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Introduction

1.1. Voltage-gated potassium channels

Potassium-selective channels are the largest and most diverse group of ion channels
Potassium channel are transmembrane proteins which allow the selective crossing of
potassium ions through the plasmatic membrane and are crucial for life. Potassium channel
play important roles in different biological process at the organism level (generation and
propagation of the nerve pulse and the cardiac action potential, promotion of insulin
secretion), and also at the cellular level (cell volume control, induction of cell proliferation,

apoptosis, migration and initiation of many signaling pathways).

Potassium channels can be subdivided in different families, depending on the
architecture of their conducting subunits: two transmembrane domains and one pore
channels (2TM/1P), four transmembrane domains and two pore channels (4TM/2P) and six
transmembrane domains and one pore channels (6TM/1P). The aim of the current
dissertation is the voltage-gated potassium channels (Kv), which belong to the last cited
group.

The voltage-gated Kv channels form the largest family among the group of human
potassium channels, comprising 40 of the 90 potassium channels described genes.
According to the International Union of Pharmacology (IUPHAR) they are divided into twelve
families (Kv1-12), each of one can present different isoforms. In a phylogenetic way, Kv
channels can be grouped into two groups: the first one, comprised by Kv1-9; and the second
one, comprised by Kv10-12 (Fig. 1). This last group of channels also possesses a potential
cyclic-nucleotide binding site in their C-terminus (Gutman et al. 2003).

Apart from comprising one of the largest families, Kv channels can also multiply their
diversity due to the combination of different processes such as:

a) Alternative splicing phenomena of the mRNA. Kv3, 4, 6, 7, 9, 10 and 11 are code by

exons and introns which may lead to different variants (Jenkinson 2006).

b) Homo- and hetero-tetramerization between subunits of different Kv members. The

assembly can be between members from the same family, as for example Kv1.1-

Kv1.4 (Shamotienko et al. 1997), Kv1.3-Kv1.5 (Vicente et al. 2006; Villalonga et al.

2007), or with silent subunits (Kv5, Kv6, Kv8 and Kv9). These silent subunits, do not

homo-tetramerize, but can assemble to some members of Kv2 and Kv3 families in

order to modulate their current (Hugnot et al. 1996; Post et al. 1996; Salinas et al.

1997).

c) Post-translational such as  phosphorylation, glycosylation, ubiquitination,

palmitoylation, oxidation, etc. (Nitabach et al. 2002; Zhang et al. 2007; Jindal et al.

2008; Noma et al. 2009)
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d) Assembly of regulatory subunits which modulate the Kv characteristics (traffic, current
density and gating) such as AKAP proteins, Kvp3, KCNEs, etc (Pongs et al. 1999;

Pourrier et al. 2003).

Phylogenetic Tree, Kv1-9 Families
Kv5.1 [KCNF1, 2p25]
r Kv2.1 [KCNB1, 20q13]
L Kv2.2 [KCNB2, 8q13)

KvB.3 [KCNG3, 2p21)

—
Kv6.1 [KCNG1, 20q13)

I_E Kv6.2 [KCNG2, 18q22)

- Kv6.4 [KCNG4, 16g24)

Kv7.1 [KCNO1, 11p15]

Kv7.3 [KNCQ3, 8g24]
KvT7.2 [KCena2, 20913)
_EEKWA [KCNQ4, 1p34]
Kv7.5 [KCNQ5, 6q14)
KvB.1 KONV, 84271
Kv3.4 [KCNC4, 1p21)
Kv3.2 [KCNC2, 19q13]
Kv3.1 [KCNC1, 11p14]
Kv3.3 [KCNC3, 19g13]

Kv4.1 [KCND1, Xp11]
_E Kv4.2 [KCND2, Tq31]
Kv4.3 [KCND3, 1p13)

Kv1.7 [KCNAT, 19q13]

Kv1.4 [KCNAS, 11p14)

Kv1.6 [KCNAB, 12p13]
Kv1.5 [KCNAS, 12p13)
Kv1.8 [KCNA1D,1p13]
Kv1.2 [KCNAZ, 1p13]
Kv1.1 [KCNA1, 12p13]
Kv1.3 [KCNA3, 1p21]

Kv8.2 [KCNv2, Bp24]

Kv9.3 [KCNS3, 2p24]

Kv9.2 [KCNS2. 8g22]
Kv9.1 [KCNS1, 20q12)
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Basic principles of Kv channels

Phylogenetic Tree, Kv10-12 Families

Kv12.2 [elk-2, KCNH3, 12q13)
Kv12.1 [elk-1, KCNHS, 3p24]
_: Kv12.3 [elk-3, KCNH4, 17g21]
Kv10.1 [eag-1, KCNH1, 1q32]
—_ Kv10.2 [eag-2, KCNHS, 14q23)
Kv11.1 [erg-1, KCNH2, 7q35]
-: Kv11.2 [erg-2, KCNHB, 17923]

Kv11.3 [erg-3, KCNHT, 2q24)

Fig.1. Phylogenetic tree for the families Kv1-9 (left
panel) and Kv10-11 (right panel). Extracted from
(Gutman et al. 2003)

Kv channels are made up of the tetramerization of 4 a subunits (MacKinnon 1991).

Each of these subunits is composed by six transmembrane domains (S1-S6), which are

connected by an intra or extracellular loops. The first four helices (S1-S4) form the voltage

sensor domain, whereas the S5-S6 form the ion conducting pore. X-ray crystal structures of

bacterial and eukaryotic Kv channels have been solved and show that the pore domains are

arranged with four-folds symmetry around the ion conduction pathway, while the voltage-

sensing domains lies at the periphery (Fig. 2) (Jiang et al. 2002; Jiang et al. 2003; Long et al.
2005; Long et al. 2007; Tao et al. 2009). The Nt- and Ct- domains are both intracellular, and

their structure was more difficult to be solved. For Nt- structure resolution the crystallization

of Kv1.2 in presence of Kvf32.1 was needed (Long et al. 2005). For the entire KcsA C-

terminus was needed, as crystallographic chaperones, the use of antigen-binding fragments

(Fabs) (Uysal et al. 2009).
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l—\fo!tage sensing domain — L Pore domain ————

Fig 2. Schematic representation of the membrane topology of a Kv a subunit. Kv channels are composed by 6
trasnmembrane domains. S1-S4 segments form the voltage sensor domain. The positive residues of S4 are
highlighted. S5-S6 segments compose the pore domain. Extracted from (Cheng and Claydon 2012)

1.1.1.1. The pore and ion selectivity

The pore domain of an a-subunit is formed by the S5 and S6 segments, which are
joined by a re-entrant pore helix and loop (P-loop). The P-loop of Kv channels is
characterized for containing a highly conserved motif: TVGYGG, which is crucial for the
selectivity filter of the channel (Heginbotham et al. 1994). In fact, mutations in this sequence

lead to a lack of K" ion selectivity (Heginbotham et al. 1994; Aiyar et al. 1996).

Crystal structures of the voltage-gated

/ potassium channel

... ,{

allowed understanding the

J’.T) /"ﬁy @C‘P
e

Q e.®

- e &
Fig. 3. Strucutural model of the KcsA pore. Left
panel: conformation acquired of two subunits.
The selectivity filter is highlighted in yellow.
Right panel: Conformation acquired by the
selectivity filter and dehydrated potassium
ions. (MacKinnon 2003)

mechanism of the pore. The pore is about 45A, and
contains (from inside to outside) a 18A tunnel,
followed by a more open cavity of 10A, and then,
for about 12A, the selectivity filter is located in
another narrower conduct, with the carbonyl groups
The

selectivity of Kv channels rise in the size of K* ions,

facing the conducting pathway (Fig.3).
which fits perfectly between the carbonyl groups
present at the selectivity filter (Doyle et al. 1998;
Zhou and MacKinnon 2003).

The access to the ion conducting pore is controlled by an intracellular gate

comprised of the S6 C-terminal end, which form a bundle crossing that obstructs the pore
when the channel is closed (Holmgren et al. 1997; Doyle et al. 1998). It is worthy to mention
that this is possible due to the presence of a flexible high conserved sequence among S6

segment (which in general is more rigid): PxP, which acts as a hinge, allowing the opening or
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closing of the intracellular part of the S6 domain, in front of changes in the membrane
voltage, detected by the VSD (del Camino et al. 2000; del Camino and Yellen 2001).

1.1.1.2. The voltage sensor

Kv channels respond to membrane potential changes. The voltage sensor domain
which comprises the S1-S4 a helixes, is the responsible of this sensing. High conserved
sequences throughout S1, S2, S3 are also involved in the voltage-dependent conformational
change, but S4 playing a major role. S4 sequence contains a positive charged amino acid
(Arg or Lys) every two hydrophobic amino acids, repetitively, 4 to 8 times (Liman et al. 1991;
Logothetis et al. 1992; Papazian et al. 1995). This creates a positively charged surface along
the S4 which senses the membrane potential. S1-S3 segments, plenty of negative charges,
complete the voltage-sensing domain and help to stabilize the positively charged S4
segment in the lipid bilayer and to define the pathway for its movement through the electric
field (Papazian et al. 2002; Borjesson and Elinder 2008).

1.1.1.3. Gating

Among the last decade, many X-ray crystal structures from different channels in open
or close state have been obtained, and an extended debate about the gating movement of
the voltage sensor have been performed. Three main models were proposed: a) the helical-
screw or sliding helix model, where S4 rotates along its axis while being translated across
the membrane to move gating charges across the electric field (Larsson et al. 1996; Durell et
al. 1998; Keynes and Elinder 1999); b) the transporter-like model, where a mostly rotational
movement of S4 essentially flips S4 charges from one side of the membrane to the other
(Starace and Bezanilla 2001; Chanda et al. 2004; Starace and Bezanilla 2004; Chanda et al.
2005), and c) the paddle model, initially based on the crystal structure of KvAP in which a
voltage sensor paddle comprised of S4 and the C-terminal half of S3 form a rigid structure
that moves through the membrane an in close proximity to S1 and S2 (Jiang et al. 2003;
Ruta et al. 2005). But the current understandings (Fig. 4) seem to converge toward a single
consensus model for the gating movement of the voltage sensor: the movement of S4 upon
activation seems to be a combination of a tilt of the S4 helix in the membrane, a rotation
around the helix axis, and small vertical and radial translations. Movement of the voltage-
sensing unit in response to changes in membrane potential is translated into the opening or
closing of the activation gate within the pore domain, through and electromechanical
coupling. The outward movement of S4 upon depolarization may create tension in the a-
helical S4-S5linker, which appears to lie across the distal S6 helix below the PxP motif within

the same subunit. Then, upon depolarization, S4-S5 linker is predicted to cause radial

6
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displacement of the the C-terminal end of S6, moving away from the central axis of the pore
to open the activation gate, permitting ion permeation. (Chen et al. 2001; Ding and Horn
2002; Lu et al. 2002; Long et al. 2005; Labro et al. 2008).This movement is in part allowed
for the presence of the highly conserved PxP motif at S6 that introduces a kink in the o-

helical structure, allowing the electromechanical coupling with the S4-S5 linker.

100A ,

Fig.4. Crystal structure of the Kv1.2—f2 subunit complex. A. Stereoview from the side, four subunits of the
channel are colored uniquely. B. Stereoview of a ribbon representation viewed from the extracellular side of the
pore. Extracted from (Long et al. 2005)

Once opened, channels can be closed thanks of
different processes voltage-independent: inactivation of
the channel. Different kinds of inactivation have been
described (Fig. 5). N-type inactivation (“ball and chain”
inactivation type) is characteristic from Kv1.4, Kv3.3,
Kv3.4 and Kv4 family, for example. During the fast, N-
type inactivation, a ball peptide tethered to the N-
terminus of the Kv channels enters the open pore when
the channel is still open and blocks access to it (Hoshi et
al. 1990; Zagotta et al. 1990; Zhou et al. 2001). KvB can

mimic this kind of fast inactivation (Rettig et al. 1994;

Ball-and-chain _#

ame f*‘*;;i‘:""e’ Morales et al. 1995). Another kind of inactivation is the

Fig. 5. Representation of the conformational changes that gate the Kv
channel pore. The pore is colored in green, and the grey helices
represent the S6 segments. In the middle panel, the channel is in an
open conformation. In the upper panel, channel is in a closed
conformation, according to KcsA crystal. In the bottom panels, the
channel adopts an inactivated conformation trough N-type (right) and
C-tune (left) inactivation nrocesses (Yellen 2002)
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C-type, which is slower than the N-type, and it seems is due to movements in the residues
near the selectivity filter of the channel (Blunck et al. 2006; Wang et al. 2011) . It appears
that the selectivity filter acts as a second gate and prevents ions from passing through. Kv7
channels seem also to possess one kind of inactivation which differs from the two mentioned
before (Jensen et al. 2007).

1.1.2. Biogenesis and traffic of Kv channels

Kv channels are synthesized in the rough endoplasmic reticulum (ER) (Palade 1975).
Although Kv channels do not possess the typical ER targeted signal sequence, they undergo
ER targeting by a S2 transmembrane domain, found for Kv1.3 (Tu et al. 2000). Kv channels
are synthesized and assembled as tetrameric complexes in the ER (Schulteis et al. 1998;
Papazian 1999; Lu et al. 2001). In fact, the T1 domain (tetramerization domain located at the
Nt) association takes place while nascent polypeptide chains are still attached to synthetizing
ribosomes (Lu et al. 2001). Kv complexes are further subjected to a quality control
checkpoint (Braakman and Bulleid 2011), which allows tetrameric configurations to exit the
ER. The composition and stoichiometric assembly of Kv1 hetero-tetrameric channels have
been demonstrated to have major effects on ER export of the channels (Manganas and
Trimmer 2000; Vicente et al. 2008).

The correct folding of Kv may require the intervention of chaperones such as Heat
shock proteins (Hsp) or calnexin. For example, Kv1.5 stability increases when interacting
with Hsp70 (Hirota et al. 2008) and Kv1.2 surface levels increases when co-expressed with
calnexin (Manganas and Trimmer 2004). Sometimes, regulatory subunits also play as
chaperones. Kv[32 stabilizes Kv1.2 and also increases membrane surface targeting (Shi et al.
1996). Other regulatory subunits, which play a similar role to chaperones are KChAP, KChIP
and dippetidyl aminopeptidase (DPPL)-like proteins (Kuryshev et al. 2000; Kuryshev et al.
2001; Nadal et al. 2003; Shibata et al. 2003).

Signal sequences, such as R-X-R, K-K-X-X and K-D-E-L, are responsible for ER
retention of Kv, (Zerangue et al. 1999; Ma et al. 2001; Kupershmidt et al. 2002). In most of
the cases, their accessibility becomes hidden when the channels acquire their proper folding,
and then, the channels can leave the ER. If these sequences are exposed, the channel is
retained at the ER. Apart from this generic ER retention signals, Some Kv also possess an
anterograde trafficking signal (V-X-X-S-L or similar) in their C-terminal domain (Li et al. 2000)
(Steele et al. 2007). Furthermore, in some Kv members, ER retention signals located at the
extracellular face of the pore, between S5 and S6, have also been described (Manganas et
al. 2001; Zhu et al. 2003; Zhu et al. 2003; Zhu et al. 2005). The effects of this ER retention
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signal is dominant respect other signals or even association with regulatory subunits, such as
KvB(Manganas et al. 2001).

The traffic of the final heteromeric complex (different a and B subunits) will depend on
the balance of signals of each subunit. For example, the combination of Kv1.1 (strong
retention signals) with Kv1.4 (good surface targeting) leads to a complex with ER retention
but high glycosylation (Zhu et al. 2003). Changes in the stoichiometry between the different
subunits will alter the traffic, depending on the more abundant subunit (Manganas et al.
2001).

From the ER, Kv channel complexes continue on their journey to the plasma
membrane, passing through cis-medial-, and trans-Golgi elements. Some membrane
proteins need a selective transport from the ER to the Golgi apparatus, for example via
CORPII vesicles. This process is complex and requires the coordinated activity of different
proteins such as Sec and Sarl, the cytoskeleton, etc. In general, COPII recognition sites are
characterized for containing di-hydrophobic (F-F, Y-Y, L-L, or F-Y) or di-acidic (D/E-X-(D/E)
motifs. Few potassium channels have been described to interact directly with COPII
anterograde mechanism (Kar1, Kz9.1) (Zuzarte et al. 2007; Sieben et al. 2008). Kv1.3
contains an anterograde signature motif (YMVIEE) in its C-terminus domain which involves
COPII interaction (Martinez-Marmol et al. 2013).

NLG (Kv1)

Kvi-specific
||EFIFI (Kv1.1, Kv1.2, Kv1.6)

FTS (Kv1.4) l PRC (Kv2.1)

Kvz-specific

KChIP BD (Kv4) PDZ BD (Kv1)

Fig. 6. Cartoon summarizing of trafficking signals on Kv a subunits. KChIP BD, KChIP binding domain; T1,
tetramerization; NLG, N-linked glycosylation site; ERR, ER retention motif; DLS, dendritic localization signal; FTS,
forward-trafficking signal; PRC, proximal dendritic clustering signal; PDZ BD, PDZ-binding domain. Extracted from

(Misonou and Trimmer 2004)

Along this forward trafficking to Golgi apparatus, Kv channels undergo further
modification, such as N-linked glycosylation, tyrosine, serine or threonine’s phosphorylation.
Phosphorylation modify channel’s activity (Bowlby et al. 1997; Fadool et al. 1997; Nitabach et
al. 2002; Misonou et al. 2004), as well as surface membrane targeting (Misonou et al. 2004;
Yang et al. 2007) and recycling (Sterling et al. 2002; Nesti et al. 2004). Finally, ubiquitination

also regulates Kv’'s membrane levels. In this vein, ENaC, Kv1.5, Kv7.2, Kv7.3, Kv7.5 are
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ubiquitinated triggering endocytic signals and downregulating membrane abundance (Staub
et al. 1997; Abriel et al. 2000; Ekberg et al. 2007; Boehmer et al. 2008).

1.1.3. Subcellular localization of Kv channels: lipid rafts microdomains

Plasma membranes are not a homogenous bilayer. In a membrane exist different
regions which differ in lipid composition and structure, creating a patchwork of different lipid
environments at the cell surface. These different domains, known as lipid rafts, are
characterized for being rich in cholesterol, sphingolipids and phospholipids with saturated
acyl tails, forming tightly packed aggregates (Harder and Simons 1997; Simons and lkonen
1997). These domains, which a size of 10-200 nm, are relatively more rigid, ordered
structures than the more fluid and bulk regions of the bilayer where the kinked hydrocarbon
chains of the largely unsaturated phospholipids prevent close packing (Brown and London
1998; Simons and Toomre 2000). Despite their high packed structure, lipid rafts are a very
dynamic domains which participate in the recruitment of a wide range of proteins, and at the
same time, these proteins suffer a dynamic exchange with the neighborhood (O'Connell et al.
2006; Tamkun et al. 2007). Many functions have been associational to lipid rafts, such as:
endocytosis and exocytosis (Anderson 1998), internalization of virus and toxins (Brown and
London 1998; Herreros et al. 2001; Triantafilou and Triantafilou 2004), cell migration
(Hanzal-Bayer and Hancock 2007), polarization of cell functions (Simons and lkonen 1997;
Guirland and Zheng 2007), cell signal transduction (Shaul and Anderson 1998; Simons and
Toomre 2000; Patel et al. 2008), etc. Then, lipid raft are like protein recruitment platforms,
which selectively aggregate interacting signaling molecules, allowing to the different proteins
involved in a same signal transduction pathway to become really close and facilitating the

coordination of the signaling pathways in front of specific stimulus.

Multiples types of rafts exist with differences in lipid and protein composition. The only
morphologically identifiable raft-like domain are caveolas, where association with the specific
protein caveolin causes the cholesterol- and sphingolipid-enriched regions of the membrane
to bend into the cell forming a small flask-shape invagination (Fig. 7.), visible in scanning
electron microscope (Yamada 1955; Scherer et al. 1994; Parton et al. 1997).

Raft-enriched lipids, such as cholesterol and sphingolipids, affect channel activity
either via direct protein-lipid interaction (Epshtein et al. 2009) or by influencing the physical
characteristics of the bilayer (Andersen and Koeppe 2007). lon channels can be also
affected by the interaction of proteins present in the lipid rafts, such caveolin or other

scaffolding proteins (Jiao et al. 2008; Garg et al. 2009).
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Non-caveolar raft

Caveolar raft

Formation of macromolecular
signalling complexes

Direct and indirect
modulation by lipids

g

Regulation by caveolin &
other scaffolds

E"‘ caveolin

D cholesterol

Implications of enclosed

i i
extracellular space & sphingolipid

“ saturated phospholipid

g unsaturated phosphaolipid

Fig. 7. Representation of the plasma membrane with different lipid raft microdomains. A caveola is represented
in the center of the scheme, with the characteristic flask-shape, and several channels and proteins recruited in
there. Cholesterol is colored in yellow, sphingolipids and saturated phospholipids in blue, and caveolin in pink.
Extracted from (Dart 2010)

A number of ion channels locate at lipid raft microdomains (table 1). Evidence for the
association of ion channels with membrane rafts comes mainly from three different
approaches: (i) biochemical techniques that exploit the unusual properties of these domains
to isolate them and from the rest of the cell membrane; (ii) microscopic approaches designed
to directly visualize rafts; and (iii) functional approaches that destroy these domains, through
the depletion of cellular cholesterol by agents such as methyl-B-cyclodextrin. The isolation of
lipid raft is based in the resistance to solubilization by cold non-ionic detergents, such as 1%
Triton X-100, due to the tight packing and the high lipid content of the complexes, which also
enables rafts to float on a low density sucrose gradient centrifugation (Brown and Rose 1992;
Sargiacomo et al. 1993). Appropriate fractions can be isolated from the density gradient and
proteins associated with these fractions characterized by Western blot analysis.

As mentioned before, a range of signaling proteins are recruited into lipid rafts,
including G-protein coupled receptors, various classes of G protein, adenylyl cyclase, protein
kinase C, nitric oxide synthase, tyrosine kinases, H-ras and mitogen-activated protein kinase
(Patel et al. 2008). Protein recruitment to raft microdomains may result from specific targeting
signals, such as palmitoylation and myristoylation (Zacharias et al. 2002). Additionally,
targeting may be through association with caveolae-associated scaffolding proteins, like
caveolin or membrane-associated guanylate kinase (MAGUK) proteins such as postsynaptic

density protein-95 (PSD-95) and synapse-associated protein-97 (SAP97),which have been
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suggested to be important in the localization of Kv1.4 and Kv1.5, respectively, to membrane
rafts (Folco et al. 2004; Wong and Schlichter 2004).

Caveolin is a small protein (21-24KDa), which possess intracellular Nt- and Ct-
terminal domains, with an embedded hairpin into the membrane. There are three caveolin
isoforms (cav-1, 2 and 3) (Rothberg et al. 1992; Scherer et al. 1995; Tang et al. 1996). While
cav1l and 2 are ubiquitous, cav3 is muscle specific (Razani et al. 2002). The N-terminal
domain of caveolin interacts with other proteins via a Caveolin-Scaffolding Domain (CSD).
Therefore, caveolin can act as an anchoring point to the membrane for G proteins, kinases,
etc. In many proteins which interact with caveolin, a consensus caveolin binding sequence
has been identified (Cavelin-Binding Domain, CBD). The motif of CBD may be @x@xxxx®,

PXXXXPXX® and QXEXxxx@xx®P, where @ corresponds to an aromatic amino acid (irp, phe,

tyr) (Couet et al. 1997).

Channel Tissue Comments References
Kv1.3 Jurkat Constitutively present in rafts. (Bock et al. 2003)
T-lymphocytes Hydrolysis of sphingomyelin causes
HEK-293 rafts to merge into large ceramide- (Vicente et al. 2008)
enriched domains. Association of
Kv1.3 with ceramide-enriched
domains inhibits channel activity
Kv1.4 Brain Requires PSD-95 for raft targeting (Wong and Schlichter
HEK293Tcells 2004)
Pancreatic f cells (Xia et al. 2004)
Kv1.5 Heart Cholesterol depletion modulates (Abi-Char et al. 2007)
gating (Folco et al. 2004)
Cell lines Interaction with SAP-97 and caveolin-  (Martens et al. 2001)
3 involved in raft targeting.
Coexpression with caveolin or
addition of exogenous cholesterol
causes a depolarizing shift in steady-
state activation and inactivation
Kv2.1 L cell fibroblasts Cholesterol depletion causes (Martens et al. 2000)
hyperpolarizing shift in the inactivation
curve (Xia et al. 2004)
Pancreatic {3 cells Cholesterol depletion reduces current
amplitude and causes hyperpolarizing
shift in inactivation curve (Ramu et al. 2006)
Oocytes Regulation of gating by sphingomyelin
Kv4.2 Brain (Wong and Schlichter
2004)
Kv7.1 Heart (Balijepalli et al. 2007)
HEK293 cells
Kv11.1 Heart Cholesterol depletion causes positive  (Balijepalli et al. 2007)
HEK293 cells shift in voltage dependence of
activation and accelerates
deactivation kinetics
Kcal.1 Aorta Caveolin-regulated surface (Alioua et al. 2008)
expression
Myometrium Knockdown of caveolin with siRNA (Brainard et al. 2009)
suppresses total BK current (Wang et al. 2005)
Aortic endothelial Channel inactive under control
conditions but activated by cholesterol
depletion or knockdown of caveolin
Kir2.1 Aortic endothelial Cholesterol depletion increases (Romanenko et al.
current density. Single channel 2002)
properties unaffected — cholesterol
may modulate number of active
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channels
Kir3.1/Kir3.2 Neurones Rafts may be involved in surface (Delling et al. 2002)
CHO cells delivery
Kir4.1 Astrocytes Associate with non-caveolar lipid (Hibino and Kurachi
HEK293 cells rafts. Cholesterol depletion results in 2007)
loss of channel activity
Kir6.1 Aorta Cholesterol depletion abolishes (Sampson et al. 2004;
cAMP/PKA regulation of channel Sampson et al. 2007)
Vascular smooth PKC-mediated caveolin-dependent (Jiao et al. 2008)
muscle Internalization
HEK293 cells
Kir6.2 Heart Currents suppressed by association (Garg et al. 2009)
with caveolin-3, but not caveolin-1
Nav1.5 Heart Gas-mediated recruitment of Nav1.5-  (Yarbrough et al. 2002;
containing caveolae to surface Balijepalli and Kamp
membrane -increase in current 2008)
density
ENaC Cell lines Caveolin-dependent ubiquitination (Hill et al. 2007; Lee et
and subsequent internalization al. 2009)
Ca,1.2 Pancreatic f3 cells (Xia et al. 2004)
Smooth muscle (Darby et al. 2000)
Heart Destruction of caveolae causes loss (O'Connell et al. 2004;
in B2AR regulation (neonatal mice Balijepalli et al. 2006)
myocytes) or enhanced 2AR (Calaghan and White
regulation (adult rat myocytes) 2006)
HCN4 Sinus node Cholesterol depletion causes positive  (Barbuti et al. 2004)
shift in activation; reduces
deactivation; loss of 32AR regulation
Disruption of caveolae by expression
of dominant negative caveolin
mutants shifts voltage dependence of
activation to more negative potentials
and increases time constant of
activation
Connexin-43 Cell lines Sucrose density gradients also (Schubert et al. 2002)

suggest that Cx32, Cx36, and Cx46
are targeted to lipid rafts, while Cx26
and Cx50 are specifically excluded

CFTR Epithelial cells Raft association required for CFTR- (Kowalski and Pier
dependent bacterial internalization 2004)
and activation of innate immune
response
CLIC4 HEK293 cells (Suginta et al. 2001)
TRPC Submandibular Cholesterol depletion inhibits TRPC1-  (Kwiatek et al. 2006;
gland cells store operated Ca2+ signals Pani et al. 2009;
Smooth muscle Sundivakkam et al.
Platelets 2009)
P2X1 Platelets Cholesterol depletion inhibits P2X1- (Vial and Evans 2005)
Vascular smooth mediated currents and artery
muscle contraction
P2X3 Neurones (Vacca et al. 2004)
P2X4 Epithelial cells (Barth et al. 2008)
P2X7 Submandibular cells  Cholesterol depletion inhibits (Barth et al. 2007; Barth

P2X7-mediated lipid signaling

et al. 2008)

Table 1. Summary of the ion channels located in lipid raft microdomains. Adapted from (Dart 2010)

1.1.4. Regulatory subunits

Channelosomes are multi-subunit complexes formed by membrane-integrated Kv-

subunits (a subunits) and accessory subunits. Accessory subunits influence a wide range of
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Kv channel properties, such as gating, post-translational modifications, traffic and subcellular
localization, pharmacology, etc. Different kind of regulatory subunits have been described
(Fig. 8.), which some of them are cytoplasmic (Kvf subunits, KChIP (K" Channel Interacting
Proteins) and KChAP (K" Channel Associated Proteins) and others are transmembrane

proteins (KCNEs and dipeptidyl aminopeptidase-like proteins (DPPLs)) (Li et al. 2006).

