the
transcript for the housekeeping gene RPL27 by PCR. A product of expected size
(123 bp) was detected in all human fetal cDNA considered, while no product was
detected from negative controls or from the no-template control reaction (Figure 3.2B).
A panel of human adult tissues was also analysed for KCNK15 mRNA expression.
KCNK15 mRNA was detected in human adult brain, heart, lung, adrenal, kidney,
pancreas, liver, esophagus, colon and skeletal muscle cDNA (Figure 3.3A). Amplified
product from all tissues except brain, esophagus and liver showed KCNK15 sequence
identity (Table 3.1). Control experiments included the successful amplification of
RPL27 mRNA form all the human adult cDNA considered (Figure 3.3B) and no
amplification of KCNK15 or RPL27 mRNA from the no-template control reaction
(Figure 3.3A and Figure 3.3B).
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Figure 3.2 KCNK15 mRNA is expressed in human fetal tissues.
A Image of a 1.5 % agarose gel with PCR products from human fetal tissue specific
cDNA, their negative controls and a no-template control reaction with KCNK15 specific
primers and annealing temperature of 68°C. KCNK15 expected product size is 414 bp,
as denoted by the arrow. KCNK15 is detected at the expected size in human fetal lung,
pancreas, liver and skeletal muscle.
B Image of a 1.5 % agarose gel with PCR products from human fetal tissue specific
cDNA, their negative controls and a no-template control reaction with RPL27 specific
primers and annealing temperature of 60°C. RPL27 is detected at the expected size
(123 bp, arrow) in all the human fetal tissues investigated.
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Figure 3.3 KCNK15 mRNA is expressed in human adult tissues.
A Image of a 1.5 % agarose gel with PCR products from human adult tissue specific

cDNA and a no-template control reaction with KCNK15 specific primers and annealing
temperature of 68°C. KCNK15 expected product size is 414 bp, as denoted by the
arrow. KCNK15 is detected at the expected size in human adult brain (two cDNA
preparations analysed), heart, lung, adrenal, kidney, pancreas, liver, esophagus, colon
and skeletal muscle.
B Image of a 1.5 % agarose gel with PCR products from human adult tissue specific

cDNA and a no-template control reaction with RPL27 specific primers and annealing
temperature of 60°C. RPL27 is detected at the expected size (123 bp, arrow) in all the
human adult tissues investigated.
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KCNK15 mRNA was detected in cDNA from the colon cancer cell lines Sw480 and
Sw620 but not in HCT116 (Figure 3.4A). Product amplified at the expected size from
both Sw480 and Sw620 cell lines was sequenced and corresponded to KCNK15 mRNA
(Table 3.1). Products smaller (250-300 bp) or higher (500 bp) than expected were
amplified respectively from the three cancer cell lines cDNA and from Sw620 cDNA
(Figure 3.4A). These products failed to correspond to KCNK15 mRNA or to other gene
products due to the low quality of the sequence data. RPL27 amplification successfully
produced product for the reverse transcripted samples but failed to produce product for
the non-transcribed samples or when template was omitted (Figure 3.4B).
Table 3.1 provides a summary of KCNK15 mRNA tissue distribution in the human fetal
and adult tissues and cancer cell lines considered.

3.2.2 Characterisation of hK2P15.1 tissue distribution at protein level.

HeLa cells transfected (Methods, 2.3.2) with tagged channel (hK2P15.1-AcV5 or
hK2P15.1-eGFP) were used for either immunocytochemistry (Methods, 2.5.8) or
Western Blot analysis (Methods, 2.5.6). The two tagged-hK2P15.1 constructs used and
the position of hK2P15.1 epitopes and tags are illustrated in Figure 3.5. hK2P15.1
detection was compared with either AcV5 antibody or eGFP tag fluorescence signal. To
support the use of eGFP tag in establishing hK2P15.1-eGFP localisation, confocal
images of cells transfected with eGFP alone, hK2P15.1-eGFP or hK2P15.1 AcV5 were
compared (Figure 3.6). Cells transfected with eGFP alone showed a uniform pattern of
staining in the cytoplasm (Figure 3.6 panel 1). This was different from the clustered and
spotted staining of the cells transfected with hK2P15.1-eGFP (Figure 3.6 panel 2), which
on the other hand was similar to the staining of cells transfected with hK2P15.1-AcV5
(Figure 3.6 panel 3). These results indicated that eGFP was not cleaved from
hK2P15.1-eGFP and hence that eGFP fluorescence could be used to identify
hK2P15.1-eGFP localisation.
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Figure 3.4 KCNK15 mRNA is expressed in human cancer cell lines.
A Image of a 1.5 % agarose gel with PCR products from human cancer cell lines cDNA,

their negative controls and a no-template control reaction with KCNK15 specific
primers and annealing temperature of 68°C. KCNK15 expected product size is 414 bp,
as denoted by the arrow. KCNK15 is detected at the expected size in Sw480 and Sw620
colon cancer cell lines.

B Image of a 1.5 % agarose gel with PCR products from human cancer cell lines

cDNA, their negative controls and a no-template control reaction with RPL27 specific
primers and annealing temperature of 60°C. RPL27 is detected at the expected size
(123 bp, arrow) in all the human cancer cell lines investigated.
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Table 3.1 KCNK15 mRNA tissue distribution.

Table summarising KCNK15 mRNA tissue distribution in human fetal and adult tissues
and colon cancer cell lines.
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Figure 3.5 hK2P15.1 structure and position of tags and antibody epitopes.
A Diagram of hK2P15.1-AcV5 predicted structure showing the position of the AcV5 tag

on hK2P15.1 fourth external loop and the position of the epitope for Santa Cruz
Biotechnology and Abcam hK2P15.1 antibodies within hK2P15.1 C-terminus.
B Diagram of hK2P15.1-eGFP predicted structure showing the position of the epitope

for Santa Cruz Biotechnology and Abcam
hK2P15.1 C-terminus and the C-terminal eGFP tag.

hK2P15.1

antibodies

within
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Figure 3.6 hK2P15.1 subcellular localisation can be determined by eGFP tag
fluorescence in hK2P15.1-eGFP transfected HeLa cells.

Confocal images of immunocytochemistry on eGFP (panel 1), hK2P15.1-eGFP (panel 2)
and hK2P15.1-AcV5 (panel 3) transfected HeLa cells showing eGFP fluorescence
detection (panel 1,2, visualised in red) or AcV5 staining (panel 3). hK2P15.1-eGFP and
hK2P15.1-AcV5 show a similar pattern of cell distribution, which is different than
eGFP. Scalebar: 25 µm.
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The ability of both Santa Cruz Biotechnology (sc-85943) and Abcam (ab85511)
hK2P15.1 antibodies to detect hK2P15.1 was investigated by immunocytochemistry in
HeLa cells transfected with hK2P15.1-AcV5 or hK2P15.1-eGFP (Figure 3.7). hK2P15.1
transfection and expression were established by AcV5 antibody staining (Figure 3.7A
panel 1) or eGFP tag fluorescence signal (Figure 3.7B panel 1). Antibodies were tested
by performing experiments with a range of hK2P15.1 expression levels, antibody
concentrations and optimisation steps. Both hK2P15.1 Abcam antibody staining
(Figure 3.7A panel 2) and hK2P15.1 Santa Cruz Biotechnology antibody staining
(Figure 3.7B panel 2) were not detected in cells positive for AcV5 or eGFP, showing
staining similar to background levels. Furthermore, hK2P15.1 antibody staining was
similar between hK2P15.1 transfected and non-transfected cells and did not overlap with
hK2P15.1 distribution determined by AcV5 or eGFP tag fluorescence signal
(Figure 3.7A panel 4 and Figure 3.7B panel 4). Both hK2P15.1 antibodies hence failed
to yield a positive signal specific to hK2P15.1 and were dismissed as suitable tools for
hK2P15.1 detection by immunocytochemistry.
Both Santa Cruz Biotechnology and Abcam antibodies raised to hK2P15.1 were also
tested by Western Blot analysis in HeLa cells transfected with eGFP alone or
hK2P15.1-AcV5 (Figure 3.8) . When total cell lysate (Methods 2.4.2) of transfected cells
was immunoblotted with AcV5, hK2P15.1-AcV5 was detected at 45 kDa in the lane
loaded with HeLa cells expressing hK2P15.1 with the discreet AcV5 tag while not
detected in the lane loaded with HeLa cells expressing eGFP alone (Figure 3.8). Under
these conditions, both hK2P15.1 antibodies failed to detect the hK2P15.1-AcV5 band at
45 kDa which would overlap with the hK2P15.1-AcV5 signal detected by AcV5
antibody (Figure 3.8). Both hK2P15.1 antibodies did however produce a significant
non-specific background staining pattern with bands higher and lower than the
empirically determined size (45 kDa) and failed to distinguish between hK2P15.1-AcV5
and eGFP alone transfected HeLa cells (Figure 3.8). Similar analyses were performed
on HeLa cells transfected with hK2P15.1-eGFP or eGFP alone (data not shown). Both
Santa Cruz Biotechnology and Abcam antibodies showed a pattern of non specific
staining for hK2P15.1. Several experimental conditions were used, including different
antibody concentrations and incubation times, without improvement of results. Both
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Figure 3.7 Commercially available antibodies to hK2P15.1 are not effective for
hK2P15.1 detection by immunocytochemistry on hK2P15.1 transfected HeLa cells.

Epifluorescence images of immunocytochemistry on tagged-hK2P15.1 transfected HeLa
cells. Tag staining (green, panel 1), hK2P15.1 staining (red, panel 2), nuclei staining
(blue, panel 3). Merge of the three signals is shown in panel 4. Tag and hK2P15.1 signals
overlap results in a yellow stain. Scalebar: 25 µm.
A hK2P15.1-AcV5 transfected HeLa cells. AcV5 (panel 1); hK2P15.1 Abcam antibody
staining (panel 2). hK2P15.1 Abcam antibody and AcV5 stainings do not overlap.
B hK2P15.1-eGFP transfected HeLa cells. eGFP detection (panel 1); hK2P15.1 Santa

Cruz Biotechnology staining (panel 2). hK2P15.1 Santa Cruz Biotechnology antibody
does not overlap with eGFP tag fluorescence.
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Figure 3.8 Commercially available antibodies to hK2P15.1 are not an effective tool
for hK2P15.1 detection by Western Blot analysis.

Western Blot analysis of 12 % polyacrylamide gel separating total cell lysate of HeLa
cells transfected with eGFP or hK2P15.1-AcV5. Immunoblots with anti-AcV5, hK2P15.1
Santa Cruz Biotechnology or hK2P15.1 Abcam antibody. hK2P15.1-AcV5 is detected at
45 kDa (black arrow) in hK2P15.1-AcV5 transfected cells only when immunoblotting
for AcV5.
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antibodies were therefore demonstrated non suitable for hK2P15.1 detection by Western
Blot analysis.
hK2P15.1-LR, a new polyclonal antibody commissioned by O`Kelly laboratory and
directed

against

hK2P15.1

(294-308)

(Figure

3.9),

was

validated

by

immunocytochemistry in hK2P15.1-AcV5 and hK2P15.1-eGFP transfected HeLa cells
(Figure 3.10). hK2P15.1 transfection effectiveness and expression levels were
determined by monitoring epifluorescence of AcV5 antibody staining (Figure 3.10A)
panel 1) or eGFP tag signal (Figure 3.10B panel 1).
Under optimized conditions hK2P15.1-LR was able to detect hK2P15.1 in both
hK2P15.1-AcV5 (Figure 3.10A panel 2) and hK2P15.1-eGFP expressing HeLa cells
(Figure 3.10B panel 2). In these cells hK2P15.1-LR produced a staining higher and
different in pattern than the background. By comparing AcV5 staining or eGFP tag
fluorescence to hK2P15.1-LR staining, hK2P15.1-LR distinguished between transfected
and non-transfected cells and detected hK2P15.1-AcV5 (Figure 3.10A panel 4) and
hK2P15.1-eGFP (Figure 3.10B panel 4) with a staining pattern overlapping to the one of
the tag.
The ability of hK2P15.1-LR to target hK2P15.1 was confirmed by confocal analysis of
the same experiments, in which the intensity of each staining signal (AcV5 or eGFP tag
versus channel) was quantified and compared (Figure 3.11 and Figure 3.12). Merged
confocal images for tag fluorescence and hK2P15.1-LR staining showed overlapping
signals (Figure 3.11 panel 4,5 and Figure 3.12 panel 4,5). Single stacks of these images
were analysed with LAS AF Lite software (Methods 2.5.10), which measures the
intensity of each channel within a region of interest (ROI). The intensity of tag and
hK2P15.1-LR signals along the line was plotted and intensity peak positions were
compared, colocalisation of the two stainings leading to peak position overlap.
hK2P15.1-LR staining was demonstrated to completely colocalise with both AcV5
staining (Figure 3.11 panel 6) and eGFP tag signal (Figure 3.12 panel 6) respectively in
hK2P15.1-AcV5 and hK2P15.1-eGFP transfected HeLa cells.
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Figure 3.9 hK2P15.1 structure and position of hK2P15.1-LR epitope.

Diagram of hK2P15.1 predicted structure showing the position of the epitope selected to
act as immunogenic peptides for hK2P15.1 antibody design and production and used for
hK2P15.1-LR purification.
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Figure 3.10 hK2P15.1-LR detects hK2P15.1 by immunocytochemistry on hK2P15.1
transfected HeLa cells.

Epifluorescence images of immunocytochemistry on tagged-hK2P15.1 transfected HeLa
cells. Tag staining (green, panel 1), hK2P15.1-LR staining (red, panel 2), nuclei staining
(blue, panel 3). Merge of the three signals is shown in panel 4, with tag and
hK2P15.1 LR signals overlap resulting in a yellow staining. Scalebar: 25 µm.
A hK2P15.1-AcV5 transfected HeLa cells showing AcV5 staining (panel 1) and the

overlap of hK2P15.1-LR and AcV5 signals (yellow stain, panel 4).

B hK2P15.1-eGFP transfected HeLa cells showing eGFP detection (panel 1) and the
overlap of hK2P15.1-LR and eGFP signals (yellow stain, panel 4).
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Figure 3.11 hK2P15.1-LR staining and AcV5 staining colocalise in hK2P15.1-AcV5
transfected HeLa cells.

Confocal images of immunocytochemistry on hK2P15.1-AcV5 transfected HeLa cells.
AcV5 staining (green, panel 1), hK2P15.1-LR staining (red, panel 2), nuclei staining
(blue, panel 3). Merge of the three signals is shown in panel 4, with AcV5 and
hK2P15.1-LR signals overlap resulting in a yellow stain. In panel 5 an enlargement of
the selected area in panel 4, with the line along which signal quantification was
performed (ROI1). In panel 6 quantification analysis of AcV5 (green line) and
hK2P15.1-LR stainings (red line), with colocalisation resulting in overlap of the intensity
peak position for the two signals. Scalebars: 25 µm.
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Figure 3.12 hK2P15.1-LR staining and eGFP tag fluorescence colocalise in
hK2P15.1-eGFP transfected HeLa cells.

Confocal images of immunocytochemistry on hK2P15.1-eGFP transfected HeLa cells.
eGFP detection (green, panel 1), hK2P15.1-LR staining (red, panel 2), nuclei staining
(blue, panel 3). Merge of the three signals is shown in panel 4, with eGFP and
hK2P15.1-LR signals overlap resulting in a yellow stain. In panel 5 an enlargement of
the selected area in panel 4, with lines along which signal quantification was performed
(ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP fluorescence (green
line) and hK2P15.1-LR staining (red line) for each ROI, with colocalisation resulting in
overlap of the intensity peak position for the two signals. Scalebars: 25 µm.
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hK2P15.1-LR was also validated by Western Blot analysis in hK2P15.1-AcV5
transfected HeLa cells (Figure 3.13). Total cell lysate of cells transfected with eGFP
alone or hK2P15.1-AcV5 was immunoblotted with AcV5 and hK2P15.1-LR. AcV5
immunoblotting detected a band at around 45 kDa in the hK2P15.1-AcV5 transfected
cell lysate which was not present in the eGFP alone transfected cell lysate (Figure 3.13).
The same staining pattern was observed when membranes were incubated with
hK2P15.1-LR (Figure 3.13). The comparable position of the two bands obtained by
AcV5 antibody or hK2P15.1-LR blot as well as the absence of other bands or
background staining confirmed the ability of hK2P15.1-LR in detecting hK2P15.1 by
Western Blot analysis.
A further confirmation of hK2P15.1-LR was obtained by analysing bacterial cultures
expressing a GST-fusion protein of hK2P15.1 C-terminus (Methods 2.4.1) (Figure 3.14).
Total cell lysate of BL21 E.Coli bacteria (Methods 2.4.2) was examined by Western
Blot analysis. Bacteria expressing GST or GST-hK2P15.1CtB were analysed prior to and
after

IPTG-dependent

protein

expression

induction.

Bacteria

lysates

were

immunoblotted with GST and hK2P15.1. When immunoblotting with GST, both GST
and GST-hK2P15.1CtB were detected in the induced cell lysates at the expected
predicted sizes, respectively 26 kDa and 36 kDa; lower bands were also detected for
both proteins and may correspond to cleaved products (Figure 3.14). When membranes
were treated with hK2P15.1-LR, only GST-hK2P15.1CtB was detected in the induced
cell lysates at the expected size of 36 kDa; a lower band was also detected in the sample
and was comparable to the band recognized by the GST blot (Figure 3.14). These
experiments not only validated hK2P15.1-LR in targeting hK2P15.1 but also confirmed
that the hK2P15.1 epitope recognized by the antibody is contained within the channel
C-terminus.
Finally, hK2P15.1-LR ability in distinguishing between the three TASK channels was
tested by Western Blot analysis (Figure 3.15). In eGFP alone, hK2P3.1-eGFP,
hK2P9.1-eGFP or hK2P15.1-eGFP transfected HEK293 cells total cell lysate was
incubated with GFP-trap beads to immobilise each of the over-expressed proteins by its
GFP tag (Methods 2.4.9). Immobilised proteins were eluted from GFP-trap beads using
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Figure 3.13 hK2P15.1-LR detects hK2P15.1 by Western Blot analysis.

Western Blot analysis of 12 % polyacrylamide gel separating total cell lysate of HeLa
cells transfected with eGFP or hK2P15.1-AcV5. Immunoblots with AcV5 and
hK2P15.1-LR. hK2P15.1-AcV5 is detected at 45 kDa (black arrow) in hK2P15.1-AcV5
transfected cells by both antibodies.
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Figure 3.14 hK2P15.1-LR is directed against hK2P15.1 C-terminal region.

Western Blot analysis of 12 % polyacrylamide gel separating total cell lysate of BL21
E.Coli expressing GST or GST-hK2P15.1CtB and analysed previous to protein
expression induction (t0) and after 6 h of protein expression induction by 1 mM IPTG
(t6). Immunoblots with GST and hK2P15.1-LR. GST antibody detects both GST and
GST-hK2P15.1CtB after 6 h of protein expression. hK2P15.1-LR only detects
GST-hK2P15.1CtB after 6 h of protein expression.
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Figure 3.15 hK2P15.1-LR distinguishes between TASK channels by Western Blot
analysis.

Western Blot analysis of 12 % polyacrylamide gel separating total cell lysate of
HEK293 cells transfected with either eGFP (27 kDa), hK2P3.1-eGFP (69 kDa),
hK2P9.1-eGFP (68 kDa) or hK2P15.1-eGFP (62 kDa). eGFP or eGFP-tagged proteins
were immobilised by using GFP-trap beads. Immobilised proteins were eluted by low
pH or loading buffer (LB).
A Immunoblot with eGFP detects all four over-expressed proteins in LB-eluted samples

from the respective enriched lysates and eGFP also in the pH-eluted sample from the
respective enriched lysate.

B Immunoblot with hK2P15.1-LR detects hK2P15.1 in the LB-eluted sample from

hK2P15.1-eGFP enriched lysate.
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low pH followed by loading buffer (Methods 2.4.9) and were then immunoblotted with
eGFP and hK2P15.1-LR. When immunoblotting with eGFP, each of the over-expressed
proteins was detected at the expected size of 27 kDa, 69 kDa, 68 kDa and 62 kDa for
eGFP, hK2P3.1-eGFP, hK2P9.1-eGFP and hK2P15.1-eGFP respectively (Figure 3.15A).
Non-specific staining was also detected in K2P3.1-eGFP, hK2P9.1-eGFP and
hK2P15.1-eGFP over-expressing HEK293 cell lysate (Figure 3.15A). When membranes
were blotted with hK2P15.1-LR, only hK2P15.1-eGFP was detected at the previously
determined size of 62 kDa whereas hK2P3.1 and hK2P9.1 were not recognized by the
antibody (Figure 3.15B). This experiment therefore demonstrated that hK2P15.1-LR can
successfully discriminate between hK2P15.1 and the other TASK channels hK2P3.1 and
hK2P9.1.

3.3 hK2P15.1 sub-cellular localization.
Initially an informatic approach was used to determine whether the primary protein
sequence of hK2P15.1 included motifs or domains that predicted localization to specific
cell compartments using the software Wolfpsort (http://wolfpsort.org) (Methods 2.6.1).
hK2P15.1 primary sequence was analysed through the k-nearest neighbor algorithm and
hK2P15.1 was predicted to localize in the endoplasmic reticulum (ER) with a probability
of 55.6 % against a 33.3 % probability of reaching the cell surface. Subsequently
hK2P15.1 primary sequence was analysed to identify the presence of potential signal
peptides or motifs which could suggest a possible localization of the channel in specific
organelles. Two ER retention motifs were identified in hK2P15.1 sequence, the XXRR
like motif within the N-terminus (RRPS, aa 2-5) and the KKXX like within the
C-terminus of the channel motif (RWKS, aa 326-329). No other classical localization
motifs were recognized within hK2P15.1 primary sequence, therefore making nuclear,
mitochondrial, Golgi, cytoskeletal, peroxisomal, endocytic or lysosomal hK2P15.1
localization less likely. A summary of the results obtained is provided in Table 3.2.
hK2P15.1 subcellular localisation was analysed by immunocytochemistry of HeLa cells
transfected with hK2P15.1-eGFP (Figure 3.16). Different cell compartments within the
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Table 3.2 Prediction of hK2P15.1 subcellular localisation within the ER.

Table summarising the analysis of subcellular localisation prediction for hK2P15.1
performed with Wolfpsort (http://wolfpsort.org). hK2P15.1 is predicted to localise within
the ER both by the k-nearest neighbor algorithm and by the presence of two ER
retention motifs at hK2P15.1 N-terminus and C-terminus respectively.
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Figure 3.16 Organelle markers and staining colours utilised for the analysis of
hK2P15.1 subcellular localisation.

Diagram of a HeLa cell showing the cell compartments considered in hK2P15.1
subcellular localisation analysis and the markers used to identify them by
immunocytochemistry. The respective staining colours assigned in the digital images
are indicated: organelles, nuclear membrane and cellular membrane in green,
hK2P15.1-eGFP in red, nucleus in blue.
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cell were identified by specific antibodies targeted to classical organelle and vesicle
markers (Figure 3.16). Hela cells were transfected with hK2P15.1-eGFP and hK2P15.1
was identified by the eGFP fluorescence of its tag through confocal imaging.
Colocalisation of hK2P15.1-eGFP staining with markers of different cell compartments
was determined by confocal microscopy. Single stack images were analysed with the
software LAS AS Lite by comparing relative signal intensity peaks positions along a
line (ROI) traced through a transfected cell.
hK2P15.1 colocalised with the ER resident protein PDI (Figure 3.17). Confocal images
on PDI stained hK2P15.1-eGFP transfected cells showed overlap of PDI signal and
eGFP tag fluorescence (Figure 3.17 panel 4,5). Quantification analysis on single stacks
of these images showed close overlap (Figure 3.17 panel 6), demonstrating
hK2P15.1-eGFP localization within the ER.
Colocalisation between hK2P15.1 and markers for the secretory pathway, as Golgi
complex (Figure 3.18) or cell surface (Figure 3.19), was not detected. Confocal images
failed to show overlap of eGFP fluorescence with either 58K Golgi protein staining
(Figure 3.18 panel 4,5) or lectins staining (Figure 3.19 panel 4,5). Quantification
analysis failed to show any colocalisation of the respective signals (Figure 3.18 panel 6
and Figure 3.19 panel 6), implying hK2P15.1-eGFP exclusion from the Golgi complex
and absence at the cell surface. Relative distance between hK2P15.1 and either Golgi or
cell membrane was measured. hK2P15.1 was found to localize at a minimum distance of
0.95 µm from Golgi (Figure 3.18 panel 6) and of 1.54 µm from the cell membrane
(Figure 3.19 panel 6) in the sample analysed.
Although hK2P15.1 may not localise at the cell surface, it was present in the endocytic
pathway (Figure 3.20) and in particular localised within clathrin-coated vesicles (Figure
3.21). Confocal images showed overlap of eGFP tag fluorescence with both transferrin
receptor (Figure 3.20 panel 4,5) and clathrin staining (Figure 3.21 panel 4,5), which was
confirmed by quantification analysis (Figure 3.20 panel 6 and Figure 3.21 panel 6).
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Figure 3.17 hK2P15.1 is localised within the ER in hK2P15.1-eGFP transfected
HeLa cells.

Confocal images of immunocytochemistry on hK2P15.1-eGFP transfected HeLa cells.
ER staining (PDI, green, panel 1), eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei
staining (blue, panel 3). Merge of the three signals is shown in panel 4, with PDI and
hK2P15.1-eGFP signals overlap resulting in a yellow stain. In panel 5 an enlargement of
the selected area in panel 4, with lines along which signal quantification was performed
(ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line)
and PDI staining (green line) for each ROI, with colocalisation resulting in overlap of
the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 3.18 hK2P15.1 is not localised within the Golgi complex in hK2P15.1-eGFP
transfected HeLa cells.

