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General Introduction

How can a scientific area give so many Nobel Prizes?

In 1963 John C. Eccles, Alan L. Hodgkin and Andrew F. Huxley obtained the
Nobel Prize in Physiology and Medicine "for their discoveries concerning the
ionic mechanisms involved in excitation and inhibition in the peripheral and
central portions of the nerve cell membrane". In 1991, the Nobel Prize in
Physiology and Medicine was awarded jointly to Erwin Neher and Bert Sakmann
"for their discoveries concerning the function of single ion channels in cells" and
in 2003 the Nobel Prize in Chemistry was awarded "for discoveries concerning
channels in cell membranes" jointly between Peter Agre "for the discovery of
water channels" and Roderick MacKinnon "for structural and mechanistic studies

of ion channels".

Given that ion channels developed early in evolution and are involved in every
thought, perception and heartbeat, it is easy to understand why is so important to
know how do they work (Hille ez @/, 1999). There are many diseases where ion
channels are implicated, most of them arise from mutations in genes encoding
channel proteins. In 1989, cystic fibrosis, the first myasthenia gravis related to ion
channels was identified (Tsui, 1992). Since then, the list of diseases related to ion
channels keeps growing, including epilepsy, episodic ataxia, Alzheimer’s disease,

schizophrenia, etc.
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1.1 Ion channels as functional units

Ton channels form the basic electric units at the membrane of excitable cells as
well as in intracellular organelles, such as nucleus, mitochondria, endoplasmic
reticulum, Golgi apparatus and so on. They form pores across the membrane that
allow the passive diffusion of different ions down their electrochemical gradient,
leading to changes in the membrane potential. All ion channels undergo
conformational changes from closed to open states, and once open, channels
allow the passage of thousand of ions. That distinguishes ion channels from
transporters and pumps, which can also transport ions but only one or as much

few at the same time (Jentsch ez a/, 2004).

The rapid propagation of these voltage changes is the basis for the electrical
signaling in brain and other tissues. The main types of perturbations that are
known to cause ion channels to open are a change in the voltage across the
membrane (voltage-gated channels), mechanical stimulation (mechanically-
gated channels), or the binding of a signaling molecule (ligand-gated
channels). The signal ligand can be either an extracellular mediator, called
neurotransmitter (transmitter-gated channels), or an intracellular mediator, such
as an ion (ion-gated channels), a nucleotide (nucleotide-gated channels) or a

GTP-binding regulatory protein (G-protein-gated channels).

1.2 Cel/ signaling is based on changes on the membrane
potential mediated by ion channels

The plasma membrane is composed by a lipid bilayer, which is formed by
glicerophospholipids, sphingolipids, sterols, and many proteins embedded in it.
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This plasma membrane confers the isolation and the impermeable conditions
necessary to maintain the homeostasis of the cell. The fluid surrounding both
sides of the membrane is rich on mobile ions, being sodium (Na*), potassium
(K", chloride (CI') and calcium (Ca®") the most important. The ion channels and
ion pumps embedded in the membrane maintain different ion concentrations on
the intracellular and extracellular sides of the membrane. This creates a voltage
difference between the inner and the outer cellular spaces, which is called
membrane potential. In neurons and in many other cell types, the membrane
potential is important because it transmits signals between different parts of the
cell and also could play a role in signal transduction. The equilibrium condition is
reached when no net flow of electric current across the membrane is occurring,
defined as the resting membrane potential, being the inner cell negative with
respect to the exterior, which depends on different variables such as the ion

concentration, the type of cells, etc.

Therefore, ions flow across the membrane thanks to their electrochemical
gradient. This gradient is composed by two factors: the voltage gradient and the
concentration gradient for this ion across the membrane. When these two factors
balanced each other, the electrochemical gradient for the ion is zero and there is
no net ion flow through the channel. The membrane potential at which this
equilibrium is reached is called the equilibrium potential. The Goldman-
Hodgkin-Katz equation (GHK equation) expresses the equilibrium potential
across the cell membrane, taking into account all the ions that are permeant

through that membrane. The GHK equation is defined as follows:
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vV = RT In P [K*], + Py, [Na™], + P [CL];
Y Pg [K']; + Py, [Na™]; + Pg [CI],

where,

V = equilibrium potential in volts
P, /P, = outside/inside ion concentration
R = gas constant (1,9872 cal. mol™. K

T = absolute temperature (K)

When ion channels become open, they allow passing passively thousands of ions
through them, being the membrane potential modulate. The reversal potential
(also known as Nernst potential, E) of an ion, is the membrane potential at
which there is no net (overall) ion flow from one side of the membrane to the
other. When a potassium channel is opened, the membrane potential reaches the
K" reversal potential (for a typical cell is about -88 mV) what means that K is
hyperpolarizing the cell, making the cell more negative. In the same way, the
increase of Na" conductance depolarizes the cell carrying the potential to +69

mV.

For neurons, typical values of resting potential range from -70 to -80 mV. In
excitable cells, a sufficiently large depolarization can evoke a short-lasting all-or-
nothing event called an action potential, where the membrane potential very

rapidly undergoes a large change, often briefly reversing its sign (Fig. 1.1).
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Figure 1.1. Action potential steps.

1.- Voltage sensing Na, channels become open and an inward flow of Na* ions
come in to the cell (depolarization step). 2.- The rapid influx of Na* ions causes the
polarity of the plasma membrane to reverse, and the ion channels then rapidly
inactivate. 3.- As the Na* channels close, Na* ions can no longer enter the neuron,
and they are actively transported out of the plasma membrane. 4.- K* channels are
then activated, and there is an outward current of K% ions, returning the
electrochemical gradient to the resting state.

The rapid propagation of these voltage changes is the basis for the electrical
signaling in the brain and other tissues. Ion channels regulate also the
concentration of second messengers such as calcium, and the ionic homeostasis of

the cytoplasm, intracellular organelles and extracellular compartments.



GENERAL INTRODUCTION S

1.3 Nowaa’ays, around 200 genes have been found to
codify for ion channels

Ion channels are pore-forming proteins composed by transmembrane segments
and extra membrane loops/domains. They are ion selective, which means that
they can discriminate between size and charge of the permeant ion leading to
changes in the membrane voltage.

Ion channels can be classified according to which chemical or physical modulator

controls their gating activity:

- Ligand-gated channels (neurotransmitters)

- Voltage-gated channels (transmembrane potential, electric field)

- Second-messenger-gated channels nucleotides, G-proteins

- Mechanosensitivity-channels (osmotic pressure, membrane curvature)

- Gap junctions, non gated porins

1.3.1 Ligand-gated ion channels

Ligand-gated ion channels (LGICs) are a group of transmembrane ion channels
that are opened or closed in response to the binding of a chemical messenger, i.e.,
ligand, in the extracellular domain of the channel. The ligand could be an ion, an
organic molecule or a peptide. In general, they are less selective than voltage-gated
channels and are able to transport two or more types of ions, playing an important
role in the central nervous system, where they form important neurotransmitters

receptors for the synaptic transmission and cellular signaling.

LGICs can be divided into three families:
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1.3.1.1 Cys-loop receptors: generally pentamerics (composed of five
protein subunits that form a pentameric arrangement around a central pore), they
contain a loop formed by a disulfide bond between two cysteine residues. Cys-
loop receptors are subdivided into the type of ion that the corresponding channel
conducts (anionic or cationic) and further into families defined by the endogenous
ligand. This family is composed by nicotinic acetylcholine, GABAA, GABAA-p,
glycine and 5-HT3 receptors.

1.3.1.2 Ionotropic glutamate receptors: composed by four homologous
subunits, each subunit contains an extra-cellular amino-terminal domain, two
transmembrane segments separated by a "P-loop" that takes part in the formation
of the pore and a third transmembrane domain. The ionotropic glutamate
receptors bind the neurotransmitter glutamate. All known glutamate receptor

subunits include the AMPA, kainate and NMDA receptors, which differ in the

glutamate analogue that activates the channel.

1.3.1.3 ATP-sensitive potassinm channels (P2X receptors): forming
trimers, these channels are gated in response to the binding of extracellular
adenosine 5'-triphosphate (ATP). All subunits share a common topology of two
plasma membrane domains, a large extracellular loop and an intracellular carboxyl
and amino termini. These channels are composed by K,6.x-type subunits and

sulfonylurea receptor (SUR) subunits with additional components.

1.3.2 Voltage-dependent ion channels

More than 140 ion channels are activated or inactivated by voltage. The name
given to the channels makes reference to the ion that is permeated (K*, Na®, Ca®"

b

Cl), followed by a “v” which means voltage. In general, the main subunit that
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forms the pore of the voltage dependent channels, the alpha (o) subunit, is
composed by six transmembrane domains (6TM, S1-S6) that are assemble to form
tetramers (Doyle ez al, 1998; Li et al, 1992). The S1-S4 segments confer the
voltage-dependence, and its characteristic is the presence of positively charged
aminoacids. The filter region forms the extracellular end of the pore (S5 and S6
segments), an important structure that decides which ion will pass or will not. The
intracellular N- and C- terminals are structural domains that could generally

interact with ligands and also take part in processes like inactivation.

Apart from voltage-gated potassium channels (K, channels), the main voltage-

dependent ion channels are the following:

1.3.2.1 Voltage-dependent calcinm channels (Ca,): present in the
membrane of most excitable cells, those channels mediate the Ca** influx in
response to depolarization. Ca, channels are formed as a complex of several
different subunits: o, 0,0, B, 4, and y. The o, subunit (190-250 kDa) forms the ion
conducting pore and the sensor voltage, and is organized in four homologous
motifs (I-IV) with six transmembrane domains (6TM) each. They regulate
important intracellular processes such as contraction, secretion, neurotransmission

and gene expression. They are divided into three subfamilies: Ca,1, Ca 2 and Ca 3.

1.3.2.2 Voltage-gated sodium channels (Na,): consisting of a large o
subunit that associates with other proteins such as B subunits, those channels
conduct Na" ions through their pores. The entry of Na" always has depolarized
effects. In excitable cells such as neurons, myocytes, and certain types of glia, Na,
channels are responsible for the rising phase of action potentials. Nine are the

genes that codify to Na, channels, which structurally, are quite similar to Ca,.

10



N CHAPTER 1

1.3.2.3 Transient receptor potential ion channel/ (TRP channels):
TRP channels were first described in 1969 in mutant Drosophila photoreceptors
and were given their name because this mutant lacked sustained photoreceptor
activity and showed only transient changes in receptor potential (Cosens and
Manning, 1969). These channels share certain homology with K* channels. Each
subunit has six transmembrane domains and functional channels are likely
composed of tetramers (Benham, 2003). TRP channels play a role in pain and
sensorial sensations. Mammalian TRP channels are classified into six subfamilies:
TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin),
TRPML (mucolipin), and TRPA (ankyrin) (Clapham, 2003).

1.3.2.4 Cyclic nucleotide-gated ion channels (CNG): activated by
cyclic nucleotides, their discovery was intimately tied with the quest for the
intracellular messenger that mediates the photoresponse in retinal photoreceptors.
CNG channels are non selective cation channels that poorly discriminate between
alkali ions and even allow the passage of divalent cations, in particular Ca®*
(Kaupp and Seifert, 2002). Like TRP channels, CNG form tetramers and have the
typical structure of 6TM.

1.4 Potassium channel genes are known to be mutated

in human diseases, being four of them encoded by the
KCNQ gene family

It is known that more than 140 genes codify for human ion channels, which
almost 90 are K" channels. It is one of the biggest protein families known,
highlighting the variety of functions that they carry out as the action potential,

insulin secretion, cell proliferation, cell differentiation, immune response, pH

11
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regulation, apoptosis, etc. (Hille ¢# 4/, 1999). K* channel diversity is enhanced by
splice variants and by the formation of heteromeric channels, which complicates
the study of their function in the organism. The first cloned potassium channel
gene was the Drosophila voltage gated Shaker channel (Papazian ef al., 1987), and
this was rapidly followed by the identification of other voltage- and ligand-gated
potassium channel genes in flies, mammals, and many other organisms. In the last
few years, genetic linkage analysis has greatly facilitated the identification of many
diseases produced by mutated loci, four of them being encoded by the K7 family
(Gutman ez al., 2005; Jentsch, 2000; Shieh ez al., 2000).

The diversity of K, channels arises from several factors (Gutman ez a/., 2005):

- Heteromultimerization: K, genes encode one peptide subunit, and four of
them form a functional channel. K channels may be homotetramers when four
subunits of the same K, gene coassemble together, but may also be
heterotetramers, when different subunits within the same family form a functional
channel (K1, K7 and K10 families). The heteromeric channels express different

properties from those of any homotetramers.

- Modifier subunits: K5, K06, K8 and K9, encode subunits that act as
modifiers, and although by their own do not produce functional channels, they
form heterotetramers with K 2 family subunits, increasing the functional diversity

within this family.

- Accessory proteins: the presence of accessory subunits such as AKAP and

Calmodulin (CaM) modify their properties.
- Alternate mRINA splicing: although one gene can produce only a protein

12
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subunit, various members of the K 3, K 4, K 6, K7, K9, K 10, and K 11 gene
families have coding regions made up of several exons that are alternatively

spliced, giving rise to another source of functional diversity.

- Post-translational modification: it has been described that K channels could
suffer post-translational modifications, such as phosphorylation (Jerng ef al.,
2004), ubiquitinylation (Henke ef 4/, 2004) and palmitoylation (Gubitosi-Klug ez

al., 2005), which at the end modify channel function.

1.5 Potassium channel related diseases

Why organisms need such a variety of potassium channels with the same basic
function of conducting ions is a major challenge to be elucidated. The discovery
of gene disruptions that encode for potassium channels has shown the diverse
roles of ion channels. Most of the anomalies giving rise to diseases are due to
mutations present in K channels, however, have been shown autoimmune
failures or changes in the expression levels. Mutations usually affect the folding or
the trafficking of the channel, and not very often, channel function. As mentioned
before, ion channels are important for excitable cells such as neurons, cardiac and
skeletal muscle. Several channelopathies affect these tissues. Action potentials are
initiated by the opening of voltage-dependent Na' channels. This leads to a
depolarizing influx of Na', which is stopped by an intrinsic inactivation of Na’
channels, being the membrane repolatized to its normal values thanks to a K*
efflux and sometimes also by a Cl influx. Concomitantly, it is easy to understand
why so many diseases are related to defects in the electric activity. In table 1 are
reported mutations found in potassium channels involved in several

channelopathies.
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Protein Gene Disease
K11 KCNA1 episodic ataxia myokymia
autosomal-dominant long-QT syndrome with deafness
Kv7.1 KCNQ1 autosomal-reccessive long-QT syndrome
Kv7.2 KCNQ2 benign familial neonatal convulsions (BFNC), also with myokymia
Kv7.3 KCNQ3 benign familial neonatal convulsions
Kv7.4 KCNQ4 autosomal-dominant deafness
KCNH2 KCNH2 long-QT syndrome
Kirl.1/ROMK KCNJ1 bartter syndrome
Kir2.1 KCNJ2 long-QT syndrome with dysmorphic features
Kir6.2 KCNJj11 persistant hyperinsulinaemic hypoglycaemia of infancy diabetes mellitus
SUR1 SUR1 persistant hyperinsulinaemic hypoglycaemia of infancy
SUR2 SUR2 dilated cardiomyopathy
KCNE1 KCNE1 autosomal-domfnant long-QT syndrome with deafness
autosomal-dominant long-QT syndrome
KCNE2 KCNE2 long-QT syndrome
KCNE3 KCNE3 hypokalaemic periodic paralysis

Table 1. Potassium channels involved in human diseases. In the table are
represented the genes with the proteins that encode for, and the diseases that could
be developed in case of mutations.

1.6 Kp7 channels and the M-current

The M-current was first reported by Brown and Adams in 1980, and discovered in
bullfrog sympathetic ganglion neurons and subsequently in a wvariety of
mammalian peripheral and central neurons (Brown and Adams, 1980; Delmas and

Brown, 2005; Marrion, 1997) (Fig. 1.2).

Across the cell membranes of neurons, there is an ionic gradient established by

pumps and co-transporter proteins that extrude Ca** and Na* ions and take in K
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ions. When Ca®" ions flow through ion channels, the inner cell becomes more
positive and depolarizes the membrane towards the threshold for action potential
firing. On the other hand, when K" selective channels become opened, K" ions
flow from the inner to the outer, becoming the cell to the back toward rest and,
subsequently, reducing membrane excitability. The M-current possesses the
unique characteristic of sustained activation. The M-current is modulated by a
variety of receptor types, and the modulation can occur by suppression or
enhancement. Modulation of the M-current has dramatic effects on the
excitability of central and peripheral neurons (Adams ez al., 1982; Brown ez al.,
1981; Brown e7 al., 2007; Cooper et al., 2000; Delmas and Brown, 2005; Marrion,
1997).

Membrane
potential

Threshold

e

Stimulation

il

Stimulation

M-current

-}

Membrane
potential

Threshold

M-current

Figure 1.2. Role of neuronal M-channels in response to a specific stimulus.
A.- Excitatory inputs (blue arrows) cause membrane depolarization and a single
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action potential. Afterwards, an increased activation of M-channels hyperpolarizes
the membrane potential, preventing spiking in response to recurrent excitation.

B.- When M-channel activity is reduced, excitatory inputs lead to multiple action
potentials. Adapted from (Cooper and Jan, 2003).

1.7 Neuronal K,7 channels

The term KCNQ gene, recently named K7 protein, is a genomic shorthand with
K representing potassium, CN, channel, and Q, long QT syndrome. The K7
family of voltage-gated K™ channels comprises five members (K,7.1-5 - KCNQ1-
5) and plays a prominent role in brain and cardiac excitability (Schwake e# al.,
20006). Mark Keating discovered in 1996 the K LQT1 gene, nowadays called
K.7.1, as the ion channel involved in the Long-QT-syndrome (LQTS), the most
common cardiac inherited disease (Wang ez a/, 19906). Later, the other four related

genes were discovered (K,7.2 - K 7.5).

Mutations in K7 channels give rise to diverse diseases such as severe

cardiovascular and neurological disorders.

1.7.1 Structural characteristics of K,7 channels

K.7 ion channels have six transmembrane domains with a voltage-sensing
segment (S1-84) and a single P-loop that forms the selectivity filter of the pore
(85-86). In contrast to other potassium channels, the K7 family presents a large
C-terminus (300-500 residues) domain that plays a crucial role in channel gating,
assembling and trafficking, as well as scaffolding the channel with signaling
proteins (Haitin and Attali, 2008) (Fig. 1.3).

The secondary structure analysis of the C-terminus of K7 channels revealed four

helical regions (helices A-D) conserved in all family members. While helices A and
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B are highly conserved between several members of this family, helices C and D

are more divergent regions (Yus-Najera ¢f al., 2002).

Voltage sensor Pore

Figure 1.3. Schematic representation of a K,7 channel subunit. The N-terminal
is composed by six transmembrane domains where S5 and S6 form the pore
domain and S4 is the voltage sensor. The C-terminal is supposed to form four
helical regions called helices A-D.

Helices C and D are thought to form coiled coil assemblies (Wiener ez al., 2008),
which are characterized by two or three strongly amphipathic parallel a helices.
They display a pattern of hydrophilic and hydrophobic residues repeated every
seven residues (abcdefg), (Lupas, 1996) and frequently found in ion channels
(Jenke ez al., 2003).

Helix A has an 1Q-like CaM-binding motif and two overlapping consensus 1-5-10
CaM binding motifs in helix B (Yus-Najera ez /., 2002). Both helices also play a
role in the interaction with accessory proteins, such as the A-kinase anchoring
protein (AKAP) or KCNE subunits. A work by Howard and collaborators in
2007 provided the high resolution structure (2 A) of the K,7.4 helix D, and the

results showed that this helix is a self assembling, parallel, four-stranded coiled
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coil that is conserved among the K7 channel subtypes, thereby providing a
critical module for K7 tetrameric assembly (Howard e# al, 2007, Wiener et al.,
2008) (Fig. 1.4).

+ PIP, SITE
+ AKAP79/150-PKC
+PHOSPHORYLATION SITES

DIMERIZATION

TETRAMERIZATION

Figure 1.4. Structure of K,7 channels and the interaction sites on the carboxy-
terminal tail. In the image only two subunits are shown.

1.7.2 Helices A and B: Calmodulin binding module and PIP,

interaction

CaM is an abbreviation for calcium-modulated protein (Harper ez a/., 1980). It is a
Ca’* binding protein expressed in all eukaryotic cells. Small and acidic, it is 148
aminoacids long (16.706 Dalton), with two lobes that comprises two homologous
domains consisting of two helix-loop-helix Ca* binding sites, called EF-hands

(Fig. 1.5). This small Ca>" sensing molecule binds to a wide variety of target
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proteins and acts as a trigger to modify their functions (Houdusse ez @/, 1990).
The crystallographic structure shows that the N-terminal lobe (aa 1-77) contains
EF hands 1 and 2, and the C-terminal lobe (aa 82-148) contains EF hands 3 and 4,
being the two lobes connected by a flexible central helix (aa 78-81) (Jurado ez 4/,
1999; Saimi and Kung, 2002; Yus-Najera ez al, 2002). Ca®" binds to the four EF
hand motifs in a highly cooperative manner, being first associated with the EF

hands 4 and 3, and afterwards with EF 2 and 1.

Lobe N Lobe C

Figure 1.5. Structure of CaM. The N-terminal and the C-terminal lobes with their
respective EF hands. In white the hinge linker between the two lobes.

Every member of the K7 channel family is capable of interacting with CaM. A
closer analysis of the helix A region revealed an IQ-like binding motif
IQXXXRXXXXR) that mediates apo-CaM binding and contains positively
charged residues at positions 6 and 11 (Yus-Najera ef al, 2002). Generally, the
initial portion of this motif IQXXXR) is the most critical part (Houdusse and

Cohen, 1995), as this region is specifically recognized by the loop between EF
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hands 3 and 4 determining a semi-open lobe conformation (Houdusse ¢z a/., 1996;
Yus-Najera ez al,, 2002). When point mutations are introduced, the interactions of
K.7.2 with CaM become destabilized (Etxeberria ef al., 2008; Yus-Najera ez al.,
2002).

Although K7 channels interact better with apo-CaM, it has been found that both
helices can also be associated with Ca®>"-CaM, (Gamper and Shapiro, 2003; Ghosh
et al., 2006; Shamgar ez al., 2006; Wen and Levitan, 2002; Yus-Najera ez al., 2002).
This issue has generated some controversy, as the role of CaM in K7 channel
function is not clear. At the beginning, CaM was considered an essential auxiliary
subunit for the correct functioning of K.7.2 and K.7.3 channels, because K,7.2
mutants deficient in CaM binding were unable to generate currents when co-
expressed with K.7.3 subunits (Wen and Levitan, 2002). Something widely
accepted is that interaction with CaM is essential for the K 7.2 surface expression.
Indeed, QT mutations close to the IQ motif of the K 7.1 C-terminus impair CaM
binding and markedly decrease the current density (Ghosh ez 4/, 20006). Similarly,
mutations in helices A and B of K,7.2 channels exhibit weaker CaM binding and
produce smaller K' currents (Etxeberria e a/, 2008; Haitin and Attali, 2008;
Richards ez al., 2004).

Phosphatidylinositol 4,5-biphosphate (PIP,) is a phospholipid from the family of
phosphoinositides that is at the cellular plasma membrane (Fig. 1.6). Representing
less than 1 % of plasma membrane phospholipids, it plays an important role on a
remarkable number of crucial cellular processes such as cellular signaling,
regulation of both endocytosis and exocytosis, formation of microvilli and

membrane attachment to the cytoskeleton (Czech, 2000).
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Figure 1.6. Structure of PIP,. Representative structure of brain porcine L-o-
phosphatidylinositol-4,5-bisphosphate, (Adapted from Avanti polar lipids,
Alabaster, USA).

PIP, is cleaved by phospholipase C (PLC) resulting in diacylglycerol (DAG) and
inositol triphosphate (IP;). It is known that many ion channel family members are
activated by PIP,, including the K7 family. PIP, may serve the role of the elusive
second messenger accounting for M-current inhibition. Indeed, PIP, is a direct
modulator of the M-current activity and its hydrolysis causes current inhibition
(Suh and Hille, 2002; Telezhkin e al, 2012). A recent work has shown that M-
channels might be activated by a range of lipid phosphates, being the minimal
requirements a phosphate group attached to an appropriate acyl chain, with a
potency and efficacy that increases with increasing the number of phosphates
(Telezhkin ez al, 2012). Although it is known that PIP, binds to the C-terminal of
K,7 channels, the exact site is still unknown (Haitin and Attali, 2008). It has been
described that some mutations associated to the Long QT syndrome in K 7.1

channels reduce its affinity their PIP, (Park ez a/., 2005).