K, a1/p1 neuronal |, I hypothetical K, complex

Fig 8. Cartoon representing different regulatory subunits associated to Kv channels. Kv channels are colored in
grey and regulatory subunits are highlighted in red. See the different localization, depending on the family of
auxiliary subunits: Kv, KChIP, KChAP are associated to the intracellular domains of Kv, while DPPX and KCNEs
(MinK and MIRP) are located between the transmembrane segments of the channel. Extracted from (McCrossan
and Abbott 2004)

KvB are cytoplasmic regulatory subunits which interact with Kv channels (Kv1.x,
Kv2.2 and Kv4.x, specifically), assembling in the early synthesis at the ER (Nagaya and
Papazian 1997). There are three subfamilies: Kvf1 (Kvf31.1-1.3), Kvp2 (KvB2.1, Kvf2.2) and
KvB3. Kvf3 have a size of 300 aa and a very conserved Ct domain which interacts with the
T1-domain of the Nt- domain of Kv channels (Pongs et al. 1999; Wissmann et al. 1999; Long
et al. 2005). Stoichiometry association with Kv channels is 1:1 (Long et al. 2005). Kvf1
interacts with all the members of Kv1 family; Kvp2 associates with Kv1 and Kv4 members;
while KvB3 interacts with Kv1.2, Kv1.3, Kv1.4 and Kv1.5 (Pongs and Schwarz 2010). In
general, their effect is to introduce ball-chain type inactivation to the channels (Heinemann
et al. 1994; Rettig et al. 1994; Leicher et al. 1998), or accelerate the inactivation of the N-type
inactivation channels (Mcintosh et al. 1997). Some KvB, working as a chaperone, also
increase the membrane surface expression of the functional complex (Shi et al. 1996; Accili
et al. 1997). KvB sense the redox state of the cell. For instance, Kvf2 possess a NADPH
oxido-reductase domain, which could lead the coupling between the membrane potential with
the cell redox state (Bahring et al. 2001; Weng et al. 2006).

KChIP regulatory subunits possess a conserved Ct- domain, where four EF-hand
Ca?* binding domains are located (Pongs and Schwarz 2010). KChIPs interact specifically
with Kv4 members, especially with Kv4.2 and Kv4.3. These proteins play an important role in
heart, where are necessary to generate |, currents (An et al. 2000; Nerbonne and Kass

2005). KChIPs slow the inactivation, affect traffic and localization, and modulate the
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membrane mobility and endocytosis of Kv4 channels. It is important to mention that KChIP2
is not restricted to Kv4 channels (Li et al. 2006; Pongs and Schwarz 2010). KChIP2 also
impairs trafficking and cell surface expression of Kv1.5 (Li et al. 2005). KChIP assemble to
T1 domain of Kv channels at the ER in a 1:1 stoichiometry (Kim et al. 2004; Wang et al.
2007).

KChAP regulatory subunits enhance the current amplitude of Kv channels, due to a
chaperone role, leading to an increase in the surface expression of the channel (Li et al.
2006). They are expressed in heart, brain, kidney and lung. They can associate to Kv1.1-1.5
and Kv2.1-2.2 (Kuryshev et al. 2000). A competitive interaction with Kvp subunits has been
proposed (Kuryshev et al. 2001).

DPPLs are dipeptidyl aminopeptidase-like proteins without serine protease activity
due to mutations in the highly conserved serine residue in the catalytic site of the DPP serine
proteases (Nadal et al. 2003). Two DPPL families have been described, DPP6 (DPPX) and
DPP10 (DPPY). The general topology reveals a relatively short cytoplasmic N-terminus, a
single transmembrane segment, and a large extracellular C-terminus, which displays a
glycosylation domain, a cysteine-rich domain, and an aminopeptidase-like domainDPP
(Nadal et al. 2003). It has been proposed that the single DPPL-transmembrane domain binds
to the voltage sensors of the Kv4 channels (Strop et al. 2004). The stoichiometry of the
complex has not been decipher yet, despite that DPPL can homo- and hetero-dimerize
(Strop et al. 2004; Soh and Goldstein 2008). In general, DPPL interact with Kv4 channels
(most of the time overlapping with KChIPs regulatory subunits) and lead to a great increase
in surface expression and to a significant acceleration of the inactivation time course of
channels (Jerng et al. 2005; Zagha et al. 2005; Dougherty and Covarrubias 2006). DPPL
slow retrograde trafficking by stimulating Kv4 channel retention in the plasma membrane by
binding to components of the extracellular matrix (Nadal et al. 2003).

KCNEs are small transmebrane proteins (14-20 KDa or 103-170aa) which interact
with a wide range of Kv channels. These regulatory subunits are one of the most
promiscuous auxiliary subunits described. Not only one member of the CKNE family can
regulate multiple different Kv channels, but also one Kv family member can be regulated by
different KCNEs. The family is composed of five members (KCNE1-5) and has a very

ubiquitous expression (McCrossan and Abbott 2004). Each member will be detailed below.

1.2. KCNEs

KCNE family is a composed of 5 members (KCNE1-5) of single spanned
transmembrane proteins. Their Nt-domain is extracellular and the Ct-domain intracellular.

KCNE4 is the more divergent, especially the Ct-domain (Fig. 9). All five members are able to
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interact with a wide range of potassium channels. Promiscuity in co-assembly and diversity
of regulation allows different tissues to carry unique electrophysiological phenotypes by

expressing different KCNE-Kv combinations.

The first cloned member was KCNE1 (Takumi et al. 1988), which was called MinK
(minimal K* channel), because it was thought that was able to generate currents. Some
years later, it was discovered that the currents detected were due to endogenous potassium
channels from Xenopus oocytes, and that KCNE1 was just an accessory subunit. KCNE2, 3
and 4 were cloned, for KCNE1 homology and they were called MinK Related Peptides
(MIRP) 1, 2 and 3, respectively (Abbott and Goldstein 1998; Abbott et al. 1999). Finally,
KCNE5 (MIRP4 or KCNE1-like) is one of the genes involved in the AMME disease (Alport
syndrome, Mental retardation, Midface hypoplasia and Elliptocytosis), caused for huge genes
deletions (Piccini et al. 1999).

TM domain

MinK  ————mmmeemeeeeee MILSNTTAVTPFLTKLWQETVQQGGNMSGLARRSPRSGDGKLEALYVLMVLGFFGFFTLGIMLSYI
MiRPL  —==—————mo MSTLSNFTQTLEDVFRRIFITYMDNWRQNTTAEQEALQAKVDAEN LYLMVMIGMFSFIIVAILVSTV
MiRP2 ==METTNGTETWYESLHAVLKALNATLHSNLLCRPGPGLGPDNQTEERRASLPGRDDN! ILFVMFLFAVTVGSLILGYT
MiRP3  ~=-ereemeccme e MLKMEPLNSTHPGTAASSSPLESRAAGGGSGNGNEY FYILVVMSFYGIFLIGIMLGYM
MiRP4 MNCSESQRLRTLLSRLLLELHHRGNASGLGAGPRPSMGMGVVPDPFVGREVTSAKGDDAY LY ILLIMIFYACLAGGLILAYT

PFNVYIESDAWQEKDKAYVQARVLESYRSCYVVENHLAIEQPNTHLPETKPSP=========ccmmcaaax
PYHQYIVEDWQEKYKSQILNLEESKATIHENIGAAGFKMSP-~ i
PYHVYIKNRVSMI
LLLLYKDEERLWGEAMKPLPVVSGLRSVQVPLMLNMLQESVAPALSCTLCSMEGDSVSSESSSPDVHLTIQ

PSQACAEHEWAPGGALTADAEAAAGSQAEGRRQLASEGLPALAQGAERV-====================

MiRP3 EEGADDELEETSETPLNESSEGSSENIHQNS

Fig. 9. Sequence alignment of the human KCNE family. The squared region corresponds to the transmembrane

domains. Three conserved regions are highlighted in grey. Adapted from (McCrossan and Abbott 2004)

1.2.1. KNCE1

As previously mentioned, KCNE1 was cloned as the responsible for the cardiac Iy
current (Takumi et al. 1988). However, Xenopus oocites express endogenous potassium
channels (Kv7.1) which co-assemble with the KCNE1 generating an lxs resembling current
(Barhanin et al. 1996; Anantharam et al. 2003; Gordon et al. 2006). KCNE1 is a regulatory
subunit of 15KDa approximately. Two splicing isoforms have been described: KCNE1b,
which seems a heart specific isoform, and KCNE1a, which is more ubiquitously expressed
(Lundquist et al. 2006). Curiously, KCNE1, as KCNE2, undergoes a sequential cleavage
mediated by different secretases which is involved in the regulation of Kv channels (Sachse
et al. 2013).
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KCNE1 association to Kv7.1 shifts the voltage-dependence of activation towards
more depolarized potentials, slows activation and deactivation kinetics, removes inactivation
and raises Kv7.1 currents by an increase in the single channel conductance (Barhanin et al.
1996; Sanguinetti et al. 1996; Pusch et al. 1998; Tristani-Firouzi and Sanguinetti 1998; Yang
and Sigworth 1998). In addition, KCNE1 increases Kv7.1 the sensitivity to PIP2 (Li et al.
2011) and to chromanol 293B (Lerche et al. 2000).

KCNE1 modulates Kv11.1 enhancing current density and shifting the voltage-
dependence activation to more hyperpolarized values (McDonald et al. 1997), resembling
cardiac lg, current. In addition, KCNE1 also modulates Kv3.1 and Kv3.2, slowing the
activation and deactivation kinetics (Lewis et al. 2004). Curiously, while Kv3.3 and Kv3.4
currents are suppressed by KCNE1 by an inhibition of their forward trafficking, Kv3.1 and
Kv3.2 hetero-oligomerization with Kv3.3 and Kv3.4 prevented this inhibition (Kanda et al.
2011). Kv2.1 activity is also impaired by the presence of KCNE1, leading to a reduction of
current, slowing the activation and deactivation (McCrossan et al. 2009). Furthermore,
KCNE1 accelerates Kv4.3 inactivation (Radicke et al. 2006).

Most of the KCNE1 mutations described, which compromise Ixs function, cause Long
QT syndrome (LQTS) (Splawski et al. 1997; Bianchi et al. 1999; Hoppe et al. 2001; Wu et al.
2006; Ohno et al. 2007) and raises the risk of ventricular arrhythmias and sudden death.
Most common mutations include: S74L, D76N, V47F, L51H, G52R, D85N, A8V, R98W and
Y81C. In some cases, the cardiac phenotype can be accompanied by congenital deafness,
such as the Jervell and Lange-Nielsen syndrome (Jervell and Lange-Nielsen 1957; Schulze-
Bahr et al. 1997; Duggal et al. 1998). There are some cases of drug-induced LQTS (D85N)
(Paulussen et al. 2004; Kaab et al. 2012) or exercise-induced LQTS (V471) (Ryan et al.
2012) associated to KCNE1 mutations. KNCE1 single nucleotide polymorphisms have also
been associated to Méniere’s disease (Doi et al. 2005). Finally, some KCNE1 mutations
(G25V,G60D, S38G) are associated to atrial fibrillation (AF) (Ehrlich et al. 2005; Olesen et
al. 2012; Liang et al. 2013) and heart failure (Fatini et al. 2010).

KCNE1 kcnock-out mice exhibited spontaneous episodes of atrial fibrillation despite
normal atrial size and structure. KCNE1” mice display increased outward current in atrial
myocytes, shorten atrial action potentials, and enhanced susceptibility to atrial fibrillation.
(Balasubramaniam et al. 2003; Temple et al. 2005). KCNE1" also presented an ear
epithelium degeneration along post-natal development, leading to a collapse of the
endolymphatic spaces, similarly to what happens in the Jervell and Lange-Nielsen syndrome
(Nicolas et al. 2001).
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In 2008, Kang et al, presented a three-dimensial
structure of KCNE1 (Fig. 10), arguing that is a curved a—
helix, flanked by intra- and extracelluar domains
comprised of a—helices joined by flexible linkers (Kang et
al. 2008).

Fig. 10. Structure proposed of KCNE1 determined by NMR and
molecular dynamics analysis. The transmembrane domain is colored

in red, while the N-terminus and C-terminus domain are orange and

pink, respectively. (Kang et al. 2008)

1.2.2. KCNE2

KCNE2 (15 KDa) is expressed in heart, brain, kidney, small intestine, among others
tissues (Lundquist et al. 2006). Genetic variations in KCNE2 have been linked to LQTS and
AF, suggesting that proper functioning of KCNE2 is necessary for cardiac electrical stability.

KCNE2 associates to Kv11.1 and resembled the native cardiac Ik current. In
presence of KCNE2, Kv11.1 exhibits a slower activation, faster inactivation and deactivation,
a shift to more hyperpolarized voltages and smaller currents (Abbott et al. 1999). This
interaction is also important for regulation of the resting potential of the stomach smooth
muscle (Ohya et al. 2002). In addition, KCNE2 associates to Kv7.1, leading to smaller and
time-independent currents (Tinel et al. 2000). KCNE2 also associates to Kv4.2, being
responsible for the cardiac Iy, current, together with KChIP (Liu et al. 2008). KCNEZ2 slows the
rates of Kv4.2 activation and inactivation and shifts the voltage dependence to more
depolarized voltages (Zhang et al. 2001). Kv4.3, is also modulated by KCNE2 (Liu et al.
2006; Radicke et al. 2008). Kv3.1 and Kv3.2 slow activation and deactivation in the
presence of KCNE2, as well as shift the voltage dependence to more negative potentials
(Lewis et al. 2004). KCNE2 also forms native cardiac complexes with Kv2.1, reducing the
current density and slowing the activation and deactivation (McCrossan et al. 2009).
Furthermore, KCNE2 suppresses Kv1.4, Kv3.3 and Kv3.4 by inhibiting their forward
trafficking (Kanda et al. 2011) Curiously, KCNE2 traffic effect on Kv1.4 and Kv3.4 is
prevented by Kv1.1 and Kv3.1 hetero-oligomerization, respectively (Kanda et al. 2011). An
interaction between KCNE2 and Kv1.5 has been suggested since kcne2”™ mice exhibited
decreased Kgow1 currents (Roepke et al. 2008). Animals exhibit an increase in margatoxin-
sensitive currents in choroid plexus epithelium suggesting a Kv1.3-KCNEZ2 interaction yet to
be deciphered. In this work, a partial inhibition of Kv1.3 by KCNE2 in CHO cells was
proposed (Roepke et al. 2011), although others demonstrate that KCNE2 do not modulate
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Kv1.3 in Xenopus oocytes and HEK-293 cells (Grunnet et al. 2003). Finally, KCNEZ2 is not
restricted to the Kv family, since may also modulate HCN channels (Decher et al. 2003;
Brandt et al. 2009).

Unlike KCNE1 and KCNE3, KCNE2 alone has the capability to travel to the surface in
the absence of Kv subunits (Um and McDonald 2007; Kanda et al. 2011; Kanda et al. 2011).
KCNE2 mediates the internalization of some Kv partners, such as Kv11.1, but not Kv4.3,
decreasing the amount of channel at the cell surface and accelerating the degradation
(Zhang et al. 2012).

KCNE2 mutations are associated with cardiac arrhythmias, long QT syndrome
(LQT6) (Abbott et al. 1999; Splawski et al. 2000; Isbrandt et al. 2002; Paulussen et al. 2004;
Tester et al. 2005), drug-induced LQT (Sesti et al. 2000) or T10M mutation was associated
with auditory stimulus-induced LQTS (Gordon et al. 2008). A specific KNCE2 mutation
(R27C) was also associated to atrial fibrillation. Curiously, this mutation displayed a gain-of-
function effect on Kv7.1/KCNE2, although did not alter Kv11.1-KCNE2 (Yang et al. 2004).
KCNE2(Q9E) is a rare genetic variant which impairs lx, activation and is associated with
some cases of sudden infant death syndrome (SIDS) (Arnestad et al. 2007). A LQTS KCNE2
mutation (157T) is also associated to Brugada Syndrome triggering a gain-of-function on |y,
currens by Kv4.3 (Wu et al. 2010). Finally, some KCNE2 mutations have also been related
with some cases of unexplained nocturnal death syndrome (SUNDS) (Liu et al. 2013).

KCNE2 kcnock-out mice exhibit prolonged ventricular action potentials, suggesting a
reduced repolarizing capacity. In fact, KCNE2" mice exhibited decreased lksons and o
ventricular currents, mediated by Kv1.5 and Kv4.3 channels, respectively (Roepke et al.
2008). Furthermore, animals presented striking gastric morphological and functional
abnormalities, including achlorhydria, gastric hyperplasia, and abnormal parietal cell
architecture (Roepke et al. 2010). KCNE2” mice suffer also hypothyroidism, dwarfism,
alopecia, goiter and cardiac abnormalities including hypertrophy and fibrosis. The authors
suggested that Kv7.1-KCNE2 may be required for normal thyroid hormone biosynthesis
(Roepke et al. 2009). In addition, loss of KCNE2 leads to a down-regulation of HCN channel
function associated with an increased excitability in neurons from the cortico-thalamo-cortical
loop (Ying et al. 2012).

1.2.3. KCNE3

KCNE3 (12 KDa) is ubiquously expressed throughout the body (Lundquist et al.
2006) and has two splicing isoforms.
,KCNE3 plays an important role in skeletal muscle in association to Kv3.4. This

interaction increases the unitary conductance, accelerates the inactivation recovery and
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decreases the cumulative inactivation. Furthermore, a KCNE3 missense mutation is
associated to hyperkalemic periodic paralysis (Abbott et al. 2001). However KCNE3
mutations responsibility on Familial Hypokalemic Periodic Paralysis and Thyrotoxic
Hypokalemic Periodic Paralysis raises controversy (Abbott et al. 2001; Dias Da Silva et al.
2002; Silva et al. 2004) (Sternberg et al. 2003; Tang et al. 2004; Vendrame et al. 2008). -
amyloid peptide-dependent Up-regulation of Kv3.4 channels and KCNE3 are involved in
apoptotic neuronal death. In fact, Kv3.4-KCNE3 channels have been proposed for a novel
target for Alzheimer's disease and potentially other neurodegenerative disorders
(Pannaccione et al. 2007). Finally, Kv3.4-KCNE3 channels play an important role in the
proliferation of artery smooth muscle cells (Leblanc 2010; Miguel-Velado et al. 2010).

KCNES3 inhibits neuronal Kv2.1, Kv3.1 and Kv3.2 channels (McCrossan et al. 2003;
Lewis et al. 2004). Moreover, KCNE3, together with KCNE1, inhibits Kv12.2 and modulates
the surface expression (Clancy et al. 2009).

Kv7.1 is another target of KCNE3, triggering instantaneous high density Kv7.1
currents. KCNE3 increases the potassium selectivity of Kv7.1 and the sensitivity to
chromanol 293B and XE991 (Schroeder et al. 2000; MacVinish et al. 2001; Bendahhou et al.
2005).

KCNE3, as well as Kv7.1, is present in lateral membrane of crypt and surface cells in
distal colon and small intestine (Liao et al. 2005). Both proteins are crucial for forming the
basolateral potassium conductance that is required for trans-epithelial cAMP-stimulated
chloride secretion, through basolateral recycling of K" ions and by increasing the
electrochemical driving force for apical CI" exit (Dedek and Waldegger 2001). They are also
located in parietal stomach cells playing an important role in acid secretion (Grahammer et
al. 2001). In fact, despite of KCNE3 knock-out mice are viable, fertile and displayed neither
periodic paralysis nor other obvious skeletal muscle abnormalities, cAMP-stimulated
electrogenic CI secretion across tracheal and intestinal epithelia was drastically reduced.
Interestingly, the abundance and subcellular localization of Kv7.1 is normal (Preston et al.
2010).

KCNE3 also modulates Kv4.3, which responsible of the cardiac |l;, current. KCNE3
(R99H) missense mutation was detected in a patient with Brugada Syndrome. Co-
transfection of RO99H KCNES3 with Kv4.3 leads to an increase of Kv4.3 currents (Delpon et al.
2008). Other mutations on KCNE3, which also resulted in a gain of function of I, currents,
are also associated to Brugada Syndrome (Nakajima et al. 2012). KCNE3 (V17M) mutation
is associated to gain of function of Kv4.3/KCNE3 and Kv11.1/KCNE3 currents triggering
atrial fibrillation. (Lundby et al. 2008).

KCNE3 mutations may be associated to Méniere’s disease, characterized by a

disorder of the inner ear that can affect hearing and balance to a varying degree. Some
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studies find that a single-nucleotide polymorphism (SNP) in the KCNE3 gene (198T/C)
increases the susceptibility to develop this disease (Doi et al. 2005), although other studies
do not (Campbell et al. 2010). Finally, two other missense mutations on KCNE3 located in
the N- and C-terminal domains were associated with a long QT syndrome, due to a reduction

of the repolarizing potassium current (Ohno et al. 2009).

1.2.4. KCNE4

KCNE4 (20 KDa) is the biggest member of the family with a C-terminus domain being
the more extended and divergent domain. KCNE4 is expressed strongly in heart, skeletal
muscle, uterus and kidney, less in placenta, lung, and liver, and weakly in brain and blood
cells (Grunnet et al. 2002; Grunnet et al. 2003; Teng et al. 2003; McCallum et al. 2009).

KCNE4 mostly acts a dominant-negative regulatory subunit. KCNE4 inhibits Kv7.1
currents, in Xenopus oocytes and HEK-293 cells with slightly discrepancies in the activation
kinetics (Grunnet et al. 2002; Teng et al. 2003; Grunnet et al. 2005). Kv1.1, Kv1.3, Kca1.1
and Kv4.2 (in a KChIP2-dependent manner) channels are also inhibited by KCNE4 (Grunnet
et al. 2003; Levy et al. 2008; Levy et al. 2010) (Fig. 11). Furthermore, KCNE4 inhibits
heterotetrameric Kv1.1/Kv1.2 and Kv1.3/Kv1.2 channels.

While KCNE4 inhibits Kca1.1 expression and surface abundance by a decrease in channel
half-life, the effects observed on Kv7.1 and Kv1.1 are not mediated by an intracellular

retention (Levy et al. 2008).
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Fig. 11. Effect of KCNE4 on different potassium channels. Potassium currents recorded of A. Kv7.1 B. Kv1.1 C.
Kv1.3 D.Kcal.1 E.Kv4.2, in the abscense (top panels) or in the presence (bottom panels) of KCNE4. Adapted
from (Grunnet et al. 2002; Grunnet et al. 2003; Levy et al. 2008; Levy et al. 2010)

Interestingly, a putative calmodulin binding domain (CaMBD) is present in KCNE4.
The CaMBD (amino acids 44 to 73) is located at the transmembrane-proximal C-terminus
boundary. Calcium-dependent association of Calmodulin to KCNE4 and the Kv7.1-KCNE4
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inhibition was located in a tetra-leucine motif within the putative CaMBD (L69-72) (Ciampa et
al. 2011).

A (SNP) of KCNE4(E145D) is associated with atrial fibrillation phenotype (Zeng et al.
2007). KCNE4(145E/D) exerts a "gain of function" of Kv7.1, and alters the half time activation

voltage, activation and deactivation kinetics (Ma et al. 2007).

A genome-wide association study with the Russian population suggested that KCNE4

gene is involved in allergic rhinitis disease (Freidin et al. 2011).

1.2.5. KCNE5

KCNES5 (15KDa) was the last member to be discovered. The gene is situated in a
chromosome region which contains several brain-related genes (Lundquist et al. 2006).

KCNES5-Kv7.1 complex raises controversial results. Initially, it was described that
KCNES5 did not modify Kv7.1 currents, in Xenopus oocytes (Piccini et al. 1999). However,
later on in CHO cells, it was described that KCNES shifted the voltage activation curve of
Kv7.1 by more than 140 mV in the positive direction, and the activation time constant of the
Kv7.1-KCNE5 current decreased, suppressing Kv7.1 currents (Angelo et al. 2002;
Bendahhou et al. 2005). This modulation seemed to be specific because neither other
members of the Kv7 family nor Kv11.1 were affected by the presence of KCNE5 (Angelo et
al. 2002).