Confocal images of immunocytochemistry on hK2P15.1-eGFP transfected HeLa cells.
Golgi staining (58K Golgi protein, green, panel 1), eGFP detection (hK2P15.1-eGFP,
red, panel 2), nuclei staining (blue, panel 3). Merge of the three signals is shown in
panel 4. In panel 5 an enlargement of the selected area in panel 4, with lines along
which signal quantification was performed (ROI1, ROI2, ROI3). In panel 6
quantification analysis of eGFP fluorescence (red line) and 58K Golgi protein staining
(green line) for each ROI. Colocalisation will have resulted in overlap of the intensity
peak position for the two signals, which distance is measured and indicated in the image
(d: µm units). Scalebars: 25 µm.
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Figure 3.19 hK2P15.1 is not localised at the cell surface in hK2P15.1-eGFP
transfected HeLa cells.

Confocal images of immunocytochemistry on hK2P15.1-eGFP transfected HeLa cells.
Membrane staining (lectins, green, panel 1), eGFP detection (hK2P15.1-eGFP, red,
panel 2), nuclei staining (blue, panel 3). Merge of the three signals is shown in panel 4.
In panel 5 an enlargement of the selected area in panel 4, with lines along which signal
quantification was performed (ROI1, ROI2, ROI3). In panel 6 quantification analysis of
eGFP fluorescence (red line) and lectins staining (green line) for each ROI.
Colocalisation will have resulted in overlap of the intensity peak position for the two
signals, which distance is measured and indicated in the image (d: µm units).
Scalebars: 25 µm.
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Figure 3.20 hK2P15.1 is present within endocytic vesicles in hK2P15.1-eGFP
transfected HeLa cells.

Confocal images of immunocytochemistry on hK2P15.1-eGFP transfected HeLa cells.
Endocytic vesicle staining (transferrin receptor, green, panel 1), eGFP detection
(hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3). Merge of the three
signals is shown in panel 4, with transferrin receptor and hK2P15.1-eGFP signals
overlap resulting in a yellow stain. In panel 5 an enlargement of the selected area in
panel 4, with lines along which signal quantification was performed (ROI1, ROI2,
ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line) and transferrin
receptor staining (green line) for each ROI, with colocalisation resulting in overlap of
the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 3.21 hK2P15.1 is present within the endocytic pathway in clathrin-coated
vesicles in hK2P15.1-eGFP transfected HeLa cells.

Confocal images of immunocytochemistry on hK2P15.1-eGFP transfected HeLa cells.
Clathrin-coated endocytic vesicle staining (clathrin, green, panel 1), eGFP detection
(hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3). Merge of the three
signals is shown in panel 4, with clathrin and hK2P15.1-eGFP signals overlap resulting
in a yellow stain. In panel 5 an enlargement of the selected area in panel 4, with lines
along which signal quantification was performed (ROI1, ROI2, ROI3). In panel 6
quantification analysis of eGFP fluorescence (red line) and clathrin staining (green line)
for each ROI, with colocalisation resulting in overlap of the intensity peak position for
the two signals. Scalebars: 25 µm.
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It is not uncommon for proteins to be present in the lysosomal compartment; this was
the case of hK2P15.1 which colocalised with cathepsin S (Figure 3.22 panel 4,5,6).
In the screen of organelle markers, hK2P15.1 was shown to localise within the
mitochondrial membranes (Figure 3.23). Peak analysis showed a colocalisation of
cytochrome bc1 complex and hK2P15.1-eGFP (Figure 3.23 panel 4,5). hK2P15.1 was
also found to have some localization within the nuclear membrane, colocalising with
lamin AC (Figure 3.24 panel 4,5, 6).

3.4 Conclusions.

3.4.1 KCNK15 mRNA tissue distribution.

In this study hK2P15.1 tissue expression and cellular localisation were analysed.
Data presented here demonstrate KCNK15 mRNA expression in several human adult
tissues (pancreas, adrenal glands, brain, kidney, heart, skeletal muscle, lung, colon and
liver). This confirms KCNK15 expression in pancreas and adrenal cells, as previously
reported (Ashmole et al., 2001; Kim and Gnatenco, 2001). These results also clarify
KCNK15 expression in tissues for which previous data were conflicting (Ashmole et al.,
2001; Kim and Gnatenco, 2001), confirming KCNK15 expression in kidney, heart, lung
and liver in agreement with studies from Ashmole (Ashmole et al., 2001) and KCNK15
expression in brain, skeletal muscle and colon in agreement with studies from Kim
(Kim and Gnatenco, 2001). Additionally this study provides the first evidence of
KCNK15 mRNA expression both in human cancer (colon cancer cell lines) and in
human fetal tissues (skeletal muscle, esophagus, pancreas and liver). Significantly, as
well as establishing an expression profile for KCNK15 at this early developmental stage
(10-12 weeks old embryos), these data also reveal differential expression between adult
and fetal tissues. In fact, several tissues (brain, adrenal, kidney, heart, lung and colon)
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Figure 3.22 hK2P15.1 is present in the lysosomal compartment in hK2P15.1-eGFP
transfected HeLa cells.

Confocal images of immunocytochemistry on hK2P15.1-eGFP transfected HeLa cells.
Lysosomes staining (cathepsin S, green, panel 1), eGFP detection (hK2P15.1-eGFP, red,
panel 2), nuclei staining (blue, panel 3). Merge of the three signals is shown in panel 4,
with cathepsin S and hK2P15.1-eGFP signals overlap resulting in a yellow stain. In
panel 5 an enlargement of the selected area in panel 4, with lines along which signal
quantification was performed (ROI1, ROI2, ROI3). In panel 6 quantification analysis of
eGFP fluorescence (red line) and cathepsin S staining (green line) for each ROI, with
colocalisation resulting in overlap of the intensity peak position for the two signals.
Scalebars: 25 µm.
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Figure 3.23 hK2P15.1 is localised within the inner mitochondrial membrane in
hK2P15.1-eGFP transfected HeLa cells.

Confocal images of immunocytochemistry on hK2P15.1-eGFP transfected HeLa cells.
Inner mitochondrial membrane staining (cytochrome bc1, green, panel 1), eGFP
detection (hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3). Merge of the
three signals is shown in panel 4, with cytochrome bc1 and hK2P15.1-eGFP signals
overlap resulting in a yellow stain. In panel 5 an enlargement of the selected area in
panel 4, with lines along which signal quantification was performed (ROI1, ROI2,
ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line) and
cytochrome bc1 staining (green line) for each ROI, with colocalisation resulting in
overlap of the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 3.24 hK2P15.1 is localised at the nuclear membrane in hK2P15.1-eGFP
transfected HeLa cells.

Confocal images of immunocytochemistry on hK2P15.1-eGFP transfected HeLa cells.
Nuclear membrane staining (lamin AC, green, panel 1), eGFP detection
(hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3). Merge of the three
signals is shown in panel 4, with lamin AC and hK2P15.1-eGFP signals overlap
resulting in a yellow stain. In panel 5 an enlargement of the selected area in panel 4,
with lines along which signal quantification was performed (ROI1, ROI2, ROI3). In
panel 6 quantification analysis of eGFP fluorescence (red line) and lamin AC staining
(green line) for each ROI, with colocalisation resulting in overlap of the intensity peak
position for the two signals. Scalebars: 25 µm.
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show no or low KCNK15 mRNA expression at fetal level but express KCNK15 mRNA
later in development. These data not only inform on a tissue specific function of
hK2P15.1 both in excitatory and non excitatory cells, but also suggest a different
involvement of the channel depending on the developmental stage of the organism and
hence a possible role of hK2P15.1 in development.

3.4.2 hK2P15.1 protein detection.

The investigation of hK2P15.1 physiological role(s) requires the ability to characterise
and study the channel at protein level, which has previously been impaired by the
absence of reliable antibodies for hK2P15.1 detection. This study characterises three
hK2P15.1 antibodies. The two existing hK2P15.1 commercial antibodies were shown not
to be suitable for hK2P15.1 targeting; a third hK2P15.1 antibody (hK2P15.1-LR)
commissioned within our lab was validated and demonstrated reliable for hK2P15.1
detection by both immunocytochemistry and Western Blot analysis. hK2P15.1-LR
therefore represents the first suitable tool for protein based studies on hK2P15.1 and
offers the possibility to investigate the expression, localisation and function of the
channel in native conditions.

3.4.3 hK2P15.1 subcellular localisation.

Finally, this study examined the subcellular localisation of hK2P15.1 in cells transiently
expressing the channel. Data presented here show hK2P15.1 presence within the ER but
its absence from Golgi and cell membrane, indicating the inability of the channel to
proceed beyond the ER in the secretory pathway. By demonstrating hK2P15.1 exclusion
from the cell surface and therefore its impairment in exchanging K+ ions across the cell
membrane, these data explain the inability of the channel to pass current when
transiently expressed in recombinant systems, as previously reported (Ashmole et al.,
2001; Karschin et al., 2001; Kim and Gnatenco, 2001). Additionally, this study provides
the first evidence of hK2P15.1 localisation within several cell compartment not primarily
related to the secretory pathway (mitochondria, nuclear membrane, lysosome and
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endocytic vesicles) and raises the possibility that hK2P15.1 may play a role in
mitochondrial and nuclear function and regulation.
The inability of hK2P15.1 to follow the secretory pathway and hence to reach the Golgi
complex or the cellular membrane suggests a mechanism of hK2P15.1 intracellular
retention. This is not unique to hK2P15.1. Both K2P3.1 and K2P9.1 have been shown to
undergo tight quality control and to exit the ER only after phosphorylation and binding
to 14-3-3 (O'Kelly et al., 2002). When not phosphorylated, these channels are subjected
to the β-COP-dependent retrograde transport from Golgi to ER and hence remain within
the ER. After phosphorylation, 14-3-3 is recruited to the channel C-terminus of both
K2P3.1 and K2P9.1 and β-COP binding is disrupted. 14-3-3 binds to K2P3.1 C-terminal
motif RRSSPV and K2P9.1 C-terminal motif RRKSPV. This phosphorylation-dependent
binding with 14-3-3 is responsible for hK2P3.1 and hK2P9.1 forward transport (O'Kelly
et al., 2002). A similar mechanism of release may be necessary to allow hK2P15.1
forward transport.
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Identification

of

hK2P15.1

post-translational
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4.1 Introduction.
Data presented in chapter 3 demonstrated hK2P15.1 exclusion from both the Golgi
complex and the outer membrane of the cell and suggested a mechanism of intracellular
retention which would prevent hK2P15.1 proceeding beyond the ER in the secretory
pathway. For K2P3.1 and K2P9.1 it has been shown that their release from the ER is
dependent on both post-translational modifications (PTM) and interaction with auxiliary
proteins (Girard et al., 2002; O'Kelly et al., 2002; Rajan et al., 2002). Since similar
mechanisms could regulate both hK2P15.1 retention in and release from the ER, here
putative hK2P15.1 PTM and binding partners were investigated.
To date, PTM on hK2P15.1 have only been predicted through in-silico analysis. Studies
which predicted the channel topology, potential phosphorylation sites and glycosylation
sites are not always in agreement (Ashmole et al., 2001; Kim and Gnatenco, 2001). Data
regarding channel topology and amino acid content of transmembrane domains (Tm)
were conflicting (Ashmole et al., 2001; Kim and Gnatenco, 2001) and the identification
of hK2P15.1 cytoplasmic and extracellular regions remained uncertain. Additionally,
while two phosphorylation sites within the channel C-terminus were predicted by both
the Ashmole and Kim groups (Ashmole et al., 2001; Kim and Gnatenco, 2001), the
presence of a phosphorylated serine within hK2P15.1 N-terminus was depicted by one
(Ashmole et al., 2001) but not identified by the other (Kim and Gnatenco, 2001) group.
Here, hK2P15.1 topology was reviewed to define the amino acid sequence of hK2P15.1
Tm and hence cytoplasmic regions. Additionally, in view of the importance of PTM in
both protein trafficking and localization a broader range of hK2P15.1 PTM were
investigated by using both bio-informatic and experimental approaches.
Following PTM analysis, several approaches were adopted to identify hK2P15.1 binding
partners. Experiments were designed to enable focused analysis of binding proteins to
the full-length channel in the first instance and secondly to specific hK2P15.1
cytoplasmic domains or to regions within the channel C-terminus.
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4.2 Analysis of hK2P15.1 amino acid sequence and predicted
post-translational modifications in comparison with hK2P3.1
and hK2P9.1.

4.2.1 In-silico predictions.

Initially an informatic approach was used to determine hK2P15.1 predicted topology and
to investigate whether specific hK2P15.1 residues were predicted to undergo a range of
PTM including phosphorylation, glycosylation, ubiquitination and sumoylation.
hK2P15.1 structure was predicted by analyzing the channel primary sequence using the
software TMpred (http://www.ch.embnet.org/software/TMPRED_form.html) (Methods
2.6.2), which identifies the position and orientation of the transmembrane regions of a
protein according to its hydrophobicity profile. hK2P15.1 hydrophobicity plot predicts
six regions of high hydrophobicity within the channel (Figure 4.1A and Figure 4.1B).
For each of these regions, a prediction of orientation was also obtained (Figure 4.1B).
Besides the channel hydrophobicity prediction, to define hK2P15.1 topology each highly
hydrophobic region was also observed to determine whether it contained characteristic
elements of potassium channels (KCh) and in particular TASK channels. In the second
(aa 80-97) and fifth hydrophobic region (186-208) amino acids characteristic of the pore
forming motif of TASK channels were depicted (Figure 4.1B). These two regions were
identified as pore forming domains (P). The other four hydrophobic regions were then
identified as Tm. hK2P15.1 hydrophilic regions were therefore defined as to include
three cytoplasmic domains and four external loops connecting Tm and P domains.
These hydrophilic regions were also observed and compared to the corresponding
regions in the other TASK channels to identify possible similarities. Three regulatory
elements characterized in hK2P3.1 and/or hK2P9.1 first and second external loop and
channel C-terminus were also identified in hK2P15.1 sequence in the predicted regions.
These elements are known sites of channel modulation and include E70, target site of
Ruthenium Red inhibition in hK2P9.1 (Czirjak and Enyedi, 2003), H98, sensor of
extracellular acidification in both hK2P3.1 and hK2P9.1 (Kim and Gnatenco, 2001) and
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Figure 4.1 hK2P15.1 hydrophobicity plot and predicted topology.
A Hydrophobicity plot of hK2P15.1 primary sequence showing six highly hydrophobic
(HH) regions (hydrophobicity value above upper cutoff level of 1). Output adapted from
http://www.ch.embnet.org/software/TMPRED_form.html.
B Table summarising hK2P15.1 structure prediction. For each hydrophobic region,

position in hK2P15.1 sequence (amino acid, aa), orientation, presence of characteristic
elements and type of domain formed (transmembrane: Tm; pore: P) are indicated.
C Diagram of hK2P15.1 predicted topology showing four trasnmembrane (Tm) and two

pore-forming domains (P) identified by hydrophobicity analysis on hK2P15.1 primary
sequence. Three putative TASK channel regulatory sequences are shown.
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the C-terminal motif (aa 243-248) VLRFLV (VLRFMT in hK2P3.1 and VLRFLT in
hK2P9.1), target site of local anesthetics and Anandamide inhibition (Lesage and
Lazdunski, 2000; Meadows and Randall, 2001; Veale et al., 2007a) and volatile
anesthetics activation (Meadows and Randall, 2001; Patel et al., 1999; Talley and
Bayliss, 2002) (Figure 4.1C). From these analyses and comparisons, hK2P15.1 topology
was predicted to contain four Tm, two P and cytoplasmic N- and C-terminus (Figure
4.1C).
To determine hK2P15.1 in-silico phosphorylation, hK2P15.1 primary sequence was
analysed using NetPhos software from the server of Technical University of Denmark
(TUD) (http://www.cbs.dtu.dk/services/NetPhos) (Methods 2.6.3), which identifies all
serine (S), threonine (T) and tyrosine (Y) residues within the protein primary sequence
and calculates their likelihood of being phosphorylated in-vivo. Additional analysis was
performed using NetPhosK (http://www.cbs.dtu.dk/services/NetPhosK/) to predict
which kinases may be responsible for the predicted phosphorylations. The utility of
these methods was previously demonstrated in our lab by confirming the in-silico
prediction of K2P3.1 and K2P9.1 phosphorylation with experimental in-vitro data (Mant
et al., 2011). As shown in Figure 4.2A, a threshold level of 0.5 was set and six residues
within hK2P15.1 cytoplasmic regions were predicted to undergo phosphorylation.
Prediction scores of the phospho-acceptor sites and predicted kinases, which include
protein kinase A (PKA), protein kinase C (PKC), ribosomal s6 kinase (RSK), p38
mitogen-activated protein kinase (p38MAPK), glycogen synthase kinase 3 (GSK3) or
cyclin-dependent protein kinase 5 (CDK5), are indicated in Figure 4.2B. Of the six
predicted phosphorylation sites, S5 was predicted to be located within hK2P15.1 Nterminus and five others (S262, S283, S288, S307 and S311) within the channel
C-terminus (Figure 4.2C).
Glycosylation of membrane proteins influences their localization and stability at the cell
surface. hK2P15.1 primary sequence was analysed with the softwares from TUD
NetNGlyc

(http://www.cbs.dtu.dk/services/NetNGlyc), which identifies arginine

residues (N) within the protein primary sequence predicted to undergo N-linked
glycosylation,

and

NetOGlyc

(http://www.cbs.dtu.dk/services/NetOGlyc),

which
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Figure 4.2 hK2P15.1 possesses six sites of predicted phosphorylation.
A Plot representing the phosphorylation prediction for hK2P15.1 primary sequence.

Cytoplasmic residues predicted above the threshold of 0.5 are highlighted. Purple
shaded boxes correspond to hK2P15.1 cytoplasmic regions. Output adapted from
http://www.cbs.dtu.dk/services/NetPhos/.
B Table summarising hK2P15.1 phosphorylation prediction by NetPhos and NetPhosK.

For each residue, the score and the predicted kinase(s) involved are indicated.

C Diagram of hK2P15.1 predicted structure showing the position within the channel of

the six phosphorylation-acceptor sites predicted by NetPhos.

161

Laura Roncoroni

Results

Figure 4.3 hK2P15.1 possesses three sites of predicted O-glycosylation but is not
predicted to undergo N-glycosylation.
A Plot representing the prediction of N-linked and O-linked glycosylation for hK2P15.1

primary sequence. Residues predicted above the threshold of 0.5 are highlighted. Purple
shaded boxes correspond to hK2P15.1 cytoplasmic regions. Output adapted from
http://www.cbs.dtu.dk/services/NetNGlyc/, http://www.cbs.dtu.dk/services/NetOGlyc/.
B Table summarising hK2P15.1 glycosylation prediction by NetOGlyc. For each

residue, the score and the type of predicted glycosylation are indicated.

C Diagram of hK2P15.1 predicted structure showing the position within the channel of

the three O-glycosylation-acceptor sites predicted by NetOGlyc.
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identifies serine (S) and threonine (T) residues predicted to undergo O-linked
glycosylation. As shown in Figure 4.3A no N-linked glycosylation sites were identified
within hK2P15.1 primary sequence. Three residues within the channel C-terminus
(Figure 4.3C) were identified as potential O-linked glycosylation targets as their
prediction score exceeded the threshold value of 0.5 (Figure 4.3A and Figure 4.3B).
Position and prediction scores of the O-glycosylation target sites are indicated in Figure
4.3B.
hK2P15.1 was interrogated for in-silico ubiquitination and sumoylation, as both
post-translational modifications are known to regulate the internalization of membrane
proteins from the cell surface. hK2P15.1 primary sequence was analysed with
BDM-PUB

(http://bdmpub.biocuckoo.org/prediction.php)

(http://www.abgent.com/tools/sumoplot)

for

ubiquitination

and

Sumoplot

and

sumoylation

respectively. No lysine (K) residues analysed gave a predictive value for ubiquitination
or sumoylation above threshold levels (data not shown).
In-silico analysis of hK2P3.1 and hK2P9.1 primary sequence was also performed. Results
of this analysis were compared to those obtained for hK2P15.1 (Figure 4.4). Both
hK2P3.1 and hK2P9.1 were predicted to have more phosphorylation sites than hK2P15.1
in their C-terminal regions. However, both hK2P3.1 and hK2P9.1 lacked the N-terminal
predicted phospho-acceptor site predicted in hK2P15.1. Additionally, both hK2P3.1 and
hK2P9.1 showed no O-linked glycosylation sites but were predicted to undergo N-linked
glycosylation at N53 residue located in the first external loop of each channel. This
prediction differed from the prediction for hK2P15.1, which was predicted to be
O-linked glycosylated but not N-linked glycosylated. Significantly, one residue (S262)
within hK2P15.1 C-terminus is predicted to undergo both phosphorylation and
glycosylation, which could have opposite or alternative regulatory impacts on hK2P15.1.
Notably, both hK2P3.1 and hK2P9.1 (unlike hK2P15.1) are predicted to possess one or
more ubiquitination sites within each of their cytoplasmic regions.
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Figure 4.4 Comparison of predicted post-translational modifications between
hK2P3.1, hK2P9.1 and hK2P15.1.

Diagram of hK2P3.1, hK2P9.1 and hK2P15.1 predicted structures showing the position of
the residues which are predicted to be phosphorylated, ubiquitinated, N-glycosylated or
O-glycosylated for each of the three channels.
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4.2.2 Analysis of hK2P15.1 PTM.

hK2P15.1 post-translational modifications were investigated by Western Blot analysis
(Methods 2.5.6) in HEK293 cells transfected with hK2P15.1.
To investigate channel phosphorylation, total cell lysate of HEK293 cells (Methods
2.4.2) transfected (Methods 2.3.2) with hK2P15.1-eGFP was incubated with GFP-trap
beads to purify the protein by its GFP tag (Methods 2.4.9). Purified proteins were
treated with either Alkaline Phosphatase (AP) or PhosStop to respectively enhance or
prevent protein dephosphorylation (Methods 2.4.10). Proteins were eluted from
GFP-trap beads using loading buffer and were then immunoblotted for hK2P15.1-LR
and phosphoserine. When immunoblotting with hK2P15.1-LR, hK2P15.1-eGFP was
detected at 62 kDa in both AP and PhosStop treated samples (Figure 4.5A), confirming
the effectiveness of hK2P15.1 purification. Similarly, when immunoblotting with an
antibody against phosphoserine, phosphorylated hK2P15.1-eGFP was detected in both
samples (Figure 4.5B). Although showing ineffective channel dephosphorylation in the
experimental conditions used, this confirmed that hK2P15.1 is phosphorylated.
To investigate glycosylation, total cell lysate of HEK293 cells transfected with either
hK2P9.1-eGFP or hK2P15.1-AcV5 were not treated (control) or treated with EndoH or
PNGaseF (Methods 2.4.11) to remove carbohydrate residues attached to N residues of
proteins. When immunoblotting with eGFP, hK2P9.1-eGFP was detected at 68 kDa in
the control and EndoH lane while it was detected at both 68 kDa and 55 kDa in the
PNGaseF lane (Figure 4.6A). This demonstrated that hK2P9.1 was N-linked
glycosylated (as predicted), with the band at 68 kDa corresponding to glycosylated
channel and the band at 55 kDa to non-glycosylated channel. Being resistant to EndoH
treatment, which removes carbohydrate residues attached to N residues of proteins in
the ER but which is ineffective for glycosylation occurring in the golgi, this also
demonstrated that hK2P9.1 was glycosylated within the golgi complex. In total cell
lysate undergoing similar treatments, immunoblots with AcV5 detected hK2P15.1-AcV5
at 45 kDa in each of the lanes (Figure 4.6A), indicating that hK2P15.1 did not undergo
N-linked glycosylation.
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Figure 4.5 hK2P15.1 undergoes phosphorylation.

Western Blot analysis of 12 % polyacrylamide gels separating total cell lysate of
HEK293 cells transfected with hK2P15.1-eGFP. hK2P15.1-eGFP was immobilised by
using GFP-trap beads. hK2P15.1-eGFP was treated with either Alkaline Phosphatase
(AP) or PhosStop and eluted by loading buffer. Immunoblots with hK2P15.1-LR (A) and
antibody directed against phosphoserine (B). Both hK2P15.1-LR and phosphoserine
antibody detect hK2P15.1-eGFP at 62 kDa in both AP and PhosStop treated samples.
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Figure 4.6 hK2P15.1 does not undergo glycosylation.

Western Blot analysis of 12 % polyacrylamide gels separating total cell lysate of HeLa
cells transfected with either hK2P9.1-eGFP or hK2P15.1-AcV5. Lysate was either not
treated (none), EndoH-treated (EndoH), PNGase-treated (PNG) or neuraminidase- and
O-glycosidase-treated (bi) and separated by SDS-PAGE. Membranes were blotted with
eGFP to detect hK2P9.1-eGFP (68 kDa) and AcV5 to detect hK2P15.1-AcV5 (45 kDa).
A N-glycosylation analysis of non-treated, EndoH-treated or PNGase-treated lysates.

eGFP antibody detects one band both in the control and EndoH-treated samples and two
bands (indicated by arrows) in the PNGase-treated sample. AcV5 antibody detects one
band (indicated by the arrow) in all samples.
B O-glycosylation analysis of non-treated or neuraminidase- and O-glycosidase-treated

(bi) lysates. Both eGFP and AcV5 antibodies detect one band (indicated by the arrow)
in all samples.
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To further investigate glycosylation, total cell lysates of HEK293 cells transfected with
either hK2P9.1-eGFP or hK2P15.1-AcV5 were treated with no enzyme (control) or with a
mixture of enzymes containing neuraminidase and O-glycosidase (bi) (Methods 2.4.11),
which remove O-linked carbohydrates attached to S or T residues of proteins.
Immunoblots with eGFP (detecting hK2P9.1-eGFP at 68 kDa) and AcV5 (detecting
hK2P15.1-AcV5 at 45 kDa) showed no difference in band weight when treated and
non-treated lysates were compared (Figure 4.6B), indicating that neither of the channels
were O-linked glycosylated.