1.7.3 Calmodulin and its role in channel trafficking

CaM is not only required in gating processes but it may be also important in other
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processes such as the assembly and trafficking of ion channels to the plasma
membrane, regulating its exit from the ER by a mechanism that is independent of
subunit heteromerization. CaM was suggested to be important for the assembly
and trafficking of ion channels like SK4/IK1 Ca” -activated K' channels
(Etxeberria e al., 2008; Gao et al., 2000; Joiner et al., 2001).

1.7.4 Helices C and D: tetramerization and trafficking domain

The molecular mechanisms that determine the K7 subunit assembly selectivity
remain imperfectly understood. Although helices A and B encode the CaM-
binding domain and other auxiliary proteins, these seem to be unable to support
multimerization by their own. However, helices C and D also form coiled-coil
assemblies functioning as the tetramerization domain (Howard ez al, 2007,
Maljevic ez al., 2003; Schmitt ez al., 2000; Schwake ez al., 2006; Schwake ez al., 2003).
Hence, the two coiled-coil domains appear to act as a module for the channel
assembly and trafficking as well as a platform for the interaction with other

auxiliary proteins.

Helix D shows several sequence differences sequence among the K7 channel
family, this suggested to be the primary determinant of channel assembly (Haitin
and Attali, 2008; Maljevic ¢/ al., 2003; Schwake e7 al., 2006; Schwake ez al., 2003). In
this regard, the differences could explain the distinct assembly preferences within

the K7 family (Howard ef a/., 2007).

The subunit K 7.1 does not co-assemble with the other K 7 subunits but,
howevert, it associates with the B-subunit of KCNE1 and KCNE3 (Jentsch, 2000;
Wiener e al., 2008). As K. 7.1 helix D is about two helix longer than the other

family members, this additional heptad repeat may prefer to assemble with a

22



N CHAPTER 1

partner of equal length and sequence in order to fully accomplish its folding

potential (Wiener ez al., 2008).

The other family members, K.7.2, K74 and K/7.5 can form functional
homotetramers and functional heterotetramers with K 7.3 (Kubisch ¢# @/, 1999;
Yus-Najera ¢f al., 2002). Different combinations of K7 subunits display different
biophysical properties that produce a functional diversity underlying the M-
current (Hadley e# a/, 2000; Kubisch e7 al., 1999; Schwake ¢# al., 2000; Selyanko ez
al., 2000; Wang ez al., 1998).

The crystal structure of helix D resolved for K|7.1 and K,7.4 channels showed a
four-stranded parallel coiled-coil as well as a self-assembling capacity (Howard ez
al., 2007; Wiener ef al., 2008). In addition, helix D has not only an important role
in the assembly between K|7.2 and K7.3, it is also important in cell surface

trafficking as well as underlying the M-current (Schwake ez a/, 2000).

It is worth mentioning that, the same as helix D in K 7.1 channels mediates the
interaction with the A-kinase anchoring protein (AKAP) yotiao, KCNE1 and
KCNES3 subunits (Haitin and Attali, 2008; Howard ez al., 2007, Marx et al., 2002;
Shamgar e# al., 2006), helix D in other subunits such as K,7.2/K 7.3 could act as
the binding site for other auxiliary proteins. Moreover, KCNE2 (substantially
expressed in human brain) has been shown to regulate the K,7.2 and/or the K 7.3

channel activities by modulating their deactivation kinetics (Tinel ez a/., 2000).
Mutations in the C-terminal of K,7.2 channels when assembled with K,7.3 may

have important consequences causing neonatal convulsions; an impaired assembly

could explain why these mutations reduce the K’ current, and in this regard,
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tetramerization could be probably required for the channel proteins to reach the

plasma membrane (Biervert and Steinlein, 1999; Papazian, 1999).

1.7.5 The end of the channel

As mentioned before, while helices A and B contain the binding sites for CaM
and PIP,, helices C and D contain important sequences for tetramerization and

subunit interaction. What happens then with the distal C-terminal domain?

A more distal 80 aminoacids section that contains a putative ankyrin-G binding
loop after helix D has been found. It is highly conserved in K|7.2 and K 7.3, but
completely absent in other K7 family members (Pan e a/., 2006). Ankyrin-G is
the first component that becomes clustered at nodes and initial segments during
development. There it binds multiple integral membrane proteins such as Na,
channels, neurofascin or Nr-CAM (neuronal cell adhesion molecule) to the actin-
spectrin cortical cytoskeleton (Garrido ez al, 2001; Garrido ef al., 2003; Jenkins and
Bennett, 2001; Srinivasan ez a/, 1992). Indeed, the ankyrin-G membrane binding
domain is responsible for the localization of K.7.2 and K,7.3 at the AIS and
Ranvier nodes (Pan ez al., 20006).

1.8 Kp7.7 is part of the cardiac K, current

K.7.1 was the first K7 gene identified using a positional cloning approach on
chromosome 11p15.5 in families with long QT syndrome type 1 (LQT1).
Expressed mainly in the heart, it has been observed to be mutated in about half of
the hereditary cases of the long QT syndrome. They are also expressed in the s#7ia
vascularis of the inner ear, the small intestine, the pancreas, the thyroid gland, the

forebrain neuronal networks and the brainstem nuclei, the lung, the
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gastrointestinal tract and the ovaries. When associated with the KCNE (-subunit,
the cardiac action potentials are repolarized, resulting in a slow activation and in
an increase macroscopic current amplitude (Shamgar ¢ al, 2006), whereas
homomeric K 7.1 channels give rise to fast-activating potassium currents (Jentsch,
2000). Mutations on K 7.1 or KCNEI1 can lead to cardiac arrhythmia in the
dominant LQTS, also called Romano-Ward syndrome (RWS). They can also
provoke a more severe loss of function, leading to the recessive Jervell and Lange-
Nielsen syndrome (JNLS), in which cardiac arrhythmia is associated with
congenital deafness (Schmitt ez 4/, 2000). Other function of K|7.1 channels is to
recycle potassium at the basolateral membrane of intestinal crypt cells, a process

that is required for intestinal chloride secretion (Jespersen ez al., 2005).

It has been as well found that this channel is functionally expressed in pancreatic
B-cells, being actually under study the possible implications of the K,7.1 channel
in the regulation of the insulin secretion and type 2 diabetes (Ullrich ez a/, 2005;
Unoki ef al., 2008).

1.9 Mm‘atz'om on K,7.2 and K,7.3 channels lead to a
rare neonatal epilepsy

K.7.2 as well as K|7.3 were identified by screening and positional cloning in
families affected with Benign Familiar Neonatal Epilepsy Convulsions (BFNC)
(Biervert ez al., 1998; Singh ez al., 1998). Both subunits are found in most of the
brain regions as the cortex, the cerebellum, the basal ganglia and the
hippocampus, being as well in rat cervical superior ganglion cells (Maljevic e# al,
2010). K,7.2 and K,7.3 in both homomeric and heteromeric conformation
revealed that those channels carry noninactivating potassium currents that slowly

activate upon depolarization. K 7.2 co-assembles with K|7.3 with different
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stoichiometries leading to large currents predominantly followed by an increase in
surface expression of both heteromers (Jentsch, 2000; Schroeder ez al, 1998;
Schwake ez al., 2000; Wang ez al., 1998; Yang ez al., 1998) (Fig. 1.7). Furthermore, it
has been demonstrated that heteromeric K,7.2-K 7.5, and specially K,7.2/K 7.3

channels give rise to the M-current.

A B C
K.7.2/K7.3 K7.2 K7.3

s

ﬁ +60 mV
- -30 mV
500 ms

-110 mV

Figure 1.7. Two-electrode voltage-clamp traces co-injected at a 1:1 ratio
K,7.2/K,7.3 (A), homomeric K,7.2 (B) and homomeric K,7.3 (C). The voltage-
clamp protocol is shown in the figure. Note the large current increase observed
when both subunits are coexpressed.

Mutations in K|7.2 and K|7.3 channels (more than 30 and 4 respectively) cause
BFNC (Maljevic et al, 2010). This is a rare autosomal dominant epilepsy
syndrome mapped to be located on chromosomes 20 and 8 (Biervert ez al, 1998;
Chatlier ez al., 1998; Hirose et al., 2000; Leppert ¢f al., 1989; Maljevic e al., 2010
Singh ez al., 1998). It starts the first days of life with frequent partial and secondary
generalized seizures and disappear after several weeks or months. The risk of
recurring seizures later in life is of about 15% (Castaldo ez a/, 2002; Ronen e7 al.,

1993). Rarely, there are some cases of patients with mental retardation and

26



B CHAPTER 1

difficult to treat epilepsies (Borgatti e al, 2004; Maljevic et al, 2010; Robbins,
2001). Some cases in which the patients are successively affected by BENC and
myokymia have also been described, characterized by spontaneous involuntary
contraction of muscle fiber groups that can be observed as vermiform movement
of the overlying skin (Dedek e# al, 2001; Wuttke e# al., 2007). Pharmacologists
discovered that the biological activities of 3 classes of compounds in the
development as in the treatment for Alzheimer disease, epilepsy, and stroke were

mediated in part by effects on brain K7 channels (Cooper and Jan, 2003).

It has also been observed that the KCNQ2 gene can produce multiple spliced
transcripts that differ in their cytoplasmic C-terminal tail (Nakamura ez a/, 1998;
Pan et al, 2001; Tinel ez al, 1998). To date, only 5 splice variants have been
reported but it these are expected to increase (Fig. 1.8). They present differences
in their expression during neuronal development and also reveal important

implications for the regulation of the M-current function (Smith ez 4/, 2001).

331 KRRNPAAGLIQSAWRFYATNLSRTDLHSTW kcng2-1 451 AAKGKGSPQAQTVRRSPSADQSLEDSPSKV keng2-1
331 KRRNPAAGLIQSAWRFYATNLSRTDLHSTW kcng2-2 433 AAKGKGSPQAQTVRRSPSADQSLEDSPSKV kecng2-2
331 KRRNPAAGLIQSAWRFYATNLSRTDLHSTW kcng2-3 423 RAKGKGSPQAQTVRRSPSADQSLEDSPSKV keng2-3
331 KRRNPAAGLIQSAWRFYATNLSRTDLHSTW kcng2-4 421 RAKGKGSPQAQTVRRSPSADQSLEDSPSKV kcng2-4
331 KRRNPAAGLIQSAWRFYATNLSRTDLHSTW kcng2-5 376 --————————--—- RRAPATKQ--------- keng2-5
361 QYYERTVTVPMYSSQTQTYGASRLIPPLNQ kcng2-1 481 PKSWSFGDRSRARQAFRIKGAASRQNSEEA kecng2-1
361 QYYERTVTVPMYSSQTQTYGASRLIPPLNQ kcng2-2 463 PKSWSFGDRSRARQAFRIKGAASRQNSEEA kcng2-2
361 QYYERTVIVPMY-=-———————= RLIPPLNQ kecng2-3 453 PKSWSFGDRSRARQAFRIKGAASRQNSEEA kecng2-3
361 QYYERTVTVPMYSSQTQTYGASRLIPPLNQ kcng2-4 451 PKSWSFGDRSRARQAFRIKGAASRQNSE-A kcng2-4
361 QYYERTVIVPMYR-—-—————————————c keng2-5 384 ————mmmmm e keng2-5
391 LELLRNLKSKSGLAFRKDPPPEPSPSKGSP kcng2-1 511 SLPGEDIVDDKSCPCEFVTEDLTPGLKVSI kecng2-1
391 LELLRNLKSKSGLAFRKDPPPEPSPS---- kcng2-2 493 SLPGEDIVDDKSCPCEFVTEDLTPGLKVSI kecng2-2
391 LELLRNLKSKSGLAFRKDPPPEPSPS---- kcng2-3 483 SLPGEDIVDDKSCPCEFVTEDLTPGLKVSI kecng2-3
391 LELLRNLKSKSGLAFRKDPPPEPSPS---- kcng2-4 480 SLPGEDIVDDKSCPCEFVTEDLTPGLKVSI kcng2-4
374 ——mmmmmm e YR-=-—mmmmm e keng2-5 384 ——--mmmmmmmem e keng2-5
421 CRGPLCGCCPGRSSQKVSLKDRVFSSPRGV kcng2-1 541 SLPGEDIVDDKSCPCEFVTEDLTPGLKVSI kecng2-1
417 —————m— - QKVSLKDRVFSSPRGV keng2-2 523 SLPGEDIVDDKSCPCEFVTEDLTPGLKVSI kecng2-2
407 -=-—-————————- QKVSLKDRVFSSPRGV keng2-3 513 SLPGEDIVDDKSCPCEFVTEDLTPGLKVSI kecng2-3

510 SLPGEDIVDDKSCPCEFVTEDLTPGLKVSI kcng2-4
376 ————mm e keng2-5 384 ----LFHFL---=—-———c—cmeme————— keng2-5
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Figure 1.8. Alignment of the different K,7.2 alternative splicing aminoacidic
sequences.

K.7.2 expression appears earlier than that of K 7.3 in mice and rapidly increases
during the first week of life (Nakamura ez a/., 1998; Tinel ez al., 1998). At birth,
K.7.3 is expressed in very low amount whereas K 7.2 is already expressed at a
significant level. It is not already known how and where K|7.2 and K 7.3 appear in
human brain during development, and how differences in expression might be
related to the age-dependent seizure remission of BENC. This seizure remission is
probably due to a compensation mechanism of the levels of K.7.2 and K 7.3

respectively (Tinel ez al., 1998).

1.10 Mutatz'om on K,7.4 lead to an accumulation of
potassium in the inner ear producing deafness

K.7.4 channel was cloned by homology to K|7.3 and localized in the inner ear,
certain nuclei and tracts of the brainstem. It forms homomeric K" channels that
slowly activate upon depolarization and that can also form heteromeric channels
with K|7.3, which present a slightly faster activation (Kubisch ez a/, 1999). As
other K7 channels, K7.4 is classified as an M-type channel, being inhibited by
the stimulation of muscarine. K ;7.4 was mapped at the same locus as a deafness
provoking dominant disease. It is thought that the role of K7.4 is related with the
expulsion of K* from the cochlear sensory hair cells, and that mutations on this
channel provoke the accumulation of potassium in those cells slowly unleashing a

progressive loss of hearing. It has recently been discovered that K 7.4 does also
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modulate the mechanosensitivity in the cutaneous sensory system, resulting in an

increased touch of sensitivity (Heidenreich e a/., 2012; Munns and Caterina, 2012).

1.11 Tbe role of K,7.5 is still uncertain

K.7.5 channel was the last member of the family to be discovered (Lerche e7 al.,
2000) and is nowadays the less characterized (Schroeder ez a/., 2000). The gene was
cloned by homology with K|7.3, and is mainly expressed in the brain and in the
skeletal muscle, being regulated during myoblast proliferation (Lerche ez al, 2000).
K.7.5 was also found in colon, lungs and uterus. As K|7.5 channels could be
inhibited by muscarine receptors, this member of the K7 family could be
included within the M-channel family. They can also form heteromultimers with
K.7.2 and K7.3 channels, which are expressed in the nervous central system and
peripheral ganglions. The assembly with K 7.3 produces an increase on the
current and provokes small changes on the activation kinetics. Up to know, no
K.7.5-related diseases have been found. It has also been demonstrated that K,7.5
could interact with KCNE peptides (KCNE1, KCNE3), increasing the diversity

of K" currents (Roura-Ferrer ez al., 2008).

1.12 Drugs related to K,7 channels

Actually, common diseases such as cardiac arrhythmia and epilepsy, that are
known to be related to K 7 mutations, require important therapic improvements.
Epilepsy affects more than 0.5% of the world's population and has a large genetic
component (Schroeder ef al, 1998). Neuronal K7 channels offer an attractive
pharmacological target for diseases going along with an intrinsic neuronal

hyperexcitability such as epilepsy or peripheral nerve hyperexcitability, (PHN)
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(Maljevic ez al., 2010).

The first selective blocking agent, linopirdine, was originally introduced as a
cognition enhancer for potential application in Alzheimer’s disease (Zaczek ez al.,
1998). However, it did not prove very effective in clinical trials mostly due to pro-
epileptic side effects such as tremors. Another problem with linopirdine (and its
successor XE991) is that they are not selective for neural K7 channels and that

they can also block cardiac K,7.1 channels.

Retigabine (RTG), first discovered in the early 80s, was effective in preventing
seizures induced by electrical shock or by a broad range of chemical convulsants
(Cooper and Jan, 2003). Several groups showed that retigabine was a potent
opener of channels formed by K 7.2 and K.7.3 subunits. RTG caused the
channels to open with hyperpolarized membrane potentials, increased the rate of
channel opening, and slowed the rate of channel closing. RTG has been
investigated in phase III clinical trials for adjunctive treatment of epilepsy with
partial-onset seizures. Retigabine has as well analgesic activity, especially in animal
models of chronic inflammatory and neuropathic pain (Brown and Passmore,

2009).

1.13 _B FENC-linked mutations

Most of the BFNC-linked mutations, both in K 7.2 and K, 7.3, do not abolish
channel function at all, with a surprisingly small reduction (Dedek ez a/, 2001;
Lerche e al., 1999; Schroeder et al., 1998; Wuttke e al, 2008). Expression in
Xenopus oocytes indicates that a 25% loss of heteromeric K|7.2/K.7.3 channel
function is enough to cause the electrical hyperexcitability in BENC (Schroeder ez

al., 1998). Probably, increases in the loss of function will lead to severe
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consequences or even death. By generating K 7.2 knockout mice, it has been
shown that homozygous mutants developed normally in utero but died after the
first postnatal day. Indeed, although heterozygous mice showed normal behaviour
compared to the wild type, they showed increase sensitivity to an epileptic seizure

(Watanabe e7 al., 2000).

A196V L243F
L197P S247TW

R207TW V250G Tr E254
M208V Tr W269

Fe L129 D305G

Y284C W309R
G310V

Fs K283

A306T
XX ?........

!

Tr Q323
Tr R420
Tr R448

o8 080080°5 v
‘ Fs E382
Fs P405
Fs K388
Fs S494
N
Spl R397 Fs Y616
Tr M1V H228Q Spl E481 L609R Fs P681
Tr MIT Spl C516 Fs S644
Fs K69  pg R153 K526N
Fs Y534 Fs G838

R553Q

Figure 1.9. BFNC-linked mutations. Fs abbreviation corresponds to mutations
that provoke a frameshift mutation. Spl, mutations related to splicing processes, and
Tr, is linked to truncated proteins. In italics, mutations corresponding to the K,7.3
subunit and related to BENC.

The M-current depends on the number of M-channels at the plasma membrane
(N), their open probability (P,) and the unitary conductance (I). Any alteration in

whatever of these parameters could underlie BENC disease. Interestingly, most of
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the mutations are located at the C-terminus, at the pore domain and at the voltage
sensor of the K 7.2 subunit (Fig. 1.9). Whereas pore mutations presumably
decrease single channel conductance, mutations at the C-terminus probably
decrease surface expression of the protein (Gomez-Posada ef al., 2011; Maljevic ef
al., 2003; Schwake e al., 2000; Shamgar ez al., 2000), although it has been shown
that R214W mutation induced gating alterations of the M-current, giving rise to
epilepsy in neonates (Castaldo ez a/, 2002).

Overall, many of the mutations that give rise to BFENC play an important role on

channel trafficking.

1.14 M—cbannel regulation

1.14.1 M-current inhibition

Although the transduction mechanism between the receptors and the channels is
not well understood, some studies have shown that membrane-transducing
microdomains play a key role in spatio-temporal coding of IP; signals, enabling
the cell to discriminate between identical signaling pathways that are triggered by
different membrane receptors (Delmas ez al, 2002). Some other works
hypothesized local production or degradation of intracellular messengers that
resulted in local concentrations gradients (Gamper and Shapiro, 2007; Zaika ef al.,
2000).

M-channels are inhibited by a variety of neurotransmitters and hormones acting
on G-protein-coupled receptors. In superior cervical ganglion sympathetic
neurons, muscarinic M1 (Brown and Adams, 1980), angiotensin II AT1 (Zaika ez

al., 2006), bradykinin B2 (Cruzblanca et a4/, 1998) and purinergic P2Y agonists
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(Filippov e# al., 1998) suppress the M current (1) (Hernandez e al., 2008). All of
these receptors are coupled to a G-protein (principally Gq and/or G11), stimulate
PLC and catalyze PIP, hydrolysis (Marrion, 1997). All these four receptors have
been grouped into two related modes of action. The first one involves PIP,
depletion at the membrane (muscarinic and angiotensin receptors) (Delmas and
Brown, 2005; Suh and Hille, 2002; Zhang ez al., 2003), while the second mode
(bradykinin and purinergic receptors) involves IP;—mediated intracellular Ca**
signals that stimulate PIP, re-synthesis, preventing its depletion and suppressing
the M-current via CaM (Hernandez ez a/., 2008) (Fig. 1.10).

1.14.1.1 Inhibition by PIP, hydrolysis
As mentioned before (see 1.6.2), PIP, is the precursor of the second messengers
IP; and DAG. This mechanism is used by muscarinic and angiotensin II agonists
and principally involves PIP,depletion. Due to the lack of spatial colocalization
with IP; receptors, stimulation of these receptors does not elicit [Ca®"]; rises.

Instead, membrane PIP, abundance is allowed to fall and the M-channels are

inhibited (Hernandez ez a/., 2008; Suh and Hille, 2007; Zaika ¢ al., 2000).

1.14.1.2 Inhibition by Ca’* [/ CaM
The second mechanism is based on the IP,;-mediated rises of intracellular Ca®*
induced by B2 and P2Y agonists (Bofill-Cardona e# al., 2000; Cruzblanca ez al,
1998; Delmas ef al, 2002; Zaika et al., 2006), with a subsequent Ca’" binding to
CaM that acts on the channels (Gamper and Shapiro, 2003; Zaika ez a/., 20006). The
hydrolysis of PIP, produces IP;, which triggers Ca®" release from the endoplasmic
reticulum (Berridge, 1993; Loew, 2007). The [Ca®]; signals produced by these
receptors also augment PI4-kinase activity via NCS-1, thereby stabilizing PIP,

levels. The Ca®*/CaM action could involve a reduction of the channel’s affinity
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for PIP,, which would then unbind from the channel proteins (Hernandez e af,

2008).

Muscarinic
acetylcholine M Channel K Purinergic
(Bradykinin)

(Angiotensin II)

Figure 1.10. M-current inhibition. Shown are the mechanisms of inhibition of M-
channels used by two types of Gq/11-coupled receptors in the SCG. Both types
activate PL.Cf, which in turn hydrolyses PIP; to IP; and DAG. The first is used by
M1 muscarinic acetylcholine and AT1 angiotensin II receptors (left). These agonists
are ineffective in producing cytoplasmic Ca?" signals, probably because the
receptors are too far away from ER IP; receptors, and the produced IPsdissipates
away (thick red arrow). Thus, much PIP; is consumed, PIP, unbinds from M-
channels down the [PIP;] gradient and M-channels are suppressed. The second
mechanism is used by bradykinin B> and purinergic P2Y; receptors (right). Due to
the spatial colocalization of these receptors with ER IPj receptors, cytoplasmic Ca?*
signals are elicited. The released Ca?* binds to neuronal Ca?* sensor-1 (NCS-1) and
to CaM. NCS-1 promotes PIP; synthesis via acceleration of PI4-kinase, providing
PIP; to the membrane (purple arrows) and stabilizing PIP> levels of the PLC
activity. CaM binds to carboxy-terminal domains of the channel and likely acts by
reducing its affinity for PIP,, which then unbinds from the channel since tonic
[PIP;] is now insufficient to maintain its association with the channel and thus the
M-current is suppressed (Hernandez et a/., 2008).
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1.14.1.3 Inhibition by phosphorylation

Another mechanism that mediates the inhibition of the M-current is the
phosphorylation of some K7 subunit residues. The epidermal growth factor
receptor (EGF) induces phosphorylation of both K|7.2 and K,7.3, and also a slow
K,7.2/3 current inhibition as a result of the combined K,7.2 and K 7.3
phosphorylations (Jia e al, 2007). On the other hand, the Src family kinases
regulate several different K* channels of the K 1 family. Thus, the effect of Src
on K7 channels involves tyrosine phosphorylation, being inhibited by the
phosphotyrosine K.7.3, K7.4 and K|7.5 but not by K|7.1 and K 7.2 (Gamper et
al., 2003).