KCNES is expressed in heart, skeletal muscle, brain, spinal cord and placenta
(Lundquist et al. 2006). Although at the beginning the cardiac role was not understood,
recently, KCNE5 mutations are associated with cardiac pathologies. A missense mutation in
KCNES5 (L65F) is associated with non-familial or acquired forms of atrial fibrillation, due to a
gain of function of Ixs current (Ravn et al. 2008). Furthermore, a KCNES5 polymorphism (97T)
confers protection against AF and contribute to sex differences in AF (Ravn et al. 2005).
KCNES5 also modulates |y, currents (Kv4.3+KChIP2), and novel KCNE5 variants appeared to
cause idiopathic ventricular fibrilation, especially Brugada Syndrome, in male patients

through gain-of-function of l;, (Ohno et al. 2011).

1.2.6. Molecular determinants of KCNEs

Kv7.1/KCNE1 association deserves the major part of studies focused on a KCNE
interaction. The structural basis of this interaction has been extensively studied over the last
two decades. Motifs, from both Kv7.1 and KCNE1, crucial for association and modulation
have been identified by experimental data obtained from combination of paradigms. The

transmembrane segment and the C-terminal domain of KCNE1 are crucial for modulation of
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Kv7.1 (Takumi et al. 1991; Tapper and George 2000). While some reports support that the
KCNE1 C-terminal domain modulates but not associates Kv7.1 (Tapper and George 2000),
other studies indicate that this domain only plays a role in positioning or anchoring KCNE1 to
the complex (Melman et al. 2001; Melman et al. 2002; Melman et al. 2004). In addition, the
absence of the C-terminus of KCNE3 does not impair Kv7.1 modulation (Gage and Kobertz
2004). Finally, other studies proposed that KCNE1 C-terminus is crucial for channel
assembly, open state destabilization and kinetics of deactivation (Chen et al. 2009). More
recently, it has been demonstated though that C-terminus of Kv7.1 is also in close proximity
with the KCNE1 C-terminus domain. In fact, a physical interaction has been proved by FRET
and co-immunoprecipitation experiments (Haitin et al. 2009; Zheng et al. 2010).

Molecular key elements of KCNE1 function are three Gly, several aromatic Phe and a
Thr 58 located at the KCNE1 transmembrane. Amino acids similarly located in KCNE3 are
also important. In KCNE3 though, a Val 72, instead of Thr 58, plays a major role in Kv7.1
modulation (Melman et al. 2001; Melman et al. 2002; Melman et al. 2002). Regarding
KCNE4, the transmembrane domain also modulates the voltage dependence of Kv7.1
(Ciampa et al. 2011). Different KCNEs may contact different regions of Kv7.1 within the
trasmembrane segments. The C-terminus and S5-S6 domains of Kv7.1 are also required for
KCNE1 and KCNE3 modulation (Melman et al. 2004). Other evidence supports that the C-
terminus of Kv7.1 acts as anchoring and correct positioning of the regulatory subunit. In the
S6 of Kv7.1, three amino acids (S338, F339, and F340) are the site of specific interaction
with KCNE1 and KCNE3. S338 and F339 play a crucial role more for KCNE3 modulation by
V72, whereas F340 is important for the KCNE1 modulation by T58 (Melman et al. 2004;
Panaghie et al. 2006). Others residues, such as F270, G272 and L273 (in the S5 segment);
V307, V310 and T310 (in the pore helix); and V324 and V334 (in the S6 segment) are also
important for an accurate modulation by KCNE1, (Seebohm et al. 2001; Seebohm et al.
2003; Nakajo et al. 2011). Regarding KCNEZ2, residues which play a role in Kv7.1 modulation
are L51, Y52, L53, M59, F60, S61, 163 and 167. M59 and S61 being functionally coupled to
the C331 position of Kv7.1 (Liu et al. 2007).

Furthermore, whether KCNE1 was located on the pore of Kv7.1, or outside, is subject
of debate. Some preliminary studies pointed out that KCNE1 lines the conduction pathway
(Wang et al. 1996; Tai and Goldstein 1998). However recently, studies suggest that is
located outside the pore (Lerche et al. 2000; Kurokawa et al. 2001; Tapper and George
2001; Chung et al. 2009), but in close proximity, since interacts with S1, S5 and S6
segments of Kv7.1 (Franqueza et al. 1999; Chouabe et al. 2000; Melman et al. 2004;
Panaghie et al. 2006; Chan et al. 2012). In addition, KCNE1 constrains the VSD of Kv7.1
(Shamgar et al. 2008). KCNE1 also alters the coupling between the voltage sensor and the
Kv7.1 gate. (Osteen et al. 2010; Wu et al. 2010; Wu et al. 2010).
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In 2008, Kang et al, proposed a KCNE1 model, showing that is a curved a—helix, flanked by
intra- and extracellular domains comprised of a-—helices joined by flexible linkers.
Furthermore, a 3D model of the Kv7.1/KCNE complex was generated, based in experimental
data and homology modeling and Rosetta-based docking of KCNE1 to Kv7.1 (Kang et al.
2008). In this model (Fig.12), where an open and a close state channel, are presented,
KCNE1 directly contacts with the S5-P-S6 domain and lies in a cleft between this pore
domain and an adjacent voltage sensor. The experimentally-restrained docking of the
KCNE1 TMD to a closed state model of Kv7.1 suggests that KCNE1 slows channel activation
by sitting on and restricting the movement of the S4-S5 linker that connects the voltage
sensor to the pore domain. The intracellular end of the KCNE1 TMD sits on the S5 end of the
critical S4-S5 linker of KCNQ1 that connects the voltage sensor to the pore domain and is
thought to press downward on the cytosolic end of the S6 helix to hold the channel gate in a
closed position. In addition, the proximal end of the KCNE1 TMD contacts with a cleft formed
between the upper part of S3, on the voltage sensor of one Kv7.1 subunit, and the S5/S6
segments of another. Authors postulate that this interaction must be disrupted before the
channel can be opened in response to membrane depolarization. Docking to open Kv7.1
indicates that the N-terminus of the KCNE1 TMD forms an interface with an inter-subunit cleft
in the channel (S1 from one subunit, S5 and the end of the pore helix from a second subunit,
and S6 from a third subunit) that is associated with most known gain-of-function disease

mutations. The C-terminus of the KCNE1 TMD sits at an interface between the cytosolic end

of S1 in one subunit and S5 in another.

Fig. 12 Structure of the
most possible open (right)
and closed (left) states of
Kv7.1-KCNE1 complex.
The trans-membrane
domain of KCNE1 is is
shown in red, while the
four Kv7.1 subunits are
blue, orange, purple, and
green. Extracted from
(Kang et al. 2008)
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1.2.7. Association and Stoichiometry of KCNE-Kv7.1 complex

The subcellular localization where the KCNE association takes place opens an
interesting debate. Some KCNEs possess the ability of trafficking to the plasma membrane
and some studies point to a reversible interaction between KCNE1 and Kv7.1 located in the
surface. (Poulsen and Klaerke 2007). In addition, KCNE4 inhibits Kv7.1 already present at
the membrane of Xenopus oocytes (Grunnet et al. 2002), and similar results have been
reported by using free vesicle-mediated-delivered KCNE2 or KCNE1 on Kv7.1 expressing
cells (Jiang et al. 2009). On the other hand, evidences argue against an earlier interaction, in
the endoplasmic reticulum, before glycosylation. In support of this, KCNE1 (L51H) mutation,
which retains the peptide and Kv7.1 at the ER, decreases Iy currents (Krumerman et al.
2004; Chandrasekhar et al. 2006). Contrarily, Kv7.1-KCNE1 assembly takes place in a post-
ER event in MDCK cells, but previous to the plasma membrane (David et al. 2013). KCNE2
associates to Kv channels in the ER, though few KCNE2 subunits are still able to reach to
the membrane surface (Jiang et al. 2009; Kanda and Abbott 2012).

Since the identification of KCNE1, previous to the knowledge that was a Kv7.1
regulatory subunit, different stoichiometries were postulated. Up to 14 KCNEs were
suggested to be present in the complex (Tzounopoulos et al. 1995). Later, more evidence
suggested two KCNE subunits by channel (Wang and Goldstein 1995). Since KCNE1 was
identified as no channel, different stoichiometry has been also suggested by complex. In fact,
two different schools suggested that (i) four Kv7.1 a subunits associate in a fixed way with
two KCNE1 subunits (stoichiometry of 4:2); and (ii) an open Kv7.1/KCNE1 stoichiometry.
Experimental evidences support the fixed stoichiometry (4:2) via charybdotoxin (*H-CTX)
binding to Kv7.1/KCNE1 and chimeric Kv7.1-Kv7.1-KCNE1 (Chen et al. 2003). In addition,
two KCNE1 (fixed stoichiometry 4:2) subunits associated to Kv7.1, by toxin-chemical-
mediated subunit counting experiments (Morin and Kobertz 2008). However, other evidence
proposed an open Kv7.1/KCNE1 stoichiometry (up to 4:4) by tandem fusion constructs
combined with electrophysiological studies. These demonstrated that additional KCNE1 to
Kv7.1-KCNE1 fusion proteins are able to produce currents with activation kinetics and
voltage dependence similar to naturally assembled Kv7.1/KCNE1 channels. The voltage
dependence of activation of Kv7.1/KCNE1 channels also depend on the amount of KCNE1
(Wang et al. 1998; Nakajo et al. 2010). Moreover, single-molecule fluorescent bleaching
studies indicate that up to four KCNE1 subunits are present in a Kv7.1 tetramer, depending
on the relative densities of the two subunits (Nakajo et al. 2010). Furthermore, the over-
expression of KCNE1, which markedly changes the activation kinetics and the voltage

dependence of native s currents in cardiomyocytes, supports a variable stoichiometry
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(Wang et al. 2011). Lately, the hypothesis of a variable stoichiometry, up to 4
KCNEs/complex, is gaining more strength.

It is worth to mention that not only one kind of KCNE isoform can associate to the
channel. As commented before, KCNE is a very promiscuous family, and the same channel
can be modulated by different KCNE member at the same time. KCNE4 may co-associates
to Kv7.1, while KCNE1 is present in the complex (Manderfield and George 2008). However,
there are some discrepancies about whether the KCNE4 inhibitor effect is dominant on
KCNE1 modulation (Lundquist et al. 2005; Morin and Kobertz 2007). KCNE3, KCNE4 and
KCNES5 are also able to modulate the Iys current in cell lines stably expressing Kv7.1/KCNE1
(Lundquist et al. 2005). Kv7.1/KCNE1/KCNE3, Kv7.1/KCNE1/KCNE4 and
Kv7.1/KCNE3/KCNE4 complexes have also reported by derived scorpion toxin-based
experiments (Morin and Kobertz 2007). In addition, co-immunoprecipitation experiments
suggested that Kv7.1, KCNE1, and KCNE2 can form a ftripartite complex and that the
presence of KCNE2 leads to a decrease in the Ixs current (Wu et al. 2006; Jiang et al. 2009).
Kv7.1 is not unique interacting with different KCNE simultaneosly. Native co-
immunoprecipitation assays from mouse brain membranes showed that KCNE1 and KCNE3
interact with Kv12.2 simultaneously suggesting the existence of KCNE1-KCNE3-Kv12.2

channel tripartite complexes (Clancy et al. 2009).

1.3. Several Kv subfamilies are requlated by KCNEs

As previously mentioned, KCNEs modulate a spread range of Kv channels. One aim
of this dissertation has been the analysis of classical interactions Kv7.1-KCNE and, in
addition, to also identify other Kv7.5 (homologous to Kv7.1) interactions not yet described.
Finally, to extend this study to not related and novel KCNE-Kv1.3 interaction, specially
focused on KCNE4, which may be relevant in leukocytes. Therefore, we are going to focus
on Kv7.1, Kv7.5, Kv1.3 and Kv1.5 in the next lines.

Despite of being from the the same superfamily of Kv channels, enormous structural
differences between Kv1 and Kv7 members exist (Fig. 13). While Kv1 channels tetramerize
via a tetramerization domain (T1) of about 100 amino acids located at the intracellular N-
terminus domain (Li et al. 1992; Xu et al. 1995), Kv7 members, which exhibit a larger C-
terminus domain, use this segment for assembly, traffic and gating (Cushman et al. 2000;
Gulbis et al. 2000; Minor et al. 2000; Haitin and Attali 2008).

The C-terminus of Kv7 channels is composed of 4 a helixes (A-D). The distal Ct
domain (helixes C and D) is also called A-domain. Helix C dimerizes and undergoes
concentration-dependent self-association to form a dimer of dimers (Wiener et al. 2008). The

helix C module is strongly conserved throughout the Kv7 subfamily, suggesting a general
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role in promoting oligomerization and association with proteins involved in trafficking and/or
regulation. Crystallographic studies on Kv7.1 reveal that helix D is a tetrameric parallel-
orientated coiled-coil quaternary structure playing a role in the hetero-tetramerization
(Howard et al. 2007; Wiener et al. 2008). Proximal helixes A and B form the site for
calmodulin (CaM) binding (Haitin and Attali 2008; Wiener et al. 2008). CaM seems to be an
essential auxiliary subunit of all Kv7 channels (Wen and Levitan 2002; Yus-Najera et al.
2002; Gamper and Shapiro 2003; Gamper et al. 2005; Shamgar et al. 2006). Kv1 channels

do not possess any of these domains throughout their structure.
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Fig. 13. Scheme the main topological characteristics of Kv1 and Kv7. A. Kv1 family tetramerize through T1
domain, located in N-terminus domain. B. Kv7 family tetramerizes through the C-terminus domain. C. Diagram of
the different motifs located in the C-terminus domain of Kv7 channels and its major partners. Adapted from
(Barros et al. 2012) and (Haitin and Attali 2008)

Kv7.1 C-terminus also conveys modulation by PIP,, which stabilizes the open state of
the channel (Loussouarn et al. 2003; Zhang et al. 2003; Park et al. 2005). In addition, the
helix D serves as the interface to the AKAP scaffold protein YOTIAO (Marx et al. 2002),
needed for PKC-dependent phosphorylation (Higashida et al. 2005).

Some Kv1 and Kv7 members share a SH3 domain (i.e. Kv1.5, Kv7.3-7.5), which play
an important role for their modulation by tyrosine kinase Src (Holmes et al. 1996; Gamper et
al. 2003). Furthermore, Kv1 channels possess a PDZ-binding domain (S/T-X-V/L) in their C-
terminus domain, where PSD-95 can associate. PSD-95 is a member of the MAGUK
(membrane-associated guanylate kinase) family of genes, which encode proteins (i.e. SAP-

97 and PSD-93) containing a guanylate kinase domain, an SH3 domain, and at least one
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PDZ domain. MAGUK proteins may determine the subcellular distribution of channels. For
instance, PSD-95 mediates clustering of ion channels into raft-like structures (Kim et al.
1995). Kv1.4 forms clusters at the membrane in the presence of SAP-97 or PSD-95 (Kim and
Sheng 1996) and PSD-95 stabilizes Kv1.4 in lipid-raft microdomains (Wong and Schlichter
2004). SAP-97 also interacts with Kv1.5, though due to the N-terminus of the channel
(Eldstrom et al. 2003).

As previously mentioned, both families can hetero-tetramerize. Some described
hetero-oligomers described are Kv1.2/Kv1.5, Kv1.1/Kv1.2, Kv1.2/Kv1.3, Kv1.2/Kv1.6,
Kv1.3/Kv1.5, Kv1.1/Kv1.4, Kv1.2/Kv1.4 (Koch et al. 1997; Albarwani et al. 2003; Fergus et al.
2003; Vicente et al. 2006; Vicente et al. 2008; Imbrici et al. 2011). Some Kv7.2/Kv7.3,
Kv7.3/Kv7.5, Kv7.2/Kv7.5, Kv7.4/Kv7.5, Kv7.3/Kv7.4 chanelosomes have also been reported
(Wang et al. 1998; Lerche et al. 2000; Schroeder et al. 2000; Bal et al. 2008).

1.3.1. Kv7.1

Kv7.1, also called KvLQT1 and KCNQ1, was first identified in a linkage study of
patients with long QT syndrome (LQTS1) (Wang et al. 1996). Subsequently, human and
murine Kv7.1 was cloned (Sanguinetti et al. 1996) (Barhanin et al. 1996). The KCNQ1 gene
encodes a potassium channel whose properties do not resemble any cardiac potassium
channel. However, Kv7.1 recapitulates properties similar to the cardiac slow delayed rectifier
(Iks) channel in the presence of KCNE1 (Barhanin et al. 1996; Sanguinetti et al. 1996).
Although 5 isoforms of Kv7.1 exist only two are functional. Kv7.1 (0), which corresponds to
the one initially discovered by Barhanin and Sanguinetti, and Kv7.1 (1), lately detected by
Wang and colleagues (Lee et al. 1997; Wollnik et al. 1997). In heart and skeletal muscle, a
subunit which represents half of 0 and 1 isoforms is expressed (Yang et al. 1997). In heart,
isoform 2 is also expressed. This isoform has no activity, because does not contain the entire
N-terminus domain and inhibits Kv7.1 currents (Jiang et al. 1997). The relative expression of
these different subunits in the same tissue may be a mechanism of controlling the intensity
and heterogeneity of Kv7.1/lxs currents.

Kv7.1 (676 amino acids) is the unique Kv7 member with a glycosylation site (N160).
In addition, Kv7.1 N-terminus domain also contains a PKA target site (S95) (Barhanin et al.
1996; Wang et al. 1996). Kv7.1 is also the member which contains less positive charges in
the S4 segment (only 4) among all the Kv7 members.

Kv7.1 electrophysiological properties differ between the different reports. Kv7.1
generates a voltage-dependent, slowly activating and slowly deactivating outward potassium
current, with a half-activation voltage -12 to -36 mV. Channels are activated between 100

and 200 ms, exhibiting an exponential curve and up to 3 seconds are needed to achieve the
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maximal activation in Xenopus oocytes (Barhanin et al. 1996; Tristani-Firouzi and Sanguinetti
1998; Schroeder et al. 2000). Kv7.1 single unit conductance is 1.8 pS.. Though, hetero-
oligomeric Kv7.1/KCNE1 channels expressed show a conductance of 5.8pS in Xenopus
oocytes (Pusch 1998).

Kv7.1 is inhibited by XE991 (ICsy of 0.8 uM). Interestingly, Kv7.1-KCNE1 complex is
more resistant (ICso of 11 yM) (Wang et al. 2000). Chromanol 293B also inhibits Kv7.1 with a
80% of efficiency for 100 uM. In this case, KCNE1, enhances Kv7.1 sensitivity to this drug
(Robbins 2001).

Kv7.1 and KCNE1 share expression in heart but also in many organs and very often
separate Kv7.1 from KCNE1 is not easy due to the physiological importance as a complex. In
heart, Kv7.1 is involved in the termination of the cardiac action potential, mediated by the
repolarizing potassium current s (Sanguinetti and Jurkiewicz 1990; Barhanin et al. 1996;
Sanguinetti et al. 1996). In addition, Kv7.1 and KCNE1 play a crucial role in the hearing
process and the maintenance of endolymph potassium homeostasis (Marcus and Shen
1994; Shen et al. 1995; Wangemann et al. 1995; Sunose et al. 1997). Kv7.1 has also been
detected in kidney, where it plays an important role in conduction a K' current to
counterbalance membrane depolarization induced by electrogenic Na*-coupled transport of
glucose or amino acids (Vallon et al. 2001; Vallon et al. 2005). Colon and small intestine also
express Kv7.1, KCNE1 and KCNE3. In colonic crypt cells, Kv7.1 seems to assemble with
KCNE3 and mediate a K conductance that provides the driving force for chloride secretion
(Schroeder et al. 2000; Kunzelmann et al. 2001). Kv7.1 is also related with other chloride-
secreting tissues such as pancreatic acinar cells and airway epithelium (Kim and Greger
1999; Mall et al. 2000). Kv7.1/KCNE2 complex is also crucial for gastric acid secretion in
stomach parietal cells (Dedek and Waldegger 2001; Demolombe et al. 2001; Heitzmann et
al. 2004). Kv7.1 has also been detected in the human thyroid gland, smooth muscle of
different vessels and skeletal muscle (Roura-Ferrer et al. 2008; Zhong et al. 2010; Frohlich et
al. 2011; Chadha et al. 2012). It is important to mention the possible role of Kv7.1,
coordinated also with Kv7.4 and Kv7.5, in vasodilatation processes (Zhong et al. 2010).
Kv7.1 mRNA has also been detected in liver, lungs, thymus, exocrine pancreas, salivary
glands, and uterus (Demolombe et al. 2001; Grunnet et al. 2002).

All this functional processes in which Kv7.1 is involved are highlighted by the Kv7.1
knock-out mice (Lee et al. 2000; Arrighi et al. 2001; Casimiro et al. 2001). These mice
present hypokalemia, urinary and fecal salt wasting and volume depletion. In addition, gastric
hyperplasia and profound hypochlorhydria have been observed in Kv7.1 knock-out mice,
indicating the importance of Kv7.1 in normal stomach development and function.
Hypertension and deafness are also characteristic malfunctions of these mice. The

physiological importance of this channel is also demonstrated by the different mutations
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association with many diseases. Mutations in Kv7.1 compromise lys function and can cause
long QT syndromes and sudden death (Wang et al. 1996; Donger et al. 1997; Bokil et al.
2010). In some case, LQTS are also accompanied by congenital deafness (Neyroud et al.
1997). In contrast, ls gain-of-function mutations cause premature repolarization and are
associated with short QT syndromes (SQTS) and atrial fibrillation (AF) (Loussouarn et al.
2006).
As mentioned before, Kv7.1 is
modulated by all the KCNE family A B

KCNQ1 KCNQ1 + KCNE1
members (Fig. 14). KCNE1 drastically

modifies Kv7.1 activity by increasing 2nA
its unitary conductance as well as oo
macroscopic currents, slowing

activation, right-shifting the voltage D KCNQ1 + KCNE3
dependence of activation, —————
suppressing partial inactivation and [ |1?°3:: 2
modulating the pharmacology of the - L 0.5 sec

channel. KCNE2 gives rise to
currents with decreased amplitude, KCNQ1 + hKCNE4 KCNQ1 + hKCNES

instantaneous activation, rapid partial e

deactivation and a linear current-

0.5 sec

voltage relationship. Moreover,
KCNE3 converts Kv7.1 to a channel

with nearly instantaneous activation

and a linear  current-voltage  Eig 14. Kv7.1 activity modulation by KCNE family. Whole

relationship. KCNE4 completely cell patch clamp recordings from COS-7 cells transfected
_ with (A) Kv7.1 alone or (B-F) with Kv7.1 and each of the 5
suppresses Kv7.1 currents. Finally,  KCNE subunits. Extracted from (Bendahhou et al. 2005).

KCNES, in addition to inhibiting Kv7.1
currents, shifts the voltage
dependence of Kv7.1 activation to
more positive potentials.

In addition to associations with KCNEs, Kv7.1 channels are modulated via different
mechanisms. Kv7.1 is inhibited by PKC (Barhanin et al. 1996; Kurokawa et al. 2001; Li et al.
2005). Furthermore, high AMPc levels enhances the activity of Kv7.1 (Yang et al. 1997).
Ser71 of Kv7.1 is phosphorylated by PKA when B-adrenergic receptors are activated, leading
to an increase in Kv7.1 currents in the presence of KCNE1 (Kurokawa et al. 2001; Kurokawa
et al. 2003). A platform protein from AKAP family (Yotiao), binding to C-terminus of Kv7.1, is

also needed for this process. Yotiao works as an association platform for many proteins,
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such as PKA and phosphatase1. In addition, Yotiao, undergoes phosphorylation for proper
regulation of ls current (Chen and Kass 2006). PIP, also modulates Kv7.1 currents in a
KCNE1-dependent manner, stabilizing its open state (Loussouarn et al. 2003). As mentioned

before, Kv7.1 has been detected in lipid raft micro domains (Balijepalli et al. 2007).
1.3.2. Kv7.5

Kv7.5 was the latest discovered member of the Kv7 family. It was characterized from
brain extracts by two groups simultaneously (Lerche et al. 2000; Schroeder et al. 2000).
Three isoforms (I, Il and Ill) of Kv7.5 exist. Isoform | is mainly expressed in brain, while the
isoforms Il and lll show a more skeletal muscle distribution. Kv7.5 is expressed in brain with
a similar pattern to Kv7.2 and Kv7.3, the hippocampus and the neocortex region containing
higher expression (Schroeder et al. 2000; Yus-Najera et al. 2003).

Kv7.5 activates at around -60 mV and presents a decrease in apparent Py, at
positive voltages than +20 mV due to inactivation. The apparent half-maximal activation is
-46 and -48 mV for isoforms | and lll, respectively. While the isoform Il shows a faster initial
activation and takes more time to stabilize, the isoform | shows a slower initial activation, but
reaches the plateau earlier than Ill (Schroeder et al. 2000). The single channel conductance
is 2.2 pS (Li et al. 2004).

Kv7.5 is inhibited by TEA (ICso 70 mM), linopirdine (ICsp 16 mM) and XE991 (ICs, 70
mM) (Lerche et al. 2000; Schroeder et al. 2000). Kv7.5 currents are activated by BMS-
204352 (Dupuis et al. 2002), retigabine (Schenzer et al. 2005) and NS15370, a novel high-
potency chemical analogue of retigabine (Dalby-Brown et al. 2013).

Kv7.5 can form hetero-tetramers with Kv7.2-Kv7.3. Hetero-oligomerization with Kv7.1
and Kv7.4 was proposed not to be possible, but recently, Kv7.4/Kv7.5 assembly has been
demonstrated (Lerche et al. 2000; Schroeder et al. 2000; Bal et al. 2008).