4.3 Identification of hK2P15.1 binding proteins.

4.3.1 Identification of binding proteins to hK2P15.1 full-length channel.

To analyse proteins binding to full-length hK2P15.1 HEK293 cells were transfected with
either eGFP or hK2P15.1-eGFP. Cells were lysed and over-expressed GFP-conjugated
proteins were immobilized on GFP-trap beads. Interacting protein were eluted by low
pH, with remaining proteins eluted by loading buffer and then separated by SDS-PAGE
electrophoresis. Gels were stained with Coomassie blue (Methods 2.5.2) and eluates
from samples deriving from eGFP and hK2P15.1-eGFP transfected cells were compared
to identify protein specifically binding hK2P15.1-eGFP but not eGFP. When comparing
samples eluted by loading buffer, three bands were detected in the hK2P15.1-eGFP lane
but not in the eGFP lane (Figure 4.7A). Each band was isolated and analysed by mass
spectrometry (Methods 2.5.3) to identify the proteins present; for each band in the
hK2P15.1-eGFP lane, a corresponding piece of gel at the same molecular weight on the
eGFP lane was also isolated and analysed as control (Figure 4.7B).
As reported in table 4.1A, mass spectrometry analysis on the six isolated bands revealed
the presence of tubulin beta chain and mitochondrial ATPase subunit beta in gel
fragment 4 (isolated from the hK2P15.1-eGFP lane); analysis of the other bands failed to
identify any proteins. Identification of proteins by mass spectrometry analysis is
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Figure 4.7 Binding assays show putative binding proteins to hK2P15.1 full-length
channel.

Coomassie blue staining of 12 % polyacrylamide gel of proteins co-purified with eGFP
or hK2P15.1-eGFP. eGFP and hK2P15.1-eGFP were immobilised by incubating
GFP-trap beads with total cell lysate of HEK293 cells transfected with either eGFP or
hK2P15.1-eGFP. Immobilised proteins were incubated with rat brain homogenate.
Interacting proteins were eluted by low pH or loading buffer (LB).
A Binding assays. The green box indicates the selected region of interest. Three bands
(indicated by arrows) are visible in the hK2P15.1-eGFP lane but not in the eGFP lane.
B Magnification of the selected region in the binding assays shown in panel A. Green
boxes (1-6) indicate the six samples of interest isolated from the gel and analysed by
mass spectrometry.
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considered significant if more than one of matching peptide is recognized and if the
protein score calculated is greater than 30. Tubulin beta chain and mitochondrial
ATPase subunit beta were identified through 17 and 13 different peptides respectively
and reported a final protein score of 581 and 507 respectively (Table 4.1B). Both
proteins were therefore considered as putative binding partners for hK2P15.1 full-length
channel.

4.3.2 Identification of binding proteins to hK2P15.1 N-terminus.

Proteins which bind to hK2P15.1 N-terminus (aa 1-8) were investigated by binding
assays (Methods 2.4.9) performed with synthetic peptides corresponding to the channel
N-terminus (Methods 2.4.6). Three peptides were synthesised: hK2P15.1 N-terminus
(MRRPSVRA), both in a non-phosphorylated state and phosphorylated at S5 (a
predicted phosphorylation site, see Figure 4.2) and MKRQNVRT, the sequence for both
hK2P3.1 and hK2P9.1 N-termini. This differs from hK2P15.1 sequence at positions 2, 4, 5
and 8 (showing 50% sequence homology, lower than other regions). Figure 4.8 shows
the position of the peptides relative to hK2P15.1 and their primary sequence. Synthetic
peptides were biotinylated (Methods 2.4.7) and immobilized on streptavidin agarose
beads (Methods 2.4.8); beads lacking bound peptide were used as control. Binding
assays were performed with rat brain homogenate as a source of interacting proteins.
Interacting proteins were eluted by loading buffer and were separated by SDS-PAGE
electrophoresis. Gels were stained with Coomassie blue and the eluates were compared
to each other to identify proteins specifically binding to the peptides. There were no
bands only visible in the peptides lanes and not in the control lane (Figure 4.9). Silver
stain (Methods 2.5.2) was used to increase the sensitivity but failed to show any specific
bands (data not shown). No potential binding partners unique to hK2P15.1 N-terminus
were therefore detected.
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Table 4.1 Putative binding partners to full-length hK2P15.1.
A Table summarising the results from mass spectrometry analysis following binding

assays to hK2P15.1 full-length channel. For each sample (band), the gel fragment
number (referring to Figure 4.7), the expressed protein used as bait in the assays and the
proteins identified by mass spectrometry in the sample are indicated.

B Table summarising the mass spectrometry results for the two proteins identified in

sample 4. For each protein, the number of matching peptides (number of hits) and the
protein score are indicated.
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Figure 4.8 Synthetic peptides utilised to represent hK2P3.1, hK2P9.1 and hK2P15.1
N-terminal region.

Diagram of hK2P15.1 predicted structure showing the N-terminal region of the channel
and the sequence of the synthetic peptides used to mimic it as bait in binding assays,
with or without the predicted phosphate at S5. The peptide mimicking hK2P3.1
N-terminus (identical to hK2P9.1 N-terminus), also used for differential binding assays,
is also shown.
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Figure 4.9 Binding assays show no binding partners specific to hK2P15.1
N-terminus detected.

Coomassie blue staining of 12 % polyacrylamide gel showing proteins co-purified with
hK2P15.1 N-terminus and hK2P3.1 (or hK2P9.1) N-terminus. Synthetic peptides
corresponding to hK2P15.1 N-terminus, hK2P15.1 N-terminus phosphorylated in S5 and
hK2P3.1 N-terminus (identical to hK2P9.1 N-terminus) were immobilised in agarose
beads and used as bait in binding assays with rat brain homogenate. Beads alone (no
peptide) were used as negative control to identify non specific interactions. No bands
are visible in the peptide lanes that are not also detected in the control lane.
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4.3.3 Identification of binding proteins to hK2P15.1 cytoplasmic regions.

4.3.3.1 Selection of hK2P15.1 regions of interest and cloning of GST fusion
constructs.

Binding partners to hK2P15.1 internal region (aa 129-158) and C-terminal region
(aa 244-330) were identified by GST-based binding assays (Methods 2.4.9, summarised
in Figure 4.10).
hK2P15.1 (129-158) and hK2P15.1 (244-330) were selected as regions of interest (Figure
4.11A) and were produced by PCR reaction (Methods 2.2.12) with specific primers
which included restriction sites (Figure 4.11A). Three PCR products were obtained: Int,
corresponding to hK2P15.1 (129-158), and CtB and CtC, corresponding to hK2P15.1
(244-330) isoform B and isoform C respectively (Figure 4.11B).
Int, CtB and CtC were gel-purified (Methods 2.2.14) and cloned (Methods 2.2.10) in
frame with GST into pGEX-6P-1 vector into its multiple cloning site (MCS) (Figure
4.12A). The three GST fusion constructs obtained and containing Int, CtB and CtC were
named

GST-hK2P15.1Int

(5070

bp),

GST-hK2P15.1CtB

(5234

bp)

and

GST-hK2P15.1CtC (5235 bp) respectively. Constructs were examined by restriction
analysis (Methods 2.2.7) to verify the expected difference in DNA length when
comparing clones. Since two XmnI restriction sites exist in pGEX-6P-1 (position 651
and 1579), XmnI digestion on the different constructs resulted in two bands: an upper
band identical in size for each construct (4056 bp) and a lower band of different sizes
depending on the size of the DNA inserted, as predicted (Figure 4.12B). Additionally
constructs were sequenced (Methods 2.2.18) to verify that the inserted DNA was in
frame with the GST reading frame.
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Figure 4.10 GST-fusion protein-based binding assays.

Scheme showing the principle of GST-fusion protein (GST-FP) binding assays.
Expression of cloned GST and GST-FP in BL21 (DE3) E.Coli is induced by addition of
IPTG, which binds and neutralises the Tac promoter inhibitor LacI (1). Expressed GST
and GST-FP are solubilised (2) and purified by immobilisation on agarose beads and
washing in stringent conditions to remove non specifically interacting bacterial proteins
(3). Purified GST and GST-FP are incubated with tissue homogenate (4) and non
specifically interacting proteins are removed by washing in stringent conditions (5).
Specifically interacting proteins are eluted by low pH followed by loading buffer
incubation (6), collected (7) and separated by SDS-PAGE (8). Proteins interacting with
GST-FP but not with GST are isolated (8) and identified by mass spectrometry (9).
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Figure 4.11 hK2P15.1 cytoplasmic regions selection and production.
A Diagram of hK2P15.1 predicted structure showing the position of the two hK2P15.1

cytoplasmic regions selected to generate GST fusion constructs. Red arrows indicate the
forward and reverse primers (IntF, IntR, CtF and CtR) used to produce each of the
selected regions with the inclusion of EcoRI, SalI or NotI restriction sites.

B Image of a 1.5 % agarose gel with PCR products from hK2P15.1 DNA with IntF and
IntR or CtF and CtR primers and annealing temperatures of 65°C or 70°C respectively.
Int (107 bp) represents hK2P15.1 (129-158), indicated as internal region, with the
inclusion of EcoRI and SalI restriction sites. CtB and CtC (277 bp each) represent
hK2P15.1 (244-330), indicated as C-terminal region for hK2P15.1B or hK2P15.1C variant
respectively, with the inclusion of EcoRI and NotI restriction sites.
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Figure 4.12 GST fusion constructs cloning and restriction analysis.
A Diagram of pGEX-6P-1 vector (4984 bp) showing characteristic elements of the

plasmid (Ampr, pBR322 ori, LacIq, Ptac, GST coding frame and MCS) and each of the
three PCR products (Int, CtB and CtC) cloned into the vector multiple cloning site
(MCS) to produce GST fusion constructs of hK2P15.1 selected regions.
B Image of a 1 % agarose gel with digestion products from pGEX-6P-1 (GST) and the
GST fusion constructs cloned (GST-hK2P15.1Int, GST-hK2P15.1CtB and
GST-hK2P15.1CtC). Digestion with XmnI generated an upper band identical in size for
each construct (4056 bp) and a lower band of different sizes depending on the construct
(928 bp for GST, 1014 bp for GST-hK2P15.1Int, 1178 bp for GST-hK2P15.1CtB and
1179 for GST-hK2P15.1CtC).
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4.3.3.2 Expression of GST fusion proteins.

GST fusion constructs were transformed (Methods 2.2.3) in BL21 (DE3) E.Coli and the
GST fusion proteins (GST-FP) induced (Methods 2.4.1) by addition of IPTG. In order
to achieve both high levels of expression and solubility of the GST-FP, the optimal
time, IPTG concentration and growth temperature were determined. Total cell lysate of
IPTG-induced bacteria cultures were analysed by SDS-PAGE electrophoresis and
Coomassie blue staining of the gels. Optimal protein induction conditions were 1 mM
IPTG and growth at 30°C, which represented the best compromise between expression
level and protein solubility. Optimal expression time was determined by time course
analysis initially on small culture volumes (3 ml). Bacteria cultures were grown at 30°C
in presence of 1 mM IPTG at time points up to 24 h after IPTG addition. Total cell
lysates from different time points (1-24 h) were analysed by SDS-PAGE. As shown in
Figure 4.13, there was minimal protein production prior to IPTG addition (time zero, t0)
which increased from 4 to 24 h after IPTG addition (t4-t24) for GST and each GST-FP.
Growth longer the 6 h after IPTG addition did not significantly increased protein
production (Figure 4.13). The optimal expression time was established as 6 h (t6).
To confirm GST and GST-FP specific expression, samples of bacteria cultures were
collected at t = 0 h (t0) and t = 6 h (t6) and their total cell lysate was analysed by
Western Blot analysis and subsequent Coomassie blue staining of the transferred gel.
Coomassie blue stained gel showed increased protein expression at t6 compared to t0
for all four proteins (Figure 4.14A). When immunoblotting with GST, all four proteins
were detected in the t6 lanes at the predicted size (26 kDa for GST, 30 kDa for
GST-hK2P15.1Int, 36 kDa for both GST-hK2P15.1CtB and GST-hK2P15.1CtC) (Figure
4.14B), confirming the specificity of GST and GST-FP protein expression. Lower
molecular weight products for GST and the three GST-FP were also identified (Figure
4.14B) and may be due to be cleavage products of each of the four proteins. When the
membrane was blotted with hK2P15.1-LR, which recognizes an epitope within the
C-terminus of hK2P15.1 (aa 294-308), only GST-hK2P15.1CtB and GST-hK2P15.1CtC
were detected at the expected size (36 kDa) and at lower molecular weight (Figure
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Figure 4.13 GST and GST fusion proteins are effectively expressed in BL21
E.Coli bacteria.

Coomassie blue staining of 12 % polyacrylamide gel showing time course of GST and
GST-FP expression in BL21 (DE3) E.Coli. Total cell lysates of the bacteria cultures
were analysed prior to IPTG addition (t0) and following 1 mM IPTG incubation for
1-24 h (t1-t24). Green boxes show the effectiveness of protein induction for GST
(26 kDa), GST-hK2P15.1Int (30 kDa), GST-hK2P15.1CtB (36 kDa) and
GST-hK2P15.1CtC (36 kDa).
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Figure 4.14 Confirmation of GST and GST fusion proteins specific expression.
A Coomassie blue staining of 12 % polyacrylamide gel separating total cell lysate of

BL21 E.Coli expressing GST or GST-FP and analysed previous to protein induction (t0)
and after 6 h of protein induction by 1 mM IPTG (t6). Darker bans are visualised at t6
for each of the expressed proteins.
B Western Blot analysis of the gel shown in panel A. Immunoblot for GST detects GST
at t0 and t6 and the three GST-FP at t6. For t6 samples, a band lower than the predicted
size (26 kDa for GST, 30 kDa for GST-hK2P15.1Int, 36 kDa for GST-hK2P15.1CtB and
GST-hK2P15.1CtC) is also detected.
C Western Blot analysis of the gel shown in panel A. Immunoblot for hK2P15.1-LR

detects GST-hK2P15.1CtB and GST-hK2P15.1CtC at t6. Bands lower than the predicted
size (36 kDa) are also detected in both samples.
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4.14C). These data confirm that GST-hK2P15.1CtB and GST-hK2P15.1CtC at both
predicted molecular weight and lower molecular weight contained the full length
C-terminus of hK2P15.1 and suggest that the shift in size comparable for all GST and
GST-FP could be attributable to cleavage of the GST portion of each of the four
proteins.

4.3.3.3 Solubilisation of GST fusion proteins.

GST and GST-FP expressed for 6 h after IPTG-mediated protein induction were
solubilised (Methods 2.4.4) in 1% Triton X-100. Samples of the soluble (S) and
non-soluble (NS) fractions were analysed by SDS-PAGE and Coomassie blue staining
of the gel to ensure the effectiveness of the solubilisation protocol. Both GST and
GST-hK2P15.1Int were detected at the expected size in the S fraction of the sample
(Figure 4.15A), indicating efficient solubilisation. However, both GST-hK2P15.1CtB
and GST-hK2P15.1CtC were detected at the expected size in the NS fraction of the
sample and only their cleavage products were detected as soluble (Figure 4.15A). Since
solubilisation in 1% Triton X-100 was established ineffective for GST-hK2P15.1CtB
and GST-hK2P15.1CtC, other solubilisation agents were tested on GST-hK2P15.1CtB.
Given that a first solubilisation step in 1% Triton X-100 proved useful to remove
cleaved GST-FP from the sample, the alternative solubilisation protocols to be tested
were performed on the GST-hK2P15.1CtB NS fraction resulting from first solubilisation
in 1% Triton X-100. GST-hK2P15.1CtB was detected at the expected size in the S
fraction of the samples solubilised in 0.03% SDS, 0.5% sarcosyl and 8 M urea while it
was still non-soluble after all the other treatments, which included 3% Triton X-100,
1% NP-40, 1% Tween 20 and 10 mM DTT (Figure 4.15B).

4.3.3.4 Purification of GST fusion proteins.

To determine the optimal solubilisaton agent for GST-hK2P15.1CtB, solubilised
GST-FP was purified using glutathione Sepharose matrix (Methods 2.4.8) and
purification yields were compared. Urea in the sample maintains proteins in a denatured
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Figure 4.15 GST and GST fusion proteins are effectively solubilised.
A Coomassie blue staining of 12 % polyacrylamide gel separating non-soluble (NS) or

soluble (S) fractions of total cell lysate of BL21 E.Coli expressing GST or GST-FP after
6 h of protein expression and solubilisation with 1% Triton X-100. Green boxes indicate
GST and GST-hK2P15.1Int in the S fraction of the sample. Red boxes indicate
GST-hK2P15.1CtB and GST-hK2P15.1CtB in the NS fraction of the sample. Red dotted
boxes indicate GST-hK2P15.1CtB and GST-hK2P15.1CtB at smaller size than predicted
in the S fraction of the sample.
A Coomassie blue staining of 12 % polyacrylamide gels separating non-soluble (NS) or
soluble (S) fractions of re-solubilised GST-hK2P15.1CtB NS fraction after Triton X-100.
Re-sulobilisation agents are indicated. Green boxes indicate GST-hK2P15.1CtB in the S
fraction of sample solubilised with 0.03% SDS, 0.5% sarcosyl or 8 M urea. Red boxes
indicate GST-hK2P15.1CtB in the NS fraction of the other sample.
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state and hence is unsuitable for binding assays. Similarly, high concentrations of SDS
and sarcosyl are known to disrupt binding protein interactions. For this reason
solubilisation agents were dialysed out of each sample (Methods 2.4.5) prior to
matrix-purification. Solubilised GST-FP were incubated with glutathione Sepharose
beads. Beads were then pelleted and washed several times to obtain purified proteins.
Samples were collected at different stages of the protocol to monitor GST-hK2P15.1CtB
binding ability to matrix under the different conditions tested and were analysed by
SDS-PAGE and Coomassie blue staining of the gel (Figure 4.16). This was performed
for both non-dialysed samples and samples which had been dialysed in
1% Triton X-100 in PBS o/n at 4 °C (Figure 4.16). When solubilised in 0.5% sarcosyl
GST-hK2P15.1CtB was able to bind glutathione Sepharose beads but was not detected
by Coomassie stain bound to the matrix following washing (Figure 4.16A). When
solubilised

in

8M

urea,

non-dialysed

GST-hK2P15.1CtB

was

successfully

matrix-purified (Figure 4.16B): these conditions were however unacceptable because of
the presence of urea in the sample, as discussed above. Dialysed GST-hK2P15.1CtB
after solubilisation in 8 M urea was unable to be purified in a sufficient quantity (Figure
4.16B). Dialysed GST-hK2P15.1CtB after solubilisation in 0.03% SDS showed a similar
behavior to sarcosyl-solubilised GST-FP, demonstrating inability to be sufficiently
purified (Figure 4.16C). In contrast, non-dialysed GST-hK2P15.1CtB after solubilisation
in 0.03% SDS was successfully purified with glutathione Sepharose beads (Figure
4.16C). From these results, 0.03% SDS was established as optimal solubilisation for
GST-hK2P15.1CtB

and

GST-hK2P15.1CtC

NS

after

first

solubilisation

in

1% Triton X-100.
Having determined optimal solubilisation protocols, to purify the protein of interest in
large scale (50 ml) soluble GST and GST-FP were incubated with glutathione
Sepharose beads. Samples of beads after washing were collected and eluted proteins
were analysed by SDS-PAGE and Coomassie blue staining of the gel to verify the yield
of purification for GST and the three GST-FP. Both GST and GST-hK2P15.1Int were
detected at the expected size in the respective lanes while both GST-hK2P15.1CtB and
GST-hK2P15.1CtC failed to be detected (Figure 4.17A). This indicated that
GST-hK2P15.1CtB and GST-hK2P15.1CtC dissociated from glutathione Sepharose
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Figure 4.16 GST-hK2P15.1CtB purification effectiveness depends on the
solubilisation agent used.

Coomassie blue staining of 12 % polyacrylamide gels separating samples collected
during GST-hK2P15.1CtB purification on glutathione Sepharose matrix with or without
previous dialysis. GST-hK2P15.1CtB was previously solubilised in 0.5% sarcosyl (A),
8M urea (B) or 0.03% SDS (C). Different samples represent GST-hK2P15.1CtB-matrix
complex after immobilisation and prior to washes (lane 1), GST-hK2P15.1CtB detected
in unbound fraction following interaction with matrix (lane 2), proteins dissociated from
the complex after the first wash (lane 3) and finally purified proteins (lane 4). The green
box indicates GST-hK2P15.1CtB detected at level sufficient to perform to binding assay.
Red boxes indicate GST-hK2P15.1CtB non or non-sufficiently present in the purified
sample or sufficiently present but not usable for binding assays because denatured.
184

Laura Roncoroni

Results

Figure 4.17 GST and GST-FP are effectively purified.

Coomassie blue staining of 12 % polyacrylamide gels separating samples of purified
GST and GST-FP. GST and GST-hK2P15.1Int were previously solubilised with
1% triton; GST-hK2P15.1CtB and GST-hK2P15.1CtC were previously solubilised with
0.03% SDS.
A Protein purification on glutathione Sepharose matrix. Green boxes indicate GST and

GST-hK2P15.1Int present in the purified sample. Red boxes indicate GST-hK2P15.1CtB
and GST-hK2P15.1CtC non-present in the purified sample.
B Protein purification on protein G Sepharose matrix. Green boxes indicate GST and

GST-FP present in the purified sample.
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beads after the washes necessary to ensure GST-FP purification. Consequently an
alternative method of purification was adopted. GST and GST-FP were purified by
incubation with anti-GST antibody and purification through the IgG interaction with
protein G Sepharose matrix (Methods 2.4.8). Samples of washed beads were analysed
as previously described. All GST and GST-FP were detected at the expected sizes
(Figure 4.17B), consistent with successful purification.

4.3.3.5 GST-based binding assays.

Binding assays (Methods 2.4.9) to hK2P15.1 (129-158) were performed with GST and
GST-hK2P15.1Int purified through glutathione Sepharose matrix, which showed optimal
purification yield and less background binding than purification by protein G Sepharose
matrix. Since glutathione Sepharose beads were unable to purify GST-hK2P15.1CtB and
GST-hK2P15.1CtC, binding assays to hK2P15.1 (244-330) were instead performed with
GST, GST-hK2P15.1CtB and GST-hK2P15.1CtC purified by anti-GST antibody and
protein G Sepharose matrix. Immobilised GST-FP were incubated with rat brain
homogenate to promote protein interaction. Several washes were then performed to
remove non-specifically binding proteins and final complexes of beads, GST-FP and
interacting proteins were eluted from the matrix by loading buffer. Eluted proteins were
analysed by SDS-PAGE and Coomassie blue staining of the gels. No additional bands
were detected by this method (data not showed).
To increase the sensitivity of the system, gels were silver stained. No differences in
bands were visible between GST and GST-hK2P15.1Int (Figure 4.18A), indicating no
apparent specific binding partners for hK2P15.1 (129-158) were detected. When
comparing proteins eluted in pull-down assays to GST, GST-hK2P15.1CtB and
GST-hK2P15.1CtC, a single band was visible in the two GST-FP lanes but not visible in
the GST control (Figure 4.18A). These two bands were isolated and analysed by mass
spectrometry to identify proteins present; a corresponding piece of gel at the same
molecular weight on the GST lane was also isolated and analysed as a control sample
(Figure 4.18B).
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Figure 4.18 Binding assays show putative binding proteins for hK2P15.1
C-terminus.

Silver stain of 12 % polyacrylamide gels showing binding assays to hK2P15.1 internal
and C-terminal regions. Purified GST and GST-fusion proteins of hK2P15.1 region of
interest were used as bait in binding assays with rat brain homogenate.
A Binding assays. The green box indicates the selected region of interest. One band

(indicated by the arrow) is visible in the GST-hK2P15.1CtB and GST-hK2P15.1CtC
lanes but not in the GST lane.

B Magnification of the selected region in the binding assays shown in panel A. Green

boxes (1-3) indicate the three samples of interest isolated from the gel and analysed by
mass spectrometry.
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Mass spectrometry analysis on the three isolated bands revealed the presence of tubulin
beta chain in gel fragment 2 (isolated from the GST-hK2P15.1CtB lane) and the
presence of both tubulin beta chain and cytochrome bc1 complex subunit 1 in gel
fragment 3 (isolated from the GST-hK2P15.1CtC lane); analysis of the corresponding
gel fragment isolated from the GST control lane failed to identify any proteins (Table
4.2A). Tubulin beta chain from GST-hK2P15.1CtB and GST-hK2P15.1CtC binding
assays was identified with 9 and 27 matching peptides respectively and reported a
protein score of 372 and 448 respectively; similarly, cytochrome bc1 complex subunit 1
from GST-hK2P15.1CtC binding assays was reported to match 1 peptide and was
identified with a protein score of 53 (summarised in Table 4.2B). As discussed
previously (Results 4.3.1), identification of tubulin beta chain as a putative binding
partner of hK2P15.1 (244-230) was established reliable on the grounds of the number of
matching peptides recognized and on the protein score calculated. In spite of matching 1
single peptide, identification of cytochrome bc1 complex subunit 1 was however taken
into account on the ground of its low but still significant protein score and of its absence
from the GST control sample, which indicates a possible biological significance of the
result. Low confidence in cytochrome bc1 complex subunit 1 identification could arise
from low abundance of the protein in the sample, a sign of weaker interaction with
hK2P15.1C (244-230).

4.3.4 Identification of binding proteins to hK2P15.1 C-terminal portions.

Proteins which bind to portions of hK2P15.1 C-terminus (aa 224-330) were investigated
using synthetic peptides corresponding to 21-24 aa portions of the channel C-terminus.
Four synthetic peptides were designed and named peptide 1-4: hK2P15.1 (244-264),
hK2P15.1 (265-285), hK2P15.1 (286-306) and hK2P15.1 (307-330) (Figure 4.19). Each
peptide was synthesized with the addition of an N-terminal cysteine to enable peptide
immobilization on Sulfolink-coupling matrix (Methods 2.4.8). Immobilised peptides
were incubated with rat brain homogenate and interacting proteins were eluted by
loading buffer and separated by SDS-PAGE electrophoresis. Coomassie blue staining
on the gel showed the presence of a band in the lane corresponding to peptide 2; this
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Table 4.2 Putative binding partners to hK2P15.1 C-terminus.
A Table summarising the results from mass spectrometry analysis following binding

assays to hK2P15.1 C-terminus. For each sample (band), the sample number (referring to
Figure 4.18), the expressed GST-fusion protein used as bait in the assays and the
proteins identified by mass spectrometry in the sample are indicated.