1.14.2 M-current activation

Somatostatin is reported to be the second or third most abundant neuropeptide in
most mammalian brain regions. Somatostatin is predominantly an inhibitory
transmitter in the hippocampus. The inhibition of spike discharge is accompanied
by a hyperpolarization associated with an increase in the conductance to K ions,
at least in part via augmentation of the M-current (Moore ¢f al., 1988; Schweitzer ez
al., 1993; Schweitzer et al., 1990).

The cytoplasmic N-terminus of the K 7.2 subunit contains a consensus site for
cAMP-dependent phosphorylation that promotes an increase of the M-current
(Schroeder ef al., 1998). It has also been demonstrated an enhancement of the M-
current of K.7.2, K74 and K/7.5 K’ currents induced by physiological
concentrations of H,O,. The enhancement is due to the oxidative modification of
cysteines in a triple cysteine pocket within the cytosolic S2-S3 linker (Gamper ez
al., 2000).
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1.15 T/ye birth of a channel: from the nascent protein to

its final destination at the plasma membrane

Ion channels begin their life in the same way as other proteins do. They start as a
nascent peptide inside a ribosome that then moves to the endoplasmic reticulum
(ER) where its synthesis continues. Being the inside of the ER equivalent to the
extracellular space, it contains a unique group of proteins and factors that modify
the nascent channel peptide. Once modified, the peptide becomes integrated into
the lipid bilayer laterally, oligomerizes, folds and associates with auxiliary proteins.
In this regard, ion channel expression is determined by the correct functioning of
all these steps, as well as those involved in the trafficking. Any failure or
interruption of any of these events will prevent the surface expression of the
channel, making impossible its function as ion conductors in a well-regulated

fashion (Deutsch, 2002; 2003).

1.15.1 The beginning

Once the mRNA chain is generated by transcription, it associates with the
ribosomes where the tRNA undergoes the translation. Multiple copies of the
channel protein are generated after a polysome is formed (many ribosomes on a
single tRNA). Ribosomes are composed by two subunits: the small and the large
subunit. The small subunit is engaged in decoding mRNA, while the large subunit
is responsible for protein elongation and release (Tenson and Ehrenberg, 2002)
via the peptidil transferase centre (PTC) located at the interface of the two
subunits. The PTC is composed of RNA and is supposed to play a role as a
ribozyme, catalyzing peptide bond formation. A tunnel starts close to the PTC,

passing through the large ribosomal subunit and emerging on its back side (Nissen
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et al., 2000). The ribosomal tunnel has a length of around 100 A from the PTC to
the exit site and an average diameter of around 15 A (Deutsch, 2003). Its role is to
host protein synthesis as well as being the normal exit from the ribosome for the
nascent proteins. The tunnel walls consist of hydrophilic non-charged groups to
facilitate the passage of all kind of peptide sequences (Nissen et al, 2000).
However, there are other proteins that could leave the PTC via the interface

between the ribosomal subunits (Tenson and Ehrenberg, 2002).

A signal sequence in the N-terminus of the nascent protein/ribosome complex is
recognized by a signal recognition particle (SRP), which subsequently binds to a
receptor at the ER membrane. The whole complex is targeted to the ER where

the synthesis continues (Deutsch, 2003).

The mechanisms underlying protein synthesis regulation in eukaryotes are pootly
understood. However, some studies on K 1.3 potassium channels have
demonstrated that the T1-recognition domain (located at the NH,-terminus)
confers a subfamily specificity for intersubunit assembly, and that forms a
tetramer while the nascent channel peptides are still attached to the ribosomes,
perhaps before the monomer is fully synthesized. Thus, folding of the T1 domain
and the intersubunit T1-T1 interaction may represent the first assembly event in

channel formation (Lu e al., 2001).

1.15.2 Folding and trafficking in a correct way

The journey from a nascent protein chain to a mature protein passes through
several stages of folding and oligomerization, being retained at the ER if the
protein cannot achieve its correct secondary, tertiary and quaternary structure

(Kosolapov and Deutsch, 2003). Both translocon and ribosome impose some
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restrictions along the folding process and could act in a chaperone-like fashion
(Das et al., 1996). Folding is not a single step but it is presumably undertaken
during all the stages of the biogenesis. Given that the folding process is a complex
issue for ion channels that are composed by functional domains, it is easy to
understand that their rapid and efficient folding will depend on a sequential
folding during synthesis (Netzer and Hartl, 1997). It is thought that the pore, as
well as the voltage sensors, folds later than it is inserted, tetramerized and
associated with the auxiliary subunits. This may suggest that some domains fold
before targeting to the ER while others do it at a later stage of the biogenesis,

perhaps requiring oligomerization (Deutsch, 2003).

The first secretory pathway is the ER, where ion channels (as most membrane
proteins) are synthesized, folded and assembled using the translocon for their
translocation and integration into the lipid bilayer (Heusser and Schwappach,
2005). As part of a cellular quality control, a variety of ER resident proteins exert
their function preventing the exit of unassembled subunits or partially assembled
complexes (Yuan et al., 2003). Several peptide trafficking motifs (mostly recognize
by vesicle coat proteins) or larger domains that influence or govern protein
movement along the secretory pathway have been recognized (Heusser and

Schwappach, 2005).

1.15.3 ER machinery to ensure proper protein folding

Cell function and viability are dependent upon an efficient protein folding. There
are more than 100 disorders linked to bad protein conformations in which
misfolded ER substrates are prematurely degraded or accumulated as toxic
aggregates, highlighting the importance of an effective quality control machinery
(Brodsky and Skach, 2011; McClellan ez a/., 2005).
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By preventing the premature exit of folding and incompletely assembled proteins
intermediates from the ER, the folding machinery of the ER lumen has a chance
to improve the correct maturation. Indeed, the ER machinery ensures that
proteins are not delivered to their terminal compartments if they are still not
folded, which could damage the cell (cystic fibrosis) (Ellgaard and Helenius,
2003).

The main function of the ER is to allow the newly synthesized proteins their
access to a correctly folded conformation by using resident folding enzymes and
molecular chaperones. If this process stalls, the ER responds by activating the
machinery to up-regulate the expression of molecular chaperones and to down-
regulate the overall protein expression, and finally by triggering a process that
destroys incorrectly-folded-proteins to prevent their accumulation (Chevet e al,
2001). Two pathways are involved in the process: the unfolded protein response

(UPR) and the ER-associated degradation (ERAD) (Brodsky and Skach, 2011).

When secreted proteins enter the ER, a network of chaperones comes face,
minimizing the aggregation, facilitating the native structure formation and
ensuring the oligomeric assembly. The molecular chaperone family includes non-
covalent interactions with Hsp40 (Dna), Hsp70 (Gtp78/BiP/Katr2) and Hsp90
(Grp94), with the lectin based chaperones (calnexin (CNX) and calreticulin (CRT)
and with protein disulfide isomerases (PDIs) (Brodsky and Skach, 2011; Kleizen
and Braakman, 2004). These chaperones are involved in binding unfolded
proteins, and probably participate in their degradation as well as in the activation
of signaling pathways (Chevet ez a/., 2001; Ellgaard ez a/., 1999). The exit from the
ER to the Golgi complex is limited to those proteins that have reached the native

conformation, wheteas the misfolded subunits become retro-translocated and
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degraded in the cytosol (Ellgaard and Helenius, 2003). The ER-associated
degradation is mainly performed by the 26S proteasome, which is located in the
cytosol. The process occurs in several steps, being before the proteasomal
degradation, deglycosylated and polyubiquitinated. Although the exact
mechanisms have not been yet described, what is sure is that the responsible
machinery for protein folding plays again a role in the selection and preparation of

aberrant products for disposal (Ellgaard ez a/, 1999) (Fig. 1.11).

1.15.4 ER retention/ retrieval motifs

Proper ion channel function requires more than a simple manufacture and
assembly of channel building proteins. The cell must provide the mechanisms to
ensure proper ER exit, targeting, localization, abundance and turnover to control
surface expression levels as well as the distribution of ion channel conductance
(Deutsch, 2003). Otherwise, improper unfolding and defects in the trafficking
could give rise to severe diseases as cystic fibrosis, epilepsy or schizophrenia

among others.

1.15.4.1 Arg-based ER-localization signals

First discovered in the oligomeric transmembrane protein formed by the major
histocompatibility complex (MHC) class II by deleting the invariant chain (Ii)
(Bakke and Dobberstein, 1990), these signals are mainly present in membrane
complexes destined to leave the ER (Michelsen ef a/., 2005). The presence of these
motifs, that can function both at the independently at the N- or C- terminus of a
membrane protein as well as in an intracellular loop, being not required a specific
distance to the distal termini, maintain the improper assembly channels in the ER

until a heteromultimeric assembly is done. During that these motifs are masked,
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allowing the protein the to be transported to the cell surface (Michelsen ez al,
2005). These motifs are positional dependent, and when mutated, the effect can
be reversed. Furthermore, when transferred to another protein, it keeps then at
the ER. Something interesting about that is the role of the 14-3-3 proteins: When
a multimeric state of the protein is reached, 14-3-3 proteins bind to the exposed
Arg-based signals, allowing the complex its transport to the cell surface. In the
other hand, a monomeric state of the protein leaves the Arg-based signals
exposed, being them retrieved by the coat protein complex I (COP I) (Michelsen
et al., 2000). In some cases as in K|1 channels, the ER retention is not due to a
canonical ER retention or retrieval signal like RXR(R) or KDEL. In contrast, it
appears more likely that the ER retention of a given subunit is due to an
inefficient folding or an insufficient stability caused by chaperone-mediated partial
retention (Zhu ez al., 2001). Due to their flexibility, more and more of these motifs
are being discovered. Some examples of these motifs are the RKR sequence that,
when present, prevent K, ,-channel surface expression (Zerangue, 1999). The
RxR(R) motif (related to the RKR sequence), shielded in GABAyR1 by the
interaction of GB1 and GB2 through their coiled-coil domains and allowing the
assembled heterodimeric complex to traffic to the cell surface (Margeta-Mitrovic,
1999) and the RRR motif that, when expressed alone in heterologous cells, NR1
and NR2 subunits of the NMDA receptor, are retained at the ER and do not

efficiently reach the plasma membrane (Scott e af., 2001).

1.15.4.2 di-lysine motifs/ KKXX

The di-lysine motif appears to be conserved among eukaryotes, and mutagenesis
studies show remarkable conservation of the functional motif between yeast and
humans (Teasdale and Jackson, 19906). In this well characterized ER-localization

signal, the two lysine residues cannot be substituted by other basic amino acids
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and must be in either the -3, -4 or the -3, -5 positions relative to the COOH
terminus to function efficiently as a retrieval motif. This motif suggests a role for
non-clathrin-coated vesicles in dilysine-mediated Golgi-to-ER recycling (Scott e#
al., 2004).

Nevertheless, there are more mechanisms apart from these previously described
that could affect the folding, the oligomerization, and the stability of homomeric
or heteromeric protein complexes such as the phosphorylation state, the
association of the channel with scaffolding/anchoring proteins (Scott e al, 2001)
and the subunit composition underlying the stoichiometry (Ma and Jan, 2002).
Moreover, it has been demonstrated that the C-terminal coiled-coil forming
structures in some K’ channels (K,7 and HERG) as well as in Ca’ -activated
channels (IK and SK) function as specific domains for multimeric assembly and
surface expression. The tetramerising coiled-coils seem to be important for the
global structure of the multimeric ion channel complex (Heusser and

Schwappach, 2005).

1.15.4.3 ER export signals

Proteins, once folded and assembled, are able to exit the ER. It has been shown
that some membrane proteins become concentrated during the process of ER
export, suggesting that selective enrichment of export signals could mediate the

membrane protein ER export.

Studies on the inward-rectifier K* ion channel Kir2.1 revealed an ER export signal
(FCYENE) that, when fused to unrelated proteins, promotes the ER export and
subsequently the steady-state surface expression of these membrane proteins (Ma
and Jan, 2002). Similar but distinct ER export signals are shown in other members

of the Kir family like Kirl.1, Kir3.2 and Kir3.4. The three subunits coassemble to
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form heterotetrameric channels, being retained at the ER when only one subunit

is expressed, meaning that the ER export signals are also useful to verify the

subunit composition of membrane complexes. Two other motifs present in K 1.4

and SURT are also involved in the transport from the ER to the Golgi apparatus.

When one of these motifs is mutated, a decrease on the number of channels with

mature glycosylation is observed. The glycosylation status shows the steady-state

subcellular distribution of the channels, suggesting a defect in their ER-to-Golgi

transport resulting from a defective folding or a removal of a traffic signal or, by

contrast, a rapid degradation after acquiring mature glycosylation at the Golgi (Ma

and Jan, 2002).

Individual insertion

I\ . mRNA

Insertion in biogenic subunits

LN

0 Lo

| mRNA I\_ mRNA

Proteasome
268

g@n,,,,aqéé

ERAD

TGN _—

GOLGI

PDZ, Homer,
14-33,

@ Phosphorilation

\/\/\

W o=

@?; R \@

TARGETING SIGNALS

- DENDRITIC
- AXONAL

COPI VESICLES:
ARF, coatomet...

TRAFFICKING
SIGNALS

® RETENTION

© EXPORTATION

Figure 1.11 Schematic overview of the transport pathway of a transmembrane
protein. Proteins are synthesized at the ER (1). At the ER, most proteins are
retained until correctly folded and assembled (2). Persistently, misfolded proteins
are retrotranslocated to the cytosol and degraded by the proteasome 26S (3a). Also,
incompletely folded proteins are prone to aggregation (3c). Once folded, proteins
leave the ER and enter the so-called “exit sites” (3b), where the COPII associate
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with the cytosolic surface of the membrane (4) to export them to the Golgi
complex (5). Once the COPII vesicles have detached from the ER, the COPII coat
is replaced by the COPI coat, which mediates the formation of return vesicles that
bring some of the membrane contents back to the ER.

1.15.5 Do you want to coassemble with me?

There is a vast repertory of ion channels formed by a combination of different
subunits. Through the recognition domains, different subunits coassemble
together in their right stoichiometry provided by the sufficient stabilization energy
for a stable structure to be formed. The ER is the place for that (unless in some
exceptions like the gap junction channels). What happens when two different
monomers of the same family coassemble together? When this occurs, it gives an
extensively variety of channels formed by homomers and tetramers, with a crucial
composition for the normal function of most tissues such as the brain and heart.
Little is known about this regulation zz vzvo, although some theories point out that
different mRNAs are bound in a translational unit via RNA binding proteins and
are coordinately translated (Deutsch, 2003). Two types of domains are involved in
the assembly of K* channels. In Shaker K" channel family (K, 1), the cytoplasmic
T1 domain is a highly conserved N-terminal sequence responsible for subfamily-
specific subunit coassembly (Kosolapov and Deutsch, 2003; Schwake ez 4/, 2000).
In contrast, in other K channels such as the inward rectifier IRK1/Kir2.1 and
K,7 channels, a specific part of the C-terminal domain is required for the
assembly, which exhibit high probability for coiled-coil formation (Wehling ez a/,
2007).

As mentioned before, the carboxy-terminal of K7 channels shows a bipartite
coiled-coil motif separated by an about 30-aminoacid linker. The first coiled-coil

region is required to form functional homomeric or heteromeric K 7.2/K 7.3
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channels, whereas the second coiled-coil domain assist the transport of
heteromeric K,7.2/K,7.3 channels (Wehling e# a/., 2007). Although the mechanism
by which K" channels as oligomeric structures are form is still unknown, what is
certainly sure is that tetramers are formed at the ER and reside within the plasma
membrane as irreversibly-formed channels (Tu and Deutsch, 1999). Furthermore,
the dominant pathway in K| tetramer formation is the formation of dimers. These
conformational changes that accompany the dimer formation create new
interaction sites that could be used as a previous step for tetramer formation

(Deutsch, 2003).

1.16 Hzmmn disorders caused by defects in protein
folding, oligomerigation and targeting to the cell surface

The development of some diseases is sometimes associated to failures where the
trafficking steps are affected. Advances in molecular biology have shown that a
punctual mutation in the cystic fibrosis transmembrane conductance regulator
gene (CTTFR) gives rise to an immature protein not fully glycosylated, that indeed,
becomes ubiquitinated and targeted at the ER for subsequent proteolytic
degradation (Powell and Zeitlin, 2002). Other example is shown in K, channels,
which play a central role in glucose-stimulated insulin secretion by the pancreatic
beta-cell. The mutation E282K prevents the surface expression of K, channels
due to its retention at the ER. The simplest explanation of this effect would be
that the mutation inhibits the ability of Kir6.2 to assemble with SUR1. Two
mutations, Y330C and F333I, reported in patients with neonatal diabetes mellitus
(NDM), disrupted an endocytic traffic signal thereby impairing clathrin-coated

vesicle (CCV) formation and endocytosis. The consequent increase in the density
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of K,p channels, together with an attenuated sensitivity to ATP previously
reported, may account for the severe form of NDM (Sivaprasadarao ez al, 2007).
GABA receptors are the main receptors involved in the synaptic inhibition in
mammalian brain. Deficits in the functional expression of GABA due to
alterations on the trafficking, are critical in epilepsy, anxiety disorders, cognitive
deficits, schizophrenia, depression and substance abuse (Jacob ez a/., 2008). In K7
channels, a LQT mutant minK alters K LQT1 trafficking, which is responsible for
the hereditary LQT syndrome (Krumerman ef al, 2004). On the other hand,
perturbation of CaM binding leads to ER retention of K|7.2, reducing the number

of channels that reach the plasma membrane (Etxeberria ez a/., 2008).
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O bjectives

The aims of the present Doctoral Thesis are:

1) To identify intrinsic determinants regulating K7.2

surface expression

2) To ascertain the role of calmodulin in K/7.2 channel

assembly
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E sperimental procedures

2.1 Molem/ar biology

2.1.1 Mutations and deletions of K,7.2 channels

2.1.1.1 DNA constructs

The human c¢DNA of K 7.2 (UniProtKB/Swiss-Prot: 043526) and K,7.3
(UniProtKB/Swiss-Prot: 043525) channels were provided by:

-K7.2 splice 1/K2KL: Dr. Marc Borsotto (Institut de Pharmacologie
Moléculaire et Cellulaire, Valbonne, France) (Tinel ¢z al., 1998).

-K|7.2 splice 2/K2AL: generated in the laboratory with PCR techniques, by
the combination of the templates of the 3 and 4 splices.

-K|7.2 splice 3 and K|7.3 channel: Prof. Thomas J]. Jentsch (Max-
Delbriick-Centrum fiir Molekulare Medizin, Berlin, Germany) (Biervert ef
al., 1998)

-K|7.2 splice 4: Prof. David Mckinnon (Stony Brook State University of
New York, Stony Brook, New York, NY, USA) (Wang ¢ al., 1998).

Constructs of the present work have been generated following different cloning

strategies:

2.1.1.2 PCR technique

The polymerase chain reaction (PCR) is a technique to amplify a single or few
copies of a piece of DNA across several orders of magnitude, generating

thousands to million copies of a particular DNA sequence. The method relies on
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thermal cycling, consisting on cycles of repeated heating and cooling of the
reaction for DNA melting and enzymatic replication of the DNA (T100™
Thermal Cycler, Bio-Rad, Hercules, CA, USA). Different PCR assays were done:

- Simple PCRs: to amplify sequences not longer than 700 bp that allows adding
new restriction sites, needed to produce not only deletions, but also to mutate
residues close to the restriction sites that already exist. The Taq polymerase used
was the one provided by Roche, the Expand High Fidelity polymerase (Ref.:
03300242001, Roche Applied Science, Penzberg, Germany) that introduces

deoxiadenosines in the 3 extrems of the amplified product.

- Assembly PCRs: useful to mutate residues located in the inner part of a
fragment that is flanked by restriction sites. First, two simple PCRs using the Pfu
Turbo polymerase (Ref.: 600250, Agilent Tech., Santa Clara, CA, USA) are done.
Each PCR corresponds to half of the fragment where we want to introduce the
mutations. The primers from each PCR are specifically designed to hybridise
between them at least in one extreme. Next step is to make a third PCR with the
Expand polymerase to amplify the whole fragment with the deoxiadenosines at

the extremes.

Primers were designed manually and synthesised by Sigma-Aldrich (Sigma-Aldrich
Co., St. Louis, MO, USA) and IDT (Integrated DNA Technologies Inc.,
Coralville, IA, USA). All PCR fragments were first subcloned in the pGEM-
EasyT vector (Ref.: A1360, Promega Corp., Fitchburg, WI, USA). This is a linear
vector that has a 3 terminal thymidine in both ends. These single 3°-T overhangs
at the insertion site greatly improves the ligation efficiency of a PCR product into
the plasmids by preventing re-circularization of the vector and providing a

compatible overhang for PCR products generated by the Expand polymerase. It
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also contains the region within the alpha-peptide coding region of the enzyme

beta-galactosidase. The PCR protocol reaction consist on:

P1. PCR PROTOCOL

1 H, 45 min.

Polymerase

DNA H>0 | Primers | Deoxynucleotides buffer Polymerase
[0,01 ug/ul] 0,5 ug/ul] [2,5 mM] [10X]
0,2 wl 29w 1 02ulx2 2w 2wl 0,3 wl

Cycles

Temperature at start: 74 °C

Denaturation: 95 °C, 20 sec.
Annealing primers: 55 °C, 30 sec. x 21

Extend primers: 72 °C, 1 min.

Cooling: 4 °C, »

2.1.1.3 Fragment digestion, purification and ligation

cDNA’s are digested for 2 hours at 37 °C with the adequate restriction enzymes.
After neutralization of the digest reaction by addition of 10X loading buffer
(Glycerol 50 %, 0,2M EDTA pH 8, bromophenol blue 0,05 %), the different
fragments are separated by electrophoresis in a 1% agarose [Agarose Low EEO
Ref.: 8008, Laboratorios CONDA, Madrid, Spain] gel (130 ml TBE 1X [1L: 54 g
Tris Base, 27,5 g Boric Acid, 20 ml of 0.5 M EDTA] + 1,3 g agarose). A Lambda
DNA marker is used as a reference of the weight in pair of bases of the product.

The agarose gels are stained with ethidium bromide which acts as an intercalating
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agent in between the nucleic acids, and which suffers an almost . Bands
corresponding to the vector and fragment respectively are removed from20-fold
increase in fluorescence upon binding to DNA. Bands corresponding to the
vector and fragment respectively are removed from the gel and purified thanks to
the High Pure PCR Product Purification Kit (Ref.: 1173266800, Roche Applied
Science, Penzberg, Germany). Once the fragment and the vector are purified, the
ligation is performed by using the T4 DNA ligase (Ref.: EL0014, Fermentas,

Thermo Fisher Sci. Inc., Rockford, IL, USA) at room temperature overnight.

P2. FRAGMENT
DIGEST PROTOCOL
2H, 37°C

Buffer BSA
DNA H,O [10X] [100X] Enzyme
Vector
[1 ng/w] 13,5 ul 2ul 2ul 0,5 wl
2 ul
Fragment
[1 ng/w] 11,5 wl 2ul 2ul 0,5 wl
4 ul
—
4 PURIFICATI(m

PROTOCOL
25 min

-Cut desired DNA band from gel, cutting the smallest possible gel slice.

-Place excised agarose gel slice in a sterile 1.5 ml microcentrifuge tube.

-Determine gel mass weighting the tube.

-Add 300 pl binding buffer for every 100 mg agarose gel slice to the microcentrifuge
tube.

-Vortex the microcentrifuge tube 15-30 sec to resuspend the gel slice in the binding
buffer.

-Incubate the suspension for 10 min at 56 °C.

-Add 150 pl isopropanol for every 100 mg agarose gel slice to the tube.
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3. PURIFICATION
PROTOCOL

25 min
continuation

-Centrifuge 30 — 60 sec at maximum speed in a standard table top centrifuge
at 15 to 25 °C.

-Discard the flow through solution.

-Add 30 pl elution buffer and leave for at least 10 min.