Regarding possible KCNEs-Kv7.5 modulation, preliminary studies of Kv7.5+KCNEs in
Xenopus oocytes were performed and suggested that KCNE1 was able to inhibit Kv7.5
current slowing the activation (Fig. 15.). Since KCNE1 could not be detected at that time in
brain and skeletal muscle by Northern blot analysis, an interaction with Kv7.5 was unlikely of
physiological relevance. KCNE3 may also inhibit Kv7.5, but KCNE2 leads to a faster
activation of the channel (Schroeder et al. 2000). On the contrary, other groups postulated
that KCNEs did not exert any effect upon Kv7.5 channel gating (Lerche et al. 2000; Grunnet
et al. 2002).
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Fig. 15. Electrophysiological records of Kv7.5 and Kv75+KCNE1). Records from A. Kv7.5, and B.
Kv7.5+KCNE1, obtained in Xenopus oocytes. Extracted from (Schroeder et al. 2000).

Kv7.5 plays an important physiological role in the generation of M-current, which is
mediated by hetero-tetrameric channels formed by Kv7.3 subunits associated with either
Kv7.2 or Kv7.5 (Wang et al. 1998; Lerche et al. 2000; Schroeder et al. 2000). The M-current
is a slowly activating and deactivating potassium conductance that plays a critical role in
determining the sub-threshold excitability of neurons as well as the responsiveness to
synaptic inputs. The M-current was first described in peripheral sympathetic neurons, and
differential expression of this conductance produces subtypes of sympathetic neurons with
distinct firing patterns. The M-current is also expressed in many neurons in the central
nervous system. In neurons, Kv7.2, Kv7.3 and Kv7.5 can be detected in soma and perisoma
(Hu et al. 2007). This is the only study focus on Kv7.5 traffic or subcellular localization.

Kv7.5 plays also an important role in smooth muscle cells, where is involved in the
maintenance of the vascular muscle tone. Kv7-mediated currents sensible to Arg8-
vasopressin (AVP) hormone in A7r5 cells (vascular smooth muscle cells) were detected.
These currents were inhibited by linopirdine and XE991, and only Kv7.5 mRNA was detected
(Brueggemann et al. 2007). However, the effects of AVP were apparently protein kinase C
(PKC)-dependent. Furthermore, splice variants of Kv7.5 were detected in murine thoracic
aorta, carotid and mesenteric arteries, and portal vein (Yeung et al. 2007; Yeung et al. 2008).

Recently a dysfunction of the hetero-oligomeric Kv7.3/Kv7.5 has been proposed in
association with autism spectrum disorders (Gilling et al. 2013). C-fibers in association with
small-diameter neurons in the dorsal root ganglia express Kv7.5, but not Kv7.2 and Kv7.3
(King and Scherer 2012). This may explain why Kv7 potassium channel openers decrease
neuropathic pain in experimental models (Passmore et al. 2003; Roza and Lopez-Garcia
2008).

1.3.3. Kv1.3

Kv1.3 was cloned almost simultaneously from brain of different species (Christie et al.
1990; Grupe et al. 1990; Swanson et al. 1990) and human T lymphocytes (Grissmer et al.
1990; Attali et al. 1992; Cai et al. 1992). All this clones, codified for the same protein, of 575
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amino acids (the human isoform). The distribution of this channel is mainly in the immune
system, where it is expressed in T, B lymphocytes and microglia (Cahalan et al. 2001), and
in the nervous system.

Kv1.3 is a voltage gated potassium channel which is activated by depolarization of
the membrane. The threshold of activation is around -50 mV, exhibiting a voltage half
activation voltage of -35 mV. Kv1.3 characterizes for reaching the maximum peak of

conductance about 10 ms after a depolarizing stimulus. Kv1.3 exhibits a marked C-type

200 pA I

100 ms S0 ms

inactivation, in front a sustained depolarization with a Ti activation b€tween 200 and 400 ms

(Fig. 16A). Kv1.3 is also characterized for presenting cumulative inactivation, which consist in
a progressive decrease in the potassium current after the application of successive
depolarizing pulse trains (Fig. 16B). The single-channel conductance of Kv1.3 is about 13pS
(Cahalan et al. 1985; Grissmer et al. 1990).

Fig. 16. Kv1.3 inactivation processes. A. Characteristic Kv1.3 current, showing the C-type inactivation. B. Kv1.3’s
current density decreases in front of a repetitive depolarizing pulse train, due to cumulative inactivation. Extracted

from (Grissmer et al. 1990).

Kv1.3 forms heteromeric complexes with Kv1.1 Kv1.2 and Kv1.4, in the brain grey
matter (Coleman et al. 1999), whereas in the bovine cortex, Kv1.3 hetero-oligomerize with
Kv1.6, Kv1.2, and Kv1.4 (Shamotienko et al. 1997). In the immune system, Kv1.3 forms
hetero-tetramers in cells where Kv1.5 is also co-expressed such as macrophages and
microglia (Vicente et al. 2006; Villalonga et al. 2007).

Kv1.3 is inhibited by general blockers of potassium channels such as quinidine, TEA
and 4-aminopiridine (4-AP). Other Kv1.3 inhibitors are benzamide derivatives (Miao et al.
2003) or derivatives from 5-(4-phenyl-butoxy psoralen (Psora-4) (Vennekamp et al. 2004).
However, the more effective Kv1.3 inhibitors come from natural venom derivatives. Some of
them proceed from venom scorpions such as margatoxin (Centruroides margaritatus)
(Garcia-Calvo et al. 1993), which exhibits a ICsq in the picomolar range. Charybdotoxin
(Leiurus quinquestriatus) (Miller et al. 1985; MacKinnon et al. 1988) and the Pi2 and Pi3
toxins (Pandimius imperator) (Peter et al. 2001) are other examples of venom scorpion which
inhibit Kv1.3, among other potassium channels. a-dendrotoxin is a green mamba

(Dendroaspis angusticeps) venom derivative which blocks Kv1.1-1.3 and Kv1.6 (Harvey
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2001). One of the most specific peptide toxins is Shk, from the sea anemone Stichodactyla
helianthus, which blocks Kv1.3 in a nanomolar concentration, although some effect upon
Kv1.1, Kv1.4 and Kv1.6 has also been described (Pennington et al. 1996). Different
chemically and modified derivatives of ShK peptide have been developed, in order to
increase its selectivity and efficiency inhibiting Kv1.3 to target autoimmune diseases
(Lanigan et al. 2002; Beeton et al. 2003; Beeton et al. 2005; Beeton et al. 2011; Chi et al.
2012).

As previously mentioned, Kv1.3 can be modulated by association with auxiliary
subunits, such as the KCNE4 regulatory subunit (Grunnet et al. 2003). Other interacting
regulatory subunits are KvfB1.1 and Kvf2.1, which enhance Kv1.3 currents (Autieri et al.
1997; McCormack et al. 1999). Kv1.3 activity is also modulated by PKA and PKC which
decrease the activity (Payet and Dupuis 1992; Cai and Douglass 1993). Kv1.3 can be also
inhibited by tyrosine kinase phosphorylation, such as by Src kinases (Holmes et al. 1996;
Fadool et al. 1997) or tyrosine kinase-activity receptors (EGF or insulin receptors) (Bowlby et
al. 1997). A Ca""-dependendent regulation of Kv1.3 was also suggested in lymphoblast
together with an association with the type Il CAM kinase (Chang et al. 2001), but no
Calmodulin association (Fanger et al. 1999). Recently, a Ca*-dependent reduction of Kv1.3
inhibition in megakaryocytes and heterologous expression system has also been described
(Martinez-Pinna 2012).

In the nervous system, Kv1.3 presents a restricted expression pattern in
hippocampus, striatum corpus, piriform cortex and olfactory bulb (Swanson et al. 1990; Kues
and Wunder 1992; Mourre et al. 1999).

In the immune system, Kv1.3 is expressed in T, B lymphocytes, macrophages,
dendritic cells, microglia etc. Kv1.3 plays an important role in immune system during
activation and proliferation of leukocytes (Beeton and Chandy 2005). After TCR activation
and subsequent release of endoplasmic reticulum calcium, Kv1.3, together with Kc,3.1, play
a crucial role in providing the sufficient driving force for further Ca** to entry the cell via Ora1.
The sustained calcium signal is needed to the T-cell activated transduction signal. Calcium
signal is needed for activation of calcineurin and the NFAT translocation to the nucleus,
which leads to the transcription of specific T-cell activation and proliferation genes (Fig. 17).
Moreover, Kv1.3 has also been related to many autoimmune diseases such as multiple
sclerosis, diabetes mellitus, arthritis rheumatoid, etc. and for this reason there is a lot of effort
in searching a specific inhibitor of Kv1.3 as an immunotherapeutic (Beeton and Chandy
2005; Beeton et al. 2005; Varga et al. 2010; Beeton et al. 2011). Furthermore, Kv1.3
overreactivity has been also described in Tem cells from patients with autoimmune diseases
(Rus et al. 2005; Varga et al. 2009). In this context, blocking Kv1.3 ameliorates the animal
model for multiple sclerosis (EAE) (Beeton et al. 2001).
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Fig. 17. Signaling cascade triggered by T lymphocyte activation. Activation of TCR leads to IP3; formation through
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PLC, which triggers calcium ER depletion. The elevated intracellular calcium concentration activates Kv1.3 and
Kca3.1 channels, which promote the sustained calcium entrance through Orai1, which is need for the activation of

nuclear factors and transcription of pro-inflamation genes. Extracted from (Cahalan and Chandy 2009)

Kv1.3, as well as Kv1.5, plays also an important role in the maintenance of the
membrane potential, proliferation and activation of macrophages (Vicente et al. 2006;
Villalonga et al. 2007). In addition, Kv1.3 is also important for the production of ROS by
microglia and the capacity for killing neurons (Khanna et al. 2001; Fordyce et al. 2005). In
dendritic cells, both channels are involved in the regulation of inflammatory cytokines (Mullen
et al. 2006).

As mentioned before, Kv1.3 is a channel that partially targets to lipid raft
microdomains. In fact, lymphocytic Kv1.3 rearranges around the immunological synapse (IS),
within lipid rafts, co-localizing with the TCR, CD3. An association between Kv1.3 and the
TCR/CD3 receptor has been demonstrated by FRET experiments (Panyi et al. 2004). Also,
molecular interactions between Kv1.3 and B1-integrin, SAP-97 and PSD-95 and Kv[(32
regulatory subunits have been also reported in these microdomains (Panyi et al. 2004;
Cahalan and Chandy 2009; Szilagyi et al. 2013). Kv1.3 localization in lipid rafts is crucial,
because methyl-beta-cyclodextrin treatment, which depletes the membrane from cholesterol,
disrupts lipid rafts and causes a depolarizing shift of the Kv1.3 channel activation and
inactivation and more than two-fold decrease in Kv1.3 currents (Pottosin et al. 2007).
Furthermore, segregation of Kv1.3 channels into the IS modifies the gating properties (Toth
et al. 2009). In addition, an alteration in lipid raft formation in some autoimmune diseases
such as Sistemic Lupus Erythematous (SLE) has been reported (Nicolaou et al. 2007;
Nicolaou et al. 2010).
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Kv1.3 is also expressed in other tissues, but with less abundance (Bielanska et al.
2009), such as kidney (Yao et al. 1996), bladder (Davies et al. 2002), adipose tissue (Xu et
al. 2003), smooth muscle (Cox et al. 2001; Miguel-Velado et al. 2005) and skeletal muscle
(Villalonga et al. 2008), osteoclasts (Arkett et al. 1994), testis (Jacob et al. 2000), etc. Kv1.3
expression has been related to many cancers (Bielanska et al. 2009; Bielanska et al. 2012;
Bielanska et al. 2012) and plays a role in apopotosis (Bock et al. 2002; Bock et al. 2003;
Gulbins et al. 2010; Leanza et al. 2012). In fact, the presence of Kv1.3 in the mithocondrial
membrane has been described (Szabo et al. 2005; Szabo et al. 2008).

Kv1.3 knock-down mice present a hyperdeveloped olfactory sense and impaired
action potentials in the bulb olfactory neurons (Fadool et al. 2004). Though, recently an
enhancement of Ky, currents (Slack channel) have been detected in olfactory bulb Kv1.3"
mice, which may explain part of the olfactory phenotype of these mice (Lu et al. 2010). In
addition, Kv1.3™" presented a decreased body mass, and in the number of fat bodies, due to
probably the enhanced nocturnal motor activity and metabolism which these mice exhibit.
These mice also present higher longevity. (Tucker et al. 2008). Furthermore, animals
present an increased expression in some adaptor proteins such as PSD-95, Src, Grb, or 14-
3-3, which some of them are involved directly or indirectly with the Kv1.3 activity (Fadool et
al. 2004). The immune system of Kv1.3 knock-out mice developed properly, because similar
number of lymphocytes in the spleen and thymus and no significant difference upon
proliferation in response to anti-CD3 were initially found. However, a compensatory up-
regulation of chloride currents (Koni et al. 2003) in lymphocytes was detected. Although a
more evidence demonstrate that Kv1.3” mice exhibited a decreased incidence and severity
of experimental autoimmune encephalomyelitis (EAE) and a limited proliferative capacity of
lymphocytes. Kv1.3" mice present significantly more naive and Tcy cells and fewer Tgy cells
in the lymph node at seven days after immunization than WT, despite of exhibiting similar

percentages of CD4" and CD8" T cells in spleen and lymph node (Gocke et al. 2012).

1.3.4. Kv1.5

Kv1.5 channel was cloned from a human ventricular 7
myocardium (Tamkun et al. 1991) and rat brain (Swanson et al. - ‘
1990). [

Kv1.5 responds to membrane potential depolarizations and =

exhibits an activation threshold more hyperpolarized than Kv1.3, T 200me

Fig. 18. Kv1.5 electro-
physiological currents.
very fast and presents a conductance of 8pS (Snyders et al. 1993;  (transient transfected
HEK-293 cells). Extracted
from (Vicente et al. 2006)

being -14mV the voltage half activation. Kv1.5 channels activate

Grissmer et al. 1994). In addition, Kv1.5 is characterized for

36



Introduction

presenting a very slow inactivation (T>5s). Kv1.5 does not present cumulative inactivation

(Snyders et al. 1993).

Kv1.5 is inhibited at high doses of different generic drugs such as 4-AP, TEA or
quinidine (uM). Some new chemicals have been discovered that inhibits Kv1.5, such as
S0100176 (from Sanofi-Aventis), AVE0118 or diphenyl phosphine oxide-1 (DPO-1) (Decher
et al. 2004; Villalonga et al. 2008; Du et al. 2010). These compounds block the channel in
open-conformation, but recognizing the conserved residues among Kv, which leads to
unspecific inhibition of other potassium channels. A lot of effort is being implied in the study
of Kv1.5 inhibitors in order to develop an anti-arrhythmic drug, due to the importance of this
channel in cardiovascular physiology. Kv1.5 plays an important role in the heart action
potential, since is the responsible of the Iy, current (Feng et al. 1997).

Kv1.5 is mainly expressed in smooth, skeletal and cardiac muscle. Kv1.5 it has been
found in pulmonary artery smooth muscle, where it is involved in the maintenance of the
membrane potential and vasoconstriction of these cells (Hong et al. 2005; Wang et al. 2005).
In heart, Kv1.5 expression is higher in auricula than ventricle (Tamkun et al. 1991; Mays et
al. 1995). As previously mentioned, Kv1.5 generates Iy, current which is fast activated and
slow inactivated during the plateaus phase of the action potential in auricular cells (Fedida et
al. 1993; Snyders et al. 1993; Nattel et al. 1999). Kv1.5 is expressed either in embrionary or
adult cardiomyocytes (Mays et al. 1995), as well as in myoblasts and contractile myotubes
(Levitan and Takimoto 1998).

Kv1.5 also plays an important role in immune system because is expressed in
macrophages, where associates to Kv1.3 forming Kv1.3/Kv1.5 hetero-tetramers (Vicente et
al. 2003; Vicente et al. 2005; Vicente et al. 2006). Kv1.5 is involved in migration and
phagocytosis processes (Park et al. 2006). Kv1.5 is also expressed in microglia playing a
role in proliferation (Pannasch et al. 2006). It is also present in dendritic cells, where,
together with Kv1.3, are involved in the production of inflammatory cytokines (Mullen et al.
2006).

Kv1.5 channel expression is more ubiquitous. Thus, it is present in kidney, alveolar
pulmonary epithelia, brain (pituitary, microglia and Schawnn cells), testis, kidney, bladder,
colon, etc (Takimoto et al. 1995; Sobko et al. 1998; Bielanska et al. 2009).

Apart from hetero-tetramerize with Kv1.3 and other Kv1 subunits, Kv2.1 and Kv[31
can also be present in the channelosome modifying gating properties (Heinemann et al.
1996; Sewing et al. 1996; Uebele et al. 1996). Kv1.5 also associates to KChAP, although no
functional changes have been detected (Wible et al. 1998). KCNE1 was also able to co-
immunoprecipitate with Kv1.5, although no functional effects have been reported (Melman et
al. 2004).
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Kv1.5 partially localizes to lipid raft microdomains, in caveolaes in mouse Ltk cells
(Martens et al. 2001) but not in rat and canine heart (Eldstrom et al. 2006). Also, Kv1.5
targets to lipid raft in heterologous system expression such as HEK-293 cells, but not in
macrophages or L6E9 skeletal myoblasts, heart membranes or cardiomyocites. Furthermore,
KvB2.1 presence impaired Kv1.5 localization to lipid raft microdomains (Martinez-Marmol et
al. 2008).

Kv1.5 is also inhibited by phosphorylation via PKA, PKC and tyrosine kinases (Li et
al. 1996; Sobko et al. 1998). Contrary to Kv1.3, Kv1.5 which possesses a SH3 domain and a
direct interaction between Src and the channel have been proposed (Holmes et al. 1996).
Modulation by kinases may also be dependent of Kv3 presence in the Kv1.5 channelosome
(Williams et al. 2002).
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OBJECTIVES

Voltage-dependent potassium (Kv) channels play important roles in the maintenance
of resting membrane potential and many other physiological functions such as propagation of
the nerve impulse, generation of the cardiac action potential, muscular contraction,
proliferation, cell volume control, etc. However, all these processes are generated by
oligomeric complexes (chanelosomes) formed by Kv conducting subunits in association with
ancillary subunits. Auxiliary subunits are able to modify traffic, current density, gating kinetics
and pharmacology of the channels. In fact, native currents such as Ix;, Iks Or i, currents have
been recapitulated in heterologous systems only when co-expression of Kv channels with
regulatory subunits have been performed.

KCNE peptides are one of these regulatory subunit families, which is comprised by
five members of single spanned transmembrane proteins (KCNE1-5). KCNEs peptides
interact and modify many types of Kv channels. Among all the possible interactions, Kv7.1-
KCNE1 is the most analyzed channelosome. In addition, a large body of information is
available about the gating modulation of KCNEs on Kv channels. However, scarce
information is known about the modulation of Kv traffic and subcellular localization.

The current dissertation aims to further the knowledge of the KCNE modulation on Kv
channels. To that end we also analyzed their interaction with Kv7.5, which is the last and less
studied member from the Kv7 family. In addition, we focused on the KCNE4-dependent

Kv1.3 regulation. Therefore, the specific objectives of the PhD dissertation are:
1. KCNE modulation on Kv7.1 traffic and membrane localization.

2. KCNE modulation on Kv7.5

3. KCNE modulation of the Kv1.3 channelosome in leukocytes.

41






3. Results







3.1. Block 1:

KCNE modulation of Kv7
channels






Results: Block 1

3.1.1. Resum de la contribucio 1

Article publicat en J Cell Physiol, 2010, 225:692-700

Impacte de les subunitats KCNE en el trafic a superficie de membrana del canal
KCNQ1 (Kv7.1)

Mertixell Roura-Ferrer, Laura Solé, Anna Oliveras, Rinat Dahan, Joanna Bielanska, Alvaro Villarroel,

Nuria Comes, Antonio Felipe

El canal KCNQ1 (Kv7.1) juga un paper molt important en la fisiologia cardiovascular.
Els cardiomiocits co-expressen el canal KCNQ1 i les subunitats reguladores KCNE1-5. S’ha
descrit com el canal KCNQ1 pot associar-se amb els diferents membres de la familia KCNE,

generant oligomers amb diferents propietats biofisiques i farmacologiques.

Son molts els resultats que en els darrers anys indiquen com la localitzacié dels
canals és un dels factors determinants per a la seva correcta funcié. En aquest context, la
preséncia de canals de potassi en microdominis de membrana rics en esfingolipids i
colesterol (lipid rafts) és el centre de molts estudis. S’ha descrit com els lipid rafts sén

importants pel funcionament cardiovascular.

En el present treball ens vam preguntar si les subunitats KCNE modificaven la
localitzacio del canal KNCQ1 en els microdominis del tipus lipid raft. Cél-lules HEK-293 es
van transfectar de manera transitoria amb KCNQ1 i KCNE1-5, i es va analitzar el traficila
presencia a lipid rafts de cadascuna de les proteines, per separat i co-expressades. Només
KCNQ1 i KCNE3, quan s’expressaven per separat, co-localitzaren amb les fraccions riques
en lipid rafts. A més a més, mentre que KCNE2 i KCNE5 s’observaven notablement a la
superficie cel-lular, KCNQ1 i la resta de KCNEs mostraven un marcada retencio
intracel-lular. Es va poder observar perd com KCNQ1 es localitza en diferents microdominis
de la membrana en funcié de la seva associacié amb els péptids KCNE. Aixi, per exemple,
mentre que KCNQ1/KCNE1 i KCNQ1/ KCNE2 es localitzen en lipid rafts, KCNQ1 associat
amb KCNES3-5 no s’hi localitza. Aquests resultats es van poder corroborar a més a més
mitjangant I'analisi d’experiments de recuperacio de la fluorescéncia després del cremat o
Fluorescence Recovery After Photobleaching (FRAP), on s’estudia la dinamica de

membrana del canal.

En conclusio, el trafic i la localitzacié del canal KCNQ1 pot ser modificat per la seva
associaci6 amb KCNEs. Degut a que KCNQ1 juga un paper crucial en la fisiologia
cardiovascular, la regulacié temporal i espacial que les diferents subunitats KCNE poden
conferir als canals pot tenir un impacte dramatic en I'activitat eléctrica de la membrana i la

seva regulacio endocrina.
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Impact of KCNE Subunits on
KCNQ1 (Kv7.1) Channel
Membrane Surface Targeting

MERITXELL ROURA-FERRER,"? LAURA SOLE,' ANNA OLIVERAS,' RINAT DAHAN,'
JOANNA BIELANSKA,' ALVARO VILLARROEL,”> NURIA COMES,' ano ANTONIO FELIPE'*
! Molecular Physiology Laboratory, Departament de Bioquimica i Biologia Molecular, Institut de Biomedicina (IBUB),

Universitat de Barcelona, Barcelona, Spain

2Unidad de Biofisica, CSIC-UPVIEHU, Universidad del Pais Vasco, Leioa, Spain

The KCNQI (Kv7.1) channel plays an important role in cardiovascular physiology. Cardiomyocytes co-express KCNQ | with KCNE|-5
proteins. KCNQ| may co-associate with multiple KCNE regulatory subunits to generate different biophysically and pharmacologically
distinct channels. Increasing evidence indicates that the location and targeting of channels are important determinants of their function. In
this context, the presence of K™ channels in sphingolipid—cholesterol-enriched membrane microdomains (lipid rafts) is under
investigation. Lipid rafts are important for cardiovascular functioning. We aimed to determine whether KCNE subunits modify the
localization and targeting of KCNQ | channels in lipid rafts microdomains. HEK-293 cells were transiently transfected with KCNQ| and
KCNEI-5, and their traffic and presencein lipid rafts were analyzed. Only KCNQ | and KCNE3, when expressed alone, co-localized in raft
fractions. In addition, while KCNE2 and KCNES notably stained the cell surface, KCNQ/| and the rest of the KCNEs showed strong
intracellular retention. KCNQI targets multiple membrane surface microdomains upon association with KCNE peptides. Thus, while
KCNQI/KCNEI and KCNQI/KCNE2 channels target lipid rafts, KCNQ| associated with KCNE3-5 did not. Channel membrane
dynamics, analyzed by fluorescence recovery after photobleaching (FRAP) experiments, further supported these results. In conclusion,
the trafficking and targeting pattern of KCNQ | can be influenced by its association with KCNEs. Since KCNQ| is crucial for
cardiovascular physiology, the temporal and spatial regulations that different KCNE subunits may confer to the channels could have a

dramatic impact on membrane electrical activity and putative endocrine regulation.

J. Cell. Physiol. 225: 692-700, 2010. © 2010 Wiley-Liss, Inc.

Many types of ion channels determine the configuration and
duration of the cardiac action potential. Potassium channels
control membrane potential, thereby playing a crucial role in
cellular excitability (Hille, 2001). KCNQI, also named Kv7.1
(IUPHAR, www.iuphar.org), is a voltage-gated potassium
channel expressed in muscle cells that plays a central role for
myocardial repolarization. In addition, KCNQI is involved in
different physiological functions because is expressed in several
epithelia, where it is involved in water and salt transport
(Jespersen et al., 2005). In the heart, KCNQ|I associates with
the KCNEI ancillary subunit (minK). KCNQ I/KCNEI
oligomeric association forms a channel that conducts the
cardiac lgs current. I activates slowly in response to changesin
the membrane potential and is partly responsible for
terminating the cardiac action potential. The physiological
importance of these channels is emphasized by the fact that
mutations in KCNQ| or KCNEI can cause cardiacarrhythmias
and hearing loss in humans (Jespersen et al., 2005; Peroz et al.,
2008).

The KCNE family (encoded by five genes designated
KCNEI-5) is a group of small single transmembrane peptides
that function as ancillary B-subunits to modulate voltage-
dependent K channels in muscle and epithelia (Abbott and
Goldstein, 2001; McCrossan and Abbott, 2004). The first
member of the KCNE family (KCNEI), originally cloned from
rat kidney (Takumi et al., 1988), is expressed ubiquitously
(McCrossan and Abbott, 2004). It was designated minK for
minimal K™ channel. KCNEI associates with KCNQI to
recapitulate many properties of the slowly activating and
deactivating cardiac delayed rectifier K™ current (lg.; Melman
et al,, 2002). KCNE2, first designated as MiRPI, for
MinK-related peptide |, regulates the KvII.l (HERG) channel
to form a rapid component of cardiac delayed rectifier K™
current (g Abbott et al., 1999). While KCNE3 (MiRP2) is
expressed in nerve, muscle and epithelia, KCNE4 (MiRP3) and

© 2010 WILEY-LISS, INC.