B Table summarising the mass spectrometry results for the two proteins identified

between sample 2 and 3. For each protein, the number of matching peptides (number of
hits) and the protein score are indicated.
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Figure 4.19 Synthetic peptides utilised to represent hK2P15.1 C-terminal region.

Diagram of hK2P15.1 predicted structure showing the C-terminal region of the channel
and the amino acidic position of four synthetic peptides (peptide 1-4) used to mimic it
as bait in binding assays.
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band was not visible in the control lane and was visible but with different features in the
lanes corresponding to the other peptides (Figure 4.20A). The four bands identified in
the four peptide lanes and a corresponding gel fragment on the no-peptide control lane
were isolated (Figure 4.20B) and analysed by mass spectrometry.
Table 4.3A reports the results of mass spectrometry analysis on the five gel fragments
isolated. No proteins were identified in the control sample (band 1) or in the gel
fragments corresponding to peptide 1, 3 and 4 (band 2, 4 and 5 respectively). Analysis
on the band isolated form peptide 2 (band 3) identified immunoglobulin heavy
chain-binding protein (BIP) with 52 matching peptides and a total protein score of 551
(Table 4.3B). As previously discussed these results indicate a reliable identification of
BIP as putative binding partner of hK2P15.1 (265-285).

4.3.5 Confirmation of the interaction between hK2P15.1 and the identified binding
proteins.

BIP, tubulin beta chain, mitochondrial ATPase subunit beta (mitoATPase-β) and
cytochrome bc1 complex subunit 1 (cIII-sub1) were identified as putative hK2P15.1
binding partners through series of in-vitro binding assays performed with either
full-length hK2P15.1 or smaller fragments of the channel. Table 4.4 summarises these
findings and indicates, for each of the four proteins, the identified binding domain
within hK2P15.1 sequence and the binding protein score resulting from mass
spectrometry.
In order to confirm the results from the in-vitro binding assays, co-precipitation was
used to demonstrate interaction between the identified proteins and hK2P15.1 full-length
channel.
Both mitoATPase-β and cIII-sub1 are mitochondrial proteins and their interaction with
hK2P15.1 would suggest hK2P15.1 mitochondrial localization. This concurs with
observations of hK2P15.1 in mitochondria in confocal experiments performed in
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Figure 4.20 Binding assays show putative binding proteins for hK2P15.1
C-terminus.

Coomassie blue staining of 12 % polyacrylamide gel showing proteins bound to
hK2P15.1 C-terminal portions. Synthetic peptides corresponding to four hK2P15.1
C-terminal portions (peptide 1-4) were immobilised by agarose beads and used as bait
in binding assays with rat brain homogenate. Beads alone (no peptide) were used as
negative control to identify non specific interactions.
A Binding assays. The green box indicates the selected region of interest. One band

(indicated by the arrow) is visible in the peptide 2 lane but not visible or markedly
different in the other lanes.

B Magnification of the selected region in the binding assays shown in panel A. Green

boxes (1-5) indicate the five samples of interest isolated from the gel and analysed by
mass spectrometry.
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Table 4.3 Putative binding partner to hK2P15.1 C-terminal portions.
A Table summarising the results from mass spectrometry analysis following binding

assays to hK2P15.1 C-terminal portions. For each sample (band), the sample number
(referring to Figure 4.20), the synthetic peptide used as bait in the assays and the protein
identified by mass spectrometry in the sample are indicated.

B Table summarising the mass spectrometry results for BIP, the protein identified in

sample 3. The number of matching peptides (number of hits) and the protein score are
indicated.
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Table 4.4 hK2P15.1 putative binding partners.

Table summarising the results from mass spectrometry analysis following binding
assays to hK2P15.1. For each binding assays the considered region of hK2P15.1 used as
bait and its aminoacidic position within the channel are indicated. For either hK2P15.1
full-length channel or hK2P15.1 portions, each binding protein identified and its score
are indicated.

194

Laura Roncoroni

Results

chapter 3 (Section 3.3) and together these data support the conclusion of mitochondrial
localisation of hK2P15.1.
To

confirm

hK2P15.1

interaction

with

both

BIP

and

tubulin

beta chain

co-immunoprecipitation assays were performed on HEK293 transfected with either
eGFP (negative control), hK2P3.1-eGFP, hK2P9.1-eGFP or hK2P15.1-eGFP. hK2P3.1 and
hK2P9.1 were included to investigate the binding ability of BIP and tubulin to the other
TASK family members. Total cell lysate of transfected cells was incubated with
GFP-trap beads. Purified proteins were eluted from GFP-trap beads using low pH
followed by loading buffer and were then immunoblotted for eGFP, tubulin and BIP.
When probing with an antibody against eGFP, all eGFP, hK2P3.1-eGFP, hK2P9.1-eGFP
and hK2P15.1-eGFP were detected at the expected size (27 kDa, 69 kDa, 68 kDa and
62 kDa respectively) in the loading buffer eluted samples (Figure 4.21A). This confirms
both the expression and the relative quantity of each of the transfected constructs. eGFP
was also detected in the low pH eluted sample while bands lower and higher than
predicted were observed for each of the eGFP-tagged TASK channels (Figure 4.21A).
When membrane was blotted with a tubulin antibody, tubulin was detected at the
expected size (55 kDa) in all lysates eluted from immobilized TASK channels (Figure
4.21B), indicating a physical interaction between tubulin and hK2P3.1, hK2P9.1 and
hK2P15.1. Moreover, tubulin was not detected in the eGFP or in the low pH-eluted
samples corresponding to either hK2P3.1-eGFP, hK2P9.1-eGFP and hK2P15.1-eGFP
(Figure 4.21B), supporting the conclusion that tubulin beta chain interacts specifically
and with high affinity with hK2P3.1, hK2P9.1and hK2P15.1.
Interaction with BIP was also investigated. BIP was detected at the expected size
(72 kDa) in the input lane and in the samples eluted by loading buffer from each of the
three TASK channels (Figure 4.22A). BIP was not detected in the samples
corresponding to eGFP or in the samples eluted by low pH from hK2P3.1-eGFP,
hK2P9.1-eGFP and hK2P15.1-eGFP (Figure 4.22A). As for tubulin, these results confirm
binding between BIP and each of the three TASK channel.
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Figure 4.21 TASK channels interact with tubulin.

Western Blot analysis of 12 % polyacrylamide gels separating total cell lysate of
HEK293 cells transfected with either eGFP (27 kDa), hK2P3.1-eGFP (69 kDa),
hK2P9.1-eGFP (68 kDa) or hK2P15.1-eGFP (62 kDa). eGFP proteins were immobilised
by using GFP-trap beads. Co-purified proteins were eluted by low pH or loading buffer
(LB). Input lane separates total cell lysate of HEK293 cells.
A eGFP and all four eGFP-tagged proteins are detected in LB-eluted samples from the
respective lysates. eGFP is also detected in the pH-eluted sample from the respective
lysate.
B Tubulin is detected at 55 kDa (arrow) in the input sample and in the samples eluted

by LB from lysates corresponding to hK2P3.1-eGFP, hK2P9.1-eGFP or hK2P15.1-eGFP
transfected cells.
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Figure 4.22 TASK channels interact with BIP.

Western Blot analysis of 12 % polyacrylamide gels separating total cell lysate of
HEK293 cells transfected with either eGFP, hK2P3.1-eGFP, hK2P9.1-eGFP or
hK2P15.1-eGFP. eGFP and eGFP-tagged proteins were immobilised by using GFP-trap
beads. Purified proteins were eluted by low pH or loading buffer (LB). Input lane
separates total cell lysate of HEK293 cells.
A BIP is detected at 72 kDa (arrow) in the input sample and in the samples eluted by LB

from hK2P3.1-eGFP, hK2P9.1-eGFP or hK2P15.1-eGFP transfected cells lysates.

B BIP is detected at 72 kDa (arrow) in the input sample. CO-IP was carried in presence

of 2 mM ATP

C Calnexin is detected at 90 kDa (arrow) in the input sample.
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Since BIP is a chaperon protein involved in protein quality control within the ER and in
unfolded protein response (UPR), the exclusion of UPR as a cause of BIP binding to
TASK channels was investigated. Experiments were performed as for the previous
co-immunoprecipitations and the membrane was immunoblotted for another chaperon
protein, calnexin. Calnexin was detected at the expected size (90 kDa) in the input lane
but not detected in the samples eluted from the immobilized channels or eGFP alone
(Figure 4.22C). This indicates that UPR was not responsible for BIP binding to
hK2P3.1-eGFP, hK2P9.1-eGFP and hK2P15.1-eGFF, which otherwise would have bound
both BIP and calnexin non-selectively.
Finally, experiments were repeated in presence of 2 mM ATP. Binding between ATP
and BIP results in a conformation change in BIP (Wei et al., 1995) and disrupts binding
between BIP and partner proteins. When immunoblotting for BIP after ATP incubation,
BIP was only detected in the input lane (Figure 4.22B). Disruption of BIP binding in
presence of ATP indicated that binding of BIP to TASK channels is specific.
To further investigate the role of hK2P15.1 (265-285) in recruiting BIP, the channel was
mutagenised to remove the C-terminal domain (residues 265-285) initially shown to
bind BIP (Figure 4.20 and Table 4.3). Co-precipitation was performed with HEK293
cells transfected with either eGFP, hK2P15.1-eGFP lacking the putative BIP binding
domain (Δ265-285) or hK2P15.1-eGFP. Immunoblots for eGFP detected eGFP at 27
kDa, Δ265-285 at 60 kDa and hK2P15.1-eGFP at 62 kDa (Figure 4.23A), confirming the
presence of the bait protein in the sample. Calnexin was detected only it in the input
lane (Figure 4.23A), while BIP was detected in the input lane, in the samples
corresponding to Δ265-285 and hK2P15.1-eGFP and with weak interaction to eGFP. In
the presence of 2 mM ATP, BIP failed to co-purify with any of the channels (Figure
4.23B). A fainter band than that observed for wild type (wt) channel was detected for
the mutant channel (Figure 4.23B). The intensities of these bands were compared using
ImageJ software (Methods 2.5.7) and the intensity of band corresponding to Δ265-285
was 35% of the one corresponding to wt hK2P15.1.
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Figure 4.23 hK2P15.1 (265-285) is involved in hK2P15.1 interaction with BIP.

Western Blot analysis of 12 % polyacrylamide gels separating total cell lysate of
HEK293 cells transfected with either eGFP (27 kDa), Δ265-285 (60 kDa) or
hK2P15.1-eGFP (62 kDa). eGFP and eGFP-tagged proteins were immobilised by using
GFP-trap beads. CO-IP was carried out in presence of 2 mM ATP when indicated
(+ATP). Purified proteins were eluted by loading buffer. Input lane separates total cell
lysate of HEK293 cells transfected with eGFP.
A Immunoblot for eGFP and calnexin. eGFP antibody detects all three over-expressed

proteins (arrow indicate hK2P15.1-eGFP) from the respective lysates and eGFP also in
the input lane. Calnexin is detected at 90 kDa in the input lane.
B BIP is detected at 72 kDa (arrow) in the input sample and in the samples eluted from
Δ265-285 or hK2P15.1-eGFP lysates. When in presence of 2 mM ATP (+ATP), BIP is
detected only in the input lane.
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4.4 Conclusions.

4.4.1 hK2P15.1 structure and PTM.

hK2P15.1 topology, PTM and binding partners were here investigated.
hK2P15.1 topology determined here predicts four Tm, two P and cytoplasmic N- and
C-termini. This matches the structures predicted for hK2P3.1 and hK2P9.1. Interestingly,
the crystal structure of two K2P channels, TWIK1 (K2P1.1) and TRAAK (K2P4.1), has
been recently characterised (Brohawn et al., 2012; Miller and Long, 2012) and
corresponds to the structure predicted for hK2P15.1.
This study provides the first experimental evidence that hK2P15.1 is phosphorylated and
is consistent with the previous in-silico phosphorylation prediction (Ashmole et al.,
2001; Kim and Gnatenco, 2001). In-silico analysis (Results 4.2) predicts six potential
phosphorylation sites in hK2P15.1 sequence, which include a serine residue within the
channel N-terminus (S5) and five serine residues (S262, S283, S288, S307 and S311)
within

the

channel

C-terminus.

These

data

confirm

previously

predicted

phosphorylation in S5 (Ashmole et al., 2001) and in S262 (Ashmole et al., 2001; Kim
and Gnatenco, 2001) and identify additional phosphorylation targets of several kinases
including PKA, PKC, p38MAPK, GSK3 and CDK5. While individual phosphorylation
sites were not examined, these data demonstrated that hK2P15.1 is phosphorylated invitro.
Analysis here excludes N-linked glycosylation of hK2P15.1, as previously reported
(Ashmole et al., 2001; Kim and Gnatenco, 2001), but identifies three potential
O-glycosylation targets (T260, S262 and S271) within hK2P15.1B C-terminus.
Interestingly, one of the three predicted O-linked glycosylation sites (T260) is only
present in hK2P15.1B; in both hK2P15.1A and hK2P15.1C natural variants the target
threonine is substituted by proline.
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Both N-linked and O-linked glycosylation were tested but failed to be demonstrated on
hK2P15.1. However, prediction of hK2P15.1 O-linked glycosylation may be relevant.
Indeed, a single residue (S262) within hK2P15.1 C-terminus is predicted to be both
phosphorylated and O-linked glycosylated. Phosphorylation and O-linked glycosylation
are mutually exclusive (Kelly et al., 1993) and appear to regulate protein-protein
interactions and protein subcellular localisation in reciprocal manner (Kanno et al.,
2010; Slawson and Hart, 2003). A mechanism of mutual exclusion for hK2P15.1
O-linked glycosylation or phosphorylation with distinct down-stream regulatory effects
on the channel can be suggested.

4.4.2 hK2P15.1 binding partners.

hK2P15.1 was here shown to localise predominantly within the ER and in mitochondria
(Results 3.3). This study interrogates possible hK2P15.1 retention mechanisms in the
ER. For this, proteins which interact with hK2P15.1 and may be responsible for its
intracellular retention were investigated. BIP, tubulin beta chain plus two mitochondrial
proteins, mitoATPase-β and cIII-sub1, were shown to interact with hK2P15.1.
Additionally tubulin beta chain, cIII-sub1 and BIP interactions were narrowed to the
C-terminus of the channel and hK2P15.1 (265-285) within the channel C-terminus was
shown critical to BIP recruitment.

4.4.2.1 hK2P15.1 interaction with tubulin.

Confirmed interaction between hK2P15.1 and tubulin β chain indicates a close
association between the channel and micro-tubules formed by tubulin α and β chains
subunits. Microtubules are essential components of the cytoskeleton, which play major
roles in intracellular trafficking as well as in other mechanisms including cell
polarisation, division and migration. Interestingly, other membrane proteins have been
shown to bind tubulin and to be regulated by this interaction, including Na-K-ATPase
(Casale et al., 2001; Santander et al., 2006), voltage-gated K+ channel Kv10.2 (Bracey
et al., 2008) and the mitochondrial voltage-dependent anion channel VDAC (Carre et
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al., 2002; Rostovtseva et al., 2008). Together, these data support a cytoskeleton-driven
mechanism for hK2P15.1 trafficking.

4.4.2.2 hK2P15.1 interaction with mitochondrial proteins.

Interaction of hK2P15.1 with mitoATPase-β and cIII-sub1 indicates mitochondrial
localisation of the channel, in particular within the inner mitochondrial membrane.
Significantly, hK2P15.1 was shown to localise in mitochondria by confocal analysis
presented in Chapter 3. Other KCh have previously been shown to localise within the
mitochondrial membrane (Bednarczyk, 2009; Szewczyk et al., 2009), including
voltage-gated KCh (mitoKv1.3) (Szabo et al., 2005), large and intermediate
conductance Ca++-activated KCh (mitoBK and mitoIKca) (De Marchi et al., 2009;
Siemen et al., 1999), ATP-regulated KCh (mitoATP) (Inoue et al., 1991) and hK2P9.1
within the TASK family of K2P (mitoTASK3) (Rusznak et al., 2008). Significantly,
mitoTASK3 was reported as a mitochondrial channel in healthy and malignant
keratinocytes; a role in mitochondrial function and cellular energy production has been
proposed for this channel (Rusznak et al., 2008). Data presented here support a new
physiological role for hK2P15.1 in mitochondrial function.
4.4.2.3 hK2P15.1 interaction with BIP.

Interaction between hK2P15.1 and BIP is of particular interest. BIP is a constitutively
expressed ER-resident protein involved in protein folding and translocation across the
ER membrane. BIP has been shown to specifically interact with other membrane
proteins, including nicotinic acetylcholine receptor (nAChR) (Wanamaker and Green,
2007) and aquaporin 2 (AQP2) (Zwang et al., 2009). Although BIP is most commonly
known as chaperon protein involved in protein folding and hence in UPR, the binding
between BIP and hK2P15.1 has additional implications. In conditions of UPR, hK2P15.1
would bind both BIP and other chaperon proteins, including calnexin (Shen et al.,
2002). Data presented here show the selective binding of hK2P15.1 to BIP but not to
calnexin and indicate that BIP interaction with hK2P15.1 is unrelated to UPR.
Additionally, disruption of BIP binding to hK2P15.1 in presence of ATP indicates a
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regulated interaction. Indeed, when binding ATP, BIP undergoes conformational
changes which are neutral with regard to non-regulated interactions but cause disruption
of regulated interactions with specific target proteins (Shen et al., 2002; Wei et al.,
1995).
In addition, this study defines BIP binding to the C-terminus of the channel, with
residues 265-285 shown critical to BIP recruitment. Removal of this region disrupts the
binding with BIP and a decrease by 65% is observed in BIP interaction. hK2P15.1
predicted topology indicates that hK2P15.1 C-terminus lies external to the ER and
localises within the cytoplasm. BIP has been previously predicted to reside
predominantly within the ER. For hK2P15.1 C-terminus and BIP to interact, they should
exist in the same intracellular compartment; an implication of this result is that BIP may
localise external to the ER. In fact, an interesting series of publications already
demonstrated BIP localisation both within the cytoplasm and the cell membrane (Jang
and Hanash, 2003; Misra et al., 2002; Shin et al., 2003; Zwang et al., 2009).
hK2P15.1 binding to BIP has particular relevance as BIP has a role in the cell response
to stress. Under stress conditions (e.g. pharmacological treatment with DTT) BIP
demonstrates differential binding ability to its binding partners (Bertolotti et al., 2000;
Shen et al., 2002). A similar mechanism may occur to the binding between BIP and
hK2P15.1.
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Chapter 5

Results

Physiological implications of hK2P15.1 interaction with
BIP and analysis of hK2P15.1 subcellular localization
under conditions of cellular stress.
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5.1 Introduction.
Data presented in chapter 4 demonstrated that hK2P15.1 is phosphorylated and predicted
six potential phospho-acceptor sites in hK2P15.1. Post-translational modifications
(PTM), and in particular phosphorylation, have previously been shown to be critical to
the interaction of the other TASK channels with binding partners responsible for the
channel trafficking and localisation at the cell membrane (O'Kelly et al., 2002). Since a
similar mechanism could be responsible for hK2P15.1 retention in or release from the
ER, here the effects of hK2P15.1 phosphorylation on the channel subcellular localisation
were investigated.
Data presented in chapter 4 also demonstrated hK2P15.1 interaction with BIP.
BIP-binding domain was narrowed to the C-terminus of the channel and residues
265-285 within the channel C-terminus were shown to be critical to BIP recruitment.
Significantly, the interaction between hK2P15.1 and BIP was shown unrelated to UPR.
Additionally, BIP-binding to hK2P15.1 was disrupted by the presence of ATP, indicating
a specific and regulated interaction.
Other transmembrane proteins have been previously shown to specifically interact with
BIP as a regulatory mechanism of their trafficking or localisation (Shen et al., 2002;
Zwang et al., 2009). Similarly, the interaction between hK2P15.1 and BIP may have
regulatory effects on the channel trafficking. Data presented in chapter 3 demonstrated
hK2P15.1 inability to reach the Golgi complex and the cell membrane. To investigate the
implications of hK2P15.1 binding to BIP on the channel trafficking, here hK2P15.1
interaction with BIP was prevented by disrupting hK2P15.1-BIP-binding domain and the
channel subcellular localisation was investigated.
Under conditions of cellular stress, BIP has been shown to dissociate from specific
binding partners (Bertolotti et al., 2000; Shen et al., 2002). As BIP binding to hK2P15.1
is proposed to play a role in the channel retention within the ER, it is hypothesised that
stress conditions may alter BIP binding to hK2P15.1 and hence change the channel
subcellular localisation.
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5.2 Analysis of hK2P15.1 subcellular localisation under altered
phosphorylation states.
To investigate the effects of phosphorylation on hK2P15.1 trafficking, the channel
subcellular localisation was investigated under conditions of enhanced or reduced
protein phosphorylation. Protein kinase A (PKA) is predicted to phosphorylate hK2P15.1
at S5 within the channel N-terminus (Results 4.2). S5 is unique to hK2P15.1 within the
TASK channels as both hK2P3.1 and hK2P9.1 N-termini are identical and do not include
any potential phosphorylation targets (Figure 4.4). Additionally, hK2P15.1 N-terminus
shows only 50% sequence homology with the other two TASK channels, which is lower
than the overall sequence homology among their full-lenght sequences. This difference
may reflect the different trafficking regulation of hK2P15.1 in comparison to hK2P3.1
and hK2P9.1. Hence, S5 is a hK2P15.1 predicted phosphorylation target of particular
interest and it was considered here as an interesting starting point to investigate the
effects of PTM on the channel.
The protein phosphorylation status was altered in HeLa cells transfected (Methods
2.3.2) with hK2P15.1-eGFP and the cells were analysed by immunocytochemistry
(Methods 2.5.8). PKA activity was either inhibited or enhanced by incubation with the
PKA inhibitor 14-22 amide myristoylated peptide (PKI) or the PKA activator 8-bromocyclic AMP (PKAct) respectively (Methods 2.3.3). hK2P15.1-eGFP localisation was
monitored by eGFP fluorescence. ER, Golgi complex and cell membrane were detected
by staining with PDI, 58K Golgi protein and lectins respectively (see Results 3.3).
Colocalisation between the channel and either ER, Golgi complex or cell membrane
was determined by confocal microscopy. Single stack images were analysed with the
software LAS AS Lite (Methods 2.5.10), which compares the relative positions of
signal intensity peaks for each staining along a line (ROI) traced through a transfected
cell.
As described in Results 3.3, confocal images on hK2P15.1-eGFP transfected cells under
control conditions showed channel localisation within the ER (Figure 5.1A) but channel
exclusion from both Golgi complex (Figure 5.1B) and cell surface (Figure 5.1A).
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Figure 5.1 hK2P15.1-eGFP is localised within the ER but not within Golgi complex
or cell surface in hK2P15.1-eGFP transfected HeLa cells.

Panels 1 show confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP. In green, cell marker staining: ER (PDI, A), Golgi complex (58K Golgi
protein, B) or cell surface (lectins, C). In red, eGFP detection (hK2P15.1-eGFP). In blue,
nuclei staining (DAPI). Merge of the three signals is shown, with ER and
hK2P15.1-eGFP signals overlap resulting in a yellow stain. Lines along which signal
quantification was performed are also indicated. Panels 2 show quantification analysis
of eGFP fluorescence (red line) and cell marker stainin (green line) along the line
indicated in panels 1, with colocalisation resulting in overlap of the intensity peak
position for the two signals. Scalebars: 25 µm (Panel C1).
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Attention was hence focused on hK2P15.1-eGFP localisation both within the Golgi
complex and at the cell surface following PKI or PKAct treatment.
Confocal images on Golgi stained hK2P15.1-eGFP transfected cells following PKI
treatment showed overlap of 58K Golgi protein signal and eGFP tag fluorescence
(Figure 5.2 panel 4,5). Quantification analysis on single stack of these images showed
close overlap of the two signals (Figure 5.2 panel 6), demonstrating hK2P15.1-eGFP
localisation within the Golgi complex. Similarly, confocal images showed overlap of
eGFP fluorescence with lectins staining (Figure 5.3 panel 4,5) and quantification
analysis confirmed intensity peak position overlap for the two signals (Figure 5.3 panel
6), demonstrating hK2P15.1 localisation at the cell surface following PKI treatment.
hK2P15.1-eGFP localisation within the Golgi complex and at the cell surface following
PKAct treatment was also demonstrated (Figure 5.4 and Figure 5.5). Indeed, confocal
images and quantification analysis showed colocalisation of hK2P15.1-eGFP with 58K
Golgi protein (Figure 5.4 panel 4,5,6) and lectins (Figure 5.5 panel 4,5,6). However, it is
worth noting that treatment of cells with PKAct resulted in marked morphological
changes within these cells, including altered cell shape and collapsed and rounded Golgi
vesicles. Therefore altered cellular localisation of hK2P15.1-eGFP as a direct effect of
altered PKA activity is difficult to conclude without embarking on systematic removal
of phospho-acceptor sites.

5.3

Implications

of

hK2P15.1

interaction

with

BIP

and

characterisation of hK2P15.1-BIP-binding motif.