-Centrifuge 1 min at maximum speed.

-Reconnect filter tube with the same collection tube.

-Add 500 pl wash buffer to the upper reservoit.

-Centrifuge 1 min at maximum speed.

-Discard the flow through solution.

-Add 200 pl wash buffer.

-Centrifuge 1 min at maximum speed.

-Place the High Pure filter tube with a clean 1.5 ml microcentrifuge tube.

P4. LIGATION
PROTOCOL
O/N, RT

DNA DNA Ligase buffer Licase
Fragment Vector [10X] g
[T ug/ul] [T ug/ul] 1 ug/w]
1wl 1wl 2 ul 2 ul

2.1.1.4 Bacterial transformation

Already ligated vector and fragment are transformed in an E. Co/i BSJ strain,
which has previously been prepared to be competent. The purpose of this
technique is to introduce the foreign plasmid into bacteria and use it to amplify
the plasmid in order to make large quantities of it. A number of mechanisms are
available to transfer DNA into bacteria, such as electroporation, calcium or heat

shock. This one produces competent cells that will uptake DNA after a heat

55



EXPERIMENTAL PROCEDURES S

shock step (Transformation Buffer [TB] 2X: 40 mM MgCl,, 20 mM CaCl,). To
help the bacterial cells recover from the heat shock, the cells are briefly incubated
with non-selective growth media. Finally, the cells are seeded into LB agar plates
with the specific antibiotic such as Kanamycin (Kan®) or Ampicilin (Amp")

(1000X solutions: Ampicilin: 100 mg/ml, Kanamycin: 30 mg/ml) at 37 °C.

P5.
TRANSFORMATION

PROTOCOL
1H, 20 min

- Thaw one vial (or more) of cells (100 pl volume) on ice.

- Add 5 pl of ligation reaction or plasmid DNA (10-50 pg) and mix.
- Incubate on ice for 15-30 min.

- Heat shock for 10 min at RT.

- Add 1 ml of LB medium.

- Incubate at 37 °C for 45 min.

- Give a pulse and remove 950 pl of LB.

- Seed the culture on a 10 cm LB agar plate.

- Incubate the plates inverted at 37 °C until colonies have grown.

- The plates can be stored, after parafilm sealing, at 4 °C. The colonies remain viable
for up to a week.

2.1.1.5 DNA extraction and quantification

To obtain DNA in small amounts, each colony is grown in 3 ml of LB medium
with selection (Amp"/Kan®) for 37 °C at 220 rpm overnight (O/N). Then, 2 ml
culture are transferred to a microcentrifuge tube and spin at max speed to pellet
cells. The pellet is resuspended in TE 1X (TE 10X: 100 mM Tris-HCI pH 8, 10
mM EDTA), and then lysed with SDS/NaOH (0,2 M NaOH/1 % SDS); SDS
denatures proteins and NaOH denatures DNA. Before 1-minute lysis time,
neutralization buffer (3 M potassium acetate, 5 M acetic acid) is added and mix

immediately. This neutralizes the mixture, allowing plasmid DNA to re-anneal. To
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sepatate lipids from proteins, a solution made of phenol/chloroform (25:24) is
added. The aqueous phase is removed and transferred to a new microcentrifuge
tube. The DNA precipitation is done using isopropyl alcohol. Finally DNA is
washed with 70 % ethanol and resuspended in TE 1X. Between 1-2 ug of DNA is
obtained by this procedure.

P6. DNA
EXTRACTION
PROTOCOL
30 min
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P2. P3. P4. i
DNA digestion DNA purification Ligation L

Vec. Frag.

Vec. Frag.

P5. P6.
Transformation T =~ DNA extraction

2.1.2 Tags and fluorophores

Tag insertion is useful when no commercial antibodies that directly recognize any
extracellular domain of the protein under study are available. In our case, for
surface expression assays, K,7.2 channels were tagged with two epitopes of the
protein hemagglutinin (HA) from the flu virus (HA: YPYDVPDYA), between the
first and second extracellular loops. With the HA tag, some residues from a
chloride channel were inserted to improve the exposure from the epitope and to
be recognized by the antibody. Additionally, a variant of the cyan fluorescent
protein (CFP), [the cerulean protein (mCer)], with some mutations (S72A, Y145A,
H148D and to be monomer A206K) was also inserted, presenting increased
fluorescence and being photo-stable (Ex: 433 nm Em: 475 nm) inserted at the N-
and at the C-terminus. Fortunately, for the western blot assays the mCerulean

protein is recognized by the anti-GFP antibody.
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2.1.3 Vector expression

According to the type of experiment, the constructs were subcloned into different
plasmids, low expression vectors like pPSRC5, manufactured in the laboratory with
a ADSV40 promoter and a UTR5’, into one designed for high-level, constitutive
expression like pcDNA3, pcDNA3.1, (with Cytomegalovirus (CMV) enhancer-
promoter for high-level expression, within other features (Ref.: V790-20,
Invitrogen, Life Tech., Carlsbad, CA, USA) or pEGFP, that encodes a red-shifted
variant of wild-type GFP which has been optimized for brighter fluorescence and
higher expression in mammalian cells. The vector backbone also contains an SV40

origin for replication in mammalian cells expressing the SV40 T-antigen.

2.1.4 Chimeras
2.1.4.1 CD25/Tac-K,7.2

CD25 or Tac is a transmembrane glycoprotein known as the alpha chain of the
Intetleukin-2 receptor (UniprotKB/Swiss-Prot: P01589). When transfected into
cells, Tac is mainly localized at the plasma membrane. Tac is composed by an
extracellular N-terminal domain with two glycosilable residues (240 aa’s), a
transmembranal segment (19 aa’s) and a short C-terminal domain (13 aa’s). The
protein was subcloned into the pEGFP vector, to be easier for localization once

transfected.

2.1.4.2K,7.5/K,7.2

ShineGene Molecular Biotech (ShineGene Molecular Biotech, Shanghai, China)

synthesized to our requirements the K.7.5 N-terminal sequence with two
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restriction sites at the beginning and at the end. This way, we could easily

subclone it into the K, 7.2 DNA.

2.1.4.3 CD4/K,7.2

CD4 (cluster of differentiation 4) is a glycoprotein that assists the T cell receptor
with an antigen-presenting cell. It is expressed at the membrane of many different
cells like monocytes, macrophages and dendritic cells. Two different versions of
CD4 were provided by Dr. Blanche Schwappach (Max Planck Institute of
Biophysical Chemistry, Gottingen, Germany). CD4-CCAAXX, which contains an
artificial tetramerization domain (-CC-) used to assemble Shaker potassium
channels into functional channel tetramers in the absence of the T1 domain
(Zerangue, 2000), and CD4-AAXX, that contains only the C-terminal dilysine ER
localization motif, able to reach the plasma membrane but not to tetramerize. The
C-terminus of K 7.2 channels was fused after the CC domain in order to recover

surface expression.

2.2 Mamma/ cell experimentation techniques

2.2.1 HEK293T cell maintenance

Human embryonic kidney 293 cells, also referred as HEK293, are derived from
human embryonic kidney grown in tissue culture. A variant of this cell line is the
293T cell that contains the SV40 large T-antigen that allows for episomal
replication of transfected plasmids containing the SV40 origin of replication
(pcDNA3.1, pEGFP). This allowed us the amplification of transfected plasmids
and extended temporal expression of the desired gene products. The cells grow in

a monolayer fashion and are anchorage dependent (adherent cells). HEK293T
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cells are maintained at 37 °C and 5% CO, in Dulbecco’s Modified Eagle’s
Medium (Ref.: D0422, Sigma-Aldrich Co., St. Louis, MO, USA), supplemented
with non-essential amino acids (Ref.: M7145, Sigma-Aldrich Co., St. Louis, MO,
USA) and 10% FBS (Lonza Group Ltd., Basel, Switzerland). When the cells reach
around 80-90% confluence, the monolayer is washed with dissociation buffer
(Ref.: 13151, Gibco, Life Technologies, Carlsbad, CA, USA) to remove serum
traces. Then, a mixture of trypsin-dissociation buffer (Tripsin-EDTA [1X] Ref.:
25300-054, Gibco, Life Technologies, Carlsbad, CA, USA), at a (1:1) is added to
detach cells from the flask. After a few minutes in the incubator, DMEM medium

is added to resuspend cells and plated into another flask.

P7. CELL PASSAGE

\\mr:lin/

-Warm medium and trypsin in a water bath at 37 °C.

-Check cells under the microscope to confirm that the cells are 90 %-100 %
confluency.

-Clean hood with ethanol.

-Sterilize all materials, bottles, etc., which are loaded into the hood. Spray hands with
ethanol. Jars of liquid need to be sprayed with ethanol. Sterile pipettes may be placed
in the hood directly.

-Spray hands with ethanol. Remove flasks from the incubator.

-Connect a Pasteur pipette to the tube attached to the vacuum pump. Turn on the
vacuum.

-Using the aspirator, empty liquid media covering cells. Be careful to not touch the
pipette to anything outside the flask.

-Add 2 ml dissociation buffer to the flask. Lightly swish buffer on base of the flask.
Aspirate.

-Add 1 ml trypsin to the flask. Lightly swish trypsin.

-Place flask into the incubator for 1 min, or until detached.

-While cells are in the incubator, pipette appropriate volume of fresh media into new
flasks. Label with name, date, cell type, passage number and passage dilution.

-Check that cells are detached from the surface.

-Add 9 ml of medium to dilute trypsin (the liquid suspension now contains the cells).
Carefully resuspend cells.

-Aliquot appropriate cell suspension volumes into freshly prepared flasks with
medium.

-Swish media and cells to mix. Place flasks in the incubator.
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2.2.2 Cell counting

HEK?293T cells are easy to distinguish whether they are alive or not, because of
their high refraction to light. From a T75 flask (T75), DMEM+10% FBS is added
to detach cells from the surface. 10 pl suspension cells are charged at both sides of
the Neubauer chamber (0,1 mm depth BR718905 [Brand GmbH, Wertheim,
Germany]) and counted as in Figure 2.1 using a dark-field microscope. Different
algorithms have to be followed for the correct calculation of the number of cells

per ml

\\ f =i
%. \
\ = ar.

Cell suspension
1mm

0.1mm deep

Figure 2.1. Neubauer chamber. Schematic representation of the Neubauer
chamber and cell counting procedure.

2.2.3 Cell preservation

For each cryovial, a T75 flask, with fetal bovine serum (FBS) and 10 % DMSO
(Ref.: D8418, Sigma-Aldrich Co., St. Louis, MO, USA) is used. Once the cells are

in the cryovials, they are immediately place in a frosty minicooler box (Ref.: 5100-
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0001, Thermo Fisher Sci. Inc., Rockford, IL, USA) that will allow them to cool
down gradually to -80 °C. To thaw the cells, cryovials are unfreezed at 37 °C and
added to a T75 flask with DMEM medium and 10 % FBS.

ﬁm\
PRESERVATION:
CELL FREEZING

15 min

-Cells are grown in standard T75 Flask at 70% confluency

-Add 2 ml of dissociation buffer to the flask. Lightly swish buffer on base of the
flask. Aspirate

-Add 1 ml trypsin to the flask. Lightly swish trypsin

-Place flask in incubator for 1 min, or until detached

-Add 9 ml of medium to dilute trypsin, (the liquid suspension now contains the cells).
Carefully

resuspend cells

-Place cells to 15 ml tubes

-Spin down at 1400 rpm for 5 min at room temperature

-Remove supernatant and add 10 ml DMEM+FBS to the tube

-Repeat step 7

-Resuspend cells into 1 ml of 100 % FBS for each T75 Flask

-Quickly aliquot the cell suspension into three NUNC vials by adding 0,5 ml of cells
suspension with 0,5

ml 80 % FBS + 20 % DMSO and immediately place them in a frosty minicooler box
-Place the box in a -70 °C freezer for 1-2 days, then transfer the individual cryovials
into a liquid nitrogen

container for long term storage

P9. CELL
PRESERVATION:
CELL THAWING

W
-Remove cryovial from Liquid Nitrogen and immediately transfer to 37 °C water bath
-When completely thawed, transfer vial contents to 15 ml test tube containing 3-4 ml of
DMEM+10 % FBS.

-Spin down cells at 1400 rpm for 5 min at room temperature.

-Aspirate medium and resuspend pellet in 10 ml of DMEM + 5 % FBS.

-Place into a T75 Flask and incubate at 37 °C and 5 % CO..
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CELL MAINTENANCE SOLUTIONS

-Dulbecco’s Modified Eagle’s Medium (DMEM, Ref.: D0422, Sigma-Aldrich Co., St.
Louis, MO, USA).

-Non-essential amino acids (Ref.: M7145, Sigma-Aldrich Co., St. Louis, MO, USA).

-10 % Fetal bovine serum (FBS, Lonza Group Ltd., Basel, Switzerland).

-Dissociation Buffer (Ref.: 13151, Gibco, Life Technologies, Carlsbad, CA, USA).
-Trypsin-EDTA (1 x), phenol red (Tripsin-EDTA [1X] Ref.: 25300-054, Gibco, Life
Technologies, Catlsbad, CA, USA).

-Dimethyl sulfoxide (Ref.: D8418, Sigma-Aldrich Co., St. Louis, MO, USA).

2.2.4. Cell transfection

All DNA used to transfect cells were purified by alkaline lysis and affinity columns
from a 100 ml of bacteria culture (Genopure Plasmid Midi Kit [Ref.: 3143414,
Roche Applied Science, Penzberg, Germanyl]). DNA was quantified in a Cary 3
Bio spectrophotometer (Varian Inc., Agilent Tech., Palo Alto, CA, USA) taking as
reference a quartz cuvette with MilliQ water. DNA is measured at Ay, (1 O.D. 4
<> 50 ug / ml DNA) and at A, to estimate the amount of protein in the sample.

The ratio between A,/ Ay, gives information of the purity of the extracted DNA.

There are various methods of introducing foreign DNA into a eukaryotic cell, but

most of the times the calcium phosphate transfection method was used.

2.2.4.1 Calcium phosphate transfection method

The method described here is a modification of some of the original methods
(cheaper, simpler, quicker and non toxic) but as well more reliable and consistent.
The day before transfection cells must be at least at 30-40 % of confluency. Next
morning, 4 hours before transfection, the medium is replaced (DMEM+10 %
FBS) and supplemented with gentamycin (Ref.: G1397, Sigma-Aldrich Co., St.
Louis, MO, USA). This seems to help the transfection efficiency at least in part by

helping boost cell cycle progression and therefore increasing entry into mitosis
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where DNA is taken up into the nucleus. Later in the day, cells can be transfected.
First, a mixture between DNA and A Solution (250 mM CaCl,) is prepared and
added to another tube with HBS solution (50 mM HEPES, 1,5 mM Na,HPO,,
140 mM NaCl pH: 7.05). After 1 minute, the mix is added to the cells. After 10-12

hours, the medium is removed and changed with a new one supplemented with

gentamycin.
P10. CALCIUM PHOSPHATE
TRANFECTION PROTOCOL
4 H, 25 min

-0.15 ml of A Solution is added in a sterile tube.

-Appropriate DNA amount to each tube is added. Mix contents of each tube.

-In a second tube, prepare 0.15 ml of HBS solution.

-Add tube one to tube two. Let sit for at least 1 min.

-Add transfection mixture to flasks in drop wise fashion, mix by rocking back and forth
and put in 5 % COz incubator (using a 5 % CO; incubator is important).

-Change media next day with fresh DMEM+10 % FBS+ gentamycin.

SOLUTIONS OF CALCIUM PHOSPHATE TRANSFECTION
PROTOCOL

Solution A: (CaCl; solution)

-250 mM CaCl; (tissue culture grade).
Dissolve in MilliQ) water and sterilize by filtration (0.22 pm).

Solution B: (HBS [HEPES buffered saline] solution)

-50 mM HEPES

—1,5 mM NazHPO4

-140 mM NaCl

Dissolve in MilliQ water and adjust pH to 7.05 with NaOH or 1 M HCI. Sterilize by
filtration (0.22 pm).

-Gentamycin (Ref.: G1397, Sigma-Aldrich Co., St. Louis, MO, USA)
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2.2.4.2. Lipofectamine transfection method

Only used for the electrophysiology experiments, lipofectamine (Lipofectamine
2000, Invitrogen, Life Tech., Carlsbad, CA, USA) is based on liposomes that can
be easily merged with the cell membrane since they are both made of a
phospholipid bilayer. Lipofectamine generally uses cationic lipids to form an
aggregate with the anionic genetic material. The main advantage of Lipofectamine

is its high efficiency. The disadvantage is its high price and toxicity.

TRANFECTION PROTOCOL
\6 H, 25 mir/
-Prepare 2 tubes:

DNA mixture: dissolve 1.5 pg of DNA in 0,25 ml of DMEM uncompleted.
Lipofectamine mixture: dissolve 10 pl of Lipofectamine in 250 pl of DMEM
uncompleted.

-Incubate for 3-5 minutes and then add to the DNA mix.

-Incubate the DNA-Lipofectamine mixture for at least 20 minutes.

-Remove the DMEM medium from cells to transfect, wash once with PBS and add
1,5 ml of DMEM uncompleted.

-Add DNA-Lipofectamine mixture (all the mixture should be 0,5 ml) and incubate
for not more than 6 houts.

-Remove DMEM from transfected cells, wash once with PBS and add 2 ml complete
DMEM.

-Next day, remove DMEM and add new complete DMEM.

2.2.5. Protein extraction

Protein extraction is performed to observe the transient protein expression in
eukaryotic cells. Around 180.000 cells are seeded in each T25 flask and transfected
following protocol P7. and P10. After 36 hours of cell transfection, protein

extraction is done as follows:
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P12. PROTEIN
EXTRACTION PROTOCOL
\2 H, 25 miy

-Media is removed from cells and washed twice with 2 ml phosphate buffered saline buffer
(PBS), and then the solution is aspirated.

-1.5 ml of a mixture of trypsin-EDTA/dissociation buffer (1:1) is added to the flask to
remove adhered cells.

-After 2-3 min in the incubator, the adhered cells are lifted from the bottom of the plate.
-Detached cells are transferred to 1.5 ml tubes.

-Steps 1-3 are repeated for every treatment plate.

-The 1.5 ml tubes are centrifuged for 15 min at 1.500 rpm and the media supernatants is
aspirated from the tubes.

-0.2 ml of lysis buffer (TNE 1X [TNE 10X: 0,5 M Tris-HCI pH 7.5, 50 mM EDTA, 1 M
NaCl], 0,5 % NP-40, 1 tablet Protease Inhibitor Cocktail is added to each pellet to lyse
cells.

-Cells are left on ice for 30 min and vortexed every 10 min.

-Cell lysates are centrifuged at 2.500 rpm for 15 min at 4 °C to remove nucleus.

-Clear lysate is transferred to clean 1.5 ml tubes.

-Cell lysates are centrifuged at 13.000 rpm for 15 min at 4 °C to remove membranes.

-Clear lysate is transferred to clean 0.5 ml tubes and loading buffer (LB 5X) is added (LB
5X: Tris-HCI 0.25 M pH 6.8, 50 % glycerol, 10 % SDS, 0.0125 % 2- betamercaptoethanol).

PROTEIN EXTRACTION PROTOCOL SOLUTIONS

-Lysis Buffer ((TNE 10X: 0.5 M Tris-HCI pH 7.5, 50 mM EDTA, 1 M NaCl] + 0.5 %
NP40).

-Protease Inhibitor Cocktail (cOmplete Mini, EDTA-free, Ref.: 11836170001, 25 Tablets,
Roche, Mannhein, Germany).

-Loading buffer (LB 5X: Tris-HCI 0,25 M pH 6.8, 50 % glycerol, 10 % SDS, 0.0125 % 2-
betamercaptoethanol).

2.2.6. Western blot

Western blot, discovered by George Stark and given the name by a parallelism to
the northern and southern blot, is a technique that allows to determine the

molecular weight of a protein and to measure relative amounts of the protein
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present in different samples. K 7.2 and K 7.3 subunits as well as Tac chimeras,
were resolved in 8 % SDS-PAGE (H,O, 30 % acrylamide mix (Mini-Protean II
Bio-Rad Lab., Hercules, CA, USA), 1.5 M Tris pH 8.8, 10 % SDS, TEMED).
Calmodulin was resolved in 15 % SDS-PAGE. The proteins are transferred to
PVDF blotting paper (Inmobilon-P [Ref.: IPVH00010, EMD Millipore Corp.,
Billerica, MA, USA]) previously activated before by using methanol/ethanol, and
incubated later with a generic protein (such as milk or BSA, depending on the type
of protein) to bind to any remaining sticky places on the PVDF blotting paper.
The antibody is then added to the solution, where it binds to its specific protein.
After washing the membrane, the secondary antibody is then added, and after an
hour washed again with PBS-Tween20 to remove traces of antibody. The
secondary antibody has the horseradish peroxidase enzyme (HRP) which allows
the reaction that emits light during the enzyme catalyzed decomposition when
mixed with the enhanced chemiluminescence (ECL) solutions (Ref. 32106 Pierce
ECL Western Blotting Substrate, Thermo Fisher Scientific, Waltham,
Massachusetts, USA).

P13. WESTERN BLOT

PROTOCOL
28 H

-Run the proteins in an appropriate gel according to their molecular weight until the blue
front is at the bottom of the gel (running conditions: 80 V).
-Leave in electro-transfer buffer on shaker for 5 minutes.

Transfer

-Blot onto a PVDF membrane. Pre-wet materials in transfer buffer. Stack in the following
order: case (clear side)-sponge-Whatman paper-PVDF membrane-gel-Whatman paper-
sponge-case (black side).

-Place in the transfer apparatus with black side facing black; 400 mA x 1 H using an ice
pack to cool down the apparatus.
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P13. WESTERN BLOT

PROTOCOL
&Continuationy
Blotting

-Block the membrane overnight in 20 ml 1X PBS + 5 % non-fat dry milk + 0.1 % Tween
20, in a tube of 50 ml on a shaker at 4 °C.

-Primary antibody: Incubate with primary antibody diluted 1:1000 in 10 ml of 1X PBS +
5% non-fat dry milk + 0.1 % Tween20. Incubate 1 H at RT. The primary antibody
mixture can be re-used storing at -20 °C.

-Wash 3 times for 10 min in 15 ml 1XPBS + 0.1 % Tween20 at RT in a shaker
-Secondary antibody: Incubate with secondary antibody diluted 1:3000 in 10 ml of 1x
PBS 0.1 % Tween 20, for 1 H.

-Wash 5 times for 10 min in 15 ml 1X PBS + 0.1 % Tween20 at RT in a shaker.

-Detect protein with ECL kit (2 ml/membrane). In a separate tube, mix black and white
ECL solutions.

in a 1:1 ratio. Aliquot solution onto membranes and wait for 1 min. Capture images with
the Versadoc.

Imaging System (Ref.: 1708010, Bio-Rad Lab., Hercules, CA, USA).

Y I,

\ ®~
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2.2.7. Flow cytometry

This technique is useful as it allows the quantification of cells having surface
expression when cotransfected with one of our constructs. The result, once the
cells have passed through the cytometer, is an histogram in which we can
distinguish cells that have not been transfected (value of relative fluorescence 10
in a logarithmic scale), cells transfected but with a low surface expression (value of
relative fluorescence 10'-10%in a logarithmic scale) and those transfected and with
high surface expression (value of relative fluorescence 10° in advance in a
logarithmic scale). Fluorophores are typically attached to an antibody that

recognizes a target feature on or in the cell.

The detectors are located at the point where the flux of cells passes through the
light broad: one in line with the light beam (Forward Scatter or FSC) and several
perpendicular to it (Side Scatter or SSC). Each cell passing through the beam
scatters the ray, and fluorescent chemicals found in the particle or attached to the
particle may be excited, emitting light at a longer wavelength than the light source.
This combination of scattered and fluorescent light is picked up by the detectors
and, by analyzing fluctuations in brightness at each detector (one for each
fluorescent emission peak), it is then possible to derive various types of
information about the physical and chemical structure of each individual particle.
While FSC correlates with the cell volume, SSC depends on the inner complexity
of the particle such as shape. The immunolabeled samples were analyzed in the
Gallios Flow Cytometer (Ref.: 775014, Beckman Coulter, Brea, CA, USA),
exciting cells at 395 nm (the excitation peak of the GFP) and at 488 nm (the
wavelength of the antibody fluorophore). The software of the cytometer allows us

to select just the cells that present a reasonable shape and size and also those that
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have a minimum cell expression. At least 10.000 cells with those characteristics are

captured and afterward analyzed.