KCNES (MiRP4) are also present in nerve and heart (Piccini
et al., 1999; Abbott and Goldstein, 2001; Melman et al., 2002;
McCrossan et al., 2003; McCrossan and Abbott, 2004). In
addition to KCNEI, KCNE2-5 peptides also modulate
KCNQI channels (Angelo et al., 2002; Grunnet et al., 2002;
Melmanetal.,2002; McCrossan and Abbott, 2004). KCNE2and
KCNE3 alter activation and confer constitutive activity when
co-expressed with KCNQ| (Melman et al., 2002). By contrast,
KCNE4 and KCNES inhibit heterologously expressed KCNQ |
channel activity (Grunnet et al., 2002). The importance of
KCNE genes is supported by mutations associated with
inherited human diseases (Abbott and Goldstein, 2001).
Although the physiological relevance of KCNE3-5 to cardiac
ionic currents is still under debate, evidence indicates that
different KCNE subunits may interact simultaneously with
KCNQI, thereby modulating current and traffic (Manderfield
and George, 2008).

Subcellular localization of ion channelsis crucial for adequate
electrical signaling in the cardiovascular system (Steele et al.,
2007; Cusdinetal., 2008). Besides biophysics, distinct accessory
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B-subunits have important effects on Kv trafficking and surface
expression (Martens et al., 1999; Abbott et al., 2007). lon
channels have specific surface distributions. Lipid rafts are
specialized membrane microdomains rich in sphingolipids and
cholesterol. Many signal transduction enzymes known to
medulate ion channels are concentrated in these domains
(Martens et al., 2004; O'Connell et al., 2004). Recently, there
has been interestin the channel targeting to the membrane that
defines the protein microenvironment. Lipid rafts work as
platforms on which signal transduction pathways converge.
Multiple Kv channels have affinities for lipid rafts, and different
isoforms target distinct lipid microdomains (O’'Connell et al.,
2004; Maguy et al., 2006). However, oligomeric associations
may impair these locations, causing notable effects on channel
physiology (Martinez-Marmol et al., 2008; Vicente et al., 2008;
Sole et al., 2009).

Because of the importance of a proper membrane surface
expression of cardiac KCNQI, we analyzed the impact of the
oligomeric association with KCNE subunits on KCNQI
channel membrane surface targeting. We investigated the
localization of heteromeric complexes in lipid raft
microdomains and analyzed surface dynamics. VWe describe, for
the first time, that KCNQ| targets non-caveolar rafts.
Interestingly, KCNE3 is the unique KCNE peptide that localizes
in lipid rafts. Association of KCNQ|1 with KCNEI and KCNE2
partially relocalizes these ancillary subunits in rafts. On the
other hand, KCNQ |-KCNE3-5 heteromers were absent at
low-buoyant density fractions. Membrane dynamics analyzed by
FRAP further support these results. This is the first study
demonstrating that cardiac KCNQ | channels differentially
target lipid rafts upon KCNE association.

Materials and Methods
Expression plasmids

hKCNQI cDNA in the pTNL vector was kindly provided by T.
Jentsch (Leibniz-Institut fiir Molekulare Pharmakologie and
Max-Delbriick-Centrum fiir Molekulare Medizin, Berlin,
Germany). hLKCNE| and hKCNE2 in pHA were obtained from
S. de la Luna (Centro de Regulacion Genomica-CRG, Barcelona,
Spain). Human KCNE3 and KCNES in pXOOM were provided by
J. Barhanin (Institut de Pharmacologie Moléculaire et Cellulaire,
CNRS and Université de Nice Sophia Antipolis, Valbonne Sophia
Antipolis, France). hKCNE4-pXOOM cDNA was obtained from
M. Grunnet (Danish National Research Foundation Centre for
Cardiac Arrhythmia, University of Copenhagen, Copenhagen,
Denmark). For expression studies, proteins were cloned into
pCDNA3, pEYFP, and pECFP (Clontech, Mountain View, CA). All
constructs were verified by sequencing.

Cell culture and transient transfections in HEK-293 cells

HEK-293 cells were grown on poly-lysine-coated coverslips in
DMEM medium containing 0% FBS and supplemented with
antibiotics, 10 U/ml penicillin and streptomycin.

Transient transfection was performed using Metafectene™ Pro
(Biontex) at nearly 80% confluence (Sole etal., 2009). Twenty-four
hours after transfection, cells were washed in phosphate-buffered
saline (PBS), fixed with 4% paraformaldehyde in PBS for 10 min and
mounted with Aqua Poly/Mount from Polysciences, Inc.,

Warrington, PA.

Protein extraction, co-immunoprecipitation, and Western blot

Twenty-four hours after transfection cells were processed for
Western blotanalysis. Cells were washed twice incold PBS and lysed
onice with lysis solution (1% Triton X-100, 50 mmol/L Tris, pH 7.2,
150 mmol/L NaCl, | mmol/L EDTA) supplemented with | pg/ml
aprotinin, | pg/ml leupeptin, | pg/ml pepstatin, and | mM
phenylmethylsulfony| fluoride as protease inhibitors. Homogenates
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were centrifuged at 3,000g for 10 min, and the supernatant was
aliquoted and stored at —20°C. Protein content was determined by
the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).

For co-immunoprecipitation, samples (| mg) were precleared
with 25 pl of protein G-Sepharose beads for 2 h at 4°C with gentle
mixing. The beads were then removed by centrifugation at 1,000g
for 30 sec at 4°C. The sample was then incubated overnight with
the desired antibody (4 ng/p.g protein) at 4°C with gentle mixing.
Thirty microliters of protein G-Sepharose was added to each
sample for 4 hat4”C. The beads were removed by centrifugation at
1,000g for 30 secat 4°C, washed four times in NGH buffer (50 mM
HEPES, 150 mM NaCl, 1% Triton X-100, 10% glycerol, pH 7.2), and
resuspended in 70 | of SDS sample buffer.

Protein samples (50 pg) and immunoprecipitates were boiled in
Laemmli SDS loading buffer and separated on 10% SDS-PAGE.
Next, they were transferred to nitrocellulose membranes
(Immobilon-P; Millipore, Billerica, MA) and blocked in 5% dry
milk-supplemented 0.05% Tween 20 PBS before immunoreaction.
Filters were immunoblotted with antibodies against GFP (1/1,000;
Roche, Mannhein, Germany) or KCNQI (1/200; Alomone,
Jerusalem, Israel). Anti-pan-caveolin antibody was used as a marker
of lipid raft fractions (1/1,000; BD Transduction Laboratories,
Franklin Lakes, NJ), and anti-clathrin antibody was used to
characterize non-floating fractions ( 1/1,000; Chemicon, Temecula,
CA).

Raft isolation and immunoisolation of caveolae

Low density, Triton-insoluble complexes were isolated as
previously described (Vicente etal., 2008) from HEK cells transient
transfected with either KCNQ |-CFP or double transfected
KCNQ |-CFP/KCNEs-YFP. Cells were homogenized in | ml of %
Triton X-100, and sucrose was added to a final concentration of
40%. A 5-30% linear sucrose gradient was layered on top and
further centrifuged (39,000 rpm) for 20-22 h at 4°C in a Beckman
SW4ITI rotor. Gradient fractions (| ml) were collected from the
top and 50 pl were analyzed by Western blot.

Immunoisolation of caveolae has been described previously
(Vicente et al., 2008). Following sucrose gradient sedimentation,
floating membranes were collected and pooled. Samples were
diluted with Mes-buffered saline (25 mM Mes, pH 6.5, 0.15 M NaCl)
containing 0.05% Triton X-100 and precleared with 25 pl of
protein A-Sepharose beads for 2 h at 4°C with gentle mixing. The
beads were then removed by centrifugation at 1,000g for 30 sec at
4°C. The sample was then incubated overnight with anti-caveolin
polyclonal antibodies (2.5 pg) at 4°C with gentle mixing. Thirty
microliters of protein A-Sepharose was added to each sample for
2 h at4°C. The beads were removed by centrifugation at 1,000g for
30sec at 4°C, washed three times in NGH, and resuspended in
50 pl of SDS sample buffer.

Confocal microscopy and FRAP

Fluorescence recovery after photobleaching (FRAP) experiments
were performed | day after transfection at room temperature
(Sole et al., 2009). Dishes were replaced every 2h. Time series
were taken with 20 scans before bleaching, which was
accomplished by 20 iterations of bleaching with 100% laser power
of the 514-nm line, followed by 100 scans every 0.36 sec and 100
scans every second (2.5 min in total) of the bleached region with 6%
laser power. In each cell, a circular region of interest (ROI) of
6.57 um? was bleached. Experiments were performed with

n = 4-10 cells per group. Fluorescence intensity was normalized to
the prebleach intensity. Any loss of fluorescence during the
recording was corrected with unbleached regions of the cell.
Mobile fraction (Fy) was calculated according to the following
equation:

(Fx —F)

Fr =
" (R-F)

693



Results: Block 1

694

ROURA-FERRER ET AL.

= KCNESYFP

Ln,

Fig. I. KCNQI-CFP and KCNEs-YFP have distinct cellular distributions and membrane targeting. HEK cells were transient transfected with
KCNQI (A) and KCNE I=5 (B—F). The bars represent 10 jm.
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Fig. 2. KCNQI and KCNE I-5 differentially target lipid rafts in HEK-293 cells. Cells were transfected with KCNQ| (A), KCNEI (B), KCNE2 (C),
KCNE3 (D), KCNE4 (E), and KCNES5 (F). Sucrose density gradient fractions of HEK transfected cells were isolated and blotted against KCNQ |,
KCNEs, caveolin, and clathrin. While caveolin was used as a low-buoyant density fractions marker, clathrin identified non-raft fractions.
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where F__is the fluorescence at the end of the steady state, F;is
the fluorescence intensity post-bleaching, and Fy is the
fluorescence of the ROI previous to the bleaching.

Values were fitted to a nonlinear regression equation, F(t) = Fy
[I — exp(—t/t; )], where F is the fluorescence intensity, Fy is the
mobile fraction, and t, ;3 is the time constant. Data are shown as the
mean = SEM. Statistical analysis was performed by Student’s t-test
(GraphPad Prism, La Jolla, CA™).

For image processing and quantification analysis we measured
the degree of overlap of the red and green spots calculating the
Pearson's correlation coefficient (r) between the red and the green
component of each dual-channel image (Manders et al., 1993).
Furthermore, percentage of co-localization was calculated on a
pixel by pixel analysis from confocal images (Sole et al., 2009).

Cells were examined with a 63 x oil immersion objective on a
Leica TCS SL laser scanning confocal microscope. All offline image
analysis was done using Leica confocal Image | software and
Sigmaplot.

Results
Traffic and membrane surface targeting of KCNQI and
KCNE peptides

The modulation of KCNQI channels by KCNE accessory
subunits is under investigation and the functional consequences
of their association widely described (Melman et al., 2002;
McCrossan and Abbott, 2004). Therefore, we first
corroborated the effects of our KCNE constructs on KCNQ
currents. All KCNQI/KCNE combinations gave the expected
results (Melman et al., 2002; McCrossan and Abbott, 2004; data
not shown).

Voltage-dependent K" channels have different traffic
phenotypes, and this is important to cell physiology (Misonou
and Trimmer, 2004; Vacher et al., 2008). We analyzed the
cellular localizaton of KCNQI and KCNEs expressed
individually in the mammalian cell line HEK-293 (Fig. 1).
KCNQI, KCNEI, KCNE3, and KCNE4 showed intracellular
retention (Fig. | A,B,D,E, respectively). Contrarily, KCNE2 and
KCNES presented membrane targeting (Fig. |CF,
respectively). Because the crucial role of ion channel surface
location in specific membrane microdomains is worthy of
considerable effort (O'Connell et al., 2004; Maguy etal., 2006),
we next studied the raft microdomain localization of
individually expressed KCNQI| and KCNE peptides (Fig. 2).
KCNQI co-localized in caveolin-enriched low-buoyant density
fractions, indicating that this channel partially targets lipid rafts.
Contrarily, KCNEI, 2, 4, and 5 targeted out-of-raft
microdomains. Surprisingly, KCNE3 showed notable
expression in low-buoyant sucrose fractions, demonstrating
that, unlike other KCNE subunits, this protein efficiently targets
lipid rafts. Caveolae are specialized membrane lipid rafts
enriched in caveolins, where many signal transduction proteins
and their targets interface (O'Connell et al,, 2004; Maguy etal.,
2006). While some Kv channels associate with these structures,
some others remain in caveolae-free rafts (O'Connell et al.,
2004; Maguy et al., 2006). Since KCNQ1 and KCNE3 were
located in lipid rafts, we next investigated whether these Kv
channel subunits were associated with caveolin. Co-
immunoprecipitation studies from the caveolin-enriched
pooled fraction from the lipid raft isolation studies in Figure 2
demonstrated that KCNQI and KCNE3 were not associated
with caveolin (data not shown). These data indicate that similar
to other Kv channels (Martens et al., 2000), KCNQ| and
KCNE3 may be located in non-caveolar lipid rafts.

KCNQI associates with all KCNE peptides

KCNQI forms heteromeric channels with all KCNE peptides.
However, the physiological role of some oligomers is under
debate. We studied the association of KCNQI| with KCNE
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peptides and analyzed their traffic (Fig. 3). All KCNE ancillary
subunits strongly co-localized with KCNQI, and channel
complexes were mainly retained intracellularly. Evidence
indicates that regulatory subunits are involved in Kv channel
targeting (Martens et al., 1999; Abbott et al., 2007). In this
context, mutations on KCNE| impair KCNQI surface
expression (Krumerman et al., 2004). The co-expression of
KCNEI and KCNQI (Fig. 3A-D) slightly improved the surface
staining of KCNQ| (see Fig. 1A). Contrarily, KCNQI
association impaired KCNE2 membrane location (Fig. 3E-H).
Similar results were obtained with KCNE3 (Fig. 3I-L), KCNE4
(Fig. 3M-P), and KCNES (Fig. 3Q-T). It is noteworthy that
KCNE2 and KCNES, which showed membrane staining when
expressed alone, suffered strong intracellular retention in the
presence of KCNQI. The quantitative co-localization analysis
was performed calculating the Pearson’s correlation coefficient
(r) and the percentage of co-localization (Manders et al., 1993;
Sole etal.,, 2009). Values indicated high co-localization between
KCNQI and KCNEs. For instance, 77% of KCNQI/KCNEI
cells (37/48) showed that 61% of KCNQI co-localized with
KCNE!I with an r value of 0.68 4-0.03. Similar values were
obtained with the rest of KCNEs [KCNQ I[/KCNE2: 82% of
cells (42/51), 68% of co-localization, r =0.67 £ 0.06; KCNQI/
KCNE3: 84% of cells (38/45), 55% of co-localization,
r=0.65+0.04; KCNQI/KCNE4: 83% of cells (40/48), 61% of
co-localization, r =0.64 £ 0.04; KCNQ | /KCNES5: 58% of cells
(28/48), 50% of co-localization, r= 0.66 £ 0.05]. The widely
recognized association of KCNQI with all KCNE peptides was
further supported by co-immunoprecipitation studies (not
shown).
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Fig. 3. KCNQI co-localizes with all KCNE subunits. HEK-293 cells
were doubly transfectedwith KCNQI-CFP and KCNE |-5-YFP. While
the red panel shows KCNQI-CFP (A,E,|,M,Q), the green panel depicts
KCNE peptides (B,F,J,N,R). The merge panels show co-localizationin
yellow (C,G,K,O,S). (D,H,L,P,T) Histograms of the pixel by pixel
analysis of the section indicated by arrows in merge panels C, G, K, O,
and §, respectively. Red, KCNQI; green, KCNEs. The bars represent
10 pm.
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KCNQI/KCNE oligomeric channels target multiple
membrane surface microdomains

Great emphasis is being placed on the elements involved in
channel targeting and anchoring to the membrane (Misonou
and Trimmer, 2004; Steele et al., 2007; Vacher et al., 2008).
The subcellular localization of Kv channels is critical for proper
signaling in the cardiovascular system, and the
compartmentalization of cardiac ion channels illustrates lipid
raft heterogeneity (O'Connell et al., 2004; Maguy et al.,
2006). Therefore, we analyzed the membrane localization of
KCNQI/KCNE channels. Figure 4 shows the membrane
microdomain targeting and the surface dynamics of oligomeric
KCNQI/KCNEI and KCNQI/KCNE2 channels. Similar to
KCNQI homomers, oligomeric KCNQI channels were partly
located in low-buoyant density fractions (Fig. 4A.B, top
panels). However, unlike KCNE | and KCNE2 alone, oligomeric
forms of these ancillary subunits associated with KCNQ| were
in part relocated in lipid rafts. While KCNEI did not alter the
KCNQI relative abundance in floating fractions (40 4 6% and
48 + 9% in the absence or the presence of KCNEI,
respectively), KCNE2 diminished the localization of KCNQ | in
low-buoyantrafts (16 £ 3%, P < 0.0 vs. KCNQ/I in the absence
of KCNE2, n =4). Furthermore, KCNQI association partly
target KCNEI and KCNE2 to rafts (35 £7% and 28 + 6%,
respectively). FRAP studies further demonstrated that KCNEI

and KCNE2 membrane dynamics were also modified by the
presence of KCNQI. The data shown in Figure 4C,D,G,H
demonstrate that while the percentage of KCNEI mobile
fraction was roughly similar (62 & 10% and 76 = 3% for KCNEI
and KCNEI/KCNQI, respectively), the recovery time
constant slowed from 8 4 2 sec to 22 + 3 sec for KCNEI and
KCNEI/KCNQI, respectively (P < 0.05, n =4-6; Fig. 4K).
Similarly, KCNE2 parameters also suggest that the KCNE
peptide was relocated to less dynamic microdomains

(Fig. 4E,F.1)). While mobile fractions were 58 £ 7% and 70 = 4%
for KCNE2 and KCNE2Z/KCNQI, respectively, the recovery
time constant rose from 8 +2sec to 17 & 3sec (P<0.05,
n=28-10) for KCNE2 and KCNE2/KCNQI, respectively
(Fig. 4K).

Unlike KCNEI and KCNE2, KCNE3 targeted lipid rafts (see
Fig. 2B-D). However, the presence of KCNQI impaired this
location (Fig. 5A). In addition, the association of KCNQI with
KCNE3 also altered the KCNQI location. Thus, KCNE3
triggered a decrease of KCNQI in floating fractions (35 + 1%
to 25 4+4% for KCNQI and KCNQI/KCNE3, respectively,
P < 0.05, n =4-6; Fig. 5B). Furthermore, KCNQ/| association
drastically relocated KCNE3 in non-raft domains (Fig. 5C).
FRAP analysis revealed that KCNQ | membrane dynamics were
slightly affected by the presence of KCNE3 (Fig. 5D.EH.I).
However, the membrane dynamics of KCNE3 were altered in

the presence of KCNQI (Fig. 5F,G,).K). Thus, the mobile
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Fig. 4. Association of KCNQ | with KCNEI and KCNE2 partly targets KCNE peptides to different membrane microdomains with lower

mobility. HEK-293 cells were doubly transfected with either KCNQI-CFP and KCNEI -YFP or KCNQ | -CFPand KCNE2-YFP. A: Sucrose density
gradient fractions of KCNQ I/KCNE . B: Sucrose density gradient fractions of KCNQ I /KCNE2. C,D: Fluorescence recovery after photobleaching
(FRAP) of KCNEI and KCNQI/KCNEI. FRAP experiments monitored YFP intensity after 20 iterations of bleaching with 100% laser power.
Representativeimages of KCNE | -YFPat differenttimes. Circlesindicate regions ofinterest. C: KCNE|; D:KCNEI+KCNQ | .E,F: FRAP of KCNE2
and KCNQ I/KCNE2. Representative images of KCNE2-YFP at different times. E: KCNE2; F: KCNE2+KCNQI. Scalebars: 10 pm. G,H: Graphs of
the average (n>8) intensity from KCNEI (G) and KCNEI+KCNQI (H). ,): Graphs of the average (n> 6) intensity from KCNE2 (G) and
KCNE2+KCNQ| (H). K: The recovery time was calculated as the time constant (t;;z) of KCNEI and KCNE2 in the absence (black bars) or the

presence (white bars) of KCNQI. *P<0.05 versus KCNEI and KCNE2.
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Fig. 5. Association of KCNQ | with KCNE3 altersthelocation of KCNQI/KCNE3 channels. HEK-293 cells were transfected with either KCNQ -
YFP or KCNE3-YFP and doubly transfected with KCNQI-CFP and KCNE3-YFP. A: Sucrose density gradient fractions of KCNQI/KCNE3.

B:Percentage of KCNQ I relative abundancein floating fractions inthe absence (—, white bars) and the presence (+,black bars) of KCNE3 [*P < 0.05
vs. in the absence (—) of KCNE3]. C: Percentage of KCNE3 relative abundance in floating fractions in the absence (white bars) and the presence
(black bars) of KCNQ 1 [***P <0.001 vs. in the absence (—) of KCNQI]. D,E: FRAP of KCNQ | and KCNQI/KCNE3. Representative images of the
KCNQI-YFPintensity at different times. Circlesindicate regions ofinterest. D: KCNQ|; E: KCNQI+KCNE3. F,G: FRAP of KCNE3 and KCNQ I/
KCNE3. Representative images of KCNE3-YFP at different times. F: KCNE3; G: KCNE3+KCNgql. Scale bars: 10 pum. H,l: Graphs of the average
(n>é)intensityfrom KCNQI (H) and KCNQI+KCNE3 (1).),K: Graphs oftheaverage (n > 4)intensity from KCNE3 (J)and KCNE3+KCNQ | (K). L:
Mobile fractionin percentage of KCNQI and KCNE3 in the absence (black bars)and the presence (whitebars) of KCNE3 or KCNQI, respectively.
**P <0.01 versusin the absence of KCNQI. M: The recovery time was calculated as the time constant (t;;z) of KCNQ | and KCNE3 in the absence

(black bars) or the presence (white bars) of KCNE3 or KCNQI, respectively. "P<0.05 versus KCNE3.

fraction and the recovery time constant decreased in
association with KCNQI (Fig. 5L.M).

KCNQI was differentially located in low-buoyant density
sucrose fractions upon association with KCNE2 and 3.
However, interactions with KCNE4 and KCNE5 impaired
KCNQI co-localization with rafts (Fig. 6AB). This surprising
result was further supported by KCNQ | membrane dynamics.
KCNE4 (Fig. 6C,D,H) and KCNES (Fig. 6E,F,l) slightly
diminished the mobile fraction (Fig. 6]), but notably speeded the
KCNQI recovery time constant (Fig. 6K).

Discussion

Voltage-dependent K™ channels play a pivotal role during the
action potential in the cardiovascular system. In this context,
the subunit composition of the channelosome and specific
subcellular localizations allow for precise regulation of cardiac
excitability. Evidence indicates that the physiological function of
Kv channels is affected by interactions with accessory proteins
that modulate their activity and localization. In this scenario,
channel targeting to lipid rafts is a novel and important spatial
factor in cardiovascular physiology (O'Connell et al., 2004;
Maguy et al., 2006).

In the present study, we demonstrate that KCNQ/1 channels
target multiple membrane surface microdomains upon
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association with KCNE subunits. KCNQ/I partly located in lipid
rafts. However, KCNE peptides showed different targeting.
Thus, while KCNE3 strongly co-localized with raft domains, the
rest of the KCNE isoforms did not. KCNQI partly relocalized
KCNEI and KCNE2 subunits in low-buoyant density fractions.
Surprisingly, the association of KCNQI with KCNE3 targeted
the complex out of rafts. In addition, the association of KCNE4
and KCNES impaired KCNQ| targeting to lipid rafts.

The targeting of ion channels to cholesterol-rich membrane
microdomains has emerged as a novel mechanism of ion
channel regulation in the cardiovascular system (O'Connell
et al,, 2004; Maguy et al., 2006). However, limited information
about cardiac KCNQI and KCNE partners is available. Low-
buoyant density fraction isolations from cardiac samples
demonstrate that KCNQ |, KCNEI, and KCNE2 localize in lipid
rafts (Balijepalli et al., 2007; Nakamura et al., 2007). Endocrine
signals known to regulate KCNQ/| also localize in raft domains
(Calleraetal., 2007). For instance, 3-adrenergic signaling, which
modulates |l currents contributing to ventricular
repolarization during rapid heart rate, regulates cardiac Navl.5
regulation via a G-protein mechanism associated with lipid rafts
(Yarbrough et al., 2002). In addition, progesterone acutely
modulates | through a non-genomic pathway involving
c-Src/PI3K/Ake-dependent endothelial nitric oxide (NO)
synthase (eNOS) activation (Nakamura etal., 2007). However,
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Fig. 6.

KCNE4 and KCNES impair KCNQI localization in lipid rafts. HEK-293 cells were transfected with KCNQI or doubly transfected with

either KCNQ I-YFP and KCNE4-CFP or KCNQI-YFP and KCNES5-CFP. A: Sucrose density gradient fractions of KCNQ I/KCNE4. B: Sucrose
density gradient fractions of KCNQI/KCNES5. C: FRAP experiment of KCNQI. D: FRAP experiment of KCNQI/KCNE4. E: FRAP experiment of
KCNQI/KCNES5. FRAP representative images of KCNQI1-YFP at different times are shown. Circles indicate regions ofinterest. Scalebars: 10 pm.
F-H: Graphsoftheaverage (n> 6)intensity from KCNQ | (F) and KCNQI +KCNE4 (G)andKCNQI +KCNES (H). I: Percentage of KCNQI mobile
fraction (black bars) in the presence of KCNE4 (white bars) or KCNES (gray bars). ]: The recovery time wascalculated asthe time constant (t,2) of
KCNQI (black bars) in the presence of KCNE4 (white bars) or KCNES (gray bars). “P<0.01; "™"P <0.001 versus KCNQI.

although progesterone does not alter KCNQI/KCNEI
localization in rafts, molecules involved in the downstream
pathway of progesterone, such as eNOS, co-localize in
caveolae-raft fractions (Callera et al,, 2007; Nakamura et al.,
2007). Lipid rafts ensure close proximity between signaling
molecules and their targets. eNOS and KCNQ|, sharing
membrane microdomains, function as a co-ordinated
mechanism that ensures correct modulation. We found that
KCNEI is only located in rafts when associated with KCNQI,
which generates functional ks channels. To what extent the
presence of inherited mutations of KCNEI, which impairs
KCNQI membrane surface expression and triggers cardiac
LQTI syndrome, alters KCNQI signaling is not known
(Krumerman et al.,, 2004), but clinical data suggest protective
effects of progesterone against LOTS-associated arrhythmias
(Nakamura et al., 2007).