5.3.1 Implications of hK2P15.1 interaction with BIP.

As residues 265-285 are critical to BIP recruitment to hK2P15.1 (Results 4.3), this
region was removed to enable the role of BIP interaction with the channel to be
examined. hK2P15.1-eGFP was mutated (Methods 2.2.16) to delete aa 265-285 from the
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Figure 5.2 PKA inhibition enables hK2P15.1-eGFP localisation within the Golgi
complex.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and treated with PKI. Golgi staining (58K Golgi protein, green, panel
1), eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3).
Merge of the three signals is shown in panel 4, with Golgi and hK2P15.1-eGFP signals
overlap resulting in a yellow stain. In panel 5 an enlargement of the selected area in
panel 4, with lines along which signal quantification was performed (ROI1, ROI2,
ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line) and Golgi
staining (green line) for each ROI, with colocalisation resulting in overlap of the
intensity peak position for the two signals. Scalebars: 25 µm.
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.
Figure 5.3 PKA inhibition enables hK2P15.1-eGFP localisation at the cell surface.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and treated with PKI. Membrane staining (lectins, green, panel 1),
eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3). Merge of
the three signals is shown in panel 4, with lectins and hK2P15.1-eGFP signals overlap
resulting in a yellow stain. In panel 5 an enlargement of the selected area in panel 4,
with lines along which signal quantification was performed (ROI1, ROI2, ROI3). In
panel 6 quantification analysis of eGFP fluorescence (red line) and lectins staining
(green line) for each ROI, with colocalisation resulting in overlap of the intensity peak
position for the two signals. Scalebars: 25 µm.
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Figure 5.4 hK2P15.1-eGFP shows Golgi localisation following PKA activation.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and treated with PKAct. Golgi staining (58K Golgi protein, green,
panel 1), eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3).
Merge of the three signals is shown in panel 4, with Golgi and hK2P15.1-eGFP signals
overlap resulting in a yellow stain. In panel 5 an enlargement of the selected area in
panel 4, with lines along which signal quantification was performed (ROI1, ROI2,
ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line) and Golgi
staining (green line) for each ROI, with colocalisation resulting in overlap of the
intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.5 hK2P15.1-eGFP shows surface localisation following PKA activation.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and treated with PKAct. Membrane staining (lectins, green, panel 1),
eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3). Merge
of the three signals is shown in panel 4, with lectins and hK2P15.1-eGFP signals overlap
resulting in a yellow stain. In panel 5 an enlargement of the selected area in panel 4,
with lines along which signal quantification was performed (ROI1, ROI2, ROI3). In
panel 6 quantification analysis of eGFP fluorescence (red line) and lectins staining
(green line) for each ROI, with colocalisation resulting in overlap of the intensity peak
position for the two signals. Scalebars: 25 µm.
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Figure 5.6 Constructs utilised to disrupt BIP-binding region from hK2P15.1-eGFP.

Diagram of hK2P15.1-eGFP predicted structure showing hK2P15.1 (265-285), the
C-terminal region of the channel critical to BIP recruitment. The four hK2P15.1-eGFP
mutants carrying deletions of this critical region used to investigate BIP binding to
hK2P15.1 are shown.
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channel sequence. This new construct was named Δ265-285 (Figure 5.6). To investigate
the subcellular localisation of hK2P15.1 lacking in the region critical to BIP recruitment,
HeLa cells were transfected with Δ265-285 and analysed by immocytochemistry.
Δ265-285 subcellular localisation was monitored by the fluorescence of its eGFP tag.
Golgi complex and cell membrane were detected by the staining of 58K Golgi protein
and lectins respectively. Colocalisation between the mutated channel and the cell
compartment of interest was determined by confocal microscopy and confirmed by
quantification analysis on single stack images, as previously described (Results 5.2).
Δ265-285 colocalised with both 58K Golgi protein (Figure 5.7) and lectins (Figure 5.8).
Confocal images showed colocalisation between the channel signal and the Golgi
staining (Figure 5.7 panel 4,5). Colocalisation was confirmed by quantitative analysis,
which showed close peak overlap for hK2P15.1-eGFP signal and 58K Golgi protein
staining (Figure 5.7 panel 6). Similarly, hK2P15.1-eGFP colocalised with lectin staining
(Figure 5.8 panel 4,5) and intensity peak position of the two signals closely overlapped
(Figure 5.8 panel 6). These data demonstrate localisation of hK2P15.1 lacking BIP
binding region within the Golgi complex and at the cell surface.

5.3.2 Characterisation of hK2P15.1-BIP-binding motif.

To further define the critical BIP-binding domain in hK2P15.1 sequence, a series of
constructs in which 7 aa-long fragments of the critical regions (aa 265-271, 272-278,
279-285) were deleted from wild type hK2P15.1-eGFP were produced (Figure 5.5).
These constructs were named Δ265-271, Δ272-278 and Δ279-285 respectively (Figure
5.6). Each of these constructs was transfected to HeLa cells and their subcellular
localisation was investigate as above described. Δ265-271, Δ272-278 and Δ279-285
were demonstrated to localise within the Golgi complex (Figure 5.9, Figure 5.11 and
Figure 5.13) and at the cell surface (Figure 5.10, Figure 5.12 and Figure 5.14). In fact,
for each of the mutated channels confocal images showed overlap of the channel signal
with both Golgi staining (Figure 5.9, 5.11 and 5.13 panel 4,5) and membrane staining
(Figure 5.10, 5.12 and 5.14 panel 4,5). Quantification analysis on the respective images
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Figure 5.7 Δ265-285 is localised within the Golgi complex.

Confocal images of immunocytochemistry on HeLa cells transfected with Δ265-285.
Golgi staining (58K Golgi protein, green, panel 1), eGFP detection (Δ265-285, red,
panel 2), nuclei staining (blue, panel 3). Merge of the three signals is shown in panel 4,
with Golgi and Δ265-285 signals overlap resulting in a yellow stain. In panel 5 an
enlargement of the selected area in panel 4, with lines along which signal quantification
was performed (ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP
fluorescence (red line) and Golgi staining (green line) for each ROI, with colocalisation
resulting in overlap of the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.8 Δ265-285 is localised at the cell surface.

Confocal images of immunocytochemistry on HeLa cells transfected with Δ265-285.
Membrane staining (lectins, green, panel 1), eGFP detection (Δ265-285, red, panel 2),
nuclei staining (blue, panel 3). Merge of the three signals is shown in panel 4, with
lectins and Δ265-285 signals overlap resulting in a yellow stain. In panel 5 an
enlargement of the selected area in panel 4, with lines along which signal quantification
was performed (ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP
fluorescence (red line) and lectins staining (green line) for each ROI, with colocalisation
resulting in overlap of the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.9 Δ265-271 is localised within the Golgi complex.

Confocal images of immunocytochemistry on HeLa cells transfected with Δ265-271.
Golgi staining (58K Golgi protein, green, panel 1), eGFP detection (Δ265-271, red,
panel 2), nuclei staining (blue, panel 3). Merge of the three signals is shown in panel 4,
with Golgi and Δ265-271 signals overlap resulting in a yellow stain. In panel 5 an
enlargement of the selected area in panel 4, with lines along which signal quantification
was performed (ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP
fluorescence (red line) and Golgi staining (green line) for each ROI, with colocalisation
resulting in overlap of the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.10 Δ265-271 is localised at the cell surface.

Confocal images of immunocytochemistry on HeLa cells transfected with Δ265-271.
Membrane staining (lectins, green, panel 1), eGFP detection (Δ265-271, red, panel 2),
nuclei staining (blue, panel 3). Merge of the three signals is shown in panel 4, with
lectins and Δ265-271 signals overlap resulting in a yellow stain. In panel 5 an
enlargement of the selected area in panel 4, with lines along which signal quantification
was performed (ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP
fluorescence (red line) and lectins staining (green line) for each ROI, with colocalisation
resulting in overlap of the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.11 Δ272-278 is localised within the Golgi complex.

Confocal images of immunocytochemistry on HeLa cells transfected with Δ272-278.
Golgi staining (58K Golgi protein, green, panel 1), eGFP detection (Δ272-278, red,
panel 2), nuclei staining (blue, panel 3). Merge of the three signals is shown in panel 4,
with Golgi and Δ272-278 signals overlap resulting in a yellow stain. In panel 5 an
enlargement of the selected area in panel 4, with lines along which signal quantification
was performed (ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP
fluorescence (red line) and Golgi staining (green line) for each ROI, with colocalisation
resulting in overlap of the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.12 Δ272-278 is localised at the cell surface.

Confocal images of immunocytochemistry on HeLa cells transfected with Δ272-278.
Membrane staining (lectins, green, panel 1), eGFP detection (Δ272-278, red, panel 2),
nuclei staining (blue, panel 3). Merge of the three signals is shown in panel 4, with
lectins and Δ271-278 signals overlap resulting in a yellow stain. In panel 5 an
enlargement of the selected area in panel 4, with lines along which signal quantification
was performed (ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP
fluorescence (red line) and lectins staining (green line) for each ROI, with colocalisation
resulting in overlap of the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.13 Δ279-285 is localised within the Golgi complex.

Confocal images of immunocytochemistry on HeLa cells transfected with Δ279-285.
Golgi staining (58K Golgi protein, green, panel 1), eGFP detection (Δ279-285, red,
panel 2), nuclei staining (blue, panel 3). Merge of the three signals is shown in panel 4,
with Golgi and Δ279-285 signals overlap resulting in a yellow stain. In panel 5 an
enlargement of the selected area in panel 4, with lines along which signal quantification
was performed (ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP
fluorescence (red line) and Golgi staining (green line) for each ROI, with colocalisation
resulting in overlap of the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.14 Δ279-285 is localised at the cell surface.

Confocal images of immunocytochemistry on HeLa cells transfected with Δ279-285.
Membrane staining (lectins, green, panel 1), eGFP detection (Δ279-285, red, panel 2),
nuclei staining (blue, panel 3). Merge of the three signals is shown in panel 4, with
lectins and Δ279-285 signals overlap resulting in a yellow stain. In panel 5 an
enlargement of the selected area in panel 4, with lines along which signal quantification
was performed (ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP
fluorescence (red line) and lectins staining (green line) for each ROI, with colocalisation
resulting in overlap of the intensity peak position for the two signals. Scalebars: 25 µm.
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shows close intensity peak overlap when comparing channel signal and 58K Golgi
protein (Figure 5.9, 5.11 and 5.13 panel 6) or lectins staining (Figure 5.10, 5.12 and
5.14 panel 6). This demonstrated that removal of 7 aa within the critical BIP-binding
region (aa 265-285) from hK2P15.1 sequence is sufficient to enable the channel to
escape ER retention, reach the Golgi complex and localise at the cell surface.

5.4 hK2P15.1 subcellular localisation under conditions of
cellular stress.
Removal of hK2P15.1 BIP-binding region hK2P15.1 (265-285) was demonstrated
sufficient to enable hK2P15.1 to escape ER retention and to reach both the Golgi
complex and the cell surface. To further investigate the involvement of BIP binding in
hK2P15.1 trafficking, full-length hK2P15.1 subcellular localisation was investigated in
conditions known to disrupt the binding between BIP and its specific binding partners.
For

this,

HeLa

cells

transfected

with

hK2P15.1-eGFP

were

analysed

by

immunocytochemistry and confocal imaging following 1 h incubation with 2.5 mM
DTT (Methods 2.3.3). Oxidative stress produced by DTT treatment has previously been
shown to disrupt BIP specific interactions (Shen et al., 2002). hK2P15.1-eGFP
subcellular localisation was monitored through the fluorescence of its eGFP tag, while
Golgi complex and cell membrane were identified by the staining of 58K Golgi protein
and lectins respectively. Single stack of the respective confocal images were quantified
as previously described (Results 5.2). Following DTT treatment, hK2P15.1-eGFP was
demonstrated to colocalise with 58K Golgi protein (Figure 5.15 panel 4,5) and lectins
staining (Figure 5.16 panel 4,5) and quantification analysis on intensity peak position
showed close overlap of the channel signal with both Golgi complex (Figure 5.15 panel
6) and cell membrane staining (Figure 5.16 panel 6). This demonstrated hK2P15.1-eGFP
localisation within the Golgi complex and at the cell surface under conditions of
oxidative stress induced by DTT treatment.
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Figure 5.15 Chemically-induced oxidative stress enable hK2P15.1-eGFP Golgi
localisation.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and treated with DTT. Golgi staining (58K Golgi protein, green, panel
1), eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3).
Merge of the three signals is shown in panel 4, with Golgi and hK2P15.1-eGFP signals
overlap resulting in a yellow stain. In panel 5 an enlargement of the selected area in
panel 4, with lines along which signal quantification was performed (ROI1, ROI2,
ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line) and Golgi
staining (green line) for each ROI, with colocalisation resulting in overlap of the
intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.16 Chemically-induced oxidative stress enable hK2P15.1-eGFP surface
localisation.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and treated with DTT. Membrane staining (lectins, green, panel 1),
eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3). Merge of
the three signals is shown in panel 4, with lectins and hK2P15.1-eGFP signals overlap
resulting in a yellow stain. In panel 5 an enlargement of the selected area in panel 4,
with lines along which signal quantification was performed (ROI1, ROI2, ROI3). In
panel 6 quantification analysis of eGFP fluorescence (red line) and lectins staining
(green line) for each ROI, with colocalisation resulting in overlap of the intensity peak
position for the two signals. Scalebars: 25 µm.
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Having demonstrated hK2P15.1 escape from the ER under conditions of drug-induced
oxidative stress, environmental conditions which could impact the channel targeting to
the cell membrane were investigated. For this, attention was focused on conditions
known to regulate BIP expression and behaviour. HeLa cells transfected with
hK2P15.1-eGFP were therefore grown under conditions of altered availability of oxygen
and glucose (Lee, 2001; Lee, 2007).
To examine the effect of altered oxygen tension on hK2P15.1 localisation,
hK2P15.1-eGFP transfected HeLa cells were grown for 36 h under hypoxic conditions
(2.5% oxygen) (Methods 2.3.3) and then analysed by confocal imaging. hK2P15.1-eGFP
was shown to colocalise with both 58K Golgi protein (Figure 5.17 panel 4,5) and lectins
staining (Figure 5.18 panel 4,5). Additionally, quantification of these images showed
overlap of channel and Golgi (Figure 5.17 panel 6) or cell surface signal (Figure 5.18
panel 6). This demonstrated Golgi and surface localisation of hK2P15.1-eGFP under
hypoxic conditions.
The effect of glucose concentration in the cell culture medium on hK2P15.1 localisation
was also examined. Following 36 h incubation of HeLa cells transiently expressing
hK2P15.1-eGFP in low glucose medium (2 mM glucose compared to 5.5 mM in
standard culture conditions) (Methods 2.3.3), hK2P15.1-eGFP was demonstrated to
localise within the Golgi complex (Figure 5.19) and at the cell surface (Figure 5.20).
The same occurred when growing the cells for 36 h in high glucose medium (25 mM),
with hK2P15.1-eGFP localising within Golgi complex (Figure 5.21) and cell membrane
(Figure 5.22). These data indicated a mechanism of hK2P15.1 release from the ER in
response to cellular stress rather than to specific conditions of hypo- or hyper-glycemia.
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Figure 5.17 Hypoxia enable hK2P15.1-eGFP Golgi localisation.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and maintained under hypoxia. Golgi staining (58K Golgi protein,
green, panel 1), eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei staining (blue,
panel 3). Merge of the three signals is shown in panel 4, with Golgi and hK2P15.1-eGFP
signals overlap resulting in a yellow stain. In panel 5 an enlargement of the selected area
in panel 4, with lines along which signal quantification was performed (ROI1, ROI2,
ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line) and Golgi
staining (green line) for each ROI, with colocalisation resulting in overlap of the
intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.18 Hypoxia enable hK2P15.1-eGFP surface localisation.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and maintained under hypoxia. Membrane staining (lectins, green,
panel 1), eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei staining (blue, panel 3).
Merge of the three signals is shown in panel 4, with lectins and hK2P15.1-eGFP signals
overlap resulting in a yellow stain. In panel 5 an enlargement of the selected area in
panel 4, with lines along which signal quantification was performed (ROI1, ROI2,
ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line) and lectins
staining (green line) for each ROI, with colocalisation resulting in overlap of the
intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.19 Low glucose enable hK2P15.1-eGFP Golgi localisation.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and maintained under low glucose conditions. Golgi staining (58K
Golgi protein, green, panel 1), eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei
staining (blue, panel 3). Merge of the three signals is shown in panel 4, with Golgi and
hK2P15.1-eGFP signals overlap resulting in a yellow stain. In panel 5 an enlargement of
the selected area in panel 4, with lines along which signal quantification was performed
(ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line)
and Golgi staining (green line) for each ROI, with colocalisation resulting in overlap of
the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.20 Low glucose enable hK2P15.1-eGFP surface localisation.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and maintained under low glucose conditions. Membrane staining
(lectins, green, panel 1), eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei staining
(blue, panel 3). Merge of the three signals is shown in panel 4, with lectins and
hK2P15.1-eGFP signals overlap resulting in a yellow stain. In panel 5 an enlargement of
the selected area in panel 4, with lines along which signal quantification was performed
(ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line)
and lectins staining (green line) for each ROI, with colocalisation resulting in overlap of
the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.21 High glucose enable hK2P15.1-eGFP Golgi localisation.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and maintained under high glucose conditions. Golgi staining (58K
Golgi protein, green, panel 1), eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei
staining (blue, panel 3). Merge of the three signals is shown in panel 4, with Golgi and
hK2P15.1-eGFP signals overlap resulting in a yellow stain. In panel 5 an enlargement of
the selected area in panel 4, with lines along which signal quantification was performed
(ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line)
and Golgi staining (green line) for each ROI, with colocalisation resulting in overlap of
the intensity peak position for the two signals. Scalebars: 25 µm.
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Figure 5.22 High glucose enable hK2P15.1-eGFP surface localisation.

Confocal images of immunocytochemistry on HeLa cells transfected with
hK2P15.1-eGFP and maintained under high glucose conditions. Membrane staining
(lectins, green, panel 1), eGFP detection (hK2P15.1-eGFP, red, panel 2), nuclei staining
(blue, panel 3). Merge of the three signals is shown in panel 4, with lectins and
hK2P15.1-eGFP signals overlap resulting in a yellow stain. In panel 5 an enlargement of
the selected area in panel 4, with lines along which signal quantification was performed
(ROI1, ROI2, ROI3). In panel 6 quantification analysis of eGFP fluorescence (red line)
and lectins staining (green line) for each ROI, with colocalisation resulting in overlap of
the intensity peak position for the two signals. Scalebars: 25 µm.
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5.5 Conclusions.
By monitoring hK2P15.1 subcellular localisation when altering global protein
phosphorylation status or BIP-binding to hK2P15.1, data in this study provide the first
evidence that hK2P15.1 can achieve cell surface expression.

5.5.1

hK2P15.1

subcellular

localisation

in

conditions

of

altered

global

phosphorylation.

Under normal conditions, hK2P15.1 is observed within ER, mitochondria, nuclear
membrane, endocytic vesicles and lysosome but is not detected within the Golgi
complex or at the cell surface. Modulation of global protein phosphorylation state by
PKA activation or inhibition resulted in hK2P15.1 transit from ER to Golgi complex and
onto the cell surface. Attention was focused on PKA activity as a preliminary approach.
In fact, PKA-dependent phosphorylation has been shown to be critical to hK2P3.1 and
hK2P9.1 forward transport and membrane localisation (Mant et al., 2011). Additionally,
PKA was predicted to phosphorylate hK2P15.1 at S5 (Results 4.2), phospho-acceptor
site which was considered of particular interest as it is unique to hK2P15.1 within the
TASK channels. Data presented here, however, are not sufficient to indicate PKA
activity as a critical discriminating factor for hK2P15.1 escape from the ER. In fact, cells
subjected to PKA activation showed altered morphology. This is likely due to the large
number of PKA-dependent processes that may be altered by PKA activation via
8-bromo-cyclic AMP. These observed effects may in fact be due to any number of
downstream events due to PKA activation and cannot be attributed to a specific effect of
channel phosphorylation. Thus, one cannot conclude that hK2P15.1 phosphorylation is
the direct trigger for its release from the ER. To clarify the role of hK2P15.1
phosphorylation in the channel localisation and function, further analysis including
substitutions of individual hK2P15.1 phospho-acceptor sites with either alanine or
proline residues to prevent their phosphorylation or aspartic acid to mimic it may be
informative.
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5.5.2 Ablation of hK2P15.1 BIP-binding domain releases hK2P15.1 from ER
retention.

In chapter 4, residue 265-285 within the channel C-terminus was shown to be critical to
BIP recruitment to hK2P15.1. Here, removal of this domain or portions of it was
demonstrated to enable hK2P15.1 localisation within the Golgi complex and at the cell
membrane. Disruption of the BIP-binding domain in other BIP-targeted proteins
including activating transcription factor 6 (ATF6) and pancreatic eukaryotic initiation
factor-2 kinase (PEK) has previously been shown to affect target protein localisation
and activity (Ma et al., 2002; Shen et al., 2002). In particular, disruption of ATF6
BIP-binding domain has been shown to enable ATF6 translocation to the Golgi
complex (Shen et al., 2002). Similarly, impaired binding between BIP and PEK
following ER stress or binding domain deletion is critical to PEK release from the ER
and activation (Ma et al., 2002). Here disruption of the BIP-binding domain in hK2P15.1
was shown sufficient to enable forward transport of the channel. These data support the
hypothesis that BIP binding to hK2P15.1 is critical to channel retention within the ER.
Ablation of portions of this 21 aa domain also enabled hK2P15.1 forward transport and
localisation at the cell membrane. These findings support the relevance of the entire
265-285 region in BIP recruitment (and hence channel retention within the ER) and
furthermore suggest that BIP recruitment may be dependent on secondary/tertiary
conformation rather than primary sequence. Additionally, this domain is well conserved
in primates but do not show high levels of conservation within other species, suggesting
an evolutionary significance of BIP-dependent regulation of the channel.

5.5.2 hK2P15.1 subcellular localisation under conditions of cellular stress.

As BIP is known to dissociate under conditions of cellular stress, I hypothesised that
cell stress may trigger hK2P15.1 release from ER. Oxidative stress caused by DTT
treatment has previously been shown to alter BIP binding ability (Shen et al., 2002) and
here is demonstrated to enable the channel to exit the ER and progress through the
secretory pathway. Other conditions such as hypoxia, hypoglycemia and hyperglycemia
also are known to produce cellular stress and to affect BIP activity (Lee, 2001). These
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environmental stress conditions also enabled hK2P15.1 release from the ER, hK2P15.1
forward transport and localisation at the cell membrane.
These findings represent a significant advance in our understanding of hK2P15.1
regulation and function. Prior to this study, achieving cell surface expression of
hK2P15.1 had been elusive. Here hK2P15.1 release from intracellular compartments and
localisation at the cell surface were shown dependent on PTM and disruption of
BIP-binding. Data presented here also reassert hK2P15.1 involvement in physiological
processes such as cellular response to stress.
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Chapter 6

Discussion.
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6.1 Identification of hK2P15.1.
When hK2P15.1 was cloned in 2001 from human adult brain (Ashmole et al., 2001) and
testis (Kim and Gnatenco, 2001) it was included into the TASK family of K2P channels
due to its sequence homology with the other two members of this family, hK2P3.1 and
hK2P9.1 (Ashmole et al., 2001; Karschin et al., 2001; Kim and Gnatenco, 2001).
hK2P15.1 shares 52% and 53% overall sequence identity with hK2P3.1 and hK2P9.1
respectively (Ashmole et al., 2001). In comparison, hK2P15.1 shares 32% and 29%
overall sequence identity with hK2P12.1 and hK2P13.1 respectively, members of the
THIK family of K2P channels phylogenetically closest to TASK channels (Goldstein et
al., 2005) (Figure 1.4).
As a member of the TASK family, hK2P15.1 was expected to show electrophysiological
behaviour similar to hK2P3.1 and hK2P9.1. However, hK2P15.1 failed to pass current in
recombinant systems while hK2P3.1 and hK2P9.1 showed robust, outward, quasiinstantaneous, non-inactivating and voltage-independent current when expressed under
the same conditions (Ashmole et al., 2001; Karschin et al., 2001; Kim and Gnatenco,
2001; Vega-Saenz de Miera et al., 2001). hK2P15.1 is not the only K2P channel which
fails to show function, with both hK2P7.1 and hK2P12.1 unsuccessful in passing current
in recombinant systems (Enyedi and Czirják, 2010) and currently considered electrically
silent (Enyedi and Czirják, 2010; Salinas et al., 1997). This lack of function is either due
to the intracellular retention and absence of these channels from the cell surface, their
inability to pass K+ ions through their central pore or perhaps constitutive inhibition by
regulatory mechanisms (Enyedi and Czirják, 2010; Ma et al., 2011a). Silent subunits are
common among KCh and in particular within Kv channels, including subunits from
Kv5-Kv11 (Ottschytsch et al., 2005; Salinas et al., 1997). These subunits are electrically
inert but have been shown to form heterotetramers with other Kv channels and modulate
their biophysical properties (Ottschytsch et al., 2005; Salinas et al., 1997). Within K2P
channels, K2P1.1 has been previously considered electrically silent but was subsequently
shown to be functional under specific environmental conditions (Ma et al., 2011a; Plant
et al., 2005; Rajan et al., 2005).
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It was nevertheless interesting that hK2P15.1 had a different electrophysiological
behaviour compared with the other two TASK channels. While it was possible that
hK2P15.1 was silent (non-conducting), it was also possible that structural constraints
were the cause of hK2P15.1 lack of function. To test this hypothesis, hK2P15.1 structure
was analysed by in-silico analysis and “domain-swapping” experiments.

6.2 Analysis of hK2P15.1 structure.

6.2.1 hK2P15.1 structure.