The obtained histograms are analyzed with the WinMDI 2.9 free software
(www.facs.sctipp.edu/software.html), where cells with low expression and those
aggregated and/or death can be removed and analyzed the rest. Data is

represented using Excel.

T

P14. FLOW CYTOMETRY
PROTOCOL
6H

Fixation
-Separate a fraction of cells to be analyzed by western blot (250 pl) (See protocol P13.).
-Centrifuge cells at 3.000 rpm for 15 min and aspirate supernatant.

-Resuspend cells in 700 pl PFA 3%/1X PBS and leave at RT in a tube shakert.
-Centrifuge cells at 3.000 rpm for 10 min and aspirate supernatant.

Blocking
-Resuspend cells in 700 pl of BSA 5 %/ 1X PBS and incubate 30 min in a tube shaker.

-Centrifuge cells at 3.000 rpm for 10 min and aspirate supernatant.

Immunostaining
-Resuspend cells in 400 pl of 1:1.000 antibody/ BSA 0,5 %/ 1X PBS.

-Incubate for 1 hour at room temperature.

-Centrifuge cells at 3.000 rpm for 10 min and aspirate supernatant.

-Wash cells for 15-20 min with 500 pl BSA 5 %/ 1X PBS.

-Resuspend cells in 400 1l 488 conjugated secondaty antibody, 1:1.000 / BSA 0,5 %/ 1X PBS
-Incubate for 1 H at room temperature.

-Wash cells for 15-20 min with 500 pl BSA 5 %/ 1X PBS.

-Resuspend cells in 500 pl 1X PBS and analyze with the flow cytometer.

2.2.8 Immunoprecipitation (IP)

The immunoprecipitation (IP) is one of the most commonly used methods to
analyze the interaction between two proteins. An antibody for the protein of

interest is incubated with a cell extract so that the antibody binds the protein in
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solution. The antibody/antigen complex will then be pulled out of the sample
previously fixed to a in the protein A/G-coupled agarose beads (Protein G
Sepharose, Fast Flow Ref: P3296, Sigma-Aldrich Co., St. Louis, MO, USA;
Protein A from Staphylococcus anreus, Ref: P6031, Sigma-Aldrich Co., St. Louis,
MO, USA), depending on the host of the primary antibody. This physically
isolates the protein of interest from the rest of the sample. The sample can then

be separated by SDS-PAGE for western blot analysis and detected with specific

antibodies.

P15.
IMMUNOPRECIPITATION
PROTOCOL

~_ NR”H -

Protein-Sepharose preparation (previous day of IP)

-Protein-sepharose is incubated with HoO mQ to rehydrate until a final volume of 90
ul/group.

-Protein-sepharose is resuspended in RIPA buffer and transferred to clean 15 ml tubes, leave
at 4 °C overnight with gentle agitation.

-Half of this protein is transferred to new 15 ml tubes and incubated with the specific
antibody (1:1.000) at 4 °C overnight with gentle agitation.

Preparation of lysates

-Remove medium form the flask and wash the cells with PBS.

-Drain the PBS and add 1.5 ml of a mix of trypsin-EDTA/dissociation buffer (1:1).
-Transfer the cell suspension into a 15 ml tube and put then into ice.

-Separate a fraction of cells to be analyzed by western blot (250 pl) (Pre-IP sample) (See
protocol P13.).

-Centrifuge 1.500 rpm 15 min at 4 °C.

-Aspirate the supernatant and add 400 pl of RIPA buffer.

-Left tubes on ice for 30 min and vortex every 10 min.

-Cell lysates are centrifuged at 2.500 rpm for 15 min at 4 °C to remove nucleus.

-Clear lysate is transferred to clean 1.5 ml tubes.

-Cell lysates are centrifuged at 13.000 rpm for 15 minutes at 4 °C to remove membranes.
-Clear lysate is transferred to clean 1.5 ml tubes.

Pre-clearing the lysates

-Pre-clearing the lysate help to reduce non-specific binding of proteins to sepharose beads.
The end result will be a lowering of background and an improved signal-to-noise ratio.
-Incubate the cell extract with the protein-sepharose without antibody for 1 H at 4 °C with
gentle agitation.

-Spin in centrifuge at 4.000 rpm at 4 °C for 10 min.

-Discard bead pellet and keep supernatant for immunoprecipitation.
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P15.
IMMUNOPRECIPITATION

PROTOCOL, 72 H
(Continuation)

Immunoprecipitation

-Wash twice the beads with antibody to temove the excess of it with RIPA buffer.

-Add 400 pl of the protein-sepharose to the supernatant to immunoprecipitate the
complex.

-Incubate the lysate-beads mixture at 4 °C under rotary agitation for 24 H.

NOTE: It is advisable to use pipette tips with the end cut off to prevent damage to the
beads.

Elution

-Centrifuge the tubes, remove supernatant and wash the beads in RIPA buffer three
times (each time centrifuging at 4 °C and removing the supernatant).

-Remove the last supernatant and add 60 pl of 5X loading buffer.

-Boil at 95-100 °C for 5 min to denature the protein.

-Centrifuge at 3.000 rpm and keep the supernatant.

-Run samples on a SDS-PAGE. See P13.

2.2.9 Immunofinorescence

To detect those proteins that are expressing at the membrane is necessary to have
antibodies that can recognize extracellular epitopes. Sometimes, the epitopes can
be sensible to the fixation process, so, in that cases, it is useful to test different
methods to be sure that the cell membrane is not being permeabilized. The
extracellular loop of K 7.2 that connects transmembrane domains S1 and S2 is
tagged with two HA epitopes. To increase the accessibility, the epitope is flanked
with fragments from the extracellular D1-D2 loop of the CIC-5 chloride channel.
This insertion changes the sequence between transmembrane domains S1 and S2
to 1KEYEKSSEGSEHYPYDVPDYAGYPYDVPDYAVTFEERDKCPE-WNA®, Images from stain cells
are captured using a 60X oil objective on a Nikon Eclipse TE2000-U fluorescence
microscope (Nikon Instr., Tokyo, Japan) equipped with a confocal module using a

30 wm pinhole. Image acquisition and analysis are performed blind, with no
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previous knowledge of the transfected construct. Fluorophores are excited with a
408 nm laser (Coherent Inc., Santa Clara, CA, USA) for CFP, or a 560 nm laser
line (CVI Melles-Griot, Albuquerque, NM, USA) for AlexaFluor 594. The
emission filters used are BA 485/40 (Chroma Tech. Corp., Bellows Falls, VT,
USA) for CFP and BA593/40 (Nikon Cortp., Tokyo, Japan) for AlexaFluor 594.

/_\
P16.

IMMUNOFLUORESCENCE
PROTOCOL
72 H

Treatment of coated coverslips
-Sterilized each side of the coverslip with U.V light, 10 min.

-Treat coverslips for 30 min with 1 mg/ml poly-L-Lysine/PBS 1X (reusable).
-Wash coverslips with PBS 1X to remove the excess of poly-L-Lysine.

Seed cells
-Cells are grown in standard M6 plates at 40 % confluency with 3 ml of DMEM + 10 % FBS.

Transfection of the cells

-24 H after seeding and 4 H before transfection, the medium is replaced (DMEM+10 % FBS)
and supplemented with gentamicine.

-Later, cells are transfected with the calcium phosphate protocol (P10.).

-Next day, medium is replaced (DMEM+10 % FBS) and supplemented with gentamicine.

Immunostaining
-Coverslips are washed twice with PBS 1X.

-Cells are fixed with 3 % paraformaldehyde/PBS for 20 min.

-Coverslips are washed three times with PBS.

-To block cells, coverslips are pre-incubated for 30 min with 5 % BSA/PBS 1X.

-Primary antibody (1:1.000 in 5 % BSA/PBS 1X) is added for 1 H.

-Cells are washed 3 times for 5 min in 5 % BSA /PBS 1X.

-Secondaty antibody (1:1.000 AlexaFluor —conjugated in 5 % BSA /PBS 1X) is added for 1 H.
-Cells are washed three times in PBS 1X and mounted with ProL.ong Antifade reagent.

2.2.10 Electrophysiological recordings

The patch clamp technique was developed as an improvement of the classical
voltage-clamp technique (Sakman and Neher, 1983). The principal advantage of

this method is the use of a single microelectrode with a relatively large tip opening
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(1-2 um) for stimulation and acquisition of the electrical signals. Measurements of
the plasma membrane current were performed with the whole-cell and perforated-
patch configurations of the patch clamp technique (Hamill et al., 1981; Horn and
Marty, 1988). HEK393T cells were used for whole-cell patch recordings, which
were obtained at R.T. (21-25°C) 48 h after transfection using lipofectamine 2000
(Invitrogen, Life Tech., Carlsbad, CA, USA). Cells were bath-perfused with the
following solution (in mM): 10 HEPES, 140 NaCl, 4 KCl, 2 CaCl,, 2 MgCl,, 5 D-
glucose, adjusted to pH 7.4 with NaOH. Osmolarity was adjusted with mannitol
to ~315 mOsm. Pipettes were pulled from borosilicate glass capillaries (Sutter
Instruments, USA) with a Narishige micropipette puller using a PC-10
micropipette puller (Narishige Group, Japan). Membrane currents were measured
using an EPC-8 amplifier (HEKA Elek., Lambrecht, Germany) with pipette and
membrane capacitance cancellation. Pipettes were filled with an internal solution
containing (in mM): 10 HEPES, 125 KCI, , 5 MgCl,, 5 EGTA, 5 Na,ATP,
adjusted to pH 7.2 with KOH and osmolarity adjusted to ~300 mOsm with
mannitol. The access resistance was typically 2-3 MQ. The amplitude of the K7
current was defined as the peak difference of the current relaxation measured at -
30 mV after 1.500 ms pulses to -120 mV (all channels closed) and to +60 mV (all
channels opened). The data were acquired and analyzed using pCLAMP software
(version 8.2 [Molecular Devices Corp., Sunnyvale, CA, USA]), normalized in
Excel (Microsoft Corp., Redmond, WA, USA) and plotted in SigmaPlot (Systat
Soft., Chicago, IL, USA). The data is shown as the mean = S.E.M. (n indicates the
number of samples). The differences between the means were evaluated using the
unpaired Student’s t test and values of P = 0.05 were considered significant.

Those experiments were performed with the help of Dr. Carolina Gomis Perez.

75



EXPERIMENTAL PROCEDURES S

2.2.11 Xenopus oocytes experimentation technique

Xenopus laevis is a popular model system to study aspects related to the structure
and the function of potassium channels and their receptors. Xenopus oocytes are
very large cells (around 1 mm of diameter) which are easy to culture and do not
contain many intrinsic channels and receptors. The protein expression process
contains different steps, which includes cRNA synthesis, preparation of oocytes
and cytoplasmic microinjection of cRNA. These experiments were done under the

supervision of Dr. Paloma Aivar Mateo.

2.2.11.1 ¢RNA synthesis

For functional studies, channel subunits were subcloned into the psrC5 vector
that is flanked by the non-coding 5 region of the globin gene of Xengpus and the
3" polyA of SV40, which are not translated but that increase the stability of the
cRNA. After the linearization of the cDNAs with Apal I, the cRNAs were
synthesized 7z vitro with the T7 transcription kit (Ambion, Life Tech., Carlsbad,
CA, USA).

P17. cRNA SYNTHESIS
PROTOCOL

2H
S~ -

-Thaw the frozen reagents and place the RNA polymerase on ice. All reagents should be
microfuged btiefly before opening to prevent loss and/otr contamination of material that
may be present around the rim of the tube.

-Assemble transcription reaction at R.T.

Linear Nuclease free- NTP Reaction Enzyme
DNA H>O buffer mix
1 ug/ul 2X [10X]

2 ul 4 ul 10 wl 2 ul 2 ul
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P17. cRNA SYNTHESIS
PROTOCOL
-Mix thoroughly. Q (Contlnuay

-Incubate at 37 °C, 1 H.

-Stop the reaction and precipitate the RNA by adding 30 ul nuclease-free water and
30 pl LiCl precipitation solution.

-Mix thoroughly. Chill for = 30 min at -20 °C.

-Centtifuge at 4 °C for 15 min at maximum speed to pellet the RNA.

-Carefully remove the supernatant. Wash the pellet once with ~ 1 ml 70 % ethanol,
and re-centrifuge to maximize removal of unincorporated nucleotides.

-Carefully remove the 70 % ethanol, and resuspend the RNA in TE. Determine the
RNA concentration by using a spectrophotometer at 260/280 nm.

2.2.11.2 Oocyte preparation and RINA injection

After anesthetizing the frogs, oocytes were extracted and only those in stage V or
VI were selected and defolliculated enzymatically with 1 mg/ml collagenase (Ref.:
C9891, Sigma-Aldrich Co., St. Louis, MO, USA), in Ca*'-free OR2, n the
following buffer (in mM): 5 HEPES, 82.5 NaCl, 2.5 KCI and 1 MgCL, pH 7.5.
Then, oocytes were transferred to a Ca®'-containing solution (ND9Y6) consisting
of (in mM): 5 HEPES, 96 NaCl, 2 KCl, 1.8 CaCl,, 1 MgCL, pH 7.5 and
supplemented with 100 units/ml of penicillin, 0,1 mg of streptomycin and 0,25
mg/ml of gentamycin. The oocytes were injected with 50 nl of a solution which
approximately contains 20 ng of cRNA and keep for 3 days at 19 °C before

starting with the electrophysiological recordings.
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PREPARATION
QROTOCOI/
1H

-Anesthetize female frogs by using MS-222 (ethyl 3-aminobenzoate methanesulfonate salt,
Ref: A-5040, Sigma-Aldrich Co., St. Louis, MO, USA) for 15-30 min.

-Carefully dislodge the oocytes from the surrounding tissue with a wire loop and treat with
type A collagenase (Ref: C-9891, Sigma-Aldrich Co., St. Louis, MO, USA) at 1 mg/ml in
OR2 without Ca?*, (in mM): 5 HEPES pH 7.5, 82.5 NaCl, 2.5 KCl, 1 MgCl.

-Recover oocytes and wash twice in OR2 with Ca?*, (in mM): 5 HEPES pH 7.5, 96 NaCl,
2 KCl, 1 MgCly, 1.8 CaCls.

-Media should be supplemented with antibiotics penicillin/streptomycin (0.1 mg/ml).

2.2.11.3 Two-electrode voltage clamp recordings

This technique is used to measure the whole-cell ion channel currents while
controlling the membrane potential. It uses two separate electrodes unlike the
whole cell patch clamp, one measuring the voltage and the other one injecting the
current. The membrane potential is clamped at the desired level (Vh) by injecting
current into the oocyte via a second electrode. Any change in membrane current
caused by opening or closure of ion channels is immediately followed by a change
in the current (equal in amplitude but opposite in sign) at the output of the
amplifier (Geneclamp 500B amplifier, [Axon Instr., Molecular Devices Corp.,
Sunnyvale, CA, USA]) connected to the current electrode. The amplifier output is
monitored on a graphic recorder (DIGIDATA 1320A, [Axon Instr., Molecular
Devices Corp., Sunnyvale, CA, USA]) that in turn is controlled by the pCLAMP
software (version 8.1, Axon Instr. Molecular Devices Corp., Sunnyvale, CA,
USA). Electrophysiological recordings were performed 3 days after being
microinjected and were perfused continuously in Xenopus saline made with (in
mM): 5 HEPES 100 NaCl, 2.5 KCI, 1 MgCI2, 2 MnCI2, pH 7.5. All chemicals,
except stated otherwise, were from Sigma (Sigma-Aldrich Co., St. Louis, MO,
USA). The electrodes were made of borosilicate that were filled with 3 M KCI and
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had resistances of 1M@. Data were acquired at a sampling rate of 1 KHz and
filtered at 100 Hz. Voltage-step protocols and current analysis were performed
with the pCLAMP 8.1 software (Axon Instr.,, Molecular Devices Corp.,
Sunnyvale, CA, USA). These experiments were performed by Dr. Carolina Gomis
Perez. Current values represent the average (xS.E.) of the maximal conductance

obtained from the fit of the g—V relationship to the Boltzmann equation:

I=1,./ [T+ Exp (V 1, V,)/ slope)]

where:
I = tail current amplitude in an 800 ms voltage step to — 20 mV
I,... = is the maximal current

V,,, = membrane potential at which the current is half Imax

Vm = membrane potential (pulse)

S = slope

2.2.11.4 Luminescence assay

To estimate the number of channels located at the surface of the oocyte plasma
membrane, the method described by Schwake ¢7 a/. (2000) was followed. All the
K.7 subunits used were tagged with an HA epitope in the extracellular loop that
connects transmembrane domains S1 and S2 (kindly provided by Prof. Thomas ]J.
Jentsch, Max-Delbrick-Centrum fir Molekulare Medizin, Berlin, Germany).
Oocytes were injected with 20 ng cRNA and a 1:1 ratio of the K,7.2/K 7.3 group.
Oocytes without injection were used as the negative control. After 3 days at 19 °C,

the oocytes were placed in ND96 with 1 % BSA (ND96/ BSA) at 4 °C for 30 min
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to block unspecific binding. Subsequently, the oocytes were incubated in
ND96/BSA for 60 min at 4 °C with 1 ug/ml rat monoclonal anti-HA antibody
(Ref.: 3F10, Roche Applied Science, Penzberg, Germany), washed with
ND96/BSA and incubated in ND96/BSA with HRPcoupled secondary antibody
for 60 min (goat anti-rat antigen binding fragments [Jackson ImmunoResearch,
West Grove, PA, USA]). Finally, the oocytes were washed thoroughly with
ND96/BSA and then with ND96 alone to eliminate the background signal
produced by BSA. Individual oocytes were placed in 50 ul power signal ELISA
solution (Thermo Fisher Sci. Inc., Rockford, IL,, USA) and chemiluminescence
was quantificated in a Sirius luminometer (Berthold Tech. GmbH, Pforzheim,

Germany).

2.2.12 Drag treatment for degradation assays

Transfected HEK293T cells grown in T25 flasks were treated with cycloheximide
(CHX, 75 pg/mlL, Ref: C4859, Sigma-Aldrich Co., St. Louis, MO, USA) for
distinct times and then analyzed by western blotting. For lysosomal inhibition,
cells were treated 10 h with 50 uM chloroquine (Ref: C6628, Sigma-Aldrich Co.,
St. Louis, MO, USA) (Su ez al, 2011) and with 20 uM MG132 (Ref: 474790,
Merck KGaA, Darmstadt, Germany) for proteosomal inhibition (Soldovieri ez al,
20006). After degradation, the remaining proteins were separated by SDS-PAGE
and analyzed by western blotting using anti-Myc or anti-GFP. Anti-tubulin

antibody was used in both cases as a loading control.
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2.3 Protez'n purification and fluorescence assays

2.3.1 GST fusion protein purification

The following C-terminal Kv7.2 channel sequences:

- Gyp9-Lsys (AB wi)

- Gypg-Lisys —AT550- T, (AB-A2)

- Gypg-Lisys —AT55- T, (ABCD-A2)
- Gyyg-Lisys —AT55- T, (AB-A2-ST)

were subcloned into the pGEX-3X (AB wt) or pGEX-6P1 GST (AB-A2),
(ABCD-A2) and (AB-A2-ST) fusion vectors (Ref.: 27-4803-01 and 27-4597-01,
respectively [GE Healthcare, Little Chalfont, UK]) and transformed into BL21-
DE3 E. Coli.

Cells were grown at 37 °C in LB medium containing 100 pg/ml ampicillin dll Ay,
0.6-0.8. The expression of the fusion proteins was induced with 0.3 mM of IPTG
for 3 h at 30 °C. Cells were harvested by centrifugation and suspended in 20 ml of
chilled GST buffer [20 mM Tris-HCI (pH 7.4), 100 mM NaCl, 0.5 % Triton X-
100, 2 mM D, plus half tablet of Protease Inhibitor Cocktail Roche Applied
Science, Penzberg, Germany]. After lysis by sonication, cell debris were removed
by centrifugation at 80.000 g for 30 min at 4 °C. Finally, the supernatant (soluble
fraction) was transferred to a fresh tube while the insoluble cell lysate (inclusion
bodies) was treated separately.

The inclusion bodies isolated by centrifugation were resuspended three times in
10 ml of the same buffer used for sonication and then centrifuged to remove any

remaining soluble material. The precipitate was dissolved for 30 min at 4 °C in 5
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ml of 20 mM Tris-HCl (pH 7.4), 100 mM NaCl, 2 mM DTT and 6 M urea,
mixing occasionally. The solution was centrifuged at 20.000 g for 20 min at 4 °C
and the supernatant was diluted to a final concentration of aproximatelly 1
mg/ml. Refolding was done with an “urea concentration gradient dialysis”. The
solution of denatured protein was dialyzed against 2 L of freshly made 4, 2, 1, 0.5,
and 0 M Urea, with 20 mM Tris-HCI (pH 7.4), 100 mM NaCl and 2 mM DTT.
For each concentration the protein was dialyzed 10 h at 4 °C.

The soluble fraction and refolded proteins were incubated separately with
glutathione-sepharose 4B (Ref.: 17-0756-01, GE Healthcare, Little Chalfont, UK)
previously equilibrated with GST buffer. Bound proteins were washed and then
eluted with 50 mM Tris-HCI (pH 8.5) and 15 mM of reduced glutathione (Ref.:
G4251, Sigma-Aldrich Co., St. Louis, MO, USA). Proteins in various fractions
were identified on 10-12 % SDS-PAGE gels, dialyzed, concentrated and stored at
-20 °C. The protein concentration was determined using the Bradford method
(Bradford, 1976). The initial experiments (see later) were performed with proteins
purified from the soluble fraction to ensure that they were properly folded. In
latter experiments, fusion proteins were solubilized from inclusion bodies with 6
M urea and then refolded. The results obtained with these proteins were
indistinguishable from the soluble material. Additionally, dispersion of the
samples was evaluated by dynamic light scattering using a Zetasizer Nano
Instrument (Malvern Instr. Ltd., Malvern, Worcestershire, UK) to exclude the
presence of aggregates. The correlation function and the polydispersity index (less
than 0.2) demonstrated that the proteins were monodispersed, and that no
aggregates were present. These experiments were performed under the

supervision of Dr. Alessandro Alaimo.
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P19. PURIFICATION OF GS
FUSION PROTEINS

PROTOCOL
5D

-Grow the cells at 37 °C in 1 L of LB medium containing 100 ng/ml ampicillin until Ago=
0.6-0.8. Induce protein expression for 3 h at 30 °C with 0.3 mM IPTG.

-Harvest the cells by centrifugation and resuspend the pellet in 20 ml of chilled GST buffer
(20 mM Tris-HCI [pH 7.4], 100 mM NaCl, 0.5 % Triton X-100, 2 mM DTT, half a tablet
of the protease inhibitor cocktail “Ix Complete” [Roche]). After lysis by sonication,
remove the cell debris by centrifugation for 30 min at 80,000 g and 4 °C. Transfer the
supernatant (soluble fraction) to a fresh tube while the insoluble cell lysate (inclusion
bodies) is treated separately.

-Resuspend the inclusion bodies in 10 ml GST buffer and then centrifuge again to remove
any remaining soluble material. Repeat this operation three times. Dissolve the precipitate
in 5-10 mL solubilization buffer (20 mM Tris-HCI [pH 7.4], 100 mM NaCl, 2 mM DTT
and 6 M utea) for 30 min at 4 °C mixing occasionally. Centrifuge for 20 min at 20,000 g
and 4 °C, and dilute the supernatant to a final concentration of ~1 mg/ml. Refold the
proteins with urea concentration gradient dialysis. Dialyze the protein against 2 L. of freshly
made refolding buffer (20 mM Tris-HCI [pH 7.4], 100 mM NaCl and 2 mM DTT),
containing 4, 2, 1, 0.5 or 0 M urea. Filter all the buffers before use, gradually reducing the
concentration of urea. At each urea concentration, dialyze the proteins for 8-10 h at 4 °C.
Centrifuge at 30,000 g for 30 min at 4 °C to remove any aggregates and recover the
supernatant.