Although KCNEI is an obligate lxs component (Barhanin
et al, 1996), KCNE2 is also expressed in the human heart
(Melman et al.,, 2002; Lundquist et al., 2005). KCNE2, a
recognized partner of Kvl .1 (HERG; Abbott etal., 1999), also
associates with KCNQI within the cardiovascular system
(Melman et al., 2002; Bendahhou et al., 2005; Lundquist et al.,
2005). Although the physiological significance of cardiac
KCNQI/KCNE2 oligomeric channels is not clear, human
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KCNEZ gene variants in association with KCNQI have been
tentatively associated with atrial fibrillation (Yang et al., 2004).
Furthermore, KCNE2 associates with KCNQ |/KCNEI
channels to suppress the current amplitude withoutaltering the
slow gating kinetics (Jiang et al., 2009). In this context, similar to
Um and McDonald (2007), we found that KCNE2 stains more
cell surface compared to KCNEI, which is mostly retained in
the endoplasmic reticulum. In addition, Chandrasekhar et al.
(2006) support that KCNEI remains mostly intracellular but
the presence of KCNQI increases the surface expression. Our
results agree with these previous works indicating that the
association with KCNQI improves the membrane targeting.
Contrarily, we demonstrate that KCNE2 membrane surface
expression is impaired by the presence of KCNQI. Kv| .1/
KCNE2 channels have been localized in lipid rafts (Balijepalli
etal, 2007). However, similar to KCNEI, KCNE2 alone did not
co-localize with rafts. Our data indicate thatsimilar to KCNQ/
KCNEI, KCNQI/KCNE2 channels partly target rafts.
However, it is worth mentioning that the amount of KCNQI
present in rafts decreases in combination with KCNE2. The
final channel subunit composition is likely to be determined by a
combination of subunit expression rates and differential protein
processing and trafficking. For instance, in the Kene2 ™™ null
mouse, the trafficof Kv 1.5 to the intercalated discs is disrupted,
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concomitant with a prolonged ventricular action potential
duration, which triggers an extended QT interval under
sevoflurane anesthesia (Roepke etal., 2008). Although the role
of KCNE2 in the heart is still under debate, the physiological
relevance of KCNQI/KCNE2 channels for maintaining K™
conductance in epithelial cells, such as acid secretory gastric
parietal cells and thyrocytes, is crucial (Lee et al., 2000; Roepke
et al., 2006; Roepke et al., 2009).

The expression of multiple KCNE genes in the human heart
may enable variable modulation of li,. KCNE3 is highly
expressed in muscle, and inherited mutations trigger severe
myopathies (Abbott etal., 2001 ). If human cardiac myocytes co-
express KCNQ| with KCNEI-KCNES, changing the pattern of
KCNQI/KCNE associations can have a dramatic impact on the
membrane electrical activity. However, the role of KCNQI/
KCNE3 channels has only been deciphered in the
gastrointestinal epithelia (Schroeder et al., 2000; Grahammer
etal, 2001). ltis generally accepted that the tissue expression
modulates the activity of ion channels. Our results may bring
some light to this issue. While KCNQ/| relocalized KCNE| and
KCNE2 in rafts to generate cardiac currents, KCNE3
association impairs KCNQI localization in rafts. Because the
biophysics and pharmacology of KCNQI/KCNE3 complexes
are markedly different from those of KCNQI/KCNEI and
KCNQI/KCNE2 channels (Melman et al., 2002; McCrossan
and Abbott, 2004), their association may mask important
elements eliciting different membrane targeting surface
phenotypes. Multple KCNQI targeting phenotypes may
account for specific tissue roles.

Less is known about the physiological significance of KCNE4
and KCNES5 in combination with KCNQ| (Angelo etal., 2002;
Grunnet etal., 2002). Both KCNE peptides are expressedin the
cardiovascular system (McCrossan and Abbott, 2004; Abbott
et al., 2007). Although the two KCNE peptides differentially
target the membrane surface, neither KCNE4 nor KCNE5 was
present in lipid rafts. In addition, KCNQI association with
KCNE4 or KCNES targets KCNQ/| heteromeric channels out
of rafts. Similarly, Kv1.3/KCNE4 association impairs Kvl.3
localization in caveolar raft domains (Sole et al.,, 2009). In
addition, KCNQ| may form a heterooligomeric complex with
KCNE| and KCNE4 (Manderfield and George, 2008). Although
KCNE4 suppresses channel activity by a mechanism that does
not impair cell surface expression, we demonstrated that
microdomain targeting is clearly affected. Therefore, the effect
of KCNE4 may serve as an accessory negative regulatory
mechanism.

Our results further suggest that KCNQI and KCNE3 are
associated with non-caveolar rafts. Kv2.1 was the first channel
tobe localizedin non-caveolar cholesterol-enriched membrane
domains (Martens et al,, 2000) but other Kv, such as cardiac
Kvl.5 and leukocytic Kvl.3, co-localize in caveolar domains
(Martens et al., 2000; Martinez-Marmol et al., 2008; Vicente
etal.,, 2008). The presence of Kvl.5 modulates Kv1.3 traffic and
membrane surface expression (Vicente etal., 2008). Inaddition,
Kvl.5 targets multiple membrane surface microdomains upon
its partnership association (Martinez-Marmol et al., 2008).
Similarly, the presence of partner subunits may modulate the
KCNQI channel-raft association.

To what extent the localization in caveolar or non-caveolar
rafts is determinant of cell physiology is still under investigation.
However, the importance of lipid-raft integrity in the
cardiovascular system is demonstrated by the appearance of
cardiomyopathies and impaired vasocenstriction in null animal
models (O'Connell et al., 2004; Maguy et al., 2006). Lipid rafts
are specific domains for co-ordinating signaling molecules with
targets and to promote interactions with accessory proteins.
The precise location of KCNQI/KCNE oligomeric channels
may contribute to fine-tuning the regulation of KCNQI
signaling in the heart. Since the comprehension of the role of ion
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channels in multiple membrane microdomains is still in its
infancy, a better understanding of how Kv channels
compartmentalize in lipid rafts, in close proximity to signaling
molecules, will provide further insights into the molecular
mechanisms underlying cardiovascular diseases.
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Implicacions funcionals de I'expressié de les subunitats KCNE sobre el canal Kv7.5
(KCNQ5)

Meritxell Roura-Ferrer, Ainhoa Etxebarria, Laura Solé, Anna Oliveras, Nuria Comes, Alvaro Villarroel,

Antonio Felipe

Les proteines Kv7 (KCNQ) formen part d'una familia de canals de potassi
dependents de voltatge que consta de cinc membres (Kv7.1-Kv7.5). Mentre que Kv7.1 és
crucial en el cor, els canals Kv7.2, Kv7.3, Kv7.4 i Kv7.5 participen en la corrent de tipus M en
el sistema nervids. A més a més de al cervell, Kv7.5 és expressat en muscul esquelétic i llis,
on el seu paper fisiologic esta sent encara avaluat. S’ha descrit com els membres de la
familia Kv7 es poden associar a subunitats accessories KCNE (KCNE1-5). Aquestes
interaccions augmenten la diversitat dels canals i els proporciona mecanismes per
respondre a d’una gran varietat d’estimuls. S’ha observat com els péptids KCNE controlen
I'expressio a superficie, dependéncia a voltatge, cinética d’obertura, conductancia unitaria,
selectivitat idnica i farmacologia de diferents canals. Els KCNE perd han estat basicament
estudiats en el cor, d’altra banda perd, la seva activitat en el cervell i molts altres teixits esta

sent reconeguda cada cop més.

En aquest treball, descrivim com Kv7.5 i les subunitats KCNE estan presents en
mioblasts. Per tant, associacions oligomériques entre aquestes proteines podrien

proporcionar una gran diversitat funcional al canal Kv7.5 en muscul esquelétic.

Un extens estudi en oocits de Xenopus i cél-lules HEK-293 demostra com KCNE1 i
KCNE3, perd no cap altre membre de la familia KCNE, afecten al corrent del canal Kv7.5.
Per una banda, KCNE1 alenteix I'activacio i suprimeix la rectificacié inversa de Kv7.5. Per
I'altra, KCNE3 inhibeix drasticament els corrents de Kv7.5. A més a més, KCNE1 augmenta

I'amplitud de corrent del canal Kv7.5, en célslules HEK-293.

En conclusio, els canvis observats tant en la cinética o obertura del canal, com en
'amplitud de corrent suggereixen interaccions funcionals entre Kv7.5 i KCNE1 i Kv7.5 i
KCNES3. Els nostres resultats tenen importancia fisioldgica ja que Kv7.5 és molt abundant en
musculatura esquelética i llisa, i la seva associaciéo amb les subunitats KCNEs podria regular

de manera precisa diferents respostes cel«lulars.
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3.1.5. Report of the PhD student participation in the article

Informe de la participacio de la doctoranda en l'article
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Laura Solé Codina participated in the experiments of KCNEs expression in skeletal muscle
(Fig1).
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(Fig1).

Thesis director

El director de la tesi

Dr. Antonio Felipe Campo

63






Results: Block 1

Original Paper

Cellular Physiology
and Biochemistry

Cell Physiol Biochem 2009:24:325-334

Accepted: July 28, 2009

Functional Implications of KCNE Subunit
Expression for the Kv7.5 (KCNQ5) Channel

Meritxell Roura-Ferrer'?, Ainhoa Etxebarria?, Laura Solé’, Anna
Oliveras', Nuria Comes', Alvaro Villarroel> and Antonio Felipe’

"Molecular Physiology Laboratory, Departament de Bioguimica i Biclogia Molecular, Universitat de
Barcelona, Avda. Diagonal 645, Barcelona, 2Unidad de Biofisica, CSIC-UPV/EHU, Universidad del

Pais Vasco, Barrio Sarriena s/n, Leioa

Key Words
Voltage-dependent channels « Regulatory subunits «
Skeletal muscle

Abstract

Kv7 (KCNQ) proteins form a family of voltage-gated
potassium channels that is comprised of five members,
Kv7.1-Kv7.5. While Kv7.1 is crucial in the heart, the
Kv7.2, Kv7.3, Kv7.4 and Kv7.5 channels contribute
to the M-current in the nervous system. In addition to
the brain, Kv7.5 is expressed in skeletal and smooth
muscle, where its physiological role is currently under
evaluation. Kv7 associations with KCNE accessory
subunits (KCNE1-5) enhance channel diversity and
their interaction provides mechanisms to respond to
a variety of stimuli. KCNE peptides control the surface
expression, voltage-dependence, kinetics of gating,
unitary conductance, ion selectivity and pharma-
cology of several channels. KCNE subunits have
been primarily studied in the heart; however, their
activity in the brain and in many other tissues is being
increasingly recognized. Here, we found that Kv7.5
and KCNE subunits are present in myoblasts.
Therefore, oligomeric associations may underlie
some Kv7.5 functional diversity in skeletal muscle.

An extensive study in Xenopus oocytes and HEK-293
cells demonstrates that KCNE1 and KCNES3, butnone
of the other KCNE subunits, affect Kv7.5 currents.
While KCNE1 slows activation and suppresses inward
rectification, KCNE3 drastically inhibits Kv7.5
currents. In addition, KCNE1 increases Kv7.5 currents
in HEK cells. Changes in gating and amplitude indicate
functional interactions. Our results have physiological
relevance since Kv7.5 is abundant in skeletal and
smooth muscle and its association with KCNE peptides
may fine-tune cellular responses.

Copyright @ 2009 S. Karger AG, Basel

Introduction

Potassium channels are one of the most diverse
classes of membrane proteins in terms of function and
structure. They establish the resting membrane potential
and modulate the duration of the action potential in nerves
and muscle. They are also involved in the maintenance
of vascular smooth muscle tone, cell volume regulation,
and leukocyte activation and proliferation. among other
physiological responses [1]. More than 80 different genes
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have been classified and have been distributed into 4
superfamilies. The voltage-dependent potassium (Kv)
superfamily may be further subdivided into seven
conserved gene families. These comprise the voltage-
dependent channels Kv1-4 (Shaker, Shab, Shaw, Shal-
like subunits), the KCNQ channels (Kv7), the silent Kv5,
Kv6, Kv8 and Kv9 subunits (modulators), and the eag-
like channels (Kv10-12) [2].

The Kv7 family consists of five members (Kv7.1-
Kv7.5), encoded by single genes that all give rise to pro-
teins that form slowly activating potassium selective ion
channels [2]. The fact that mutations in four genes of
these subunits (Kv7.1-Kv7.4) give rise to human genetic
disorders highlights the physiological relevance of this
family [3, 4]. Kv7.1, mostly expressed in heart, 1s present
in several tissues, including testis and skeletal muscle [5].
Kv7.2 and Kv7.3 channels are confined to the nervous
system, where they have been found in various cell types,
including hippocampus, cortex and dorsal root ganglia [6].
Kv7.2-Kv7.5 channels have been proposed to constitute
the M-current. This current is central in the control of
neuronal firing due to its modulation by neurotransmitters
and voltage-sensitivity [3]. While Kv7.5 might produce
different variants of M-current m different parts of the
nervous system, its role in skeletal and smooth muscle,
where 1s expressed, 1s currently under investigation [7-
10]. In this context, we have recently described that Kv7.5
1s nvolved in myoblast proliferation [11].

The interaction of Kv channels with accessory
subunits provides a mechanism for channels to respond
to a variety of stimuli beyond changes in membrane
potential. Kv7 channels associate with KCNE proteins,
contributing to the functional diversity of K™ currents. The
significance of these interactions is manifest in reports of
genetic disorders such as the Long QT Syndrome, linked
to KCNE mutations [12, 13]. The KCNE gene family
also comprises five known members, KCNE/ to KCNES
[12, 13]. KCNE regulatory subunits have been primarily
studied in association with cardiac Kv7.1. Thus, the
Kv7.1-KCNE! mteraction was identified as the molecular
basis underlying the cardiac /_ current. However, KCNE
activity in the brain and in many other tissues is being
increasingly recognized [12. 13]. Several KCNE proteins
interact not only with Kv7.1, but also with other Kv7
members. While KCNE] and KCNE2 have been shown
to mainly function in the heart and KCNE3 functions in
skeletal muscle, the roles of KCNE4 and KCNES are
not vet understood [12, 13]. Although Kv7.5 is highly
expressed in skeletal muscle, preliminary reports on the
Kv7.5-KCNE interaction are contradictory and have

argued against any physiological relevance because, at
that time, the presence of most KCNEs in skeletal muscle
was controversial [14, 15]. However, it is clear today
that missense mutations of KCNE3 lead to the
dysregulation of muscular excitability, triggering a form
of hereditary Familial Periodic Paralysis [16].

In light of this, we aimed to study whether the co-
expression of KCNEL-5 proteins can affect the charac-
teristics of Kv7.5. We here describe that all five KCNE
proteins are expressed in skeletal muscle, indicating that
a physiological mmteraction with Kv7.5 may occur. How-
ever, only KCNE1 and KCNES3 alter the gating of the
Kv7.5 channel in Xenopus oocytes and HEK-293 cells,.
While KCNEL1 slows activation and inhibits inward recti-
fication, KCNE3 inhibits the current amplitude and dif-
ferentially affects activation. Furthermore, KCNEI in-
creases Kv7.5 currents, when co-expressed in HEK cells.
Our results have physiological relevance since Kv7.5 is
mvolved during cell cycle progression in skeletal myoblasts
[11], KCNELI 1s induced in atrial tumors and germ cell
neoplastic growth [5, 17], and KCNE3 is associated with
skeletal muscle channelopathies [16].

Materials and Methods

RNA isolation and RT-PCR analysis

Total RNA from rat tissues (brain. heart. and skeletal mus-
cle) and L6E9 cells was isolated using the Tripure reagent (Roche
Diagnostics). All animal handling was approved by the ethics
committee of the University of Barcelona. RNA was treated
with DNasel and PCR controls were performed in the absence
of reverse transcriptase. cDNA synthesis was performed with
transcriptor reverse transcriptase (Roche) with a random
hexanucleotide and oligo dT. according to the manufacturer’s
instructions. Once ¢cDNA was synthesized, the PCR conditions
used were 94°C for 1 min. 1 min at the optimal annealing tem-
perature (see Table 1 for temperatures and primers). and 72°C
for 1 min. These settings were applied for 30 cycles. DNA from
10 ul of the total reaction was separated by gel electrophoresis
ina 1.2% agarose 0.5X TBE (50 mM Tris. 50 mM boric acid. 1
mM EDTA. pH 8.0) gel.

Molecular Biology

Human Kv7.5 ¢DNA in the pTNL vector was kindly
provided by T. Jentsch (Leibniz-Institut fiir Molekulare Phar-
makologie and Max-Delbriick-Centrum fiir Molekulare Medi-
zin. Berlin, Germany). Human KCNE and KCNE2 were obtained
from S. de la Luna (Centro de Regulaciéon Gendémica-CRG, Bar-
celona, Spain) and were subcloned between the BamHI and
Xhol sites and the BamHI and Xbal sites in the pXOOM vector.
respectively. Human KCNE3 and KCNES5 in pXOOM were
provided by I. Barhanin (Institut de Pharmacologie Moléculaire
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Gene Accession number Sequence * base pairs  length  annealing
(bp)® ey

Kv7.5 XM_001071249 F: 5"-ACATGAAAGGCCATGTATACGC -3° 3061-3083

R: 5°-TATCCCGACATCTTCACACACC 37 3240-3218 180 55
KCNEl NM_000219 F: 5°-TGACAGCAAGCTGGAGGCTCT-3" 738-759

R: 5°-GCTTCAGAGCTTGCTATGTC-3" 949-929 21 50
KCNE2 NM_172201 F: 5°-GTCATCCTGTACCTCATGGT -3° 284-304

R: 57-AAGGCCACCATCCATGAGAA 37 478-458 194 60
KCNE3  NM 005472 F: 5°-CGTAATGACAACTCCTACATG -3° 441- 462

R: 5-TAGTGACCCCTATCATGTGT -3° 568-548 126 60
KCNE4 NM_080671 F: 5°-TCCAGCAGCCCCCTTGAGTC-3" 138-158

R: 5°-CGGGAGAAGAAGTCCAGCCT-3" 295-275 157 55
KCNE5 NM_012282 F: 5"-CCCCTACCCCGCACATC-3’ 789-806

R: 5-GAACTGAATCCAACACGTCCAA-3” 896-874 107 55

Table 1. Genes, accession numbers, sequences of oligonucleotide primers, base pairs in the accession and
cDNA length. * F, forward: R, reverse. ® bp. base pair. ¢ annealing PCR temperature

et Cellulaire. CNRS and Université de Nice Sophia Antipolis.
Valbonne Sophia Antipolis. France). hKCNE4-pXOOM cDNA
was obtained from M. Grunnet (Danish National Research
Foundation Centre for Cardiac Arrhythmia, University of
Copenhagen. Copenhagen, Denmark).

Channel expression and electrophysiology in Xenopius

oocytes

After linearizing the cDNAs. the cRNAs were generated
with T7 and SP6 RNA polymerase by using the mMESSAGE
mMACHINE kit, according to the manufacturer’s instructions
(Ambion). Oocyte preparation was performed as described pre-
viously [18]. Stage V or VI oocytes were enzymatically
defolliculated with collagenase (Sigma). 1 mg/ml in Ca*-free
solution, in a solution containing, in mM, 82.5 NaCl, 2.5 KCl. 1
MgCL, and 5 HEPES, pH 7.5. They were then transferred to a
Ca**-containing solution, ND96, consisting of, in mM, 96 NaCl.
2 KCl. 1.8 CaCl,, 1 MgCl,, and 5 HEPES, pH 7.5. The oocytes
were injected with 50 nl of Kv7 or KCNE ¢cRNA solution. con-
taining 5 ng of Kv7.1 or Kv7.5, or 7.5 ng of a 1:0.5 mixture of Kv
and KCNE in coexpression experiments. For unknown reasons,
higher doses of some KCNEs killed oocytes, as has been pre-
viously described [19]. Oocytes were kept in ND96 buffer at
18°C and used for recording two to four days after injection.

Whole-cell currents were recorded in oocytes at room
temperature (22°C) with a two-electrode voltage clamp using a
virtual-ground Geneclamp 500B amplifier (Axon Instruments).
Borosilicate electrodes were filled with 3 M KCI and had
resistances of 1 MCQ. The oocytes were perfused continuously
in Xenopus saline comprising. in mM. 100 NaCl, 2.5KCL. 1 MgCL.,.
2 MnCl,, and 5 HEPES, pH 7.5. All chemicals, except where
otherwise stated, were from Sigma. Data were acquired at a
sampling rate of 1 KHz and filtered at 100 Hz. Voltage-step
protocols and current analysis were performed with pCLAMP
8.2 software (Axon Instruments). The voltage activation was
determined as follows: oocytes were clamped for 3 s from a
holding potential of -50 mV to voltages between -100 to +60
mV in 10 mV steps, and followed by a constant pulse to -20 mV

of 1 s duration. The current activated at different voltage test
pulses was estimated by measuring the amplitude of corre-
sponding tail currents at -20 mV. For each oocyte. the current
(J), was normalized relative to its maximal value. To evaluate the
voltage dependence of potassium channels, the mean values
of currents (£SE) were plotted versus voltage. and the [/V rela-
tionship was fitted to a Boltzmann function of the form:

I=1 J[1 +exp((V,,-V,)siope)].

where 7 is the maximal current and ¥V, is the membrane
potential (¥ ) at which /=] /2. Fits were made by treating
I_ .V, and slope as free parameters, and the best values of
constants were obtained by applving an iterative procedure of
fitting to minimize the least-squares error between the data and
the calculated fit point. Data were normalized in Excel and
plotted with SigmaPlot. For statistical evaluation, the unpaired
Student’s r-test was applied. A p<0.05 was considered
significant.

Cell culture, transient transfection and electro-

physiology in HEK-293 cells

HEK-293 cells were grown on poly-lysine-coated
coverslips in DMEM medium containing 10% FBS with 10U/ml
penicillin and streptomycin, and 2mM L-glutamine. Transient
transfection was performed using Metafectene™Pro (Biontex)
at nearly 80% confluence. Kv7.5 and KCNE cDNAs were used
at 1:1 ratio. Two to three days after transfection, coverslips
were transferred to a special chamber (Harvard Apparatus)
mounted on the stage of an inverted microscope (Olympus IX-
50) to perform the recordings. Whole cell currents were
measured with an Axopatch-1D (Axon Instruments) amplifier
using the patch clamp technique. WinWCP Strathclyde Whole
Cell Program 3.8.2 (John Dempster. University of Strathclyde.
U.K) was used for pulse generation. data acquisition and.
subsequent analysis through a 1320A Axon Digidata A/D
interface. After achieving the whole-cell configuration. currents
were recorded at 2-10 KHz and low-pass filtered at 1-2 kHz
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Fig. 1. Skeletal muscle expresses Kv7.5 and KCNE modula-
tory subunits. mRNA expression of Kv7.5 and KCNE modula-
tory subunits in skeletal muscle (SK) and tissues from adult
rat. RNA from rat brain (B) and heart (H) was used as positive
controls. PCR reactions were performed in the presence (+) or
absence (-) of the retrotranscriptase reaction.

without leak substraction. Series resistance compensation was
always above 70%. All experiments were performed at room
temperature. Electrodes were fabricated from borosilicate glass
capillaries (Harvard Apparatus) using a P-97 micropipette puller
(Sutter Instruments) and fire polished. Pipettes had a resistance
of 2-4 MQ when filled with a solution containing (in mM): 120
KCL.5.37 CaCl,. 2MgCL. 10 EGTA. 10HEPES. 2 ATP (pH 7.2 by
KOH). The extracellular solution contained (in mM): 140 NaCL
4KCL2CaCl,, 1 MgCl,, 10 HEPES (pH 7.4 by NaOH). Cells were
clamped to a holding potential of -90 mV. To evoke voltage-
gated currents. all cells were stimulated with 2000-ms square
pulses ranging from-80 to +60 mV in 10 mV steps. Traces were
fitted with Sigma Plot 10.0 (SPSS Inc.).