Hydrophobicity analysis of the hK2P15.1 sequence defines hK2P15.1 monomer as a
membrane protein with six highly hydrophobic regions including 4 transmembrane
(Tm) and 2 pore forming domains (P) (Ashmole et al., 2001; Kim and Gnatenco, 2001).
P domains were identified by the presence of the K+ channel (KCh) signature sequence
for the selectivity filter (Results 4.2.1 and Figure 4.1B) (Ashmole et al., 2001; Kim and
Gnatenco, 2001). The classical KCh signature sequence is GYG, but other signature
sequences showing conservation of the two glycine residues are known to be functional
and include GLG and GFG sequences (Enyedi and Czirják, 2010). The first P domain
(P1) in hK2P15.1 was identified by the presence of the GYG signature sequence (Figure
4.1B). The GYG signature is not totally conserved within the K2P family, as other K2P
channels (including hK2P2.1, hK2P12.1 and hK2P13.1) possess GFG in their P1 domain.
hK2P15.1B, one of the three hK2P15.1 natural variants (Figure 1.8), includes a SNP at
position 95 (G95E) located in the P1 of the channel, changing the classical signature
sequence GYG in EYG (Figure 4.1B) (Karschin et al., 2001). The EYG variation is
unique to hK2P15.1. Since no functional data are available for hK2P15.1, the relevance of
this variant is to date unknown. However, when the G95E mutation was inserted into
functional hK2P9.1 this was sufficient to abolish hK2P9.1 current (Karschin et al., 2001)
hK2P15.1 second P domain (P2) was identified by the presence of the GFG signature
(Figure 4.1B), as in most K2P channels. In fact, all K2P channels with the exception of
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three (hK2P1.1, hK2P6.1 and hK2P7.1) possess GFG in their P2. hK2P1.1 and hK2P6.1
both contain GLG, while non-functional hK2P7.1 contains GLE in both P domains. With
the exception of hK2P15.1B, the other hK2P15.1 natural variants hK2P15.1A and
hK2P15.1C contain a signature sequence known to be functional in both their P domains.
Therefore hK2P15.1 inability to show current in recombinant systems cannot be
attributed to the inadequacy of channel central pore. This is not unique to hK2P15.1. In
fact, Kv silent subunits are unable to pass current in spite of having functional pore and
a structure similar to functional Kv subunits (Bocksteins and Snyders, 2012).
The location of Tm of hK2P15.1 is currently unresolved (Ashmole et al., 2001; Kim and
Gnatenco, 2001). Ashmole and Kim present differing predictions for each of the
hK2P15.1 Tm, which differed from each other in 1-3 aa for each Tm. For this reason
hydrophobicity analysis was undertaken as part of this study and adopted to define the
amino acid sequence of the four Tm domains (Tm1-Tm4) of hK2P15.1 (Results 4.2.1
and Figure 4.1A-B). The analysis also defines both the four external and the three
cytoplasmic domains of hK2P15.1. Of the four hK2P15.1 external regions connecting Tm
and P domains, the first external loop between Tm1 and P1 is the longest in hK2P15.1 as
in hK2P3.1 and hK2P9.1 (Figure 4.1C and Figure 4.4). The three hK2P15.1 cytoplasmic
domains include a short N-terminus (8 aa), a 30 aa-long domain connecting Tm2 and
Tm3 and named here internal domain and a longer C-terminus (87 aa) (Figure 4.1C). In
contrast to hK2P3.1 and hK2P9.1, the hK2P15.1 internal domain is relatively hydrophobic
and may be closely associated to the membrane (Kim and Gnatenco, 2001).
Additionally, while both the N-terminal and internal domains have comparable lengths
in the three TASK channels, hK2P15.1 C-terminus (87 aa) is the shortest when
compared to hK2P3.1 (153 aa) or hK2P9.1 (133 aa) C-termini (Figure 4.4). Since hK2P3.1
and hK2P9.1 C-termini have been shown to interact with auxiliary proteins responsible
for the channel trafficking and localization (Girard et al., 2002; O'Kelly et al., 2002;
Rajan et al., 2002), the shorter C-terminus of hK2P15.1 may lack these important
binding elements and hence lack key sites of interaction. Additionally, a shorter
cytoplasmic domain may imply physical interaction or steric exclusion between
different auxiliary proteins binding to distinct regions within the channel terminal
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domain. This interaction/exclusion may not occur within the longer hK2P3.1 and
hK2P9.1 C-termini and may be responsible for altered regulation of hK2P15.1 trafficking.
In this study, beyond examining overall sequence homology between the TASK
channels the hK2P15.1 sequence was analysed for regulatory domains identified in
hK2P3.1 and hK2P9.1 (Results 4.2.1). Three regulatory elements characterised in hK2P3.1
and/or hK2P9.1 were also identified in hK2P15.1 sequence (Figure 4.1C):
(i)

E70, a target site for Ruthenium Red inhibition in hK2P9.1 (Czirjak and Enyedi,

2003)
(ii) H98, a sensor of extracellular acidification in both hK2P3.1 and hK2P9.1 (Kim et al.,
2000)
(iii) the C-terminal motif (aa 243-248) VLRFLV (VLRFMT in hK2P3.1 and VLRFLT in
hK2P9.1), target site of local anesthetics and Anandamide inhibition (Lesage and
Lazdunski, 2000; Meadows and Randall, 2001; Veale et al., 2007a) and volatile
anesthetics activation (Meadows and Randall, 2001; Patel et al., 1999; Talley and
Bayliss, 2002).
Relevance of these regulatory elements in hK2P15.1 is yet to be determined due to the
lack of functional data for the channel.

6.2.2 K2P crystal structure.

The structure predicted for hK2P15.1 is typical for K2P channels and corresponds to the
recently published crystal structure of two K2P channels, hK2P1.1 and hK2P4.1 (Brohawn
et al., 2012; Miller and Long, 2012). The crystal structure provides insight into how K2P
channels operate and are regulated. K2P channels were previously considered simply
dimers of 2Tm1P However, structural information on the extended external loop within
the first external domain as well as information on the pore structure suggest that K2P
channels are in fact notably distinct from the other KCh families both structurally and
functionally (Brohawn et al., 2012; Miller and Long, 2012).
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The large external domain connecting Tm1 and P1 of each channel subunit is 50-60 aa
long in K2P channels while only 5-20 aa long in other KCh. These extended domains
(one from each monomer) are arranged on top of the mouth of the pore, forming a
funnel-shaped cap structure whose narrow sides are facing the channel pore (Brohawn
et al., 2012; Miller and Long, 2012) (Figure 1.6). In this structure each loop is bent into
two helices and closely interacts with the loop of the other subunit by an apical
di-sulphide bond between a cysteine residue conserved among all K2P channels
excluding TASK channels. This results in a branched cap which restricts access to the
pore from the top but which allows K+ ions to exit the channel pore through a bifurcated
side path (Brohawn et al., 2012; Miller and Long, 2012). By obstructing the entrance of
the pore, this cap is also responsible for the K2P channels resistance to extracellular
toxins (Brohawn et al., 2012; Miller and Long, 2012). In hK2P15.1 both the length
(50 aa) (Results 4.2.1 and Figure 4.1B) and amino acid content of the first external loop
are conserved compared to hK2P1.1 and hK2P4.1. This suggests a structural cap above
hK2P15.1 central pore similar to the one described by Miller et al. and Brohawn et al.
which is hypothesized to be common among K2P channels (Brohawn et al., 2012; Clarke
et al., 2008; Miller and Long, 2012). As for hK2P15.1, the amino acidic content of this
first external loop differs slightly within different K2P channels. This variation is
thought to participate in defining the biophysical characteristics of each channel current.
Notably, hK2P15.1 does not possess the conserved cysteine responsible for a di-sulphide
bond and consequent interaction between the first external loops of the two channel
subunits forming the dimeric K2P channel. However, this feature cannot be considered
responsible for hK2P15.1 lack of function as both hK2P3.1 and hK2P9.1 lack this
conserved cysteine. hK2P3.1, hK2P9.1 and hK2P15.1 are the only K2P channels lacking
this cysteine and an alternative mechanism of assembly has been hypothesised for
TASK channels (Enyedi and Czirják, 2010; Lesage et al., 1996b). Additionally, the lack
of this conserved cysteine is not thought to alter the crystal structure of K2P channels
identified by Miller et al. and Brohawn et al. In fact, this cysteine has been mutated in
both hK2P1.1 and hK2P4.1 to enable crystallisation (Brohawn et al., 2012; Miller and
Long, 2012). Also, in terms of the structure of the first external loop, hK2P15.1 is the
only member of the K2P channels family which does not possess a putative N-linked
glycosylation site (Results 4.2.1, Figure 4.3). However, since this glycosylation site was
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mutated in both hK2P1.1 and hK2P4.1 to allow crystallisation (Brohawn et al., 2012;
Miller and Long, 2012), the impact of this difference in the structure of the channel
extracellular cap is undetermined. Additionally, functional assays on the crystalisation
mutants show that the lack of N-linked glycosylation did not affect channel function
(Brohawn et al., 2012; Miller and Long, 2012).
Another important feature characterised by Miller et al. and Brohawn et al. is the
structure of the channel central pore. This is formed internally by four P domains (P1
and P2 of each channel subunit) and four inner Tm helices (Tm2 and Tm4 of each
channel subunit) and externally by four outer Tm helices (Tm1 and Tm3 of each
channel subunit) (Brohawn et al., 2012; Miller and Long, 2012). While the
characteristics of the bifurcated side path created by the external cap are responsible for
the channel sensitivity to modulators, P domains containing the KCh filter signature
sequences are responsible for K+ selectivity (Brohawn et al., 2012; Miller and Long,
2012). Additionally, the negative tails of the P domains helices are orientated towards
the centre of the pore and stabilise cations within the central cavity (Brohawn et al.,
2012; Miller and Long, 2012). The four inner Tm helices lie underneath the selectivity
filter and are thought to constitute an inner activation gate (Brohawn et al., 2012; Miller
and Long, 2012). This gate is kept open by physical interaction with the channel
proximal C-terminus. Given the overall sequence similarity of the Tm and P domains
between hK2P1.1, hK2P4.1 and K2P15.1 the architecture of hK2P15.1 central pore is
likely similar to the crystallised structures. The structure of the central pore feature is
also thought to be common to all K2P channels (Brohawn et al., 2012; Miller and Long,
2012). A distinctive characteristic of K2P channels compared to other homomeric KCh
is the asymmetry (or two-fold symmetry) of the selectivity filter. In fact, in other
homomeric KCh the central pore has four-fold symmetry formed by four identical P
domains. In homomeric K2P channels, the pore is composed of four P domains in which
the signature sequences of only two P domains are similar (i.e. each P1 or P2 of each
dimer) (Brohawn et al., 2012; Miller and Long, 2012). This is the case of hK2P15.1,
which P domains contains the signatures sequences G/EYG in P1 and GFG in P2
(Figure 4.1B). Only three K2P channels including K2P2.1, the silent channel K2P12.1 and
K2P13.1 possess a central pore comprising four identical signature sequences. However,
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P1 and P2 of these channels remain different given their overall amino acid sequence
and maintain a two-fold symmetry as in the other K2P channels. Additionally, a
conserved proline within the Tm2 inner helix has been identified in both hK2P1.1 and
hK2P4.1 and has been shown to be responsible for Tm2 distortion and as a result central
pore asymmetry (Brohawn et al., 2012; Miller and Long, 2012). This proline is also
conserved in hK2P15.1 as in all K2P channels excluding K2P12.1 and K2P13.1. In spite of
these asymmetries in the pore region, two-fold symmetry of K2P channels central pore
has been shown to converge with only few deviations towards the classical four-fold
symmetry of other KCh (Brohawn et al., 2012; Miller and Long, 2012).
Finally, the importance of the C-terminus remains undetermined since Miller et al. and
Brohawn et al. used truncated C-termini of hK2P1.1 and hK2P4.1 to enable crystallisation
(Brohawn et al., 2012; Miller and Long, 2012). The questions raised about the relevance
of the hK2P15.1 C-terminus and the differences to hK2P3.1 and hK2P9.1 C-termini
remain unanswered. However, important aspects of the channel C-terminal portion
proximal to Tm4 are highlighted by the crystal structures of hK2P1.1 and hK2P4.1 which
may be conserved in hK2P15.1. Interestingly, the beginning of hK2P1.1 C-terminus has
been found to lie parallel to the membrane underneath the central pore and is suggested
to stabilise the open gating of the channel by physically separating the inner Tm helices
ends (Brohawn et al., 2012; Miller and Long, 2012). This could apply to hK2P15.1 Cterminus as well as to hK2P15.1 internal domain, which is relatively hydrophobic and
thought to be associated with the membrane (Kim and Gnatenco, 2001).

6.3 Functional studies on hK2P15.1.
hK2P15.1 sequence identity with both hK2P3.1 and hK2P9.1 is lower for the regions
outside the channel Tms. The first external loop and internal domain of hK2P15.1 show
high variability when compared to the other two TASK channels. Notably, hK2P15.1 Nand C-termini show the highest divergence from hK2P3.1 and hK2P9.1 termini. In fact,
when excluding both N- and C-termini, the sequence homology between the three
TASK channels increases from 52-53% to almost 80% (Kim and Gnatenco, 2001).
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Therefore, it was hypothesised that a structural characteristic of hK2P15.1 is responsible
for the impaired function of the channel (Karschin et al., 2001). Since no single region
within hK2P15.1 showed significantly lower sequence homology to hK2P3.1 and hK2P9.1
than overall, the electrophysiological behaviour of a number of chimeric constructs
between hK2P15.1 and hK2P9.1 was analysed (Karschin et al., 2001) to identify putative
domains in hK2P15.1 which may be responsible for the lack of channel function.
However, electrophysiological recordings using different hK2P15.1/hK2P9.1 domain
substitutions failed to rescue hK2P15.1 function (Karschin et al., 2001). This implies that
failure to demonstrate hK2P15.1 function may not be exclusively due to a single channel
domain and that additional investigations are required to clarify hK2P15.1 physiological
relevance.
In this context, the need for hK2P15.1 to heterodimerise with other K2P channels has
been proposed as a strategy to enable channel function (Ashmole et al., 2001; Karschin
et al., 2001; Kim and Gnatenco, 2001). For hK2P3.1 and hK2P9.1 heterodimers, the
resulting functional channel shows biophysical, regulatory and pharmacological
properties distinct from the properties of K2P3.1 and K2P9.1 homodimers (Berg et al.,
2004; Clarke et al., 2004; Czirjak and Enyedi, 2002; Enyedi and Czirják, 2010; Kang et
al., 2004a). This is not surprising since heterodimers are expected to show biophysical
properties intermediate between the properties of the respective homodimers.
Co-expression of hK2P15.1 with either hK2P3.1 or hK2P9.1 was unable to carry hK2P15.1
to the cell membrane or to alter hK2P3.1 or hK2P9.1 electrophysiological behaviour
(Karschin et al., 2001). Heterodimerisation is widespread among KCh; however, for K2P
channels heterodimerisation has been only shown between TASK family members,
hK2P3.1 and hK2P9.1 (Czirjak and Enyedi, 2002). Indeed, similarly to hK2P15.1,
coexpression of hK2P13.1 with its non-function closest related family member hK2P12.1
fails to rescue hK2P12.1 function (Enyedi and Czirják, 2010). These data make
heterodimerisation unlikely as the mechanism for hK2P15.1 function (Karschin et al.,
2001). Supporting this argument, analysis of hK2P15.1 tissue distribution showed
hK2P15.1 expression in locations distinct from hK2P3.1 and hK2P9.1 (Karschin et al.,
2001). However, data available to date regarding hK2P15.1 tissue distribution are not
exhaustive and often conflicting.
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6.4 Analysis of hK2P15.1 tissue distribution.
In adult rat, Kcnk15 showed the highest level of expression in the CNS, predominantly
within the auditory system, and lower levels of expression in liver and spleen (Karschin
et al., 2001). In adult human, KCNK15 mRNA showed expression in adrenal gland,
pancreas and testis, while no expression was observed in stomach, bowel, thymus,
prostate, spleen and skin (Ashmole et al., 2001; Kim and Gnatenco, 2001). However,
data regarding KCNK15 expression in a number of tissues including brain, heart, lung,
kidney and skeletal muscle are to date conflicting (Ashmole et al., 2001; Kim and
Gnatenco, 2001).
Data presented in Chapter 3 show a pattern of KCNK15 expression both in excitatory
and non excitatory cells, with KCNK15 mRNA detected in several human adult tissues
including pancreas, adrenal glands, brain, kidney, heart, skeletal muscle, lung, colon and
liver (Results 3.2.1 and Figure 3.3). These data are important in confirming pancreatic
and adrenal expression of KCNK15 as previously reported in literature (Ashmole et al.,
2001; Kim and Gnatenco, 2001) and in clarifying KCNK15 expression in tissues for
which published data were conflicting (Ashmole et al., 2001; Kim and Gnatenco, 2001).
In fact, Ashmole detected KCNK15 mRNA in human adult lung and kidney but not in
brain or skeletal muscle (Ashmole et al., 2001) while Kim detected KCNK15 in brain
and skeletal muscle but not lung or kidney (Kim and Gnatenco, 2001). My analysis
shows the expression of KCNK15 mRNA in all four of these human adult tissues
(Figure 3.3) and suggests the discrepancy of previous data may be due to insensitivity of
the methods of detection.
More than analysing KCNK15 expression in adult human tissues, data presented in this
study provide the first evidence of KCNK15 mRNA expression in human fetal tissues
including skeletal muscle, esophagus, pancreas and liver (Results 3.2.1 and Figure 3.2).
Other tissues (including spinal cord, neural tube, brain, eye, skin, adrenal gland, kidney,
gonads, heart, tongue, lung, stomach, duodenum and coln) were analysed but showed no
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or low KCNK15 mRNA expression. These expression data therefore show an
underlying tissue specific expression of KCNK15 at early developmental stages.
Comparison between fetal and adult human expression of KCNK15 reveals significant
differences in KCNK15 expression profile between early developmental stages (10-12
weeks old embryos) and adult stages (Table 3.1). Brain, adrenal, kidney, heart, lung and
colon were found to express KCNK15 only later in development. This different
KCNK15 expression pattern may imply developmental regulation of channel expression
and perhaps suggests a possible role of hK2P15.1 in development of oesophageal,
pancreatic, skeletal or hepatic tissue. This is not unique to hK2P15.1. For example,
expression profile of several K2P channels including K2P3.1 and K2P9.1 has been shown
to change during development in specific regions within the mouse brain (Aller and
Wisden, 2008). Significantly, K2P3.1 was shown to be expressed within the cerebellum
only in post-migratory cells (early post-natal stages) (Mariani and Changeux, 1981;
Shimono et al., 1976) and K2P9.1 to be expressed in specific regions of the
hyppocampus only after the second week post-birth (Aller and Wisden, 2008). This has
been hypothesised to depend on the role of K2P channels in cell division and
proliferation (Aller and Wisden, 2008). hK2P15.1 differential expression between early
developmental and adult stages may be attributed to similar mechanisms. Additionally,
it seems plausible that the channel expression may be driven by the environmental
conditions responsible for hK2P15.1 function. In fact, in Chapter 5 insights into
hK2P15.1 physiological relevance are shown to depend on environmental conditions
(including cellular stress, altered oxygen and glucose availability) which enable the
channel to exit from the ER and to locate to the cell surface (Results 5.4). Cellular stress
conditions may also enhance KCNK15 gene expression. For example, five hypoxia
response elements (HRE) are found in KCNK15 proximal promoter regions. HRE are
short sequences within the promoter of a gene and constitute the binding site for
transcription factors induced by hypoxia (HIFs) (Ke and Costa, 2006; Lando et al.,
2002). The binding between HRE and HIFs induces the expression of the target gene.
Hence, beyond enabling hK2P15.1 surface localisation hypoxic conditions may also
enhance KCNK15 expression. These environmental conditions which could enable
hK2P15.1 function are likely to arise in growing and developing tissues, more easily
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subjected to limited availability of oxygen and nutrients. The differential fetal
expression of hK2P15.1 mRNA among different tissues may in this context be ascribed
to distinct anatomic and functional features of the different tissues at one similar
developmental stage. Additionally, hK2P15.1 role as a background KCh controlling
membrane potential under conditions of cellular stress would be critical to the activity
of other channels including Kv, broadly demonstrated critical to fetal development and
differently expressed at distinct developmental stages (Jentsch, 2000; MacDonald and
Wheeler, 2003; McFarlane and Pollock, 2000). hK2P15.1 expression may hence be
relevant only after the expression of specific Kv channels.
Matching presented data on KCNK15 tissue distribution with KCNK3 and KCNK9
tissue distributions data available in literature show overlapping expression of KCNK15
with the other TASK channels. KCNK15 and KCNK3 expressions overlap in adult
human heart, lung, kidney, pancreas and brain (Bai et al., 2005b; Duprat et al., 1997;
Medhurst et al., 2001) while KCNK15 and KCNK9 expressions overlap in pancreas and
brain (Kim and Gnatenco, 2001; Medhurst et al., 2001). This co-expression of KCNK15
with KCNK3 and KCNK9 implies that there is a potential for hK2P15.1
heterodimerization with other TASK channels. A previous study rejects this hypothesis
since co-expression of hK2P15.1 with hK2P9.1 was shown unable to target hK2P15.1 to
the cell surface or to alter the biophysical properties of hK2P9.1 current (Karschin et al.,
2001). However no exhaustive analyses have been performed to date and results
obtained by Karschin et al. are not sufficient to rule out heterodimerisation of hK2P15.1
with other TASK channels. Indeed hK2P15.1 heterodimerization with hK2P3.1 and
hK2P9.1 could imply a role for hK2P15.1 in modulating hK2P3.1 and hK2P9.1 trafficking,
cellular localization, activity and regulation. In fact, hK2P15.1 interaction with either
hK2P3.1 or hK2P9.1 could result in their retention with hK2P15.1 within the ER. In these
heterodimers, trafficking along the secretory pathway may also be subjected to
alternative regulation due to hK2P15.1 ER release mechanisms. Additionally, if correctly
targeted to the cell surface heterodimers of hK2P3.1 or hK2P9.1 with hK2P15.1 will
possibly have biophysical properties intermediate between the properties of each
homodimer.
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Shu reported KCNK15 mRNA expression in two colon cancer cell lines and one
myeloid leukemia cell line (Shu et al., 2006). Here evidence of KCNK15 mRNA
expression in human colon cancer was provided (Results 3.2.1 and Figure 3.4).
Interestingly, KCNK15 expression in glandular cells within epithelial cancerous tissues
(adenocarcinoma cell lines SW480-SW620) but not in non-glandular epithelial
cancerous tissues (carcinoma cell line HCT116) (Results 3.2.1 and Figure 3.4) allowing
speculation of a possible involvement of hK2P15.1 in the secretory activity of these
cells.
Analysis of hK2P15.1 tissue distribution has focused to date only on KCNK15
expression at mRNA level while the channel tissue expression at protein level has yet to
be reported. This is due to the absence of antibodies that specifically detect hK2P15.1
either by immunocytochemistry or Western blot analysis (Results 3.2.2). One aspect of
this project was to develop and characterise an antibody to hK2P15.1 (hK2P15.1-LR,
produced

by

Covalab

S.A.R.L.).

hK2P15.1-LR

detected

hK2P15.1

by

both

immunocytochemistry and Western Blot analysis (Results 3.2.2) and offers the first
available tool for hK2P15.1 detection in native systems. More than enabling analysis of
the channel overall tissue distribution, the use of a reliable antibody will enable
discrimination of hK2P15.1 expression within tissue specific cell types which may be
selectively expressing or silencing hK2P15.1. Additionally, hK2P15.1-LR may offer the
possibility to investigate hK2P15.1 subcellular localisation in native systems.

6.5 Analysis of hK2P15.1 subcellular localisation.
hK2P15.1 subcellular localisation was important to investigate. Prior to this study,
hK2P15.1 had been reported to lack functional expression in recombinant systems
(Ashmole et al., 2001; Karschin et al., 2001; Kim and Gnatenco, 2001). Establishing
hK2P15.1 subcellular localization is hence critical to determining whether the lack of
channel function is due to its absence from the cell membrane or its inability to pass K+
ions though its surface expression. Data available to date fail to determine if the channel
achieves cell surface expression (Ashmole et al., 2001). In fact, published epifluorescent
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images of eGFP-tagged hK2P15.1 expressed in HEK293 cells are of insufficient quality
to determine cellular localisation of the channel (Ashmole et al., 2001). Here, hK2P15.1
subcellular localisation is extensively explored in cells transiently expressing the
channel. Using an hK2P15.1 construct with epitopes engineered into the first external
domain or at the C-terminus of the channel, hK2P15.1 localisation within the ER and
secretory pathway as well as

several other intracellular compartments including

mitochondria, nuclear membrane, endocytic vesicles and lysosomes were analysed
(Results 3.3). A significant observation from these studies was the absence of hK2P15.1
from both the Golgi complex and cell membrane (Results 3.3), two predicted locations
for a membrane protein.

6.5.1 hK2P15.1 localisation within the nuclear membrane.

hK2P15.1 localisation within the nuclear membrane (Figure 3.24) in spite of lack of
classical nuclear localisation signals within the channel sequence (Table 3.2) is not
unique within KCh. Presence of Ca++- and voltage-activated KCh within the nuclear
envelope has been reported since 1990 (Maruyama et al., 1995; Mazzanti et al., 1990)
and is widely recognised. Several KCh have been reported to localise within the nuclear
membrane, including large conductance Ca++-activated KCh (Fedorenko and
Marchenko, 2010), ATP-regulated KCh (Quesada et al., 2002) and voltage-gated KCh
(Kv10.1) (Chen et al., 2011). Nuclear KCh have been suggested to play roles in gene
expression regulation by controlling K+ homeostasis and by interacting with chromatin
(Chen et al., 2011). A role for hK2P15.1 within the nuclear membrane has yet to be
explored but may include the control of nuclear membrane potential and hence
influence the activity of voltage-dependent ion channels.
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6.5.2 hK2P15.1 mitochondrial localisation.