-Incubate the soluble fraction and refolded proteins separately with Glutathione Sepharose
beads previously equilibrated with GST buffer. Wash the resin three times before
transferring it to a disposable column and elute the fusion proteins with 10-20 ml of elution
buffer (50 mM Tris-HCI [pH 8.5] and 15 mM glutathione reduced).

-Analyze the fractions obtained on 10-15 % SDS-PAGE gels and dialyze to remove the
glutathione against a buffer of choice at 4 °C. Concentrate the proteins if needed and store
at -20 °C. Determine the protein concentration using the Bradford method.

-Incubate the soluble fraction and refolded proteins separately with Glutathione Sepharose
beads previously equilibrated with GST buffer. Wash the resin three times before
transferring it to a disposable column, and elute the fusion proteins with 10-20 ml of
elution buffer (50 mM Tris-HCI [pH 8.5] and 15 mM glutathione reduced).

-Analyze the fractions obtained on 10-15 % SDS-PAGE gels and dialyze to remove the
glutathione against a buffer of choice at 4 °C. Concentrate the proteins if needed and store
at -20 °C. Determine the protein concentration using the Bradford method.
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2.3.2 Calmodulin purification

The rat CaM gene was transformed into BL21-DE3 E. Cv/i bacteria kindly
provided by Dr. Antonio Villalobo Polo (“Instituto de Investigaciones
Biomédicas Alberto Sols”, Madrid, Spain). CaM gene was cloned into the
expression vector pET-14b (Ref.: 69660-3, EMD Millipore Corp., Billerica, MA,
USA).

The E. Coli transformant cells were grown at 37 °C in LB medium containing 100
ug/ml ampicillin untl Ay, 0.8-1. The expression of the fusion proteins was
induced with 0.4 mM of IPTG for 4-6 h at 37 °C. Cells were harvested by
centrifugation for 10 min at 5.000 rpm using a JLA-9.1000 rotor (Beckman
Coulter Inc., Brea, CA, USA). The bacterial pellet was washed twice in 50 mM
Tris—HCI (pH 7.5) containing 2 mM EDTA and 0.2 mM phenylmethanesulfonyl
fluoride (PMSF), then resuspended in the same buffer and finally, lysed by
sonication twice for 5 min. The sample was subjected to 3 cycles of
“freeze/thawing” (dry ice ethanol bath alternating with a water bath at 37 °C).
The suspension was centrifuged at 15.000 rpm in a Mikro 20 Hettich centrifuge
(Hettlich Lab Tech., Tuttlingen, Germany) at 14.000 rpm for 15 min. The
supernatant was heated to 95 °C for 5 min and re-centrifugated at 14.000 rpm for
10 min. The new supernatant was collected, and after addition of 5 mM CaCl,,
applied at room temperature into a phenyl-sepharose CL-4B (Ref.: P7892, Sigma-
Aldrich Co., St. Louis, MO, USA) column equilibrated with 50 mM Tris—HCI (pH
7.5) containing 5 mM CaCl, and 0.1 M NaCl. The column was washed with the
same buffer containing 0.1 mM CaCl,. Then, the column was washed with the
same buffer containing 0.5 M NaCl and finally eluted with 50 mM Tris—HCI (pH
7.5) containing 1 mM EGTA. CaM-containing fractions were identified on 15 %
SDS-PAGE (+ 5 mM EGTA) gels, dialyzed, concentrated and stored at -20 °C or
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lyophilized. Concentration of CaM was estimated from the absorbance at 276 nm

=1.8mM (1%, 1 cm).

P20. PURIFICATION OF CaM
PROTEIN PROTOCOL
5D

-Grow the BL21-DE3 cells at 37 °C in 1 L of LB medium containing 100 pg/ml
ampicillin to Agp= 0.8-1. Induce protein expression with 0.4 mM IPTG for 4-6 h at 37
°C.

-Spin down the cells and wash the pellet twice with 50 ml of fresh lysis buffer (50 mM
Tris—HCI [pH 7.5], 2 mM EDTA and 0.2 mM PMSF), resuspending it in the same buffer.
-Store the sample at -20 °C as 10 ml aliquots.

-Thaw an aliquot on ice and sonicate it (3 cycles of 10 s on ice) before performing 3
freeze/thaw cycles using a dry ice ethanol bath and alternating with a 37 °C watet bath.
Centrifuge the sample in a microcentrifuge at 14,000 g for 15 min, and then heat the
supernatant to 95 °C for 5 min before again centrifuging as above. This step takes
advantage of CaM elevated thermal stability.

-Add CaCl, (5 mM final concentration) to the new supernatant and load at room
temperature to a Phenyl-Sepharose column equilibrated with CQ buffer (50 mM Tris—
HCI [pH 7.5], 100 mM NaCl and 5 mM CaCl,). Wash with 20 volumes of CW buffer (50
mM Tris—HCI [pH 7.5], 100 mM NaCl and 0.1 mM CaCl,), then with 10 volumes of
CHSW buffer (50 mM Tris—HCI [pH 7.5], 500 mM NaCl and 0.1 mM CaCly) and elute
with 20 volumes of CE buffer (50 mM Tris—HCI [pH 7.5] and 1 mM EGTA).

-Analyze the fractions containing CaM on 15 % SDS-PAGE (+ 5 mM EGTA) gels,
dialyze, concentrate if needed and store at -20 °C ot lyophilize. The CaM concentration
can be estimated from the absorbance at 276 nm, given that €276= 3,030 M-! cm!' and
€276, 1%= 1.8 (g/100 ml)"! cm!. Alternatively use the Bradford method.

2.3.3 Calmodulin dansylation

CaM (100 pl at 10 mg/ml) was diluted 10-fold in 100 mM Tris-HCl (pH 8.5) and
20 mM CaCl,. Dansyl chloride (Ref.: 39220, Sigma-Aldrich Co., St. Louis, MO,
USA) dissolved in acetone (2.17 mg/ml) was added (12.5 ul) to a final
concentration of 100 pM. The mixture was incubated at room temperature in the

dark for 2 h, vortexing every 20 min. Unincorporated dansyl was eliminated using
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a 1 ml G-25 sepharose column (Ref.: G25150, Sigma-Aldrich Co., St. Louis, MO,
USA).

2.3.4 Fluorescence spectroscopy assays

Dansyl-calmodulin (D-CaM) and GST-K,7.2 fusion proteins were dialyzed against
2 L buffer containing 25 mM Tris-HCI (pH 7.4), 120 mM KCl, 5 mM NaCl and 2
mM MgCl, for 48 h, changing the buffer every 10—12 h. Final concentration of D-
CaM used was 12.5 nM. The fluorescence emission spectrum was obtained with
an Aminco Bowman Series 2 fluorescence spectrophotometer (SLM Aminco,
Rochester, NY, USA) in a final volume of 100 ul (using quartz cuvette) at 25 °C.
The excitation wavelength was 340 nm, and emissions were registered from 400
to 660 nm.

For the titration experiment, increasing concentrations of each GST protein were
added to a cuvette containing D-CaM alone (in the presence of EGTA 10 mM) or
in the presence of excess of calcium (2 uM free Ca*>") in D-CaM binding buffer
[25 mM Tris-HCI (pH 7.4), 120 mM KCl, 5 mM NaCl, 2 mM MgCl,, 10 mM
EGTA].

Fluorescence enhancements were plotted against GST-fusion/D-CaM ratio ot
[GST-fusion] in order to obtain concentration-response curves. Data were fitted
to the Hill equation by curvilinear regression to estimate ECs, values for each
curve. Data are shown as an average of = S.E.M. of at least four independent

experiments.
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2.4 Arztibodz'e.r

- Anti-HA (rat) (3F10)
[Ref.: 11867423001, Roche Applied Science, Penzberg, Germany]

-Anti-Tac (mouse)
[Ref.: SM3015P, Acris Antibodies GmbH, Herford, Germany]

- Anti-GFP (mouse) (7.1 and 7.3 clons)
[Ref.: 11814460001, Roche Applied Science, Penzberg, Germany]

- Anti-Calmodulin (mouse) IgG1
[Ref.: 05-173, Upstate, EMD Millipore Corp., Billerica, MA, USA]

- Anti-o Tubulin (mouse) (DM1A clon)
[Ref.: T6199, Sigma-Aldrich Co., St. Louis, MO, USA]

- Anti-CD25 (mouse) (M-A251clon)
[Ref.: 555430, BD Biosciences, Franklin Lakes, NJ, USA]

- Anti-CD4 (mouse) (Q4120 clon)
[Ref.: C-1805, Sigma-Aldrich Co., St. Louis, MO, USA]

- Anti-Myc (mouse) (9E10 clon)
[Ref.: 5540, Sigma-Aldrich Co., St. Louis, MO, USA]

- Anti-rat Alexa Fluor 594 (goat)
[Ref.: A11007, Molecular Probes, Eugene, OR, USA]

- Anti-mouse Alexa Fluor 488 (goat)
[Ref.: A11001, Molecular Probes, Eugene, OR, USA]

- Anti-mouse Alexa Fluor 546 (goat)
[Ref.: A11003, Molecular Probes, Eugene, OR, USA]

- Anti-mouse Alexa Fluor 594 (goat)
[Ref.: A11005, Molecular Probes, Eugene, OR, USA]

- Anti-mouse Alexa Fluor 594 (donkey)
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[Ref.: A21203, Molecular Probes, Eugene, OR, USA]

- Anti-mouse HRP (goat)
[Ref.: 170-6516, Bio-Rad Lab., Hercules, CA, USA]

- Anti-rat HRP (goat)
[Ref.: 712-475-153, Jackson Immunoresearch Lab. Inc., West Grove, PA, USA]

2.5 Solutz'om and reactives

SOLUTIONS FOR THE PCR PROTOCOL

- Expand polymerase (Expand High Fidelity Plus, 03300242001, Roche).

- pPGEM-EasyT vector (823893002, Promega).

- Pfu turbo (600250, Stratagene).

- Primers: .synthesized by IDT (Integrated DNA Technologies) and Sigma-Aldrich

SOLUTIONS OF THE DNA EXTRACTION PROTOCOL

TE 10X (Tris-EDTA buffer) pH 8
- 100 mM Tris-HCI pH 8

-10 mM EDTA

Dissolve in 500 ml MilliQQ water

NaOH/SDS lysis buffer
-5 M NaOH
-10 % SDS

Neutralization buffer
- 3 M Potassium acetate
-5 M Acetic acid

Phenol-chloroform solution
- Ratio 25:24

FRAGMENT DIGESTION, PURIFICATION AND LIGATION PROTOCOLS

Tris-borate-EDTA (TBE 10 X Buffer)
- 108 gr Tris base

- 55 gr boric acid

-9,3 gr EDTA

Dissolve in 1 litter of MilliQ water

- Agarose (Agarose low eeo, cat. n® 8008, Conda).
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- Ethidium bromide.
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- BEnzymes: Fermentas (Thermo Fisher Scientifics, Waltham, Massachusetts, USA).
- DNA Gel Extraction Kit (High Pure PCR Product Purification Kit, Ref.: 1173266800, Roche).

TRANSFORMATION PROTOCOL SOLUTIONS

Transformation 2X Buffer:

- 40 mM MgCl,

- 20 mM CaCl;

Dissolve in 100 ml of MilliQ water

LB medium (pH 7)

- 1% Peptone

- 2% Yeast extract

- 1% NaCl

Dissolve in 1 litter of MilliQQ water and autoclave

LB- Antibiotic plates
- Peptone 1 %

- Yeast extract 2 %
-NaCl1 %

- Agar 2%

Dissolve in 1 litter of MilliQQ water and autoclave. Allow medium to cool to 50 °C and add 1 ml of

antibiotic to a 100 ul/ml final concentration

Antibiotics (1000 X stocks) sterilized by filtration

-Ampicillin (in water): 100 mg/ml
-Kanamycin (in ethanol): 35 mg/ml

89






W d4LdVHD

SURFACE EXPRESSION AND
SUBUNIT SPECIFIC CONTROL OF
STEADY-STATE PROTEIN LEVELS BY
THE Kv7.2 HELIX A-B LINKER






| e CHAPTER 3

S urface expression and subunit specific

control of steady-state protein levels by the
K,7.2 helix A-B linker

3.1 Im‘rodmtz'on

K.7 channels are of crucial importance in excitable tissues (Brown and Passmore,
2009; Jentsch, 2000). Although it is known that K7.2 acts in the plasma
membrane, the majority of this protein is located at the ER and at other
intracellular compartments, both in neurons and in cells heterologously expressing
the channel (Peretz ez al., 2005; Soldovieri ez al., 2006). A membrane protein must
pass through multiple quality control mechanisms before reaching the plasma
surface. It begins with the translation of the protein and involves subunit
assembly, ER exit and its transport to the membrane (Deutsch, 2002; Heusser and
Schwappach, 2005). Those proteins that fail to do so are disposed of by
proteolytic degradation (Lord ef al, 2000). These overlapping events (from the
nascent protein to its place in the plasma membrane) control ion channel
expression at the cell surface and may be coordinated or even cooperate (Deutsch,
2002). However, the mechanisms that control the abundance of K7 channels at
the membrane are generally poorly understood. As for other membrane proteins,
these mechanisms hinge on intrinsic and extrinsic signals. The reentrant loop that
forms the pore is the strongest intrinsic signal known to control the surface
expression of M-channels (Gomez-Posada ¢ /., 2010). In conjunction with helix

D located in the intracellular C-terminus that constitutes the assembly domain
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(Schwake ez al., 20006; Schwake e al., 2000), this region drives the increase in the
number of M-channels observed upon heteromerization. CaM binds to helix A
and B of the intracellular C-terminus (Gamper and Shapiro, 2003; Yus-Najera ef
al., 2002), and some mutations linked to BFNC that are located in helix A
(Moulard ez al., 2001; Richards e al., 2004) reduce CaM binding, thereby leading to
ER retention and the consequent reduction in surface expression (Alaimo e 4/,

2009; Etxeberria ef al., 2008).

Aim of the study

While the mechanisms controlling surface expression of certain membrane
proteins are well documented (Heusser and Schwappach, 2005; Ma and Jan, 2002;
Mikosch and Homann, 2009), little is known regarding the intrinsic signals that
influence the surface expression of K7 channels. The present study has been
focused in analyzing the amino acid sequence of K 7.2 to identify intrinsic signals
that may control its surface expression. We have seen that removing the
interlinker connecting helix A and helix B of the intracellular C-terminus, a large
increase in the number of functional channels at the plasma membrane is
produced. Moreover, the elimination of this linker increased the steady-state
amount of protein, which was not associated with a decrease of protein
degradation. The magnitude of this increase was inversely correlated with the
number of helix A — helix B linkers present in the tetrameric channel assemblies.
In contrast to the remarkable effect on the amount of K|7.2 protein, removal of
the K,7.2 linker had no detectable impact on the steady-state levels of K 7.3

protein.
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3.2 Rem/t.f

3.2.1 The linker between helices A and B increases protein yield

In order to understand which could be the factors that are being involved in
channel trafficking, the K 7.2 subunit was analyzed trying to identify any intrinsic
signal. Thus, we did a systematic evaluation of the K 7.2 C-terminal by producing
deletions in which different regions from the distal channel were removed. A
hemagglutinin (HA) tag epitope was inserted between the S1 and S2
transmembrane domains with the intention of measuring the surface expression in
female Xenopus oocytes by chemiluminiscent techniques (Etxeberria ef al., 2008;

Schwake ez al., 2000) (Fig. 3.1).
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Figure 3.1. Identification of C-terminal regions that influence K.7.2

surface expression. Schematic representation of the different deletions
introduced into the intracellular C-terminus of the K,7.2 subunit. The boxes
along the intracellular C-terminus scheme indicate regions with a high
probability of adopting an alpha helix configuration.

On the right, normalized surface expression in female Xenopus laevis oocytes of
the K,7.2 subunits tagged with HA at the extracellular S1-S2 loop (n=12, two
batches). The amount of K,7.2-HA containing channels in the oocyte
membrane was quantified using a single whole-oocyte chemiluminiscent assay
(see Chapter 2, experimental procedures). The background of uninjected
oocytes was subtracted and the values given are the means (£S.E.M) normalized
to the values obtained from WT-K,7.2-HA channels from the same batch. * P <
0.05; *** P < 0.001; unpaired Student’s # test.

The removal of different regions within the AB linker led to an increased in
surface expression and protein production (Fig. 3.2).

In addition to the helix A-B linker, the loop connecting helices C and D exerted
an important influence on surface expression (see [K,7.2-Del2 2HA-AT359-T501
(Del2)] and [K,7.2-Del4 2HA-AL548-M591 (Del4)], Fig 3.1). Moreover,
truncation after helix C [K7.2-Del5 2HA-AS590 (Del5)] augmented surface
expression, although not to the extent of the deletions between helices A-B or C-
D. Among the analyzed deletions, [K,7.2-Del8 2HA-AY372-K408 (Del8)] was the
smallest one that augmented surface expression, while [K 7.2 Del9 2HA-AT359-
Y372 (Del9)] had no effect on surface expression or total protein signal. Except
for Del9, comparable increases in protein yield were observed for the different
AB linker deletion mutants (Fig. 3.2) ranging from 2.35 to 3.30 fold. The average
pooled increase in protein yield for [K,7.2 Del6 2HA-AY372-K493 (Del6)], [K,7.2
Del7 2HA-AY372-S450 (Del7)] and Del8 was 2.651£0.23 fold (n=10). Unlike
deletions of the helix A-B loop (Del2), (Del6) and (Del8), the steady state protein
levels were not so obviously affected by removal of the linker between helices C

and D (Del4). As the greatest influence on surface expression was observed for
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mutants in which the helix A-B linker was removed, we focused our analysis on

this region, more specifically, in the Del6 deletion.
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Figure 3.2. Del2, Del6 and Del8 are the identified regions that influence more
K,7.2 surface expression. Proteins from Xenopus laevis oocytes injected with the
same amount of mRNA expressing the indicated HA-tagged constructs were
separated by SDS-PAGE and analyzed by western blotting with anti-HA antibody
(n=4).

3.2.2 There is a correlation between CaM binding and channel
function

The impact of the linker on CaM binding cannot explain changes in surface

expression. CaM binds to helix A and B regulating the exit of K,7.2 subunits from
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the ER (Etxeberria ez al, 2008; Wen and Levitan, 2002; Yus-Najera ez al, 2002).
Corroborating previous findings in the laboratory (Yus-Najera ez a/, 2002), some
coimmunoprecipitation assays demonstrated that CaM interacted with the

channels in both presence and absence of the linker (Fig. 3.3).

mCer-K7.2-2HA

I340E Del6

a-CaM q

Figure 3.3. Del6 keeps on binding CaM. Co-immunorecipitation of CaM and
K.7.2 tagged with mCFP and HA. Proteins from cells expressing the constructs
were immnuoprecipitated by using an anti-HA antibody, separated by SDS-PAGE
and analyzed by western blotting by using anti-CaM and anti-GFP antibodies. As a
negative control, I340E was also co-immunoprecipitated.

a-GFP

Thus, to examine the interaction in more detail, we performed zz vitro binding
assays using a fluorescent derivate of CaM (D-CaM). The D-CaM emission
spectrum is enhanced when the environment of the dansyl moiety becomes
hydrophobic. This tool has proved useful to detect conformational changes as a
consequence of interactions with Ca*', peptides or proteins (Alaimo ez al, 2009).
The apparent affinity observed in the dose-response for the CaM-Del6 binding
was almost identical to that obtained with the WT binding site, while the maximal

fluorescence emission was only slightly but significantly reduced (Fig. 3.4). So, the
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impact of the linker on surface expression appears to be unrelated to its

interaction with CaM.
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Figure 3.4. Characterization of Del6-CaM interaction.

A. Emission spectra of 12.5 nM D-CaM in the absence (left panel; 10 mM EGTA
and no added Ca?*), and in the presence of 2 uM free Ca?* (right panel), as well as
in the presence of molar excess of the indicated GST-K,7.2 fusion proteins (200
nM). Note the difference in the fluorescence emission axis, as well as the shift in the
peak emission to the left in the presence of Ca?".

B. Relative concentration-dependent enhancement of D-CaM fluorescence
emission in the absence (left) and presence of 2 uM free Ca?* (right). The
parameters used to fit a Hill equation to the data for WT in absence of Ca?* were:
Max= 111 + 1.4, ECso= 11+0.5 nM, h= 1.8 £ 0.2 (0=9). For Del6 in absence of
Ca?": Max= 83 + 1.3, EC5o0= 13 £ 0.7 nM, h = 1.5 £ 0.1 (n=5). For WT in the
presence of Ca?*: Max= 115 + 2.2, ECso= 27 = 1.2 nM, h= 3.1 * 0.4 (n=9). For
Del6 in presence of Ca?": Max= 95 * 1.1, EC50= 31 £ 0.8 nM, h = 4.2 = 0.3 (n=5).
The data represent the means = S.E.M. The error bars are smaller than the symbols.
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3.2.3 Removal of the A-B linker increases protein yield in

mammalian cells

Protein levels induced by the expression of the WT and Del6 constructs were
compared by loading increasing amounts of the sample protein extracts into SDS
gels, which were then analyzed by western blotting. To obtain a signal comparable
to that seen for the Del6 extracts, approximately fivefold more sample was

required from cells expression WT subunits (Fig. 3.5).

Myc-WT Myc-Del6

7
o <

a-Myc e — — —

a-tubulin - — sl

10 30 50 10 30 50
Sample Load (UL)

Figure 3.5. The Del6 mutant subunit presents increased K,7.2 total protein.
Western blot of increasing sample load from HEK293T cells extracts expressing the
same amount of DNA encoding WT or Del6 -Myc tagged subunits. The optical
densities (OD) of the bands were analyzed using Image] software. A linear
regression fit was obtained from the OD »s load relation. From this regression, the
amount required to obtain the same OD’s was found to be 4.7 £ 1.22 fold larger
(n=5) for WT subunits than for the Del6 mutant K,7.2 subunits.

In order to determine the effect of Del6 over WT and vice versa, co-expression
assays were performed transfecting both subunits in a ratio 1:6 in each case, being

each construct tagged with a different epitope Myc/GFP) (Fig. 3.6A). Thus, only
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channels incorporating at least one Myc-tagged subunit could be detected and,

due to the greater amount of cDNA encoding non-Myc-tagged subunits (6 fold

that of the mutant/WT subunits), the vast majority of the channels detected

contained one Myc-tagged mutant subunit and three non-Myc-tagged subunits.

The rationale is that, given that assembly of K 7.2 is a random process (Stewart ez

al., 2012) mass action will favor the assembly of Myc-tagged subunits with the

most abundant non-tagged subunits.
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Figure 3.6. Co-expression of Del6/WT constructs.

A.- The steady-state protein levels are inversely proportional to the number of A-B
loops present in the tetrameric K,7.2 assemblies. Western blot of protein extracts
from HEK293T cells expressing Del6 (right panel) or WT -Myc subunits (left
panel) when co-expressed with a six large fold larger amount of plasmid DNA
coding the indicate YFP-tagged protein (n=4). Myc tagged WT and Del6 K,7.2
channels were detected using anti-Myc antibody. Del6 protein levels decreased
when co-expressed with WT subunits, whereas increased protein levels of WT were
detected when co-expressed with Del6. A schematic representation of the
theoretical assemblies detected with the anti-Myc antibody is represented at the top.
The subunits that were overexpressed and that lack a Myc tag, so they are not
detected in the western blot, are indicated at the bottom of each lane.

B.- Normalized quantification of western blot signals as a function of the
theoretical number of A-B loops present on the detected channel assemblies. On
each western blot, the OD's wete normalized to the signal obtained for tubulin. The
values were subsequently normalized to those obtained with Del6 or WT -Myc in
the same western blot. Data points for 0 (Del6) and 4 (WT) loops were derived
from data obtained as in panel A, data points for 1 and 3 loops were obtained from
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western blots equivalent to the left and right columns in panel B, respectively. The
points represent the means = S.E.M. (n=4).

The number of loops present in the tetrameric K 7.2 channel was inversely
correlated with the steady-state protein expression. Indeed, the protein yield in
cells expressing loop-less mutant subunits was reduced when were co-expressed
with an excess of the WT subunits (Fig. 3.0A, right panel). In this way, these
channels contained 3 and 0 loops, respectively, and accordingly, we could plot the
relative protein abundance as a function of the number of loops (Fig. 3.6B).
Similarly, the relative protein abundance of channels having 4 and 1 loops was
examined (Fig. 3.6A, left panel), and the results were incorporated into Figure
3.6B. Given the increase in protein levels and surface expression observed in
oocytes expressing different helix A-B linker deletion mutant constructs, these

results suggest a causal relationship between protein yield and surface expression.