Results and Discussion

Kv7.5 and KCNE peptides are coexpressed in

skeletal muscle

The complexity of Kv7 channels may be further
increased by their associations with KCNE modulatory
subunits. Studies in heterologous expression systems have
highlighted the wide variety of biophysically and
pharmacologically distinet Kv7 channels that carry out
diverse functions as key determinants of membrane
excitability [16]. Kv7.5 is expressed in the brain, skeletal
and vascular smooth muscle [7-10. 14, 15]. While Kv7.5
function has been evaluated in brain, where, in

Kv7.5
80 mV
20 mV
50 mv-
B Kv7.5 + KCNE1 C Kv7.5+KCNE2
5 5
S s 3 1s
D Kv7.5 + KCNE3 E Kv7.5 + KCNE4

Kv7.5 + KCNE5S

o E
=3
08
B
Hos
< Zoa
3 £
u,_| So2
S qs 00

- E1 E2 E3 E4 ES EJ E4 ES
Kv7.5

Fig. 2. KCNE subunit modulation of Kv7.5 currents. Voltage
clamp recordings from Xenopus oocytes injected with cRINA
encoding (A) Kv7.5 alone or (B-F) Kv7.5 and one of the five
KCNE subunits. Oocytes were clamped for 3 s from a holding
potential of -50 mV to voltages between -100 to +60 mV in 10
mV steps, followed by a constant pulse to -20 mV of 1 s duration,
and then back to holding potential. The current activated at
different voltage test pulses was estimated by measuring the
amplitude of corresponding tail currents at -20 mV. (G) \'[e"m
cwrent values of oocytes expressing either Kv7.5 (<) or Kv7
together with KCNE (1-5). Peak currents were measured at + 20
mV. Values are the mean + SEM (n>>12). ¥¥*_ p<0.001 vs. Kv7.5
alone (-) by Student’s r-test.

combination with Kv7.3, it contributes to neuronal
excitability, its role in skeletal muscle is unknown [14,
15]. However, recent data in vascular smooth muscle
identify Kv7.5 as target for vasoconstrictor signal
transduction [7-10]. Kv7.5 is inhibited by M1 muscarinic
receptor activation and shows pharmacological properties
suggesting that it plays a role in generating M-like currents
in different parts of the nervous system [20]. In muscle,
we have recently described cell-cycle-dependent
regulation of Kv7.5. Kv7.5 is induced prior to the S-phase
and is involved in cell eycle progression [11]. Since Kv7
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Fig. 3. Kv7.5 current-voltage relationships in A B _
the presence of KCNE subunits. (A) I-V el < 12
relationships from Kv7.5 currents recorded in = 10 O -ig = 1.0 ,_.-,Pf’ﬂii";:;
oocytes (n>12) i the presence or absence of g' 0.8 - % 0.8 ¥
KCNE2, KCNE3. KCNE4, or KCNES. (B) Similar | S 06 ) . s 2 os -
I-V relationships in the presence of KCNEI S04 o e 804 & exws
A [} W +KCNE4 ] %e] O Kvw7 5+KCNE1

(n=14). The pulse protocols are the same as in E 02 ‘ "ff/’ v +KCNES E 02 1:5}
Figure 2. Current amplitudes were normalized 2 h0le# 2 50/et™”
to the maximum value. (C) I-V relationships -100-80-60-40-20 O 20 40 60 -100-80-60-40-20 0 20 40 60
from Kv7.5 currents in the presence or absence Voltage (mV) Voltage (mV)
of KCNEL1 following depolarizing pulses from
0 to +60 mV. Current amplitudes were
normalized to the maximum value as in panels C 0 D é 120 S ..
A and B. (D) Percentage of inward rectification Z100) e = x S 4q0!
at +60 mV from Kv7.5-injected oocytes in the S oss| ¢ . g 80
presence (E1 to ES) or in the absence of KCNE £ .96/ g 2
(-). Values were normalized to 100% of inward o 094 TR g
rectification in the absence of KCNE (maximal J 092 gurs LN E o

g : f S T 080 Kv7.5 + KCNE1 g S 204
Kv7.5 inward rectification at +60 mV). Values E o.8] * 5 I
are the mean = SEM of n>14 oocytes. *** S ool : . . K 105 )
p<0.001 vs. Kv7.5 alone (-) by Student’s r-test. E 20 % £ _EEREs

4 Voltage (mV) Kv7.5

channels are tightly modulated upon association with
KCNE subunits, we aimed to analyze how all five KCNE
subunits modulate Kv7.5. The cloning of Kv7.5 was
simultaneously described by two laboratories and
preliminary KCNE coexpression data led to controversy
[14, 15]. While Lerche et al. failed to detect evidence for
functional interactions with KCNE peptides [14],
Schroeder et al. argued against any physiological
relevance of KCNE proteins in conjunction with Kv7.5
since KCNEI is not present in the brain and had not yet
been detected in skeletal muscle by northern blot analysis
[15]. However, Lazdunski and coworkers found KCNE1
mRNA in mouse skeletal muscle by PCR [21].
Additionally, Figure 1 shows that Kv7.5 and KCNE
subunits are present in rat skeletal muscle. Likewise, all
five KCNE subunits are coexpressed with Kv7.5 in
vascular smooth muscle [9].

Effects of KCNE subunits on Kv7.5 currents

The significance of Kv7.5-KCNE interactions 1s
clear since these proteins are coexpressed in skeletal and
smooth muscle and since KCNE peptides affect the gating
of Kv channels. KCNE]1 functions in the heart and ear,
KCNE2 m the heart and stomach, and KCNE3 i the
colon, ear, and skeletal muscle [12, 13]. Although roles
for KCNE4 and KCNES are under investigation, KCNES
is associated with AMME syndrome (Alport syndrome,
mental retardation, midface hypoplasia, and elliptocyto-
sis) [22]. Preliminary Kv7.5-KCNE studies have revealed
important discrepancies between laboratories and a full

characterization had not been undertalen [14. 15]. There-
fore, we wanted to analyze whether Kv7.5 channels can
be functionally modulated by KCNE accessory subunits.
To that end. we undertook a complete analysis in Yeno-
pus oocytes and HEK-293 cells. Since the modulation of
Kv7 channels by KCNE accessory subunits is currently
under investigation, we first controlled the effects of our
KCNE constructs on Kv7.1 currents. As expected,
KCNE subunits modulated Kv7.1 currents as previously
described (not shown) [22-29]. Figure 2 illustrates repre-
sentative K™ current tracings and normalized peak-cur-
rent densities obtained from Kv7.5-injected oocytes in
the presence or the absence of KCNE. The
electrophysiological analysis took place two to four days
after injection. and no currents were detected in water-
injected control ococytes (not shown). Kv7.5-injected
oocytes yielded currents that needed several seconds to
fully activate upon depolarization (Fig. 2 A). Activation
of Kv7.5 (V,,, -46.7=1.6 mV. k, 11.8+0.8 mV) currents
was in the range of previous works and generally faster
than that of other Kv7 currents. Thus. the half-maximal
activation of Kv7.5 was more negative than that of Kv7.2
(-37 mV), Kv7.4 (~11 mV), and Kv7.3/Kv7.5
heterotetramers (-35 mV), but in the range of that of
Kv7.2/Kv7.3 (-40 mV) [6, 30-32]. Hyperpolarizing test
pulses in Kv7.5-KCNE-injected oocytes failed to indi-
cate relevant change in K™ current amplitude with most
KCNEs (Fig. 2B, C, E and F). However. coexpression
with KCNE3 significantly suppressed more than 60% of
Kv7.5 cwrrents (Fig. 2 D and G). While Schroeder and
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coworkers suggest similar results, Lerche et al. detected
no evidence for a functional interaction [14, 15]. How-
ever, Schroeder et al. argued against any physiological
significance due to the small magnitude of the effects
[15]. Ourresults indicate thata 1:1 ratio (in kilobases) of
KCNE3-Kv7.5 ¢eRNA drastically inhibited Kv7.5. Simi-
lar inhibitory effects of KCNE3 have been also observed
on Kv7.4 currents [31]. KCNE3 and Kv7.4 are
coexpressed in the inner and outer hair cells of the inmer
ear. and a functional interaction may influence electrical
excitability and cell survival [31, 33]. In addition, KCNE3
also modulates Kv members from other families. Thus,
KCNES3 alters the gating of Kv3.4 and reduces Kv2.1
and Kv3.1 currents in the brain and skeletal muscle [16,
34]. Since KCNE3 turns out to be essential for regulat-
ing membrane potential in skeletal muscle [16], our re-
sults point to a functional interaction of this subunit with
Kv7.5.

Tail current analysis was used to estimate activa-
tion parameters. Current-voltage relationships of Kv7.5
currents in the presence or absence of KCNE subunits
are shown in Figure 3. Currents were activated at posi-
tive depolarizing potentials above -80 mV and displayed
a “crossover” phenomenon that was observed at potentials
greater than 0 mV and independent of current amplitudes
(Fig. 3 A). This inward rectification [ 14] was suppressed
in the presence of KCNEI (Fig. 3 B). This KCNEI-
dependent process is specific since similar results have
also been observed with Kv7.1. but not Kv7.4 currents
[31, 35]. Normalizing currents against test potentials
showed that KCNEI1 suppressed the inward rectification
more than 70 % (Fig. 3 C and D). a phenomenon that
may have physiological relevance. For instance, KCNE1
abundance increases during neoplastic growth in atrial
and germinal tumours [5, 17]. To what extent a lack of
mward rectification would support a sustained outward
K~ flux in proliferating cells is not known, but Kv7.5, which
is induced during the G1/S phase of the myoblast cell
cycle, may contribute to a transient hyperpolarization in
cell eycle progression like other Kv channels [11, 36-38].

No mnportant differences were observed m the half-
maximal activation of Kv7.5 in the presence or absence
of KCNE (Fig. 3A. B and Table 2). However, KCNEI
significantly shifted the 77, , to depolarised values (-42.4
+ 0.9 mV vs. -46.7 + 1.6 mV, p<0.05) (Table 2). This
depolarized shaft is again shared with Kv7.1 [25, 26, 35].
In contrast, KCNE1 hyperpolarizes the half point of volt-
age-dependent activation of Kv7.4 [31]. This modulation
of activation by KCNEI seems specific to Kv7 channels
since no significant differences for time constants of ac-

V., (mV)  Slope (k)
Kv7.5 -46.7+ 1.6 11.8
Kv7.5+ KCNEI -422 +£09* 11.3
Kv7.5+ KCNE2 -464+£1.2 11.4
Kv7.5 + KCNE3 -459+0.9 11.5
Kv7.5 + KCNE4 451+ 1.4 11.5
Kv7.5+ KCNES -440+£1.2 10.5

Table 2. Activation of Kv7.5 currents in the presence
of KCNE subunits. Currents were evoked in Kv7.5-
injected oocytes in the presence or absence of KCNE.
Voltage for half-maximal activation (V) and slope
values were calculated following the pulse protocol
described in Figures 2 and 3. Values are the mean =
SEM of 10 to 15 oocytes. *, p<0.05 vs. Kv7.5. Student’s
7-test.

tivation were found when KCNE1 was coexpressed with
hERG, Kv3.1 and Kv3.2 channels [39, 40]. Sunilar to our
findings, Schroeder et al. indicate that KCNEI slowly
activates Kv7.5, whereas Lerche et al. describe no such
effects [14. 15]. Our results indicate that only KCNEI
and KCNE3 alter Kv7.5 currents.

Next, we further analyzed the effects of these
KCNE subunits on Kv7.5 activation at different voltages.
Kv7.5 currents were evoked in the presence or absence
of KCNE by 3 s depolarizing pulses at -30 mV (close to
the V, ,of activation), 0 mV (peak current) and +60 mV
(mward rectification). While KCNEI slowed Kv7.5 ac-
tivation at all voltages, KCNE3 exerts a crossover phe-
nomenon (Fig. 4). KCNE3 accelerated activation at -30
mV and 0 mV, although it slowed the activation at +60
mV. No other KCNE subunits modified Kv7.5 activation
(not shown). Similar KCNE1 and KCNE3 differential
tuning occurs with other Kv members. KCNEI slows
Kv3.1 and Kv3.2 activation [40]. KCNE3 increases the
activation time constants of Kv2.1. Kv3.1 and Kv3.2 [34,
40]. However. while KCNE3 exerts profound effects on
Kv3.4 current has no significant effect on either Kv1.4
or Kv4.1 [16. 34, 40]. Since channel activation could be
analysed by a sum of three exponential functions [15],
traces evoked by 3 s depolarizing pulses at -30 mV. 0 mV
and +60 mV were further analyzed (Table 3). For a step
to -30mV, the presence of KCNEI raised 12 and 13 rate
constants, whereas KCNE3 significantly diminished t1.
A 0mV step showed similar consequences. Thus, while
KCNEI slowed 12 and 13 activation constants, KCNE3
accelerated the activation at Tl and t2. At the +60 mV
step. KCNEI increased the activation constants t2 and
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=30 mV 0mV +60 mV
Tl 12 73 Tl 12 13 7l 12 13

Kv7.5 93.7+7 328422 1561104 66.9+4 30714 1590£70 3582 210=17 921+61

+ KCNEL 79348 401421%  1819+36* 72.8+3 350+15%  19304£62%%* 36142 324420%%  |310+118%*
+KCNE2 794+13 332412 1363£36 65+3 293+12 1579£52 32.1£2  207%14 848+36

+ KCNE3 694+9%  326+10 1777+81 50.242%%  262+6* 1470+50 42.7+4  241+28 1235+109*
+KCNE4  104.9+14  336+19 1813115 65.1=2 268=12 1533£353 299+2  221+18 105385
+KCNES3 111.2£14  309+18 178199 62.6x1 30245 152651 31.2¢2  211=13 1058+62

Table 3. Activation time constants of Kv7.5 in the presence of KCNE subunits. The voltage activation was determined by
clamping the oocytes for 3 s from a holding potential of -50 mV to -30 mV. 0 mV and +60 mV. and followed by a constant pulse to
-20 mV of 1 s duration. The current activated at different voltage test pulses was estimated by measuring the amplitude of
corresponding tail currents at -20 mV. Time constants of activation were fit to the sun of three exponentials as described in the
Materials and Methods. Values are the mean = SEM of 10 to 15 oocytes. *. p<0.05; **, p<0.01: ***, p<0.001 vs. Kv7.5, Student’s

I test.
Fig. 4. KCNEl and KCNE3
modulate Kv7.5 activation. A -30 mV 0mv +60 mv
Representative current traces from . ;
e b K " ki "B ks _" ks
Kv.5-injected oocytes in the %10 “ B Z10 o 5 to N
9 3 = E = £ -
presence or absence of KCNE1 and gos / gose Z 3 18 /’//_
. - 2 7 =2
KCNE3. Nommalized current traces 3 32 A 3 3:' 7 K‘;s i 2 Ei / K‘;ﬁf o
of experiments are the same as those E 02| \::;"4 ' gn,z f . Ead| | '
used for Figure 2. Currents elicited Zoo| / “ony oof |
by depolarizing pulses to -30 mV 0 1 2 3 ) 1 2 3 0 7 2 3
" ; i Time (s b
(left). 0 mV (center) and +60 mV me (e) wale) ime.(8)
(right) are shown. (A) KCNEL slows
Kv7.5 activation. (B) KCNE3 B
differentially shapes Kv7.5 -30 mv 0mv
activation. While KCNE3 12 12 12
3 z = i Kv7.5 + KCNE3 Kv7.5 + KCNE3 =
accelerates activation at -30 mV and g0 ! g1e
o e - S0 3 o8
0 mV. it slows activation at -60 mV, g 3: ¥ o5
;‘%04 é 04
Euz § 02
Z 00 Z 000 |
0 i 2 3 0 1 2 3
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3. and KCNE3 significantly raised the T3 constant about
35%. In summary, KCNE1 and KCNE3 modulated the
activation constants of Kv7.5. While KCNE] tended to
slow time constants. KCNE3 exerted a voltage-depend-
ent differential modulation. This KCNE3-mfluenced pat-
tern is probably the reason why Kv7.5 macroscopic cur-
rents behave similarly in the presence or absence of this
subunit and why the half-maximal activation remained
constant. Taking all together, our results would further
support the discrete findings reported by Jentsch and
coworkers [15].

We finally analyzed whether KCNE subunits modu-
lated the deactivation time constant of Kv7.5 currents.
Tail currents (see pulse protocol in Fig. 2) from -20 mV
back to -50 mV (holding potential) were fitted to a sin-

gle-exponential function. KCNE subunits exerted no
modulation of the apparent deactivation of Kv7.5. Time
constants of deactivation (in ms) were 181+9 for Kv7.5
alone and 227422, 220423, 216+18, 161£8 and 164+5 in
the presence of KCNEI-5, respectively.

The biophysies of most ion channels has been char-
acterized by functional expression in Xenopus oocytes.
However, studies reveal discrepancies in channel prop-
erties between amphibian and mammalian expression
systems suggesting that endogenous oocyte factors may
regulate channel gating [13, 23, 29. 41, 42]. In fact, Abbott
and co-workers demonstrated that oocytes may express
some endogenous KCNE ancillary subunits [43]. There-
fore, to further confirm our findings we co-expressed
Kv7.5 and KCNE peptides in HEK-293 cells. Unlike i
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Fig. 5. KCNEI and KCNE3 modulate Kv7.5

currents in HEK-293 cells. (A) Voltage- B 200wy " B oy R -

dependent K~ currents were elicited by +60 90 mV . E 8

mV depolarizing pulses in transiently LS ,-'*’WMW"W'\‘PWMMM KAT.5 ¢ 3

transfected HEK-293 cells with Kv7.5 in the f e -

absence (-) or the presence of KCNE s g 2 ‘ I I I
peptides. Representative traces are shown. . L L

(B) Current density of cells expressing either 50 pA ' S Km O L el e g Ee e85
Kv7.5 (-) or Kv7.5 together with KCNE (E1- 500 ms K75

E5). Peak currents were measured at + 60 mV.

Values are the mean = SEM (n= 3-8). *#%,

p<0.001 vs. Kv7.5 alone (-) by Student’s - | C D

test. (C). Normalized traces, at +60 mV. of i . . Current °C:‘5‘f¥ (PA/F)
representative Kv7.5 currents in the absence o KI5 * ALY

(®) or the presence (D) of KCNEL. (D) I-V s " \f ":f l‘-;;‘:nrw Sl sem , [/l
relationships from Kv7.5 currents recorded E o jy : mm% '!'/j_‘l
in HEK cells (n=4-8) in the absence (@) or g o® FWN B 4 &
presence of KCNEI (O) and KCNE3 (M. Cells | £ of /Z T e - Vo
were clamped for 2 s from a holding potential 2 oz| [# D )
of-90 mV to voltages between -80 to +60 mV ok f e TR R
in 10 mV steps. Current amplitudes were 0 10 2m 0 400 50 @ € 40 2 0 H 4 &
normalized to the cell capacitance. Time (ms) Voltage (mV)

oocytes. as previously demonstrated [8, 44], Kv7.5
conducted very low delayed-rectifier K™ currents in mam-
malian cells (Fig. 5A), While KCNEI increased the peak
current density at +60 mV by 2-fold, KCNE3 inhibited
the current by 75% (Fig. SA and B). This result is in
agreement with the effect of KCNEI on Kv7.1, which 1s
responsible for the cardiac 7, current [25]. In addition,
KCNEI slowed the activation of Kv7.5 currents (Fig 5
C). Thus, t for activation were 42+3 and 129+2 ms for
Kv7.5 and Kv7.5/KCNEI respectively (p<0.001, n=4-8)
Again, the rest of KCNE subunits did not exert any
effect. Unlike oocytes [14, 15], Kv7.5 currents in HEK
cells showed no mward rectification at positive potentials
[8] (Fig 5 D). However, the presence of KCNEI clearly
modulated the I/V curve (Fig 5 D). Overall our results in
HEK cells further support those obtained in oocytes.
The apparent discrepancy in the magnitude of current
density and gating between Xenopus oocytes and the
mammalian expression system could be explained by
interactions with amphibian endogenous subunits [43].
This deserves further research.

Our results demonstrate that KCNE1 and KCNE3
modulate the gating of Kv7.5. These findings may be of
physiological interest since both KCNE peptides and
Kv7.5 are present in skeletal and vascular smooth
muscle. While KCNE1 slowed activation and suppressed
inward rectification, KCNE3 drastically inhibited the
peak current amplitude. Unlike Kv7.4, KCNEI exerts
similar effects on Kv7.1 [31]. Skeletal muscle expresses

Kv7.1 and Kv7.5, but not Kv7.4. It is tempting to
speculate that KCNEI would specifically partner with
skeletal muscle Kv7 isoforms. In fact, proliferation
increases Kv7.1 and Kv7.5 expression in myoblasts, and
KCNEI is up-regulated in atrial tumors and germ cell
neoplastic growth [5, 11, 17]. Unlike activation or inward
rectification, KCNE3 suppressed the Kv7.5 current
amplitude. KCNE3 is a predominant skeletal muscle
isoform that has been shown to be involved in periodic
paralysis [16]. KCNE3 has drastic effects on Kv7.1 and
inhibits other channels, such as Kv7.4 and the skeletal
muscle isoforms of Kv2.1, Kv3.1 and Kv3.4 [31, 34, 40].
Therefore, this modulation should be taken into account
when the role of Kv7.5 in skeletal muscle is contem-
plated.
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3.1.7. Resum de la contribucio 3

Publicat en Muscle Nerve, 2012, 45:48-54.

Localitzacio dels canals Kv7.5 (KCNQ5) als microdominis de la membrana plasmatica

Meritxell Roura-Ferrer, Laura Solé, Anna Oliveras, Alvaro Villarroel, Nuria Comes, Antonio Felipe

Els canals Kv7.5 (KCNQJ5) participen en les corrents de potassi tipus M en el cervell,

s’expressen en muscul esquelétic i contribueixen al to de la musculatura vascular.

En el present treball es va co-expressar el canal Kv7.5 i les subunitats reguladores KCNE1-3
en ceél-lules HEK-293 i es va analitzar la seva associaci6 mitjangant experiments
d’electrofisiologia i co-immunoprecipitacié. També es va analitzar els seu trafic utilitzant la
microscopia confocal, i es va examinar la localitzacié dels complexes oligomerics en
microdominis de membrana rics en esfingolipids i colesterol aillant els lipid raft.
Posteriorment, es va avaluar la dinamica de membrana dels complexes mitjangant la

tecnologia de Fluorescence Recovery After Photobleaching (FRAP).

Hem pogut observar com Kv7.5 forma canals oligomeérics especificament amb
KCNE1 i KCNE3. El percentatge de Kv7.5 que es localitza en microdominis de membrana
rics en colesterol és molt baix. Malgrat aixo, quan es co-expressa Kv7.5 amb KCNE1 o
KCNES3, s’'observa com el canal deixa de localitzar-se en lipid rafts. També s’observa com

I'associaciéo amb Kv7.5 altera I'expressio de la subunitat KCNE3 en aquests microdominis.

Els nostres resultats indiquen que Kv7.5 contribueix a la regulacié espacial de
KCNE3. Aquest nou escenari podria ser important a la hora de determinar la rellevancia

fisioldgica de possibles interaccions de KCNE3 en la musculatura i el sistema nervios.
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3.1.8. Report of the PhD student participation in the article

Informe de la participacio de la doctoranda en l'article

Targeting of Kv7.5 (KCNQ5)/KCNE channels to surface microdomains of cell membranes.

Published Muscle and Nerve, Impact Factor (2011): 2.37

Laura Solé Codina performed the experiments and the data analysis related to the confocal

co-localization experiments and the FRAP experiments.

Laura Solé Codina ha realitzat els experiments i I'analisi de les dades corresponents relatives als experiments de

co-localitzcié mitjangant microscopia confocal i els experiments de FRAP.

Thesis director

El director de la tesi

Dr. Antonio Felipe Campo
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TARGETING OF Kv7.5 (KCNQ5)/KCNE CHANNELS TO SURFACE
MICRODOMAINS OF CELL MEMBRANES

MERITXELL ROURA-FERRER, MD,"2 LAURA SOLE, MSc,’ ANNA OLIVERAS, MSc,' ALVARO VILLARROEL, PhD,?

NURIA COMES, PhD,' and ANTONIO FELIPE, PhD'

"Molecular Physiology Laboratory, Departament de Bioquimica i Biologia Molecular, Institut de Biomedicina (IBUB).
Universitat de Barcelona, Avenida Diagonal 645, E-08028 Barcelona, Spain
*Unidad de Biofisica, Centro Mixto Consejo Superior de Investigaciones Cientificas—Universidad del Pais Vasco/Euskal Herriko

Unibertsitatea (UPV/EHU), Leioa, Spa.in
Accepted 5 fuly 2011

ABSTRACT: Background: Kv7.5 (KCNQ5) channels conduct
M-type potassium currents in the brain, are expressed in skele-
tal muscle, and confribute to vascular muscle tone. Methods:
We coexpressed Kv7.5 and KCNE1-3 peptides in HEK293 cells
and then analyzed their association using electrophysiology and
co-immunoprecipitation, assessed localization using confocal
microscopy, examined targeting of the oligomeric channels to
cholesterol-rich membrane surface microdomains using lipid raft
isolation, and evaluated their membrane dynamics using fluo-
rescence recovery after photobleaching (FRAP). Results: Kv7.5
forms oligomeric channels specifically with KCNE1 and KCNES3.
The expression of Kv7.5 targeted to cholesterol-rich membrane
surface microdomains was very low. Oligomeric Kv7.5/KCNET
and Kv7.5/KCNE3 channels did not localize to lipid rafts.
However, Kv7.5 association impaired KCNE3 expression in lipid
raft microdomains. Conclusions: Our results indicate that Kv7.5
contributes to the spatial regulation of KCNE3. This new
scenario could greatly assist in determining the physiological
relevance of putative KCNE3 interactions in nerve and muscle.
Muscle Nerve 45: 48-54, 2012

V()lr.agt.‘~(l(‘|:u?1'1(lcnl potassium channels (Kv) estab-
lish the resting membrane potential and modulate
the duration of action potentials in nerve and mus-
cle. Many Kv genes are expressed in excitable and
non-excitable tissues, reflecting their wide partici-
pation in essental cellular ])1’()(.‘(.‘551‘5.[ The Kv7
(KCNQ) tamily encodes important K" neuronal
currents, including the M current, produced by
homomeric and heteromeric associations of differ-
ent related isoforms.>® The Kv7 family consists of
five members (Kv7.1-Kv7.5). cach encoded by sin-
gle genes that generate slowly activating K -selec-
tive channels. Mutations in four genes (KCNQI-
KCNQ4) give rise to human genetic disorders,
establishing the physiological relevance of this
f‘.ullilf,'.?"gs In addition to their role in the nervous
system, Kv7.1 and Kv.7.5 have been related to
important muscle functions.*® Kv7.1 was first iden-
tified in the heart and, when it is associated with

Abbreviations: CBD, caweolin-binding domain; CFP, cyan fluorescent
protein; CSD, caveolin-scaffolding domain; DMEM, Dulbecco's modified
Eagle’'s medium; EDTA, ethylene-diamine tetraacetic acid; EGTA, ethyl-
ene-glycol tetraacetic acid; FBS, fetal bovine serum; FRAP, flucrescence
recovery after photobleaching; GFP, green fluorescent protein; Kv; volt-
age-dependent potassium channels; PBS, phosphate-buffered saline;
RO, region of interest; SDS-PAGE, sodium dedecylsulfate—polyacndamide
gel electrophoresis; YFP, yellow fluorescent protein

Key words: KCNE, Kv7.5, lipid rafts, potassium channels, regulatory
subunits
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the fregulatory subunit KCNEI, it conducts the
cardiac Iy, current.’ Similarly, Kv7.5 is involved in
the maintenance of vascular muscle tone.*?

The diversity of Kv channels has been greatly
increased by their assembly with regulatory subu-
nits. The Kv7 family forms oligomeric channels in
association with KCNE peptides, contributing to
the functional diversity of K' currents.*® The
KCNE family is composed of five members
(l\L(‘Nli]—ﬁ}.8 These small, single-transmembrane
peptides modulate  gating, traffic, and surface
expression of many Kv family members.”"" The
physiological relevance of Kv7/KCNE is  high-
lighted by KCNE mutations related to important
human disorders such as cardiopathies and deaf-
ness.® Whereas Kv7.1/KCONE interactions have
been studied widely, KCNE associations with Kv7.5
are comparatively unknown.