Mitochondria are the principal energy source for the cell and are responsible for cellular
energy homeostasis as well as playing a key role in cellular apoptosis (Glab et al.,
2006). Mitochondria are the main source of reactive oxygen species (ROS), mainly
produced

from

NADPH

dehydrogenase

(Complex

I

or

NADH:ubiquinone

oxidoreductase) and cytochrome bc1 complex (also called Complex III or Coenzyme
Q:cytochrome c oxidoreductase; cIII) (Turrens, 2003). Mitochondria are also the main
source of reactive nitrogen species (RNS) produced by mtNOS, the mitochondrial α
isoform of neuronal nitric oxide synthase (NOS) (Elfering et al., 2002; Giulivi et al.,
1998; Haynes et al., 2004). In physiological concentrations ROS and RNS are important
signalling molecules and include superoxide anion (O2-) and nitric oxide (NO).
Imbalanced homeostasis of ROS and RNS causes a significant increase of ROS/RNS
and leads to oxidative stress, which is related to damage of cell component, cell death
and several pathological conditions (Jezek and Hlavata, 2005; Quintero et al., 2006).
Additionally, mitochondria constitute an important store of Ca++, responsible of 25% of
cellular Ca++ reserve (Tran et al., 2000). More than being a simple Ca++ storage pool,
mitochondria play an active role in intracellular Ca++ signalling pathways through
mitochondrial membrane depolarization-dependent Ca++ release, which can trigger and
amplify classical endoplasmic reticulum Ca++ signals (Ichas et al., 1997; Tran et al.,
2000). Since mitochondria control both ROS/RNS relative concentrations and ROS,
RNS and Ca++ levels, mitochondria also play a role as signalling organelles involved in
the regulation of important pathways within the cell (Jezek and Hlavata, 2005).
Mitochondria function is strictly dependent on the integrity of their outer and inner
membranes. One of the key regulators of this integrity is represented by K+ transport
through KCh. K+ transport is then critical in the control of mitochondrial membrane
potential. However, the role of mitochondrial KCh is still largely unclear (Debska et al.,
2001a; Szewczyk et al., 2009).
hK2P15.1 localisation within mitochondria (Figure 3.23) is of particular interest
considering the inability of hK2P15.1 to target the cell membrane and hence to pass
current across the cell surface. In-silico analysis performed in this study showed that
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hK2P15.1 does not possess any classical signal peptide for mitochondrial sorting (Table
3.2). However, mitochondrial localisation in spite of lack of specific mitochondrial
targeting peptide is not unique to hK2P15.1. Five different KCh usually localised at the
cell surface have also been identified in the inner mitochondrial membrane in spite of
their lack of classical N-terminal mitochondrial targeting sequence (Bednarczyk, 2009;
Szabo et al., 2005). These include voltage-gated KCh (mitoKv1.3) (Szabo et al., 2005),
large and intermediate conductance Ca++-activated KCh (mitoBK and mitoIKca) (De
Marchi et al., 2009; Siemen et al., 1999), ATP-regulated KCh (mitoATP) (Inoue et al.,
1991) and hK2P9.1 within the TASK family of K2P channels (mitoTASK3) (Rusznak et
al., 2008). In particular, mitoTASK3 was identified in mitochondria of melanoma and
keratinocyte cells, where it was proposed to play a role in mitochondrial function and
cellular energy production (Rusznak et al., 2008).
Although KCh have been shown to play several roles in mitochondria, the specific
function of each of these KCh in mitochondrial is to date unclear. By controlling
mitochondrial membrane potential (Debska et al., 2001b) KCh have been shown to be
involved in the regulation of Ca++ mitochondrial entry and Ca++ cellular homeostasis
through their role of activate voltage-dependent Ca++ channels (Adams and Hill, 2004).
Activation of these voltage-sensitive Ca++ channels is likely to be influenced by both
mitoTASK3 and mitochondrial hK2P15.1 through their control of the mitochondrial
membrane potential.
Additionally, KCh play a role in the control of mitochondrial matrix volume
homeostasis. The inner mitochondrial membrane has a high permeability to water,
which allows an osmotic equilibrium between mitochondrial matrix and its environment
(Bednarczyk et al., 2008; Das et al., 2003; Garlid and Paucek, 2003). hK2P15.1 may
participate in the control of K+ ions and consequently influence mitochondrial water
influx and hence mitochondrial volume.
Increased K+ flux across the mitochondrial membranes also induces increased
mitochondrial acidification through stimulation of H+/K+ exchangers, resulting in proton
influx and K+ efflux from the mitochondrial matrix (Bednarczyk, 2009). Protons within
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the mitochondrial matrix are transported into the intermembrane space (Bednarczyk,
2009), conferring a double importance to the K+/H+ exchange in avoiding excess matrix
swelling and increasing the proton gradient across the mitochondrial inner membrane
which is essential to ATP generation. In this context, the presence of hK2P15.1 within
mitochondrial membranes may be of particular interest. hK2P15.1 would enable K+
transport across the inner mitochondrial membrane and promote K+/H+ exchange.
Additionally, the predicted pH sensitivity of hK2P15.1 (Results 4.2.1, Figure 4.1B-C)
could act as sensor for mitochondrial acidification and decrease the K+ transport across
mitochondrial membranes and thus reduce proton exchange and increased acidification.
Moreover, KCh-dependent mitochondrial neuro- and cardio- cytoprotection against
oxidative stress, ischemia and degenerative diseases has also been shown (Busija et al.,
2004; Mattson and Kroemer, 2003; O'Rourke, 2004). Indeed, KCh activation has been
shown to be involved in NO-mediated cell protection after ischemic injury and in
reduction of apoptosis in neurodegenerative disorders and cardiac myocyte death (Cole
et al., 1991; Garlid and Paucek, 2003; Liu et al., 1998; Mattson and Kroemer, 2003;
Ockaili et al., 1999; Shinbo and Iijima, 1997). Interestingly, K2P2.1 is sensitive to
NO-dependent pathways (Koh et al., 2001) and both K2P16.1 and K2P17.1 are directly
activated by NO and ROS (Duprat et al., 2005). This links K2P channels to NOmediated cell protection in NO-dependent reduction of apoptosis. Similar mechanisms
of NO sensing may be present in other members of the K2P family, including
mitoTASK3 and mitochondrial hK2P15.1. Cytoprotection is hypothesized to be
influenced by increased activation of mitochondrial KCh during reperfusion, which
results in mitochondrial membrane depolarization and finally in ROS production
decrease (Ozcan et al., 2002). Increased activation of mitochondrial KCh after ischemia
also causes improved energy production (O'Rourke, 2004; Ozcan et al., 2002),
mitochondrial membrane depolarization and consequent Ca++ release and Ca++
accumulation decrease. Consequent decrease in Ca++-dependent mitochondrial
permeability results in the inhibition of the release of pro-apoptotic factors
(Holmuhamedov et al., 1999; Korge et al., 2002). Despite several lines of evidence
supporting this hypothesis, the mechanisms of mitochondrial KCh-dependent
cytoprotection remain controversial and still to be fully characterized (Busija et al.,
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2004; Mattson and Kroemer, 2003). Significantly, KCh including mitoKv1.3 and
mitoATP have been shown to be involved in mitochondrial dependent apoptosis
(O'Rourke, 2004; Szabo et al., 2008). Apoptotic stimuli induce KCh inhibition, with
consequent membrane hyperpolarization, ROS and cytochrome c increase and
dissipation of the proton gradient, with these phenomena resulting in both cytochrome c
mediated apoptosis and decreased mitochondrial metabolism (O'Rourke, 2004; Szabo et
al., 2008). K2P channels have previously been linked to neuronal apoptosis (Lauritzen et
al., 2003; Patel and Lazdunski, 2004). In fact, anti-apoptotic roles have been suggested
for K2P2.1 (Voloshyna et al., 2008) while both the TASK channels, K2P3.1 and K2P9.1,
have been proposed to have a role in neuronal apoptosis through their modulation of cell
proliferation (Lauritzen et al., 2003; Patel and Lazdunski, 2004).
In this context, the relevance of hK2P15.1 in mitochondria and in particular within the
inner mitochondrial membrane is reasserted by data presented in Chapter 4 showing
hK2P15.1 interaction with mitochondrial ATPase subunit beta (mitoATPase-β) (Table
4.1 and Table 4.4) and cytochrome bc1 complex subunit 1 (cIII-sub1) (Table 4.2 and
Table 4.4), two proteins located in the inner mitochondrial membrane and critical for
mitochondrial function and ATP production (Han et al., 2001; Klimova and Chandel,
2008). Interestingly, the β1 subunit of mitoBK has also been shown to directly interact
with cIII-sub1. However the significance of this interaction has not been clarified to
date. Both the previously reported presence of the K2P channel mitoTASK3 in the inner
mitochondrial membrane and the interaction of mitoBK with cIII-sub1 give a precedent
for the results presented here and strengthen the possible relevance of hK2P15.1
mitochondrial localization.

6.5.3 hK2P15.1 localisation within endocytic vesicles and lysosomes.

While the in-silico analysis performed in this project failed to reveal consensus sites for
sorting to either endocytic vesicles or lysosomes (Table 3.2), hK2P15.1 showed
localisation within these compartments (Figure 3.20-21-22). This is not unprecedented.
In fact, our understanding of sorting signals is far from complete and to date little data is
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available about targeting of any of the K2P channels to endocytic and lysosomal
vesicles. However, hK2P15.1 localisation within endocytic vesicles and lysosomes is not
surprising considering that both recycling vesicle and lysosomes usually contain
transmembrane proteins destined for degradation. Most transmembrane proteins are
internalised from the cell surface and finally degraded or recycled. As hK2P15.1 does
not appear to reach the cell surface it is likely that hK2P15.1 targeting to the endocytic
pathway happens via intracellular trafficking, which is an alternative and not yet well
characterised route into recycling vesicle and lysosomes (Bonifacino and Traub, 2003).
Interestingly, a direct link between endocytic vesicles and both ER and mitochondria
has been demonstrated and a mechanism of direct interactions of these compartments
suggested (McMahon et al., 2006). Additionally, evidence of a direct vesicle transport
from mitochondria to lysosome has recently been provided (Soubannier et al., 2012).
Vesicles derived from mitochondria (MDV) were shown to generate as an early
response to oxidative stress due to ROS generation (Soubannier et al., 2012). MDV
targeted peroxisomes (Neuspiel et al., 2008) delivered mitochondrial damaged lipids
and proteins to both endosomes and lysosomes for degradation (Soubannier et al.,
2012). Mitochondria to endosome/lysosome vesicle trafficking may link vesicular and
mitochondrial localisation of hK2P15.1 as hK2P15.1 localising to these vesicular cell
compartments may be a consequence of mitochondrial protein turnover.

6.5.4 hK2P15.1 internal trafficking.

Interaction between hK2P15.1 and tubulin β chain demonstrated in this study (Results
4.3 and Figure 4.21) suggests a close association between the channel and micro-tubules
which may be involved in nuclear, vesicular and mitochondrial localisation of the
channel (Results 3.3). Tubulin is a cytoskeletal heterodimeric protein composed by
globular α and β subunits of ~ 50 kDa each. Equilibrium between free and dimeric
tubulin is a key player in the formation of microtubules (Dutcher, 2001). Microtubules
are dynamic components of the cytoskeleton involved in several physiological processes
including intracellular transport, cell signalling, cell motility and differentiation as well
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as vesicle and organelle trafficking (Dutcher, 2001; Roychowdhury and Rasenick,
2008).
In addition to its role as a cytoskeletal protein, tubulin has also been reported to be
present in specific cellular organelles and membranes (Carre et al., 2002). For example,
the Golgi complex has been shown to interact with tubulin α and β chain and
specifically with tubulin γ chain to initiate and stabilize noncentrosomal Golgi-based
microtubule assembly (Chabin-Brion et al., 2001). Additionally it has been shown that
nuclei of dividing cells specifically import tubulin dimers of αβ2 chains that are
different to the microtubule tubulin form; this tubulin has been shown to be present in
the nuclear matrix and to accumulate in the nucleoli (Walss-Bass et al., 2001; Walss et
al., 1999). Tubulin has also been shown to be present in mitochondria (Bernier-Valentin
and Rousset, 1982; Carre et al., 2002). Dimers of αβ2 tubulin enriched in tyrosinated
and acetylated α and β3 tubulin isotypes have been shown to be present in mitochondria
membranes but not in the mitochondrial matrix (Carre et al., 2002). Considering the
pattern of tubulin β chain isotypes and tubulin α chain post translational modifications
in the mitochondria, as well as mitochondrial tubulin structural organization and
absence of microtubule associated proteins (as dynein and kinesin) within it,
mitochondrial tubulin has been shown to be an inherent component of mitochondria
(Carre et al., 2002). Mitochondrial tubulin has also been shown to be involved in
cytochrome c release (Carre et al., 2002) and has been suggested to have other specific
roles within mitochondrial function. In this context, interaction of hK2P15.1 with tubulin
(Results 4.3 and Figure 4.21) is strengthened by both tubulin and hK2P15.1 localisation
within nuclear matrix/membrane and mitochondria.
hK2P15.1 is not the only membrane protein thought to interact with tubulin. Tubulin
regulates G-proteins coupled receptors (Wang et al., 1990), localisation and signalling
pathways (Head et al., 2006). The interaction between G-protein coupled receptors and
tubulin is modulated by adenyl cyclases activity (Yan et al., 2001), microtubule
dynamics and microtubule-dependant processes (Dave et al., 2009; Roychowdhury and
Rasenick, 2008). Similarly, hK2P15.1 interaction with tubulin could have a role in
microtubule-dependent transport and localisation of the channel within the cell, either at
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the cell surface or in compartments other than plasma membrane where hK2P15.1 has
been shown to reside (Results 3.3). Since here all three TASK channels were shown to
interact with tubulin (Figure 4.22), these data suggest a cytoskeleton-driven mechanism
for hK2P15.1 trafficking which may be common to hK2P3.1 and hK2P9.1 also.
Acetylated tubulin has also been shown to form a complex with Na+,K+-ATPases, with
this interaction resulting in channel inhibition (Casale et al., 2001; Santander et al.,
2006). Among KCh, free α tubulin has also been shown to bind the C-terminus of the
voltage-gated KCh Kv10.2 (Bracey et al., 2008) and to increase channel activation
(Wray, 2009). Tubulin inhibition/activation of channel function opens the possibility of
tubulin regulation of hK2P15.1 function. As evidenced by the crystal structures of the
K2P channels, part of the channels gating regulation is due to the proximal part of the
C-terminus (Brohawn et al., 2012; Miller and Long, 2012). This terminal domain lies
close to the membrane under the channel central pore and maintains an open pore by
physically separating the Tm2 and Tm4 helices (Brohawn et al., 2012; Miller and Long,
2012). Tubulin interaction with the C-terminus of hK2P15.1 may participate in this
gating mechanism, either by stabilising or by counteracting the open gating proposed to
be performed by part of the channel C-terminus.
Within mitochondrial membranes, tubulin interacts with the voltage-dependent anion
channel (VDAC) localized in the outer mitochondrial membrane (Colombini, 2004; Tan
et al., 2007). VDAC is responsible for ATP outflux from the mitochondria (Rostovtseva
and Colombini, 1996, 1997). Moreover, VDAC regulates the switch between normal
respiration and interruption of mitochondrial metabolism that leads to initiation of
apoptosis (Lemasters and Holmuhamedov, 2006) and therefore plays a key role in the
mitochondrial function. Interaction between VDAC and negatively charged C-terminal
tails of dimeric tubulin associated with cytoskeleton has been reported to cause closure
of the channel pore (Rostovtseva et al., 2008). Non-direct interaction between tubulin
and mitochondria is therefore fundamental in the control of outer membrane
permeability (Rostovtseva et al., 2008(Saks et al., 1995). In this context, mitochondrial
localisation of hK2P15.1 (Figure 3.23) and its interaction with both tubulin and
mitochondrial membrane proteins may be significant. While it is possible that tubulin
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performs a specific role in hK2P15.1 regulation or channel gating it is equally possible,
knowing the roles tubulin has within the mitochondria (Carre et al., 2002; Rostovtseva
et al., 2008), that hK2P15 may act as a tubulin binding site for the interaction between
tubulin and mitochondrial membranes.

6.5.5 hK2P15.1 localisation along the secretory pathway.

ER localisation of hK2P15.1 (Figure 3.17) is not surprising as this is where the majority
of membrane proteins are synthesised. However, the absence of hK2P15.1 from both the
Golgi complex (Figure 3.18) and the cell membrane (Figure 3.19) is unexpected.
Nevertheless, this confirms the in-silico analysis performed in this study which
predicted hK2P15.1 localisation within the ER rather than at the cell membrane with a
probability of 55.6% and 33.3% respectively (Table 3.2). The absence of hK2P15.1 from
the cell surface indicates that the channel would be unable to transport K+ ions across
the cell membrane. This offers an explanation for hK2P15.1 inability to pass current
when transiently expressed in recombinant systems (Ashmole et al., 2001; Karschin et
al., 2001; Kim and Gnatenco, 2001). The same in-silico analysis performed for hK2P3.1
predicted a probability of 44.4% for the channel localisation within the ER and of
22.2% for the channel surface expression. Similarly, hK2P9.1 is predicted to localise
within ER rather than at the cell surface with a probability of 66.7% against 22.2%. This
is not surprising since both hK2P3.1 and hK2P9.1 have been shown to be retained within
the ER and to localise at the cell membrane only after phosphorylation-dependent
mechanisms of channel release from the ER and forward trafficking (Mant et al., 2011;
O'Kelly et al., 2002). Therefore, the inability of hK2P15.1 to proceed beyond the ER in
the secretory pathway and hence to reach the Golgi complex or the cellular membrane
suggests a mechanism of hK2P15.1 intracellular retention. While no signal peptide or
other sorting signals were detected within the hK2P15.1 sequence, two ER retention
motifs were identified in the channel N- and C-termini, an N-terminal XXRR-like motif
(RRPS) and a C-terminal KKXX-like motif (RWKS) (Table 3.2). However, these two
ER retention motifs are not exclusively responsible of the channel inability to reach the
cell surface, as demonstrated by functional studies on chimeric constructs (Ashmole et
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al., 2001; Karschin et al., 2001; Kim and Gnatenco, 2001). Similarly, both hK2P3.1 and
hK2P9.1 possess ER retention motifs identified by the in-silico analysis and confirmed
by experimentation (Girard et al., 2002; O'Kelly et al., 2002; Zuzarte et al., 2009).
The ER is a site of membrane protein quality control and hence ER retention is common
among membrane proteins. Proteins are released from the ER toward the Golgi complex
only when correctly folded and often in dependence of interaction with auxiliary
proteins. Such mechanisms have been demonstrated for both K2P3.1 and K2P9.1, which
escape ER retention only after phosphorylation and binding to 14-3-3 (O'Kelly et al.,
2002). When the channels are not phosphorylated, K2P3.1 and K2P9.1 are bound to
β-COP and subjected to β-COP-dependent retrograde transport from Golgi complex to
ER (O'Kelly et al., 2002). In this way, these channels are retained within the ER and
ER-Golgi intermediate compartments. Following phosphorylation on a specific serine
residue within their C-termini (S393 in hK2P3.1 and S372 in hK2P9.1), 14-3-3 is
recruited to the channel C-terminus (O'Kelly et al., 2002). Binding of 14-3-3 disrupts
β-COP interaction with the channel and enable their forward transport through the
secretory system (O'Kelly et al., 2002). Further binding with auxiliary proteins
including the annexin II subunit p11 has been demonstrated to participate in K2P3.1
forward transport to Golgi complex and cell surface (Girard et al., 2002; O'Kelly et al.,
2002; Rajan et al., 2002).
A similar mechanism of post translational modifications (PTM) and binding proteins
interaction-dependent release from the ER may be necessary to hK2P15.1 forward
transport. Interestingly, hK2P15.1 was demonstrated to bind 14-3-3 through yeast
two-hybrid assays and the C-terminal sequence R(W/R)xSx was shown essential to
14-3-3 recruitment (Rajan et al., 2002). However, given the different behaviour of
K2P3.1 and K2P9.1 compared to hK2P15.1, hK2P15.1 ER release must involve additional
regulation. Additionally, the final serine in hK2P15.1 whose phosphorylation is critical
to 14-3-3 recruitment to K2P3.1 and K2P9.1 is not predicted to be phosphorylated by the
analysis presented here (Results 4.2.1 and Figure 4.2). This is likely to be due to the
lack of arginine residues within hK2P15.1 C-terminus critical to enable phosphorylation
of S329. Notably, the same in-silico analysis programme predicts that mK2P15.1 and
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rK2P15.1 are both phosphorylated on the corresponding final serine (data not shown but
previously published in (Ashmole et al., 2001; Karschin et al., 2001; Kim and Gnatenco,
2001). This may suggest a low phosphorylation probability for hK2P15.1 S329, whose
identification as a phospho-acceptor site could hence vary depending on the prediction
algorithm utilised. These differences in phosphorylation likelihood may be responsible
for a different phosphorylation pattern in hK2P15.1 compared to the other two TASK
channels. This may impair the ability of the channel to bind 14-3-3 and hence exit the
ER. Moreover, PTM at other hK2P15.1 residues and/or the involvement of different
auxiliary proteins may be necessary to enable hK2P15.1 forward transport.

6.6 Analysis of hK2P15.1 post-translational modifications.
PTM and in particular phosphorylation play a critical role in regulating the interaction
of the other TASK channels with binding partners which are key to channel trafficking
and localisation (Girard et al., 2002; O'Kelly et al., 2002). To date, knowledge about
hK2P15.1 PTM is limited to in-silico analysis which identified several phosphorylation
sites within hK2P15.1 sequence (Ashmole et al., 2001; Karschin et al., 2001; Kim and
Gnatenco, 2001). Two phosphorylation sites within the channel C-terminus (S262 and
S329) were predicted in agreement by the two groups which investigated hK2P15.1
PTM (Ashmole et al., 2001; Karschin et al., 2001; Kim and Gnatenco, 2001). However,
the presence of a phosphorylated serine within hK2P15.1 N-terminus (S5) was suggested
by one (Ashmole et al., 2001) but not identified by the other group (Kim and Gnatenco,
2001). Additionally, while no N-linked glycosylation was predicted for hK2P15.1
(Ashmole et al., 2001; Karschin et al., 2001; Kim and Gnatenco, 2001), other PTM have
not been investigated. For these reasons, it was important to investigate PTM of
hK2P15.1.
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6.6.1 hK2P15.1 phosphorylation.

The in-silico phosphorylation analysis performed in this study (Results 4.2.1) identified
six potential phosphorylation targets in the hK2P15.1 sequence. These include a serine
within the channel N-terminus (S5) and five additional serines (S262, S283, S288, S307
and S311) within the channel C-terminus (Figure 4.2). These data broaden the
previously predicted phosphorylation analysis on hK2P15.1 (Ashmole et al., 2001;
Karschin et al., 2001; Kim and Gnatenco, 2001) by identifying additional phosphoacceptor sites and the kinases acting on them (Figure 4.2).

A key finding is the

identification of an N-terminal serine (S5) predicted to be phosphorylated. This
phospho-acceptor site is absent in both K2P3.1 and K2P9.1 (Figure 4.4). S5 may hence
act as S393 and S372 in hK2P3.1 and hK2P9.1 respectively and enable, when
phosphorylated, recruitment of 14-3-3 to hK2P15.1 N-terminus. In fact, hK2P15.1
possesses two ER retention motifs located at the N- and C-termini of the channel
respectively (Results 3.3 and Table 3.2).While these ER retention motifs are not
necessarily interchangeable they may perform the same function with regards to 14-3-3
recruitment. In fact, in K2P channels the N- and C-termini of the two subunits forming
the channel dimer are likely to be in close proximity and to interact with each other
(Brohawn et al., 2012; Miller and Long, 2012).
Although individual phosphorylation sites were not examined in-vitro, data presented in
this study provide the first experimental evidence that hK2P15.1 is a phosphorylated
protein in-vitro (Figure 4.5) and that this phosphorylation can influence hK2P15.1
forward transport and surface expression (Results 5.2 and Figure 5.1-5.4).
The implications of hK2P15.1 phosphorylation were investigated in this study with
regards hK2P15.1 subcellular localisation. The critical phosphorylation site enabling
14-3-3 binding and forward transport of hK2P3.1 and hK2P9.1 has been shown to be a
target of protein kinase A (PKA) (Mant et al., 2011). PKA was predicted to target
hK2P15.1 at S5 (Figure 4.2), a predicted phospho-acceptor site unique to hK2P15.1
within the TASK channels (Figure 4.4) and considered a fitting starting point to
investigate the effects of PTM on the channel. Data presented here demonstrate
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hK2P15.1 localisation both within the Golgi complex and at the cell surface when the
global phosphorylation status of the cell was altered by enhancing or reducing PKA
activity (Figure 5.1-5.4). This is the first report of hK2P15.1 localisation at the cell
membrane. While this finding is significant, it is important to highlight that hK2P15.1
membrane localisation was observed when PKA activity was either down-regulated or
enhanced. Clearly, altering PKA activity has the potential to de-regulate a large number
of processes which are PKA-dependent and as such both the PKA inhibitor and
activator may cause a state of cellular stress. Supporting this idea, cells in which PKA
activity was enhanced showed altered morphology. The effects of altered PKA activity
on hK2P15.1 subcellular localisation may hence derive from global cellular stress
condition rather than hK2P15.1 altered phosphorylation per se. For this reason, a direct
connection between hK2P15.1 phsophorylation status and subcellular localisation can
not be deduced here. Further analysis may be performed to clarify the role of hK2P15.1
phosphorylation in its localisation and function, including direct targeting of individual
predicted phospho-acceptor sites rather than global alteration of cellular protein
phosphorylation.

6.6.2 hK2P15.1 glycosylation.