3.2.4 The presence of the A-B loop does not augment the rate of
protein degradation

The increase in protein yield by Del6 may be due to a reduction in the degradation
rate or, alternatively, to an increase in the rate of protein synthesis. The sequence
connecting helices A and B reveals the existence of three PEST motives (Fig. 3.7).
These motives are rich in proline (P), glutamate (E), serine (S) and threonine (T)
(Rogers et al., 19806), are often encountered in CaM binding proteins that are
susceptible to proteolysis by endogenous neutral proteases such as calpain I and
calpain II (Barnes and Gomes, 1995), and have been found to promote the rapid

degradation of proteins (Rechsteiner and Rogers, 1996).
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fA—%leHsFB—-C-—?-E-

PEST1 (K397-K408): AFR KDPPPEPSPSQK vs PESTfind score: +19.06
“—— 12aa—>

PEST2 (R437-K451): TVR RSPSADQSLEDSPSK vP PESTfind score: +12.62
+— 15 aa —

PEST3 (R476-K493): AAS RQNSEEASLPGEDIVDDK sC PESTfind score: +6.09
< 18 aa >

PEST4 (R803-R826): AKV RPYIAEGESDTDSDLCTPCGPPPR sA PESTfind score: +8.60
< 24 aa >

Figure 3.7. Schematic representation of the C-terminal of the K,7.2 subunit
with the PEST sequences.

The boxes in the expanded intracellular C-terminus indicate regions with a high
probability of adopting an alpha helix configuration. Squares (numbered 1 to 4)
indicate regions with a significant PESTfind score. The PESTfind scores
(www.biuicnet.uk/projects/pest) were 19.06, 12.62, 6.09 and 8.6 for PEST1

(397KDPPPEPSPSQK408), PEST2 (437RSPSADQSLEDSPS451), PEST3
(476RQNSEEASLPGEDIVDD493) and PEST4  (303RPYIAEGESDTDSDLCTPCGPPPRs2s),
respectively.

Therefore, we tested the impact of the loop on protein degradation. HEK293T
cells were treated with the protein synthesis blocker cycloheximide (CHX) for
various time periods and the remaining protein levels after degradation were
evaluated by western blotting. However, contrary to our expectations, in four
independent experiments we did not observe differences in the stability of the

protein that could account for the increased protein yield (Fig. 3.8).
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Figure 3.8. HEK293T cells treated with CHX for various time periods.

CHX treatment assay of K,7.2 subunit in HEK293T cells. Cells were transfected
with plasmids WT and Del6 —Myc and treated with protein synthesis inhibitor CHX
(cycloheximide, 75 pg/ml) for the indicated time petiod (0, 3, 6, 9, 12 and 24 H).
After degradation, the remaining proteins were separated by SDS-PAGE, and
analyzed by western blotting using anti-Myc or anti-tubulin antibody.

We also tested lysosomal and proteasomal inhibitors, such as chloroquine (CQ)

and MG132 respectively. No significant differences were observed after 10 h
treatment with MG132 (n=3), as (Soldovieri ez al, 2006). After 10 h treatment

with CQ, the levels of channels that are not carrying the A-B loop tended to be

larger (n=3), (Fig. 3.9). However, the differences were modest, and further

experiments are required to test the contribution of this pathway.
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Figure 3.9. Lysosomal and proteasomal inhibitors. Shown is a degradation
assay using proteasome (MG132) and lysosome inhibitor, CQ of WT- or Del6 in
HEK293T cells. Cells were transfected with plasmids WT and Del6 —Myc and
treated with CQ (50 uM) and MG132 (20 pM) for the indicated time periods.
Samples were loaded in lanes from the left in the following order: control without
any treatment (24 h), vehicle (PBS) for the CQ treatment after 10 hours and
(DMSO) for the MG132 treatment after 10 h. After degradation, the protein
extracts were separated by SDS-PAGE and analyzed by western blotting using anti-
Myc and anti-tubulin antibodies (n=2).

To further test the impact of the loop on the stability of K|7.2, we performed
pulse and chase experiments revealing that the degradation rate was not reduced
after loop removal (Fig. 3.10). On the contrary, the removal of the loop
apparently led to a faster degradation rate. The simplest explanation, therefore, is
that the presence of the loop causes a reduction on the rate of K 7.2 protein

synthesis.
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Figure 3.10. The Del6 mutant subunit presents a faster degradation rate.
Pulse-chase analysis of WT and Del6 subunit stability. Densitometric quantification
of the bands normalized to the value at time 0 (no chase). Each data point is the
mean * S.E.M. calculated from three separate experiments. Inset: representative
images of autorradiographic films of experiments in HEK293T cells transfected
with the indicated plasmids. Metabolic labeling was performed for 1 H, 36 H post-
transfection, followed by chase times of 1, 2 and 4 H.

3.2.5 Removing the linker between helices A-B is compatible with
channel function in HEK293T cells

Cells expressing mutant subunits give tise to functional channels (Fig. 3.11). In
this set of experiments, we took advantage of the presence of a fluorescent tag on
the subunits to select cells with similar levels of protein expression. Thus,
differences of the current size cannot be attributed to changes in the total number

of channels in the cell. Nevertheless, the averaged current density tended to be
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higher in Del6 expressing cells, although due to the data scattering, the difference

did not reach statistical significance.
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Figure 3.11. Removal of the A-B linker results in functional K,7.2 channels.
A.- Representative currents recording from HEK293T cells transfected with WT-
and Del6-, activated from a holding potential (Vh) = -30 mV after 1,500 ms steps to
the indicated voltages.

B.- Current density-voltage relationship from tail currents of WT' (n=13) or Del6
(n=15) channels. Each point represents the mean = S.E.M. A Boltzmann equation
D = Dmax/(1+e((V-V1/2)/S)) was fitted to the data. The averaged Boltzmann
parameters were: WT: V1/2 = -34.8 £ 1.9 mV, Slope = 11.6 + 1.7, Dmax = 30.7
0.9 pA/pF; Del6: V1/2 = -30.6 £ 5.1 mV, Slope = 11.2 + 4.5, Dmax = 34.4 + 2.6
pA/pF; Del2: V1/2 = -29.6 = 5.5 mV, Slope = 142 £ 4.5, Dmax = 34.1 + 2.6
pA/pF.

On the other hand, the impact of the deletion on the Boltzmann parameters was
not significant (see Fig. 3.11 legend). Of note, we found that there was no
correlation between subunit expression based on fluorescent signal and functional

electrophysiological detection.
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3.2.6 The PIP, sensitivity is not reduced after A-B loop removal

It has been shown that the loop between helices A and B has a strong influence
on PIP, dependent function of K.7.2 subunits (Hernandez e al, 2008). The
current view is that PIP, binding is essential for K7 channel function. Due to the
PIP, dependence, it can be expected that disruption of the proposed PIP, site will
lead to a large reduction in functional channels. To test this hypothesis, we
evaluated the PIP, sensitivity of the channels using a voltage-dependent
phosphatase (Murata ez a/., 2005). The advantage of using this phosphatase is that
no other signaling pathways, such as Ca®" or PKC activation, are recruited,
simplifying the interpretation of the results. In the experiment shown in Figure
3.12, a current relaxation is evoked by a depolarization step to -20 mV, a voltage
at which the phosphatase is not activated. This control pulse reveals the basal
current levels. The second pulse to +100 mV activates the phosphatase. In
response to this second pulse more channels open, as revealed by the initial
current increase. Simultaneously, the levels of PIP, decrease, causing, after a delay,
a reduction on the current. Providing that the rate of PIP, resynthesize is the
same, as shown in Fig. 3.12D, the rate of current reduction is related to the
affinity for PIP,, such as the faster the rate, the lower the affinity (Fig. 3.12B). In
addition, the final current levels depend on the duration of the test pulse (Fig.
3.12C), and from the relation between pulse duration and current levels, the
relative affinity can be evaluated. We found that the rate of current reduction was
slower in Del6 channels, but the difference was not statistically significant (Fig.
3.12B). Consistent with this result, the relation between pulse duration and
current levels also suggested that the channels without the A-B linker had a higher
PIP, affinity (Fig. 3.12C). However, the differences did not reach statistical

significance due to the scatter of the data from cells expressing Del6 channels.
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Taking all these observations together, we can conclude that removal of the A-B

linker does not cause a reduction in PIP, affinity.
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Figure 3.12. Removal of the A-B linker does not decrease PIP; affinity.

A.- Current recorded in cells transfected with WT and Danio rerio voltage dependent
phosphatase (VSP, red) and Del6 + VSP (blue) activated from a holding potential
(Vi) = -60 mV. The initial pulse to -20 mV opens the channels without activating
VSP. The second pulse to +100 mV opens additional channels faster than VSP is
activated, giving rise to an initial current increase, followed by a decline. The decline
phase is governed by the reduction on PIP; levels at a rate that depends on the PIP,
affinity of the channels. After a variable period (2.560 ms in this example), voltage is
returned to -20 mV, and the relative inhibition can be measured. This protocol is
described in detail in (Falkenburger e/ al., 2010).

B.- Averaged time course of the current decline during 2.560 ms VSP activation at
+100 mV in cells transfected with WT' + VSP (red; n=06) and Del6 + VSP (blue;
n=11) subunits. The shadows represent the mean £ S.E.M.

C.- Normalized cutrent at -20 mV (after/before step to +100 mV) for different
durations at +100 mV. Each point represents the mean * S.E.M. for 6-11 cells.
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The data from cells expressing Del6 subunits presented a large scatter, and the
differences with the data from WT expressing cells did not reach statistical
significance.

D.- Time-course during recovery at -20 mV. The shadows represent the mean *
S.E.M. for data from cells expressing WT (red) or Del6 (blue) channels. The rate of
recovery after PIP; depletion was indistinguishable.

3.2.7 There is a significant increase in the number of cells

displaying surface staining when transfected with Del6

To examine surface expression in mammalian cells, subunits with two extracellular
HA epitope between S1-S2 were employed. Transfected non-permeabilized cells
were surface immunostained and examined by epifluorescence followed by
confocal microscopy. The presence of this extracellular epitope in conjunction
with an N-tagged fluorescent protein allowed us to monitor surface and total
expression simultaneously. Cells with comparable total fluorescence signal were
selected for the analysis. Similar to the whole-cell recording experiments, the
variations in surface expression cannot be ascribed to differences in total protein.
Of the cells expressing WT subunits, only about 35 % presented a clear surface
expression signal, whereas this percentage increased to 60 % in the population
expressing the Del6 mutant subunit (Fig. 3.13). Thus, in addition to favoring
protein yield, removal of the linker also appears to facilitate the traffic of the
channels to the plasma membrane. The inspection of the images revealed that a

direct correlation between total protein levels and surface expression did not exist.
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Figure 3.13. Surface expression of WT and Del6 subunits in human
HEK293T cells.

Analysis of confocal images of cells expressing the indicated constructs. The
subunits have a mCFP tag at the N-terminus (rendered in green) and an
extracellular 2xHA tag, allowing simultaneously monitoring total (green) and surface
expression (red). The proportion of the cells in confocal images with surface
staining was determined in > 40 mCFP positive cells for each construct in three
independent experiments.

A.- Grey bars represent mean + S.E.M. of the percentage of cells expressing the
channel at the surface. *** P < 0.001; unpaired Student's 7 test.

B.- Representative images of cells expressing the indicated subunit.

C.- Ratio of surface/total expression (tred fluorescence/cyan fluorescence) from
wide field epifluorescence images of cells expressing the indicated K,7.2 subunits.
*f* P < 0.001; unpaired Student's 7 test.

D.- Plot of the cyan fluorescence »s red fluorescence intensity from wide field
epifluorescence images of cells expressing the indicated subunits. There was no
correlation between total and surface expression (>90 cells from >5 independent
experiments).
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Figure 3.13 includes a striking example that illustrates this lack of correlation. The
bottom of Figure 3.13B shows a field with two cells with similar protein
expression levels. Whereas a robust surface signal is present in one cell, no label is
discernible in the other. A similar pattern was found in > 90 % of the fields
examined. Quantitation of total and surface expression in wide field
epifluorescence images also demonstrated an increase in membrane staining after
removal of the A-B linker (Fig. 3.13C). A plot of total »s. surface signal from more
than 90 cells for each subunit is displayed in Fig. 3.13D, further highlighting the
lack of correspondence between these two parameters. These observations are
consistent with the functional variability observed in the electrophysiological

recordings described previously.

3.2.8 The K,7.2 A-B linker does not have a major impact on the
steady-state protein level of K,7.3 subunits

K.7.3 subunits are the main component of the M-current, and facilitate surface
expression and function of K7.2 subunits. To test whether the K 7.2 A-B loop
affected K,7.3 protein yield, WT or Del6 were co-expressed with K 7.3 subunits
at a 5:1 ratio, and the intensity of the protein bands were examined by western
blotting. The K|7.3 subunits were tagged with YFP, and revealed with anti-GFP.
As a reference, YFP-tagged K,7.3 subunits were co-expressed with molar excess
of K,7.3 subunits without the YFP tag, which cannot be detected with the anti-
GFP antibody. Figure 3.14 and 3.15 show that K 7.2 subunits caused a significant
reduction on K7.3 protein signal. However, the impact on K 7.3 protein yield of
WT and Del6 was indistinguishable (Fig. 3.14B).
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Figure 3.14. The K,7.2 A-B linker is not critical for K,7.2 mediated reduction
on K,7.3 protein levels.

A.- Western blot of protein extracts from HEK293T cells transfected with YFP-
K.,7.3 and the constructs indicated at the bottom of each column at a 1:5 ratio. The
constructs indicated at the bottom did not have a fluorescent protein tag, and were
not detected by the anti-GFP antibody.

B.- Densitometric quantification of the band intensity relative to the tubulin signal,
normalized to the value obtained for cells overexpressing K,7.3. Overexpression of
WT- or Del6-K,7.2 caused a significant reduction in the signal of YFP-K,7.3, and
the extent reduction was not statistically different. Bars represent mean = S.E.M.
from 5 expetiments. ** P < 0.01; * P < 0.05; paired Student's 7 test.

Similarly, the protein levels of WT and Del6 channels were not affected by the
overexpression of K 7.3 subunits (Figs. 3.15A and B).
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Figure 3.15. The K,7.3 is not being affected by both WT and Del6 subunits.
A.- Western blot of protein extracts from HEK293T cells cotransfected with YFP-
WT and Del6 subunits and the HA-K,7.3 construct at a 1:5 ratio. The construct
indicated at the bottom did not have a fluorescent protein tag, and was not detected
by the anti-GFP antibody.

B.- Densitometric quantification of the band intensity relative to the tubulin signal,
normalized to the value obtained for cells overexpressing K,7.2. No significant
differences were observed on the relative abundance of WT or Del6 subunits upon
K,7.3 overexpression.

The functional impact of the linker on heteromers was next examined. As
previously shown in oocytes (Etxeberria e al, 2004; Schwake ez al., 2000),
HEK?293 cells expressing heteromers channels displayed larger currents (Fig.
3.16B) and an increased surface expression (Fig. 3.17A and 3.17B).
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Figure 3.16. K,7.3/Del6 heteromers displayed larger cutrents

A.- Representative current recording from HEK293T cells transfected with K.7.3
and WT or Del6, activated from a holding potential (Vi) = -30 mV after 1,500 ms
steps to the indicated voltages.

B.- Current density-voltage relationship from tail currents of K,7.3 co-expressed
with WT or Del6 (n=7) K,7.2 subunits. Each point represents the mean = S.E.M.
The averaged Boltzmann patameters were: K,7.2/3: Vi2 = -38.2 = 8.5 mV, Slope
=12.6 + 5.1, Dmax = 73.0 + 3.4 pA/pF; Del6/3: V12 = -51.6% 3.5 mV, Slope =
12.0 £ 3.1, Dmax = 94.3 * 8.4 pA/pF. Inset: Maximal current density from cells
expressing the indicated subunits. * P < 0.05 for maximal density; unpaired

According to the results obtained on protein abundance, the linker had no

significant influence on current density, although there was a tendency for

Del6/K,7.3 heteromers to yield larger cutrents (Fig. 3.16B). However, K, 7.3 had a

significant influence on the surface expression of K 7.2-WT, and while the surface

expression of this subunit almost is tripled, that observed by the Del6 is nearly

quadrupled (Fig. 3.17). Taken together, these data indicate that removal of the

linker favors sutface expression of K,7.2/3 heteromerts.
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Figure 3.17. Influence of K,7.3 in surface expression of WT and Del6
subunits. On the top, cartoon representing the scheme of the experiment,
indicating that only K,7.2 subunits are detected at the surface due to the presence of
the 2HA tag. Middle, bar graph of the surface expression index normalized to the
same index obtained without K,7.3. The relative increase in surface expression
caused by K.7.3 was significantly larger for Del6 subunits. * P < 0.05; unpaired
Student's # test.
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E ffect of tetramerization in calmodulin

binding and surface expression of K,7.2
Subunits

4.1 Iﬂtroa’mtioﬂ

The molecular mechanisms that direct the specific assembly of K7 channels are
not well understood. The distal C-terminal half contains two tandemly arranged
coiled-coils that are supposed to direct the oligomerization: helix C, that forms
dimers, and subsequently helix D, that form tetramers (Haitin and Attali, 2008).
This region, also called the A-domain, appears to carry all the information for
directing the subtype-specific assembly determinants (Haitin and Attali, 2008;
Howard ef al, 2007). Helices A and B form the binding site for CaM, whose
association is required for proper channel assembly and function (Gamper and
Shapiro, 2003; Ghosh ez al., 2006; Shamgar ez al., 2006; Wen and Levitan, 2002; Yus-
Najera ¢t al, 2002). In K7 channels has been shown that LQT mutations that
perturb or significantly weaken the CaM interaction, result in little channel

expression in living cells (Ghosh ¢z a/., 2006; Shamgar ez al., 2000).

Hence, CaM binding seems to be critical for ion channels, whose number and
composition at the cell surface determines how cells respond to different stimulus

(Gomez-Posada et al., 2011).
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Aim of the study

While helices A and B encode the CaM binding domain of K 7 subunits, helices C
and D are responsible for the K7 channel assembly. In the present chapter we aim
to determine the relationships between CaM binding and tetramerization in order
to elucidate the factors that define the trafficking of K 7.2 subunits to the plasma
membrane. In this chapter, it is shown that tetramerization favors CaM binding and

we have identified a residue that is involved in channel trafficking.

4.2 Rem/ts

4.2.1 Del2 mutant does not prevent channel function

Continuing with the deletions performed along the C-terminal of K 7.2 channel
(Chapter 3, Fig. 3.1), and once known that Del2 mutant increased protein yield in
oocytes (Fig. 3.1, 3.2), the next step was to elucidate the impact of this construct on

channel function.

Experiments of patch clamp in whole-cell configuration were performed in
HEK293T cells transfected with Del2 subunits. Strikingly, Del2 mutant subunits
had an electrophysiological behavior indistinguishable from that of cells expressing
the WT subunits (Fig. 4.1). In addition, the impact of the deletion on the
Boltzmann parameters was not significant. Of note, as in Del6, there was no
correlation between subunit expression (based on fluorescent signal) and functional

electrophysiological detection.
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Figure 4.1. Del2 mutant currents are indistinguishable to those obtained for
the WT in HEK293T cells.

A.- Representative current recordings from HEK293T cells transfected with WT-
or Del2-K,7.2, activated from a holding potential (Vi) = -30 mV after 1,500 ms
steps to the indicated voltages.

B.- Current density-voltage relationship from tail currents of WT (z = 13) channels.
Each point represents the mean * S.EM. A Boltzmann equation D =
Dmax/(1+e-Vy»/9) was fitted to the data. The averaged Boltzmann parameters
wete: WT: Viz = -34.8 £ 1.9 mV, Slope = 11.6 + 1.7, Dmax = 30.7 £ 0.9 pA/pF;
Del2: Vy/2 = -29.6 £ 5.5 mV, Slope = 14.2 + 4.5, Dmax = 34.1 + 2.6 pA/pF.

4.2.2 Del2 mutant retains the ability of binding calmodulin

To examine the ability of the Del2 and the Del6 subunit mutants to bind CaM, co-
immunoprecipitation assays were performed. The results were compared to those
obtained with the I340E mutant, a mutation that disrupts CaM binding preventing
its surface expression (Etxeberria ez @/, 2008). Those experiments revealed that

CaM interacted with the deleted constructs (Fig. 4.2).
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Figure 4.2. Del2 and Del6 mutant subunits bind CaM. Co-
immunoprecipitation of full-length mCer-2HA-tagged K,7.2 channels. Proteins
from HEK293T cells expressing the constructs indicated were immunoprecipitated
with the anti-GFP antibody, separated by SDS-PAGE and analyzed by western blot
probed with anti-CaM or anti-GFP antibodies.

4.2.3 K,7.2 helices A-B Del2 fused to Tac do not bind CaM and
present reduced glycosylation levels

Previously in the laboratory the trafficking reporter protein Tac has been used to
identify determinants of surface expression and it has been observed that the CaM
binding site controls the trafficking when is transferred to the Tac protein
(Etxeberria ez al, 2008). It contains an extracellular N-terminus, a single
transmembrane domain and a short C-terminal tail, being constitutively expressed
on the cell surface in its native state (Standley e7 a/, 2000). Tac is synthesized as a
precursor of 48 kDa, and after being glycosylated in the Golgi it acquires its mature
state of 55 kDa. So, to study the influence of the Del2 subunit on trafficking, we

designed chimeras composed by Tac, the C-terminus of the K7 channel and to
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facilitate the detection, a mCFP fluorescent protein was fused at the end of the C-

terminal of the channel.

Flow cytometry experiments allow us to record the fluorescent signal from each
individual cell. By using the Tac protein reporter (which is mainly expressed at the
cell surface) we were able to detect those proteins that are surface stained because
cells are not permeabilized. After computational analysis, the result obtained for the
experiment will be a histogram that informs about the intensity of fluorescence that

each cell has.

Flow cytometry and western blotting assays performed in the past in the laboratory
showed that fusion of helices A and B of the K 7.2 subunit does not affect the
surface expression when inserted in the Tac monomeric protein. The trafficking
parameters obtained for the construct containing the helices A and B were almost
equal as for the Tac-CFP (Etxeberria ez al., 2008). As expected, the negative control
I340E mutant almost completely suppressed surface expression. Glycosylation
levels were in agreeing with flow cytometry results, where a reduction on the high

molecular weight band was observed for the I340E mutant (Fig. 4.3C, D).

The next step was to further analyze the effects of Del2 and Del6 in Tac (Tac-AB-
Del2-CFP, Tac-AB-Del6-CEP).

Flow cytometry analysis of the Del2 mutant gave a remarkably distinct pattern as
compared to both the WT and the Del6 construct. As it can be observed in Fig.
4.3A, the obtained histogram reflects a highly heterogeneous sample, Del2 cells
expressing a wide range of fluorescent intensities. In contrast, both the WT and the
Del6 construct showed the generation of rather uniform fluorescent-enriched cell
populations, reflecting an efficient surface expression. The statistical analysis of the

flow cytometry data strengthens the disparity of the obtained results (Fig. 4.3 B).
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The index of surface expression obtained by the Del2 construct is less than the half
of the Del6 construct, (37.9 % »s. 100,7 %), while the glycosylation index is 116 %
vs. 198 % respectively. As results show, there is a correlation between surface
expression and glycosylation in both constructs, meaning that both are leaving the

ER and reaching the Golgi apparatus although Del6 is better surface expressed
(Fig. 4.3).
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Figure 4.3. Del2 in the Tac protein displays a reduction in the surface
expression

A.- Flow cytometry histograms representing the fluorescence of 10,000 cells
(events). All histograms are overlapped with the one obtained with the AB
construct. It is observed that AB and Del6 are efficiently expressed in the surface
comparing to the 1340E construct.

B.- The normalized sum of the product of the number of events and fluorescence
intensity from the flow cytometry histogram distribution is plotted as surface
expression index. Tac-AB-CEFP= 100 % (n=4), Tac-AB-Del6-CFP= 100.7 % (n=4),
Tac-AB-Del2-CFP= 37.9 % (p=<0.01** n=4) and Tac-AB-I340E-CFP (p=<0.001***,
n=4).