Glycosylation is known to affect membrane protein stability and subcellular
localisation. While N-linked glycosylation has been shown to be important in stabilising
KCh surface expression (Gong et al., 2002; Noma et al., 2009; Watanabe et al., 2004;
Watanabe et al., 2007), O-linked glycosylation seems to have different regulatory
effects on protein trafficking, localisation and protein-protein interactions (Dias and
Hart, 2007; Hanish and Tolan, 2001; Slawson and Hart, 2003; Vosseller et al., 2002).
Confirming previously reported predictions, in-silico analysis performed in this study
excludes N-linked glycosylation of hK2P15.1 (Results 4.2.1 and Figure 4.3). These
predictions were verified with experimental evidence demonstrating a lack of hK2P15.1
is N-linked glycosylation in-vitro (Figure 4.6). Within the K2P channels family hK2P15.1
is the only channel not to show N-linked glycosylation. N-linked glycosylation has been
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glycosylation reduced hK2P18.1 targeting to the cell surface by 50% and the amplitude
of the current passed by the channel by 80% (Egenberger et al., 2010). However, lack of
N-linked glycosylation in hK2P15.1 is not considered the principal cause of hK2P15.1
intracellular retention as decreased surface stability due to lack of N-linked
glycosylation is not sufficient to explain the channel’s absence from the Golgi complex.
Though, N-linked glycosylation may be critical to hK2P15.1 release from the ER and
lack of a glycosylated N residue may target non-mitochondrial and non-nuclear
hK2P15.1 to ER-associated degradation (ERAD). However, ERAD of non-glycosylated
hK2P15.1 would not explain the channel localisation within both Golgi complex and cell
membrane under conditions of cellular stress (Results 5.4). Hence, lack of N-linked
glycosylation in hK2P15.1 may be only partially responsible for the channel inability to
target the cell membrane.
To date, no data regarding O-linked glycosylation on hK2P15.1 are available. O-linked
glycosylation prediction performed in this study indentifies three potential
O-glycosylation targets (T260, S262 and S271) within hK2P15.1B C-terminus (Results
4.2.1 and Figure 4.3). Interestingly, one of the three predicted O-linked glycosylation
sites (T260) is only present in hK2P15.1B; in both hK2P15.1A and hK2P15.1C natural
variants the target threonine is substituted by proline (Figure 1.7). In spite of the
predictions, treatment of hK2P15.1 with a mixture of enzymes containing neuraminidase
and O-glycosidase failed to demonstrate presence of O-linked glycans attached to
hK2P15.1 (Figure 4.6). However, prediction of hK2P15.1 O-linked glycosylation may be
relevant. In fact, O-linked glycosylation is known to occur within the Golgi complex
(Hanish and Tolan, 2001). hK2P15.1 was shown unable to localise within the Golgi
complex in the experimental conditions utilised (Figure 3.18) and may undergo Olinked glycosylation only after ER release. Additionally, a single residue (S262) within
hK2P15.1 C-terminus is predicted to be both phosphorylated and O-linked glycosylated.
Phosphorylation and O-linked glycosylation on a single residue are presumably
mutually exclusive (Golks and Guerini, 2008; Kelly et al., 1993) and appear to regulate
protein-protein interactions and protein subcellular localisation in a reciprocal manner
(Kanno et al., 2010); Slawson and Hart, 2003). A mechanism of mutual exclusion for
266

Laura Roncoroni

Discussion

hK2P15.1 O-linked glycosylation or phosphorylation with distinct down-stream
regulatory effects on the channel may thus be hypothesised.

6.6.3 hK2P15.1 targeting for internalisation.

In-silico analysis on hK2P15.1 sequence failed to identify any ubiquitination or
SUMOylation target sites. Both ubiquitination and SUMOylation are PTM known to
regulate membrane protein internalization from the cell surface. Interestingly, hK2P15.1
also lacks classical endocytic sorting motifs. As discussed above (Discussion 6.5.2)
internalisation of hK2P15.1 from the cell surface may depend on not-yet identified
sorting sequences as well as on other PTM including lipidation. For this reason,
investigation on S-palmitoylation, S-prenylation, N-myristoylation and glycosyl
phosphatidylinositol (GPI) anchor will be informative. Alternatively, hK2P15.1
internalisation may occur in hK2P15.1 heterodimers with either hK2P3.1 or hK2P9.1 and
depend on their internalisation motifs.

6.7 hK2P15.1 interaction with BIP.

6.7.1 BIP is an hK2P15.1 auxiliary protein.

There is considerable evidence implicating binding partners and auxiliary proteins in
having major roles in the regulation of KCh (Haitin and Attali, 2008; Papazian, 1999).
Accessory proteins have been shown to play a role in the folding and maturation (Ficker
et al., 2003), trafficking (Haitin and Attali, 2008), recycling (Bai et al., 2005a),
assembly and gating (Shamgar et al., 2006) of ion channels. Within the TASK channels,
binding proteins including 14-3-3, annexin II subunit (p11) and β-COP have been
demonstrated critical to K2P3.1 and K2P9.1 release from the ER and forward transport to
the cell membrane (Girard et al., 2002; O'Kelly et al., 2002; Rajan et al., 2002)
(Discussion 6.5.5 and Discussion 6.6.1). Additionally, K2P3.1 has been shown to
267

Laura Roncoroni

Discussion

interact with the HIV-1 encoded protein vpu, with this binding resulting in increased
degradation of the channel (Hsu et al., 2004). Within other K2P channels several
auxiliary proteins have been identified and demonstrated to influence channel activity
and localisation (Enyedi and Czirják, 2010; Plant et al., 2005). K2P1.1 has been shown
to interact with the exchange factor for ADP-ribosylation factor 6 (EFA6), which
promotes the channels retrograde transport away from the cell surface (Decressac et al.,
2004; Franco et al., 1999). K2P1.1 also binds SUMO-conjugating enzymes, with K2P1.1
SUMOylation resulting in the channel silencing at the cell membrane (Rajan et al.,
2005). K2P2.1 and K2P10.1 surface expression is enhanced by the channels binding with
the microtubules-associated protein Mtap2 (Sandoz et al., 2008). At the same time,
K2P2.1 interaction with the A-kinase anchoring protein AKAP150 has been shown to be
critical for the channel function and for the biophysical properties of the channel at the
cell membrane without having effects on K2P2.1 localisation (Sandoz et al., 2006).
Moreover, beyond its trafficking impact on K2P3.1 and K2P9.1 14-3-3 has been also
demonstrated to bind K2P18.1 and to inhibit the channel without altering its subcellular
localisation (Czirjak et al., 2008). This occurs because 14-3-3 binding to K2P18.1
prevents its interaction with calcineurin (Czirjak and Enyedi, 2006; Czirjak et al., 2008)
and calcineurin-dependent channel activation (Czirják and Enyedi, 2010; Czirjak et al.,
2004).
Evidence presented here implicates BIP as a binding partner to hK2P15.1 (Results 4.3
and Table 4.4). BIP was identified in 1983 as immunoglobulin heavy chain-binding
protein (Haas and Wabl, 1983) and is a constitutively expressed ER-resident protein.
BIP belongs to the heat shock 70 kDa protein family (Hsp70) and is the most abundant
Hsp70 protein, reaching millimolar concentrations within the ER (Guth et al., 2004).
BIP is involved in several functions within the ER (Dudek et al., 2009; Maattanen et al.,
2010), including protein biogenesis (Palade, 1975), protein folding (Ma and Hendershot,
2001; Zhang and Zuiderweg, 2004) and translocation across the ER membrane (Blobel
and Dobberstein, 1975a, b), protein degradation (Ma and Hendershot, 2001), signal
transduction (Zhang and Zuiderweg, 2004) and Ca++ homeostasis (Clapham, 2007;
Meldolesi and Pozzan, 1998). Specifically, BIP plays a role in protein transport into the
ER (Alder et al., 2005; Dierks et al., 1996; Hamman et al., 1998; Klappa et al., 1991)
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which is critical for the biogenesis of membrane proteins or proteins destined to localise
within organelles or to be secreted. For this, interaction between BIP and several
proteins including the ER membrane translocator proteins Sec61 (Gorlich et al., 1992;
Meyer and Dobberstein, 1980; Walter et al., 1981), Sec62 and Sec63 (Meyer et al.,
2000) and the co-chaperon ERj1 is fundamental (Dudek et al., 2002). Following the
protein import into the ER, BIP is involved in protein folding and assembly (Buck et al.,
2007; Helenius et al., 1992) while interacting with the co-chaperon ERj3 and the
nucleotide exchange factor Sil1 (Jin et al., 2008; Shen et al., 2002). Misfolded proteins
are exported from the ER and delivered to the proteasome for degradation (Ellgaard and
Helenius, 2003; Romisch, 2005). BIP interaction with several proteins including Sec61,
Sec63 and the co-chaperons ERj3 and ERj5 ((Dong et al., 2008; Ushioda et al., 2008) is
fundamental in this process. Accumulation of misfolded proteins in the ER leads to an
unfolded protein response (UPR) which includes UPR signal transduction to nucleus
and ribosomes (Bertolotti et al., 2000; Maattanen et al., 2010). This results in enhanced
expression of UPR target genes aiming at the reduction of general protein biosynthesis,
the increase of selective protein translation and the increase of the ER capacity for
protein folding or protein export and degradation (Ma and Hendershot, 2001; Zhang and
Zuiderweg, 2004). The switch that activates this process is the high concentration of
misfolded proteins within the ER, which interact with and sequester both calnexin and
BIP. Lack of free BIP disrupts BIP specific binding with the ER membrane protein
kinase-endoribonuclease inositol-requiring enzyme 1 (IRE1), pancreatic eukaryotic
initiation factor 2 kinase (PERK) and the activating transcription factor 6 (ATF6)
(Bertolotti et al., 2000; Harding et al., 1999; Kozutsumi et al., 1988; Okamura et al.,
2000; Yoshida et al., 2001). Released from binding with BIP, IRE1 and PERK activate
themselves causing translation or activation respectively of transcription factors which
regulate UPR target genes (Bertolotti et al., 2000). Similarly, ATF6 translocates to the
Golgi complex to be activated and is then transported into the nucleus where it enhances
transcription of UPR-related genes (Bertolotti et al., 2000). Finally, the involvement of
BIP in Ca++ homeostasis resides in the ability of BIP to sense ER Ca++ concentrations
(Kassenbrock and Kelly, 1989). In fact, the ER represents an intracellular Ca++ storage
which has a Ca++ concentration 10 times higher than the one of the cytoplasm (in a
range of 1 mM against 100 nM). ER Ca++ depletion causes activation of BIP ATPase
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activity (Kassenbrock and Kelly, 1989) and consequent disruption of the binding
between BIP and partner proteins including the ER membrane protein Sigma 1 receptor
(Sig1R) (Hayashi and Su, 2007). Once dissociated from BIP, Sig1R plays a role in
maintaining Ca++ homeostasis
Hence, BIP interaction with ER proteins can either be due to UPR or be a regulated
interaction with binding partners for which the binding to BIP has specific functional
relevance (Dudek et al., 2009). In the case of BIP interaction with hK2P15.1, evidence
presented here demonstrates the interaction to be specific and not due to UPR. This was
clear as hK2P15.1 failed to bind additional chaperon proteins (calnexin) as would be
predicted in UPR (Results 4.3.5 and Figure 4.22) (Dudek et al., 2009; Shen et al., 2002).
Confirmation of the specificity of BIP interaction with hK2P15.1 has been also provided
here by the disruption of this binding in presence of ATP (Figure 4.22B). This is
important because structurally BIP contains two functional domains, a nucleotide
binding (NBD) and a substrate binding domain (SBD). SDB reversibly interact with
proteins (Hartl, 1996; Jiang et al., 2006) while NBD binds either ADP or ATP. The
bound state of NBD influences the binding ability of SBD and its affinity with
interacting proteins. In fact, ADP binding to NBD stabilises BIP interaction with partner
proteins while BIP-binding to ATP induces decreased SBD affinity for its binding
partners (Flaherty et al., 1990; Jiang et al., 2006; Wei et al., 1995). This is due to
conformational changes caused by presence of ATP and by the interaction between BIP
NBD and ATP (Wei et al., 1995). These structural changes are neutral with regard to
non-regulated interactions such as those seen in UPR but cause disruption of regulated
interactions with specific target proteins (Shen et al., 2002; Wei et al., 1995), as happens
with hK2P15.1 (Figure 4.22B).
BIP shows specific and regulated interaction with other binding partners which then
influence BIP function within the ER. As described above, these BIP-binding proteins
include co-chaperons, nucleotide exchange factors and signal transducers. Additionally,
BIP has been shown to interact with membrane proteins such as the nicotinic
acetylcholine receptor (nAChR) (Wanamaker and Green, 2007) and aquaporin 2
(AQP2) (Zwang et al., 2009), which are not related to BIP function in the ER or in
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ER-driven signalling pathways. In particular, interaction between BIP and AQP2 has
been shown to occur at the cell membrane and to require AQP2 phosphorylation at a
specific serine (S256) within the channel C-terminus (Zwang et al., 2009) while
non-phosphorylated S256 impairs AQP2 surface expression (van Balkom et al., 2003)
and drastically decreases the binding with BIP (Zwang et al., 2009). Importantly, as
binding between BIP and AQP2 occurs at the channel C-terminus, which is cytoplasmic
(Zwang et al., 2009), this implies BIP localisation external of the ER which is
uncharacteristic of an ER resident protein. In a manner comparable to that reported for
AQP2, binding between BIP and hK2P15.1 occurs at the C-terminus of the channel
(Figure 4.20), predicted to be external to the ER and to localise in the cytoplasm
(Results 4.2.1 and Figure 4.1). Data presented here narrows the BiP binding site to
twenty residues (aa 265-285) within hK2P15.1 C-terminus (Figure 4.23B). Disruption of
any of these critical residues decreases BIP binding by 65% compared to wild type
(Figure 4.23B). The residual binding between BIP and a mutated hK2P15.1 (Δ265-285)
suggests that other motifs within the channel may contribute to BIP recruitment.

6.7.2 Significance of BIP interaction with hK2P15.1.

In spite of the residual BIP-binding to hK2P15.1 lacking the BIP binding motif
(Δ265-285), removal of the domain critical to BIP recruitment from hK2P15.1 sequence
enables the channels localisation within both the Golgi complex and the cell membrane
(Figure 5.7 and Figure 5.8). Disruption of the binding between hK2P15.1 and BIP is
hence sufficient to allow Δ265-285 to escape ER retention (Figure 3.18 and Figure
3.19). A similar mechanism of ER retention caused by interaction with BIP has been
shown for ATF6 (Shen et al., 2002). Lack of BIP binding to ATF6 unmasks a Golgi
localisation motif in AFT6 and enables release of the transcriptional factor from the ER,
with its subsequent maturation within the Golgi complex and ultimately nuclear
localisation (Shen et al., 2002).
Evidence presented here is consistent with the binding of hK2P15.1 with BIP being
dependent on the secondary/tertiary conformation rather than primary sequence of
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aa 265-285, as the entire region appears to be critical to BIP recruitment (Results 5.3.1).
This is borne out by modifications to smaller portions of this critical domain also
enabled hK2P15.1 forward transport and localisation at the cell surface (Figure 5.95.14). Together, these data supports a mechanism for hK2P15.1 intracellular retention
which involves the channel binding with BIP and significantly, these data demonstrate
an hK2P15.1 ER release mechanism when BIP binding to hK2P15.1 is disrupted.

6.7.3 hK2P15.1 surface expression is induced by cellular stress.

In normal culture conditions, wild type hK2P15.1 is localised within the ER (Figure
3.17) and is unable to reach either the Golgi complex (Figure 3.18) or the cell surface
(Figure 3.19), with hK2P15.1 retention within the ER dependent of the binding between
the channel and BIP (results 5.3). Under conditions of pharmacological induced
oxidative stress (DTT treatment) hK2P15.1 is released from the ER and achieves
localisation within the Golgi complex (Figure 5.15) and at the cell surface (Figure 5.16).
DTT treatment has previously been shown to disrupt the binding between BIP and
ATF6 and allow ATF6 Golgi localisation (Shen et al., 2002). Similarly,
pharmacological induced ER stress due to DTT treatment or Thapsigargin treatment
(which inhibits the sarco/endoplasmic reticulum Ca++ ATPase (SERCA)) disrupts BIP
interaction with IRE1 and PERK and enable PERK and IRE1 activation (Bertolotti et
al., 2000; Ma et al., 2002). These conditions of pharmacological induced ER stress are
known to alter BIP behaviour and reversibly decrease its binding ability with specific
binding partners (Bertolotti et al., 2000; Lee, 2001; Ma et al., 2002; Shen et al., 2002).
As cellular stress disrupts BIP interaction with known binding partners, in this study
several environmental conditions known to cause ER stress and consequent differential
binding ability of BIP to its binding partners (Lee, 2001) were investigated with regards
to their effects on hK2P15.1 cellular localisation (Results 5.4). As demonstrated in
Chapter 5, under altered environmental availability of glucose and oxygen hK2P15.1 is
released from the ER and achieves both Golgi localisation and cell surface expression
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(Results 5.4 and Figure 5.17-5.22). Hence, stress conditions known to alter BIP activity
are critical to enable hK2P15.1 surface localisation.

6.8 Proposed physiological role for hK2P15.1.
Findings presented here are significant. Prior to this study, no data was available on the
physiological relevance or surface expression of hK2P15.1. In addition, data presented
in this study provides evidence of a potential dual role for hK2P15.1.
KCNK15 mRNA is expressed in a broad range of human adult and fetal tissues and in
human colon cancer (Results 3.2.1). hK2P15.1 shows concomitant expression with either
hK2P3.1 or hK2P9.1 in several tissues including heart, lung, kidney, pancreas and brain
for hK2P3.1 and pancreas and brain for hK2P9.1 (Discussion 6.4). The expression of
hK2P15.1 in the same tissue with hK2P3.1 or hK2P9.1 together with previous evidence of
heterodimerisation between hK2P3.1 and hK2P9.1 (Berg et al., 2004; Clarke et al., 2004;
Czirjak and Enyedi, 2002; Enyedi and Czirják, 2010; Kang et al., 2004a) gives ground
to hypothesise that potential heterodimerisation between hK2P15.1 and one the other
TASK channels may occur. This potential heterodimerisation may have regulatory
effects on hK2P15.1 or hK2P3.1 and hK2P9.1 as shown for other silent KCh subunits
(Discussion 6.1).
Previously there was no data regarding cellular or subcellular localisation of hK2P15.1
in the tissues expressing the channel. However, the polyclonal antibody to hK2P15.1
(hK2P15.1-LR) validated in this study by both immunocytochemistry and Western Blot
analysis (Results 3.2.2) represents a powerful tool to characterise hK2P15.1 tissue
expression and subcellular localisation in native systems. In recombinant systems,
hK2P15.1 is retained within the ER (Results 3.3) and its forward transport depends on
the disruption of BIP binding (Results 5.3-5.4). However, expression of hK2P15.1 under
control conditions may be significant within mitochondrial function. In fact, under
normal culturing conditions hK2P15.1 localises within mitochondria (Results 3.3).
hK2P15.1 targeting to and removal from mitochondria may be achieved by
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tubulin-mediated intracellular trafficking (Discussion 6.5.2) and direct vescicular
transport between mitochondria and lysosomes/recycling vesicles respectively
(Discussion 6.5.2). The possible significance of hK2P15.1 within mitochondrial function
is supported by several pieces of evidence presented in Discussion 6.5.3 and
summarised in Figure 6.1. Briefly, by controlling mitochondrial membrane potential
hK2P15.1 would impact the activity of voltage-gated K+ (Kv) and Ca++ (Cav) channels,
which are known to regulate NO signalling pathways and Ca++ concentrations within the
mitochondrial matrix respectively. Mitochondrial Ca++ signalling is involved in the
inhibition of ROS generation and hence ROS dependent pathways and both
mitochondrial Ca++- and NO-driven pathways are known suppressors of apoptosis.
Additionally, hK2P15.1 control of mitochondrial K+ concentration would influence H2O
osmotic movements and hence mitochondrial volume. Simultaneously, increased K+
within mitochondrial matrix is known to enhance the activity of K+/H+ exchangers with
consequent mitochondrial matrix acidification. This may inhibit hK2P15.1 through the
channel pH sensor and hence result in a feedback control mechanism to regulate
mitochondrial membrane potential.
Hence, my data supports the proposal that under control conditions hK2P15.1 plays roles
only in mitochondrial function and is does not progress further than the ER within the
secretory pathway (Results 3.3). hK2P15.1 ER retention is due to the channel C-terminal
interaction with BIP (Results 4.3), which occurs on the cytoplasmic side of the ER
membrane (Results 4.2.1). Conditions of cellular stress induce disruption of BIP
binding to hK2P15.1 and hence abolish the retention of the channel within the ER and
enable progression through the secretory system (Results 5.4). Removal of BIP-binding
and consequent disappearance of BIP steric encumbrance may expose distinct hK2P15.1
domains to the interaction with other auxiliary proteins. Among these, 14-3-3 may
interact with hK2P15.1 and promote the channel forward transport enabling its surface
localisation. Two sites within hK2P15.1 sequence may be phosphorylated following
disruption of BIP-binding and both are hypothesised to interact with 14-3-3. The first
possible 14-3-3 binding site localises at hK2P15.1 C-terminus and involves
phosphorylated S329, in a mechanism similar to hK2P3.1 and hK2P9.1. A second
possible 14-3-3 target site is hypothesised at S5 within hK2P15.1 N-terminus. hK2P15.1
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Figure 6.1 Two proposed roles for hK2P15.1 in mitochondrial function.

Diagram showing two potential roles for hK2P15.1 (red) within mitochondria. Other
mitochondrial membrane proteins including a Kv channel (pale blue), a Ca++v channel
(blue) and a K+/H+ exchanger are indicated. Red lines indicated direct consequences of
hK2P15.1 activity, while black lines indicate subsequent implications of these.
A By controlling mitochondrial membrane potential (ΔΨ) hK2P15.1 may directly

influence voltage-gated K+ (Kv) and Ca++ channels (Cav). Kv and Cav activity would
influence NO pathway and mitochondrial Ca++ signalling and result in the regulation of
ROS production and mitochondrial-driven apoptosis.

B By controlling the influx of K+ into the mitochondrial matrix (ΔK+) hK2P15.1 may

influence H2O osmotic entrance into mitochondria and hence regulate mitochondrial
volume. Increased ΔK+ would then stimulate K+/H+ exchanger activity leading to
mitochondrial matrix acidification. This may inhibit hK2P15.1 activity through predicted
channel pH sensitivity. hK2P15.1 inhibition would then affect ΔΨ in a feedback
regulatory mechanism to control both mitochondrial swelling and acidification.
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surface expression under stress conditions may impact cellular membrane potential. By
controlling the cellular membrane potential, hK2P15.1 may be involved in the regulation
of voltage-dependent channel activity, in cell signalling, hormone and neurotransmitter
release and cell excitability. This new physiological role proposed for hK2P15.1 in
response to cellular stress conditions (Figure 6.2) opens several lines of future
investigation.

6.9 Future lines of investigation.
Numerous lines of investigation of hK2P15.1 are now available. Protein expression will
include the investigation of the channel tissue distribution at protein levels through the
use of the new hK2P15.1 antibody hK2P15.1-LR characterised here. The use of
hK2P15.1-LR will enable the identification of distinct specific cell types that express or
silence the channel within a same tissue at different developmental stages, giving
insights into the channel function within them. hK2P15.1-LR would also enable the
investigation of hK2P15.1 subcellular localisation in native systems. Comparing data on
hK2P15.1 expression between control and stress conditions at mRNA (by quantitative
PCR) and protein levels (by Western blot analysis) would be also important. This would
enable a wider understanding of the mechanisms by which stress conditions impact the
channels, i.e. regulating only the channel trafficking or also the rate of channel
transcription and/or translation. This will be possible using colon cancer cell lines which
express hK2P15.1 (SW480 and SW620) (Results 3.2) cultured in both control and stress
conditions. Given hK2P15.1 expression in cancer, investigation regarding the role of the
channel on tumor development, growth and behaviour would need attention.
Since hK2P15.1 is retained within the ER under control conditions, investigation into
hK2P15.1 function at the nuclear membrane and within the mitochondria is essential to
the understanding of physiological role of hK2P15.1 in non-stressed conditions. These
studies would involve functional assays focusing on mitochondrial function when
overexpressing or silencing hK2P15.1 as well as electrophysiological analysis on
isolated mitochondria and mitochondrial membranes. Prior to this, the biophysical
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Figure 6.2 Proposed mechanism of trafficking for hK2P15.1.

Diagram showing a possible mechanism of trafficking for hK2P15.1 (red).
A Under normal culturing conditions, hK2P15.1 localises within ER, nuclear membrane,

mitochondria and lysosomes. hK2P15.1 binding to BIP (purple oval) is responsible of
the channel ER retention.
B Under cellular stress conditions, hK2P15.1 binding with BIP is disrupted. This may

enable phosphorylation of an N-terminal and a C-terminal serine within the channel
sequence. Serine phosphorylation (green asterisk) may enable 14-3-3 (orange oval)
recruitment to hK2P15.1 N- and/or C-termini. The interaction with 14-3-3 could mask
hK2P15.1 N- and C-terminal ER retention motifs and enable the channel forward
trafficking toward the Golgi complex and the cell surface.
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properties of hK2P15.1 current may be determined through recording of the channel
expressed in lipids bilayers.
Relevance of PTM in hK2P15.1 subcellular localisation, binding partners and trafficking
would have to be investigated in more details. Significance of each predicted
phosphorylation or glycosylation target site and other PTM including lipidations can be
demonstrated in-vitro following site directed mutagenesis to enhance or prevent them.
Relevant PTM target sites would be further investigated with regards to their
involvement in regulation of hK2P15.1 interaction with binding partners and its targeting
to the cell surface. Additionally, improved binding assays will be important to identify
tissue specific binding proteins to hK2P15.1. In particular, binding partners to hK2P15.1
N-terminus and internal domain would clarify the relevance of hK2P15.1 structural
differences when compared to hK2P3.1 and hK2P9.1. It would also be necessary to
perform binding assays while taking into account specific PTM on relevant residues
within each of the channel cytoplasmic domains.
In terms of BIP-binding to hK2P15.1, studies aimed at identifying the domains within
the channel which are responsible for the residual interaction with BIP in Δ265-285
should be performed. Understanding the relevance of this residual binding and these
domains on hK2P15.1 physiological role would also require further analysis.
Additionally, other conditions which may enable hK2P15.1 surface expression may be
investigated. In particular, dynamics of hK2P15.1 intracellular trafficking following
BIP-binding disruption will be analysed. This would include the investigation on the
time frame in which hK2P15.1 surface expression is achieved but also the analysis of
possible mechanisms implicated in the channel trafficking following disruption of BIPbinding. For example, hK2P15.1 binding ability to 14-3-3 and the involvement of N- or
C-terminal motifs critical to its recruitment will be analysed.
Finally and fundamentally, functional relevance of hK2P15.1 should be investigated by
electrophysiological analysis in heterologous systems expressing the channel and its
interacting partners under conditions of cellular stress. Indeed, functional studies will be
critical to clarify the physiological role of hK2P15.1.
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