C.- Protein extracts from HEK293T cells expressing the indicated constructs by
using anti-GFP antibody. The upper and the lower band correspond to the mature
and the immature band respectively.

125



TETRAMERIZATION, CALMODULIN BINDING AD SURFA_

D.- The glycosylation of the Del6 construct was larger than that of the AB and
Del2 constructs and significantly different. Del2 construct was larger than AB but
not significantly different. Tac-AB-CFP= 100 % (n=3), Tac-AB-Del6-CFP= 198 %
(p=0.01 *¥) Tac-AB-Del2-CFP= 116 % and Tac-AB-I340E-CFP= 38 %
(p=0.01***), n=3, paired Student’s 7 test.

4.2.4 Trafficking and CaM binding

To further analyze the relationship between trafficking and CaM binding, Del6 and
Del2 constructs were co-immunoprecipitated from solubilized membranes of
transiently transfected HEK293T cells. Strikingly, in this set of experiments, not
much CaM appeared to be associated with any of the constructs without helices C
and D (Tac-AB-CFP, Tac-AB-Del2-CFP, Tac-AB-Del6-CFP) comparing to the full
channel configuration (Fig. 4.2), being the Del2 mutant the one with the less CaM
bound (Fig. 4.4B). However, previous experiments performed in the laboratory by
Dr. Paloma Aivar showed that no CaM appeared to be associated with the Del2
subunit compared to the Del6 construct (Fig. 4.4A). Those differences between the
experiments could be associated with problems regarding the effectiveness of the
different antibodies. In any case, the Del2 mutant shows a decrease on the intensity

of the CaM band compared to the Del6 construct in both cases.
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Figure 4.4. CaM binding is impaired in the Del2 mutation.

A.- Tigure extracted from Dr. Paloma Aivar’s Thesis were it is shown that Del2
impairs CaM binding.

B.- Protein complexes from HEK293T cells expressing Tac-K,7.2-C-terminus
subunits were immunoprecipitated with anti-GFP antibody, separated by SDS-
PAGE and analyzed by western blotting. In the picture are represented the K,7.2
subunits and immunoprecipitated endogenous CaM detected with anti-GFP and
anti-CaM antibodies, respectively.

4.2.5 Tetramerigation and trafficking

To further analyze the impact of the tetramerization domain over the WT and the
Del2 subunits, helices C and D were fused. Remarkably, CaM binding was
recovered (Fig. 4.4B).

However, flow cytometry experiments revealed that the trafficking of the

constructs was affected when helices C and D were fused, as Dr. Paloma Aivar
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showed before in the laboratory as well as glycosylation (Fig. 4.5). Since CaM
binding is recovered when helices C and D are fused, it would be expected a
recovery in the trafficking but however, those prevent the trafficking of the

constructs to the membrane.
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Figure 4.5. Flow cytometry analysis of the chimeras

A.- Flow cytometry histograms. It is observed that Tac-ABCD-CFP and Tac-AB-
Del2-CD-CFP are not efficiently expressed in the surface comparing to the AB
construct. All histograms are overlapped with the one obtained with the AB
construct.

B.- The normalized sum of the product of the number of events and fluorescence
intensity from the flow cytometry histogram distribution is plotted as surface
expression index. Tac-AB-CFP= 100 % (n=4), Tac-ABCD-CFP= 2252 %
(p=0.006** n=3), Tac-Del2-CD-CFP= 11.67 % (p=0.001*** n=3).

C.- Glycosylation levels are reduced when helices CD are inserted. Western blot
probed with an anti-GFP antibody of HEK293T cell extracts expressing Tac-CEFP
constructs carrying the indicated mutations.
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4.2.6 Is tetramerigation playing a role in CaM binding?

Something interesting is the fact that the Del2 construct when expressed in
HEK293T cells in the full channel configuration (mCer-K 7.2-Del2-2HA) behaves
in the same way as the WT, in terms of functionality, CaM binding and surface
expression. However, when Del2 is transposed to Tac, and helices C and D are
deleted (Tac-AB-Del2-CFP), CaM binding is reduced as well as surface expression
is. Indeed, when helices C and D are fused to Tac-AB-Del2-CFP (Tac-ABCD-
Del2-CFP) and Tac-AB-CFP (Tac-ABCD-CFP), CaM binding is recovered (Fig.
4.4).

Helices C and D are known to help in the assembly and tetramerization of the
K.7.2 channels, but, as well, they could be involved in more functions. In order to
characterize the tetramerization and assembly of K 7.2 channels, an artificial
tetramerization domain [TD, a mutated version of the GCN4 leucine zipper, pLI
(Harbury e al, 1993; Yuan et al, 2003)] was fused to the Tac-AB-Del2-CFP
construct, resulting in Tac-AB-Del2-TD-CFP. Co-immunoprecipitation from
solubilized membranes of transiently transfected HEK293T cells revealed that this
construct was now able to bind CaM, confirming that tetramerization helps CaM

binding (Fig. 4.4).

However, flow cytometry experiments revealed that surface expression was not
recovered in any of the constructs analyzed (Fig. 4.6A). Actually, all constructs to
which the TD was fused presented a similar flow cytometry pattern, as well as the
glycosylation pattern, which revealed a reduction on the high molecular weight

band, consistent with the results obtained by flow cytometry (Fig. 4.6B).
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Figure 4.6. Surface expression is abolished when TD is fused to the C-
terminus of K,7.2 subunits.

A.- Flow cytometry histograms where it is observed that Del2-TD and Del6-TD are
not efficiently expressed in the surface comparing to the AB construct.

B.- The normalized sum of the product of the number of events and fluorescence
intensity from the flow cytometry histogram distribution is plotted as surface
expression index. Tac-AB-CFP= 100 % (n=4), Tac-Del2-TD-CFP= 12,08 %
(p=0.006** n=3), Tac-Del2-CD-CFP= 6.48 % (p=<0.001*** n=3).

C.- Glycosylation levels are reduced when TD is inserted. Western blot probed with
an anti-GFP antibody of HEK293T cell extracts expressing Tac-CEFP constructs
carrying the indicated mutations. Tubulin is detected as a loading control.

In view of the results obtained, we analyzed the TD in the Tac protein to observe
how it affects to its trafficking. Singularly, the construct was not surface expressed,

suggesting that Tac is not compatible with signals related to multimerization.
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Iy Figure 4.7. The TD abolishes surface
‘ expression when fused to Tac protein.

Flow cytometry histogram where it is
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To examine the interaction in more detail, we performed binding assays as in

Chapter 3. As it can be observed in Figure 4.8, there is an increase in the

fluorescence emission of the D-CaM when Del2-TD is added, both in the presence

and absence of Ca”", indicating a conformational change upon binding to CaM. On

the contrary, no change on the fluorescence emission was observed in the case of

Del2. So, the presence of the TD is affecting CaM binding.
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Figure 4.8. Characterization of Del2-TD interaction with CaM.

A.- Emission spectra of 12.5 nM D-CaM in the absence (left panel; 10 mM EGTA
and no added Ca?*), and in the presence of 2 uM free Ca?* (right panel), as well as
in the presence of molar excess of the indicated GST-K,7.2 fusion proteins (200
nM). Note the difference in the fluorescence emission axis, as well as the shift in the
peak emission to the left in the presence of Ca?*.
B.- Relative concentration-dependent enhancement of D-CaM fluorescence
emission in the absence (left) and presence of 2 uM free Ca?* (right). The
parameters used to fit a Hill equation to the data for WT in the absence of
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Ca’"were: Max = 111 £ 1.4, EC50 = 11 £ 0.5 nM, h = 1.8 £ 0.2 (n = 9). For Del2
in the absence of Ca?": Max = 6.4 + 0.5, ECso = ND., h = ND. (n = 4). For Del2-
TD in absence of Ca?:Max = 88 £ 3.3, ECso =21 £ 21 aM, h =21 £ 0.3 (n = 4).
For WT in the presence of Ca?*: Max = 115+ 2.2, EC50 =27 + 1.2nM, h =3.1 £
0.4 (n = 9). For Del2 in the presence of Ca?": Max = 6.3 + 0.3, ECso = ND,, h =
ND. (n = 4). For Del2-TD in the presence of Ca?*: Max = 100 £ 5.9, ECsp = 42 £
57 nM, h =17 £ 0.3 (n = 4). The data represent the means * standard error from
four independent experiments. The error bars are smaller than the symbols. N.D.:
Not determined.

4.2.7 ldentification of relevant residues in the Del2 construct

In order to determine which are the aminoacids involved in the phenomena, a
systematic evaluation of the Del2 was performed, adding three by three aminoacids
each time, reducing the deletion until T368-T501, three aminoacids before the Del6

construct starts (Fig. 4.9).

Tac

T =

Del2: T359-T501

o
E
g
£
3

¥362-T501 - DLHSTWQY----------- TEDLTPG

R365-T501 - DLHSTWQYYER--—-—--—-— TEDLTPG

T368-T501 — DLHSTWQYYERTVT----- TEDLTPG
Del6: Y372-K493 — DLHSTWQYYERTVTVPMY-

Figure 4.9. Schematic representation of the deletions done. Sequence
alignment of the deletions performed done adding three by three aminoacids to
further analyzed the surface expression of the constructs by flow cytometry.
Deletions were performed by PCR following the protocol described in the
Experimental Procedures chapter (P1).
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Surprisingly, we observed by flow cytometry that just adding the following three
aminoacids (WQY) to Del2, surface expression was recovered. In the same way, the
glycosylation experiments showed an increase on the intensity of the high molecular

band, confirming the results obtained by flow cytometry (Fig. 4.10).
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Figure 4.10. Surface expression is recovered when next 3 aminoacids after
Del2 are included.

A.- All histograms are overlapped with the one obtained with the Del2 construct. It
is observed that all of the constructs are efficiently surface expressed. All histograms
are overlapped with the one obtained with the Del2 construct.

B.- The normalized sum of the product of the number of events and fluorescence
intensity from the flow cytometry histogram distribution is plotted as surface
expression index. Tac-AB, Tac-AB-Y362-T501, Tac-AB-Y362-T501 and Tac-AB-
T368-T501 constructs. There is no significance difference between the groups
(n=4).

C.- Glycosylation levels are recovered when next three aminoacids are added.
Western blot probed with an anti-GFP antibody of HEK293T cell extracts
expressing Tac-CFP constructs carrying the indicated mutations. There are not
significant differences between the groups.

Some new deletions were performed in which these first two aminoacids were
eliminated one by one (Fig. 4.11). These new constructs were again analyzed by

flow cytometry.

Tac

Del2: T359-T501 - DLHST-------——--- TEDLTPG
W360-T501 - DLHSTW------—--- TEDLTPG
Q361-T501 - DLHSTWQ-----—--- TEDLTPG
Y362-T501 - DLHSTWQY----—--- TEDLTPG

Figure 4.11. Sequence alignment of the different K,7 mutants. Three by three
aminoacids were added to further analyze the surface expression of the constructs
by flow cytometry. Deletions were performed by PCR following the protocol
described in the Experimental Procedures chapter (P1).
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Figure 4.12. Analysis of the Tac-chimeras.

A.- Flow cytometry histograms where all the constructs are efficiently surface
expressed. All histograms are overlapped with the one obtained with the Del2
construct.

B.- The normalized sum of the product of the number of events and fluorescence
intensity from the flow cytometry histogram distribution is plotted as surface
expression index. There are no significance differences between the groups (n=3).

This time by adding only one aminoacid to the Del2 construct (W) surface
expression was recovered (Fig. 4.12). It can be concluded that in the absence of the
W, trafficking regulation is lost, and probably this residue is also involved in CaM
binding, although more experiments should be performed to further corroborate

this.
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4.2.7 CD4 and its artificial tetrameriation domain as a new tool

So far, our results suggest that when tetramerization is restored CaM binding is
recovered. Therefore, we used the same domain that has been used to assemble the
Shaker potassium channel in the absence of the T1 domain (it mediates the
tetrameric assembly of this channel) (Zerangue e al, 2000) subcloned into CD4.
Yuan and collaborators used this construct to characterize an arginine-based ER
localization signal comparing different surface expression levels (Yuan ez al., 2003).
As they showed, CD4 both in the presence and the absence of the TD domain
were well surface expressed, so, the aim was to subclon the different C-terminal

constructs in order to restore surface expression.

Nevertheless, initial attempts did not give good enough results. In order to find the
optimal conditions that could make CD4 to behave in a similar way as Yuan and
collaborators observed, further experiments would be required. This way, we could
verify the potential connection between tetramerization, CaM binding and surface

expression.
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General discussion

Ion channels are broadly expressed throughout the body and they are implicated
in a large variety of diseases. Since the discovery of the first ion-channel-related
disease, the cystic fibrosis in 1989, the number of known neurological
channelopathies is increasing. Some of them have been already identified and
characterized, teaching us important lessons about the molecules and the cellular
processes that underlie electrical excitability and excitability disorders. In almost
29 different ion channel genes, mutations have been identified which develop in
monogenic diseases. Channelopathies affect almost all areas of neurological
practice, including epileptology movement disorders, headache, peripheral nerve,
pain and myology (Kullmann and Waxman, 2010). Potassium channels, the largest
ion channel group, contribute nearly to all the cellular electric signaling events,
being the main suspect of epilepsy one-quarter century ago. As most genetic
diseases, ion channel mutations are early manifested in life, being sometimes
restricted only to the developmental interval as neonatal seizures. Most known
channelopathies are dominantly inherited, some of them being only partially

penetrant or having highly diverse manifestations (Kullmann, 2010).

K,7 channels exhibit some structural and functional characteristics that make
them different from other potassium channels. The C-terminus with its structural
domains includes coiled-coil and amphipathic o helices that contain calmodulin-
binding motifs and basic amino-acid clusters. The distal C-terminus of K 7.2

channels plays an important role in channel trafficking, gating and assembly, being
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indeed a multimodular structure that also serves as the binding module for a
variety of molecules such as CaM and PIP, (Haitin and Attali, 2008; Howard ¢ a/.,
2007).

The data shown in this thesis demonstrates that the linker connecting helices A
and B is not essential for channel function. Instead, cells that are expressing
linker-less subunits yield more protein and allow the flow of similar current
intensities than those of cells expressing WT subunits. The data suggest that the
linker does not have a major impact on the maximal current, but it does almost

double the channel probability to reach the plasma membrane.

From these results, it can be inferred that if the currents are similar but there are
twice as many channels at the membrane, removal of the linker does indeed
reduce channel function. The basis of this reduction is unknown, but it is
probably not due to a reduction on PIP, affinity because there are no significant
differences between WT and Del6. In addition to PIP,, other regulators such as
PKC or CaM converge in the CaM binding site, causing a reduction in the channel
activity (Haitin and Attali, 2008). Presumably, the removal of the linker causes a
restructuration of the CaM binding domain leading to a reduction on the channel

probability to be opened.

The rules that govern the trafficking of K7 channels to the membrane are pootly
understood. The pore, the assembly domain and CaM have been shown to play
important roles (Alaimo ez al, 2009; Etxeberria et al., 2004; Gomez-Posada ez al.,
2010; Schwake ez al., 2000). The surface expression analysis on human HEK293T
cells revealed a remarkable lack of correlation between total and surface
expression. In other words, an increase in protein production does not necessarily
lead to an increase in surface expression and function. This lack of correlation

between protein amounts and function point to the existence of unknown
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underlying variables within the cell that may play a major role on the trafficking.
But, which is the nature of these variables? Given its implication on the
trafficking, CaM is a likely candidate. However, in preliminary experiments
overexpressing CaM we still observe a great degree of variability, suggesting that
other factors apart from CaM are involved. Although CaM binds to helices A-B,
we have found that removal of the linker has a small impact on the interaction
and, based on the analysis of a series of CaM-binding perturbing mutants, the z
vitro results would predict a reduction in surface expression (Alaimo ez al., 2009).
Thus, the results of the binding assays suggest that CaM is not playing an

important role in the linker-mediated effects.

We have found that the protein yield depends on the number of loops present in
the channel, such that cells expressing channels with four loops have much lower
steady-state levels than cells expressing loop-less channels. What is the mechanism
for this loop-dependent decrease in protein production? The simplest explanation
for the observed results is that the loop promotes protein degradation, and the
more loops are present, the faster the degradation rate. However, we did not
obtain any evidence supporting this view. On the contrary, the degradation rate of
loop-less subunits appeared to be slightly faster than that of four loop containing
channels. If the degradation rate is not increased, we are immediately forced to
propose that the synthesis rate is reduced as a function of the number of loops

present in the tetrameric assembly.

Little is known regarding protein rate synthesis regulation in eukaryotes. It is well
documented that nascent peptide-dependent translation arrest is crucial for the
quality control of eukaryotic gene expression. Along the ribosomal exit tunnel,
pausing due to charge-specific interactions between the tunnel and the nascent

peptide has been inferred (Lu and Deutsch, 2008). Although 7z vitro elongation is a
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relatively uniform process, some heterogeneity has been observed 7 vivo, leading
to the hypothesis that elongation of nascent chains may be the target of biological
regulation (Cruz-Vera ef al, 2011; Fahraeus, 2005; Ito et al, 2010; Tenson and
Ehrenberg, 2002). Because the loops in one K7 subunit affect the yield of a
different subunit, the lack of effect on the degradation rate implies that the
synthesis of the subunits may be coupled. In other words, if the rate synthesis of
one subunit is very slow (because it has a loop), that will cause slowing down the
synthesis of another subunits. How can this occur? One possibility is that the
subunit assembly is completed before the synthesis is completed so the loop in
one subunit affects the fate of the whole complex. In fact, studies carried out with
K.1.3 potassium channels, which have an N-terminal tetramerization domain
called T1, have demonstrated that T1 tetramers form between neighbouring
subunits while the nascent channel peptides are still attached to the ribosomes,
perhaps before the monomer is completely synthesized (Lu ez @/, 2001). In K7
channels, the A-B loop is located after the transmembrane domain, which in some
channels is sufficient for tetramerization. The fact that the effect of the loop is
subunit-specific suggests that helices C and D, which have been implicated in K7
subunit-specific assembly (Maljevic ez al., 2003; Schwake ez al., 2006), may play a
role on the process. However, these two helices are located downstream the A-B
linker. This theory implies that the loop will influence the synthesis rate even after
it has been fully read by the ribosome. It has been proposed that channels with a
C-terminal assembly domain may be held in the translocon and released into the
bilayer in a coupled event with C-terminal tetramerization (Deutsch, 2003).
However, the temporal and spatial sequence of events for the assembly and for

the K7 channel translocation is completely unknown.

Another puzzling observation from the present thesis is that the K7.2 loop did

not affect the production of K 7.3 subunits, and that the presence of K 7.3 did
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not affect the relative total protein levels of K 7.2 with and without the loop.
What is the basis for this specificity? One possibility is that the synthesis rate of
K,7.3/K.,7.2 is so slow that further delays caused by the K 7.2 loop are
inconsequential. Alternatively, the loop may function in conjunction with other
determinants that are not present in K 7.3, or there are maybe other regions on
K.7.3 that neutralize the effect of the loop. By differentially affecting the synthesis
rate of homomers and heteromers, the loop will favor the production of one
species over the others. This differential effect has potentially important
physiological consequences. Co-expression of K 7.2 and K 7.3 leads to greater
surface expression and the generation of much larger currents than when either
subunit is expressed alone (Etxeberria ez al., 2004; Maljevic ez al., 2003; Wang e al.,
1998). Additionally, channels produced following K 7.2/K 7.3 co-expression have
ionic permeation and conductive properties distinct from those produced by
individual expression of K7.2 or K.7.3 (Prole and Marrion, 2004). Neurons
contain a diverse repertoire of ion channel complexes, and the cell must ensure
that associating subunits co-exist spatially and temporally. The differential effect
of the A-B loop on K 7.2 homomers and K,7.2/3 heteromers could therefore
influence the formation of different subunit combinations, probably favoring the

formations of heteromers.

Previous studies in the laboratory have shown that the Ca**-CaM interaction
appears to be critical for the correct of K|7.2 channel activity, discerning a strong
correlation between CaM binding and surface expression, as it controls channel
exit from the ER. Through Chapter 4, we have further characterized the role
played of Del2 construct based on biochemical and electrophysiological
approaches. It has been observed that deletions located around the IQ motif do
not affect neither channel assembly nor CaM binding (Del2/Del6). Moteovert,

K.7.2 subunits are efficiently transported to the surface of the plasma membrane.
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However, when the region under study was deeply analyzed by means of the Tac
system, this effect was not observed. In that case, the assembly, CaM binding and
subsequently trafficking was negatively affected when the assembly domain was

removed.

5.3.1 Tetramerigation and trafficking are inter-related processes

It has been shown that improper or abolished tetramerization of potassium ion
channels leads to channel retention at the ER (Steele e al., 2007). Here, we have
demonstrated a role of CaM in channel assembly and trafficking by deleting the
linkers between helices A and B (where the IQQ domain is supposed to be) and
helices C and D (assembly domain) in the Tac system, Tac-AB-Del2.

While helices A and B bind CaM in the absence of helices C and D (Yus-Najera e7
al., 2002), helices C and D assemble in a tetrameric fashion independently.
(Wiener ef al., 2008). To study the effect of the assembly domain in CaM binding,
we choose the Tac protein and the tetrameric domain of the GCN4 leucine zipper
(TD). Although it has been shown that the fussion of this domain is compatible
with an efficient membrane protein exit from the ER (Yuan e a/, 2003), it
prevented surface expression of the Tac protein. A possibility to explain this, is
the fact that Tac multimers do not exit the ER, do not fold correctly or maybe,
they are exposing cryptic retention signals that make Tac be retrieved to the ER
when exposed due to an improperly assembled complex as a result of a
multimeric assembly. Although Tac has been shown to be constitutively expressed
on the cell surface in its native state (Bonifacino e @/, 1990), it seems that
multimers are not compatible with trafficking. In any case, little is known
regarding the specific trafficking parameters that make the Tac protein be

expressed in the membrane.
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In any case, when the TD was fused to Tac, the CaM binding was recovered,
suggesting that both mechanisms, (CaM binding and assembly) are independent but
inter-related. Future experiments would determine whether CD4 is able to recover

surface expression due to its tetramer-forming ability.

5.3.2 BENC-linked mutations

The effect of tryptophan is remarkable for channel trafficking. It has been observed
that this aminoacid is implicated in trafficking regulation and probably in CaM
binding. This is somehow surprising as W is not exactly located in the IQ motif. We
performed an alignhment of the different K7 isoforms (K|7.1-K.7.5)
(www.ebi.ac.uk/Tools/msa/clustalw2) (Fig. 5.1), showing that T and W are well
conserved within all K7 family members. In this regard, there is a mutation that
has been linked to this region that causes neonatal convulsions (Volkers ez al,
2009). The C-terminal mutation T359K was detected in a family who suffered from
BFNC (Volkers ez al., 2009). Moreover, some functional studies have demonstrated
that, although this mutant is expressed at the cell surface in HEK293T,
heterozygously expressed mutants with K 7.2 caused a 75-80 % reduction in the M-
current as compared to WT-K 7.2/K 7.3 channels. More experiments are required

to assess the precise effect of this specific mutation in CaM binding.

Kv7 1: ENDPS---STWKIY---- Figure 5.1 Sequence alignment of the

different K,7 subunits. Alignment of the

Kv7 .2: NLSRTDLHSTWQYYERTV C-terminus starting from helix A and the

Kv7 3: NPNRIDLVATWRFYESVV linker between helix A and B of the

different K,7 subunits. In red are the

Kv7 .4: DMSRAYLTATWYYYDSI- conserved aminoacids within the different

K,7.5: D-EKSVSIATWKPHLKAIL | '“7isoforms
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A deeper analysis of the biochemical and functional consequences of specific
deletions and/or mutations affecting K* channels, will provide additional clues on
our understanding of ion channel function and their association with diseases of

actual importance.
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Conclusions

1.- The absence of the linker between helices A and B of K 7.2
channels increases protein yield, facilitates channel trafficking to the
plasma membrane and is not associated with a decrease of protein
degradation. However, there is no correlation between the amount of
protein and its function, as they flow similar current intensities than

the WT.

2.- The tetramerization domain favours calmodulin binding in K 7.2

channels.

3.- The W360 residue, which is well conserved among the K7 family,
is involved in channel trafficking and may play an important role in

CaM binding of K7 channels.
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