Kv7.1 and Kv7.5 are expressed in muscle and
share regulation during myoblast |:n'nlift.’1'a|:iou.m_
4 Some KCNE subunits, which are also present in
muscle, may modulate Kv7.1 and Kv7.5 currents
and localization.'"'>!®  Specifically, we recently
showed that KCNEI and KCNE3 modulated Kv7.5
activity in both amphibian and mammalian expres-
sion S}Nt(‘llls.lﬁ In addition, KCNE subunits differ-
entially influence Kv7.1 traffic and membrane sur-
face localization i lipid raft microdomains.'®
Because KCNE mutations impair Kv7.1 maffic and
;u.‘l:i\-'it_\-'_.l?‘m the influence of KCNE subunits on
Kv7.5 1s of physiological interest,

In this study, we describe specific KENEL and
KCNE3 associations with Kv7.5. Contrary to what is
currently known about Kv7.1, Kv7.5 was barely
detected in lipid rafts. Although oligomeric Kv7.5/
KCNE associations did not alter Kv7.5 raft location,
KCNE3 was targeted away from rafts in the pres
ence of Kv7.5. This shift in KCNE3 location in the
presence of Kv7.5 may have physiological conse-
quences that have yet to be defined in nerve and
muscle.

METHODS

Expression Plasmids. Human Kv7.h ¢DNA in the
pPIPN vector was provided by T. Jentsch (Leibniz-
Institut fiir Molekulare Pharmakologie and Max-
Delbriick-Centrum fiir Molekulare Medizin, Berlin,
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FIGURE 1. KCNE1 and KCNE3 associate with Kv7.5 to form oligomeric channels. (A) Voltage-dependent K™ currents elicited by +60-
mV depolarizing pulses in transiently transfected HEK293 cells with Kv7.5 in the absence (gray) or presence (black) of KCNE pep-
tides. Representative traces are shown. (B) Current density of cells expressing either Kv7.5 alone (—) or Kv7.5 together with KCNEs

(E1-E3). Peak currents measured at + 60 mV (mean = SEM, n = 4-8).

"P < 0.001 vs. Kv7.5 alone (—). (C—E) KCNE1 and KCNE3,

but not KCNE2, co-immunoprecipitate with Kv7.5. HEK cells transiently transfected with Kv7.5—-CFP and KCNE1-3-HA. Top panels:
Kv7.5 immunoprecipitation demonstrated by IP using ant-GFP antibody and immunoblotting against anti-Kv7.5. Bottom panels: KCNE
co-immunoprecipitations demonstrated by IP using anti-GFP antibody and immunoblotting against anti-HA. (C) Kv7.5-CFP/KCNE1—
HA. (D) Kv7.5-CFP/KCNE2-HA. (E) Kv7.5-CFP/KCNE3-HA. Labels: SM, starting material; IP, immunoprecipitated; S, immunoprecipi-
tated supematant; +AB, immunoprecipitation in the presence of GFP antibody; —AB, immunoprecipitation in the absence of antibody.

Germany) and subcloned in pCDNA3J. IHuman
KCNE] and RCNEZ in plIA vectors were obtained
from S. de la Luna (Centro de Regulacion Genom-
ica, Barcelona, Spain) and were subcloned into the
pXOOM vector. Human KCNE3 in pXOOM was
provided by J. Barhanin (Institut de Pharmacologie
Moleculaire et Cellulaire, CNRS, and Université de
Nice Sophia Antipolis, Valbonne Sophia Antipolis,
France). To evaluate expression, proteins were also
cloned into pEYFP and pECFP (Clontech). All con-
structs were verified by sequencing.

Cell Culture and Transient Transfection. HIFEK293
cells were grown in Dulbecco modified Eagle me-
dium (DMEM) containing 10% fetal bovine serum
(IBS) and supplemented with 10 U/ml penicillin/
streptomycin. For confocal and  electrophysiology
studies, cells grown in polylysinecoated coverslips at
nearly 80% confluence were transiently transfected
using Metafectene Pro (Biontex). For microscopy,
24 hours after transfection, cells were washed in
phosphate-buffered saline (PBS), fixed with 4%
paraformaldehyde in PBS for 10 min, and mounted
with Aqua Poly/Mount (Polysciences, Inc.).

Protein Extraction, Co-Immunoprecipitation, and
Western Blot. At 24 h after mransfection, cells were
lysed in 1% Triton X-100, 50 mmol/L Tris (pH
7.2), 150 mmol/L NaCl, 1 mmol/L ethylene-
diamine tetraacetic acid (EDTA) supplemented with
I pg/ml aprotinin, 1 ug/ml leupeptin, 1 pg/ml
pepstatiny, and 1 mM  phenylmethylsulfonyl

Kv7.5/KCNE Channel Localization
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fluoride. Homogenates were centrifuged at 3000g
for 10 min, and the supernatant was aliquoted and
stored at —20°C.

For co-immunoprecipitation, samples were pre-
cleared with protein G=Sepharose beads with gentle
mixing. The beads were removed by centrifugation
at 1000g for 30 s at 4°C. The !nllIl].]lt was incubated
overnight with the desired antbody (4 ng/ug pro-
tein) at 4°C. Protein G-Sepharose (30 ul) was
added to cach sample for 4 h at 4°C. The beads
were removed, washed four times in NGH buffer
[50 mM HEPES, 150 mM NadCl, 1% Triton X-100,
10% glycerol (pH 7.2)] and resuspended in 70 ul
of sodinm dodecylsulfate (SDS) sample bufter.

Protein samples (50 pg) and immunoprecipi-
tates were boiled in Laemmli SDS loading buffer
and separated using 10% SDS—polyacrylimide gel
electrophoresis  (SDS-PAGE). Samples were trans-
ferred to nitrocellulose membranes (Immobilon-P;
Millipore) and blocked in 5% dry milk with 0.06%
Tween-20 m PBS hefore immunoreactions. Mem-
branes were immunoblotted with antibodies against
green fluorescent protein (GFP; 1:1000; Roche) or
KCNQ5  (1:500; A. Villarroel). Anti-pan-caveolin
antibody was used as a marker of lipid raft fractions
(1:1000; BD Transduction Laboratories), and anti-
clathrin antibody was used to characterize non-tloat-
g fractions (1:1000; Chemicon).

Lipid Raft Isolation. Low-density Triton-insoluble
; s ; 16
complexes were isolated as previously described™
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FIGURE 2. Kv7.5 colocalizes with KCNE1-3 subunits. HEK293 cells transiently transfected with Kv7.5-CFP (A) and KCNE1-3-YFP
(B-D). (E-P) Cells double-transfected with Kv7.5-CFP and KCNE1-3-YFP. Red panels show Kv7.5-CFP (E, I, M). Green panels
depict KCNE peptides (F, J, N). Merged panels show colocalization in yellow (G, K, 0). (H, L, P) Histograms of pixel-by-pixel analysis
of section indicated by arrows in the merged panels (G), (K), and (O), respectively. Red: Kv7.5; green: KCNEs. Bars = 10 um. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

from HEK cells mansiently mansfected with Kv7.5-
cyan fuorescent protein (CFP) or double-trans-
fected with Kv7.5-CFP/KCNEs—yellow fluorescent

protein (YFP). Cells were homogenized in 1 ml of

1% Triton X-100, and sucrose was added to a fnal
concentration of 40%. A 5-30% linear sucrose gra-
dient was layered on top and centrifuged (39,000
rpm) for 20-22 h at 4°C in a rotor (SW41TI: Beck-
man). Gradient fractions (1 ml) were collected
from the top, and a H0-ul sample was analyzed by
Western blot.

Confocal Microscopy and FRAP. [Fluorescence re-
covery after photobleaching (FRAP) experiments
were performed 1 day after transtection at 37°C.
Time series were taken with 20 scans before
bleaching, which was accomplished by 20 iterations

50 Kv7.5/KCNE Channel Localization

of bleaching with 100% laser power of the 514nm
line, followed by 100 scans every 0.36 s and 100
scans every second (2.6 min in total) of the
bleached region with 6% laser power. In each cell,
a circular region of interest (ROI) was bleached (n
= 20 cells per group). Fluorescence intensity was
normalized to the pre-bleach intensity and mobile
fraction. and recovery time was calculated as previ-
ously described.'®!® Data are expressed as mean =+
SEM. Statistical analysis was performed using the
Student #test (GraphPad Prism).

For image processing, the percentage of coloc-
alization was calculated using a pixel-by-pixel analy-
sis of confocal images.

Electrophysiology. Kv7.h and KCONE cDNAs were
15

used at a I1:1 ratio.” Transiently transtected
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FIGURE 3. Kv7.5 and KCNE1-3 targeting to surface microdomains. Cells transfected with Kv7.5-CFP (A), KCNE1-YFP (B), KCNE2—
YFP (C), or KCNE3-YFP (D). Sucrose density gradient fractions of HEK-transfected cells isolated and blotted against anti-GFF, caveo-
lin, and clathrin. (E=G) HEK293 cells double-transfected with Kv7.5~-CFP and KCNE1-3-YFP. (E) Sucrose density gradient fractions
of Kv7 5/KCNE1. (F) Sucrose fractions of Kv7.5/KCNE2. (G) Fractions of Kv7.5/KCNE3. (H) Percentage of Kv7.5 relative abundance
in floating fractions in the absence (—, white bar) and presence (+, black bars) of KCNE1-3. (l) Percentage of KCNES3 relative abun-
dance in floating fractions in the absence (—, white bar) and presence (+, black bar) of Kv7.5. Values are expressed as mean + SEM

(n=4). P < 0.001 vs. absence (—) of Kv7.5.

HEK293 cells grown on polylysinecoated coverslips
were used 2-3 days after transtection. Whole-cell
currents measured an  Axopatch-1D
(Axon Instruments) amplifier using the patch-
clamp technique. The WinWCP Strathelyde Whole
Cell Program, version 3.3.2 (John Dempster, Uni-
versity of Strathclyde, UK), was used for pulse gen-
eration, data acquisition, and subsequent analysis
through an interface (1320A; Axon Digidata A/D).
After achieving the whole-cell configurations, cur-
rents were recorded at 2-10 kHz and low-pass fil-
-2 kHz without leak subtraction. Series
compensation always >70%. All
experiments were performed at room temperature.
Electrodes were fabricated from horosilicate glass
capillaries (Harvard Apparatus) using a micropip-
ette puller (P-97; Sutter Instruments) and fire pol-

were with

tered at 1

resistance was

ished. Electrode resistance was 2—4 MQ when filled
with a solution containing (in mM) 120 KCI, 5. 37
CaCls, 2 MgCle, 10 ethylene-glycol tetraacetic acid
(EGTA). 10 HEPES: and 2 adenosine triphosphate

(ATP) (pH 7.2 by KOH). The extracellular solu-

Kv7.5/KCNE Channel Localization
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ton contained (in mM) 140 NaCl, 4 KCl, 2 CaCls,
1 MgCly, and 10 HEPES (pH 7.4 by NaOH). The
experimental junction potential was close to 0 mV,
and therefore no corrections were applied. Cells
were clamped at a holding potential of —90 mV.
To evoke currents, cells were stimulated with 2000~
ms square pulses at +60 mV. Traces were fitted
with SigmaPlot, version 10.0 (SPSS, Inc.). Current
density (pA/pF) at +60 mV is expressed as mean
+ SEM. Statistical analysis was performed using the
Student ttest (GraphPad Prism).

RESULTS

Among all KCNE peptides (not shown), only
KCNE1 and KCNE3 regulate Kv7.5 g.mnlf Figure 1
confirms and extends previous data'® showing
that, although KCNEL and KCNE3 increased and
decreased Kv7.5 currents, respectively, KCNE2 did
not exert any effect (Fig. 1A and B). The putative

association of KCNE] and KCNE3, but not
KCNFE2, with Kv7.5 was further supported by
co-immunoprecipitation  (Fig. 1C-E). Our data
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FIGURE 4. FRAP of KCNE3 and Kv7.5/KCNE3. Representative images of the KCNE3-YFP intensities at different time-points. Circles
indicate regions of interest. (A) KCNE3. (B) Kv7.5/KCNE3. (C) Graphs of the average intensity from KCNE3 (gray circles) and Kv7.5/
KCNE3 (white circles) (n = 20). (D) Recovery time was calculated as the time constant (t12) of KCNE3 in the absence (white bar) or
presence (black bar) of Kv7.5 (*P < 0.05 vs. absence of Kv7.5). (E) Mobile fraction as a percentage of KCNE3 in the absence (white
bar) and presence (black bar) of Kv7.5. Values expressed as mean + SEM (n = 20).

suggest that only KCNEI and KCNE3 can interact
with Kv7.5 to form oligomeric complexes in nerve
and muscle.

Next, we further characterized the phenotype
of this interaction by studying the traffic of Kv7.5
in the presence and absence of KCNEI-3. Kv7.5
and KCNEZ2 stained more cell surface than KCNEI
and KCNE3 (Fig. 2A-D). When Kv7.5 was coex-
pressed with all three KCNE regulatory peptdes,
Kv7.5 colocalized with KCNEs (65 = 5%, 62 = 9%,
and 74 *= 3% for KCNLE1, KCNE2,
KCNE3, respectively) whether they associated or
not (Fig. 2E-P).

The
channels attracts considerable attention.'® There-

and

membrane  surface localization of 1on
fore, we first studied the targeting of individually
expressed Kv7.5 and KCNEI-3 subunits to lipid
raft microdomains. Kv7.5 alone is barely detected
in low-buoyant sucrose fractions (Fig. 3A). In addi-
tion, KCNE]1 and KCNE2 alone localize to out-of-
raft microdomains (Fig. 3B and C). However,
KCNE3 alone targeted to floating sucrose fractions
(Fig. 3D). Although the coexpression of Kv7.5 with
KCNE1-3 generated no apparent changes in the

52 Kv7.5/KCNE Channel Localization

lipid raft localization of Kv7.5, KCNEI1, and
KCNEZ, it displaced KCNE3 (Fig. 3E-G). Whereas
the amount of Kv7.5 protein in rafts was not signif-
icantly modified (Fig. 3H), the abundance of
KCNE3 peptide was reduced in the presence of
Kv7.5 (Fig. 3I). This was further confirmed by
FRAP (Fig. 4). Although the presence of KCNE3
did not change the recovery time or the mobile
fraction of Kv7.5 (not shown), the recovery time of
KCNE3 decreased in the presence of Kv7.5 (15.3
+0.7svs. 102 = 1.6s; P< 0.05; n=20).

DISCUSSION

Kv7.5 was the last cloned and least characterized
member of the Kv7 hmlil_\'.lz'H It was isolated from
brain, but its expression in skeletal muscle is abun-
dant.'*"® Although Kv7.5 and heteromeric Kv7.5/
Kv7.3 channels contribute to the M current in the
brain, no such current has been isolated in mus
e Similar to Kv7.1/KCNE] oligomers, this
could indicate that KCNE peptides interact with
Kv7.5 and increase the diversity of K© currents.”
We demonstrated that only KCNE]I and KCNLE3
channels. The modulation of

regulate Kv7.5
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KCNE] and KCNE3 peptides on Kv7 channels is
quite variable. Whereas KCNEI increases the activ-
ity of Kv7.1, Kv7.4, and Kv7.5, the effects are the
opposite for Kv7.2/Kv7.3 currents.?' % The effects
of KCNE3 on
KCNE3 association generates a rapidly activating

Kv7 channels are also  diverse.
voltage-independent Kv7.1 channel. A1,21 However,
similar to Kv7.4, the presence of KONE3 led to a
decrease in Kv7.5 currents.'?

We found that KCNE2 had better membrane
targeting than KCNET and KCNES.'5222% There is
no clear explanation for this tratficking. Although
KCNE3 contains a canonical RXR (RSR, residues
81-83) endoplasmic reticulum retention  signal,
KCNE2 has a putative RR (residues 76-77) yet
KCNEI does not. Therefore, other, yet to be iden-
tified, molecular determinants must be involved.
Once at the membrane surface, many ion channels
target to lipid raft microdomains. These structures
concentrate signaling molecules, and therefore the
targeting of ion channels to raft domains has
emerged as a novel mechanism of ion channel reg-
ulation **# Despite endocrine signals, such as f-
adrenergic and nitric oxide synthase activation,
known to regulate Kv7 channels localized in
rafts,®® only limited information about Kv7 and
KCNESs is available. Low-buoyancy density fractions
from cardiac and heterologous expression samples
suggest that oligomeric Kv7.1/KCNE1 and Kv7.1/
KCNEZ channels localize in lipid rafts. %272 Tow-
ever, unlike Kv7.1 and KCNE3, individually KCNE1
and KCNE2 peptides localize to out-ofraft micro-
domains.'® Therefore, Kv7.1/KCNE]l and Kv7.1/
KCNE2 oligomeric associations are responsible for
targeting both regulatory peptides back to rafts.
We found that, unlike Kv7.1, Kv7.5 was barely
detected in and,
although the coexpression of Kv7.5 with KCNE1-3
generated no apparent changes in the lipid raft
localization of Kv7.5, KCNE], and KCNE2, the raft
targeting of KCNE3 was impaired. Therefore, simi-
lar to what was observed with K\-"7.1/K(3NE.‘5,[6 the
association of Kv7.5 with KCNE3 triggered an out-
ofraft displacement of the regulatory peptide.
Taken tgether, our results suggest that Kv7.5 and
Kv7.1 act as a modulator mechanism controlling
the localization of KCNE3.

Our cre obtained by heterologous
expression  in HEK293 i

cholesterol-enriched  domains

results  w

cells. Therefore, it is

unknown to what extent the spatial regulation of

Kv7.1/KCNE3 and Kv7.5/KCNE3 channels is physi-
ologically relevant in muscle or nerve. However,
because the targeting of ion channels to raft
microdomains is crucial for cardiac f'l.lr)(rt.i()11,24’29
the localization of KCNE3 may be important for
putative interactions with other channels, such as
Kv2.1, Kv3.1, and EKv3.4, which are essental in

Kv7.5/KCNE Channel Localization

muscle and brain.***

Caveolae, specialized lipid
rafts, contain caveolins as scaffolding pr()tcins.w
The deficiency of caveolins results in inherited
human diseases.>? Caveolins, which contain a cav-
colinscaffolding domain (CSD) adjacent to the
plasma membrane, interact with target proteins
through caveolin-binding domains (CBDs; e.g.,
OXXXXDOXX®), which are rich in aromatic resi-
dues (®).”% Unlike other KCNEs, KCNES has a pu-
tative, although backward, CBD located in the
transmembrane  segment (YILFVMFLEF,
60-68), next to the TVG si;rnzaurc (;Gnino acids
71-73) that interacts with Kv7 channels It is
tempting to speculate that KCNE3 interacts with

residues

caveolin through this CBD, but Kv7.5 competing
for the same region displaces the caveolin binding.
In a previous report, however, we were unable to
confirm an association between KCNE3 and caveo-
lin-1."® The physiological relevance of the spatial
regulation of ion channels in specific membrane
surface There-
fore, further studies to identify the molecular

microdomains remains unknown.
determinants of KCNE3 and, by extension, Kv7

and other KCNE proteins, are needed.
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Publicat en J Cell Sci, 2009,122:3738-48.

KCNE4 suprimeix les corrents de Kv1.3 modulant el trafic, 'expressio en superficie i

la cinética del canal.

Laura Solé, Meritxell Roura-Ferrer, Mireia Pérez-Verdaguer, Anna Oliveras, Maria Calvo, José Manuel

Fernandez-Fernandez, Antonio Felipe

Els canals de potassi dependents de voltatge (Kv) juguen un paper molt important en
I'activacié i proliferacié leucocitaria. S’ha descrit com els canals Kv poden ser homo- o
hetero-oligomers. La composicié del canal modula la seva expressié a superficie i €s un
exemple dels mecanismes que existeixen per a regular I'activitat dels canals. La interaccio
dels Kv amb subunitats reguladores incrementa la variabilitat per a respondre de manera
diferent enfront a canvis en el potencial de membrana. En aquest treball, demostrem com
KCNE4, perd no KCNE2, funciona com a parella inhibidora del canal Kv1.3 en leucocits. El
trafic, la localitzacié i I'activitat del canal Kv1.3 sén alterats per la preséncia de KCNE4.
Demostrem com KCNE4 disminueix la densitat de corrent, alenteix I'activacio, accelera la
inactivacié i augmenta la inactivacié cumulativa del canal. A més a més, KCNE4 reté el
canal Kv1.3 en el reticle endoplasmatic i dificulta la localitzacio del canal als microdominis de
membrana lipid rafts. KCNE4 s’associa amb Kv1.3 en el reticle endoplasmatic i disminueix el
nombre de canals presents a la superficie cel-lular, fet que fa disminuir la excitabilitat
cellular. Kv1.3 i KCNE4 so6n regulats de manera diferencial enfront I'activacié o
immunosupressié de macrofags. Aixi per exemple, I'activacié induida per lipopolisacarid
augmenta tant els nivells de mMARN de Kv1.3 com KCNE4, mentre que el tractament amb
dexametasona genera una disminucié en Kv1.3, sense afectar als nivells de KCNE4. La
composicié del canalosoma determina la activitat i afecta I'expressié en superficie i
localitzacid dels canals en la membrana. Per aquest motiu, creiem que l'associacié amb
KCNE4 pot jugar un paper principal en el control de la resposta immunolodgica. Els nostres
resultats indiquen que les subunitats reguladores podrien esdevenir noves dianes per a la

immunomodulacié.
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Summary

Voltage-dependent potassinm channels (Kv) play a crucial role
in the activation and proliferation of leukocytes. Kv channels
are either homo- or hetero-oligomers. This composition
modulates their surface expression and serves as a mechanism
for regulating channel activity. Kv channel interaction with
accessory subunits provides mechanisms for channels to respond
to stimuli beyond changes in membrane potential. Here, we
demonstrate that KCNE4 (potassium voltage-gated channel
subfamily E member 4). but not KCNE2, functions as an
inhibitory Kv1.3 partner in leukocytes. Kv1.3 trafficking,
targeting and activity are altered by the presence of KCNE4.
KCNE4 decreases current density, slows activation, accelerates
inactivation, increases cumulative inactivation, retains Kv1.3
in the ER and impairs channel targeting to lipid raft
microdomains. KCNE4 associates with Kv1.3 in the ER and

decreases the number of Kv1.3 channels at the cell surface,
which diminishes cell excitability. Kv1.3 and KCNE4 are
differentially regulated upon activation or immunosuppression
in macrophages. Thus, lipopelysaccharide-induced activation
increases Kvl.3 and KCNE4 mRNA, whereas dexamethasone
triggers a decrease in Kv1.3 with no changes in KCNE4. The
channelosome composition determines the activity and affects
surface expression and membrane localization. Therefore,
KCNE4 association might play a crucial role in controlling
immunological responses. Our results indicate that KCNE
ancillary subunits could be new targets for immunomodulation.

Key words: KCNE regulatory subunits, Kv1.3, Leukocytes,
Trafficking, Channelosome, Surface expression

Introduction

Voltage-dependent potassium channels (Kvs) play a crucial role in
excitable cells by determining resting membrane potential and
controlling action potentials (Hille, 2001). In addition, they are also
involved in the immune system response. The activation and
proliferation of leukocytes occurs via regulation of transmembrane
ion fluxes, and increasing evidence indicates that some signaling
occurs through K* channels. Thus, changes in the membrane
potential are among the earliest events that occur upon stimulation
of leukocytes, and K* channels underlie the Ca”" signal involved
in activation (Lewis and Cahalan, 1995; Cahalan et al., 2001; Panyi
et al., 2004a).

The Kv1.3 channel (also known as KCNA3) is involved in the
maintenance of the resting membrane potential in cells involved in
the immune system, and several studies point to this protein as an
excellent target for immunomodulation (Chandy et al., 2004;
Beeton et al., 2005). Altered Kv1.3 expression is associated with
autoimmune diseases such as multiple sclerosis, rheumatoid arthritis,
psoriasis and type | diabetes, and Kvl.3-based therapies are
effective in experimental models (Chandy et al., 2004; Beeton and
Chandy, 2005; Beeton et al., 2006; Wulff and Pennington, 2007).
In leukocytes, which express a restricted voltage-dependent K*
current phenotype, Kv1.3 is considered the major channel. However,
we previously demonstrated that Kv1.3-Kv1.5 heteromeric channels
contribute to the major K' current in the myeloid lineage (Vicente

etal., 2006; Villalonga et al., 2007). In this scenario, the oligomeric
structure of the Kv1.3 channelosome when associated with other
partners could be involved a wide variety of physiological activities
and immunological functions. Assigning specific K channel clones
to native currents is often difficult as this complexity is enhanced
by the presence of ancillary subunits. The interaction of Kv
channels with KvB modulatory subunits provides a mechanism for
channels to respond to a variety of stimuli beyond changes in
membrane potential (Martens et al., 1999; Li et al., 2006).

In addition to Kvp regulatory subunits, KCNE peptides, which
have been widely studied in association with Kv7.1 and Kvl1.1
cardiac channels, contribute to the functional diversity of K*
currents (McCrossan and Abbott, 2004). These interactions have
been shown to be important in genetic disorders such as long QT
syndrome, which are linked to KCNE mutations (Abbott and
Goldstein, 2001; Abbott and Goldstein, 2002). The KCNE gene
family comprises five known members, KCNET to KCNES. KCNE
peptides can assemble promiscuously, yielding a wide variety of
biophysically distinct channels (McCrossan and Abbott, 2004).
Thus, cardiac Kv1.5 coimmunoprecipitates with KCNEI and
KCNE2 and the absence of kene2 gene modifies the slow component
of the delayed rectifying K* current (Jgsoy) in the heart (Melman
et al., 2004; Roepke et al., 2008). In addition, KCNE3 alters the
gating of Kv3.4 and reduces Kv2.1 and Kv3.1 currents in the brain
and skeletal muscle (Abbott et al., 2001; McCrossan et al., 2003;
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Lewis et al., 2004). Finally, KCNE4 inhibits Kvl.1 and Kv1.3
currents (Grunnet et al.,, 2003). However, there is no evidence of
their physical association, and contradictory results (Deschenes and
Tomaselli, 2002; McCrossan et al., 2009) have raised doubts about
the specificity of these modulatory actions without further analysis.

Several lines of evidence indicate that post-translational events
are involved in leukocyte Kv1.3 regulation. Recently, there has been
much interest in channel targeting to the membrane that defines the
protein microenvironment. Membrane microdomains (lipid rafis)
rich in cholesterol and sphingolipids function as platforms on which
signal transduction pathways interface. Multiple Kv channels have
affinities for lipid rafts and different isoforms are targeted to distinct
lipid microdomains (Martens et al., 2004; Maguy et al., 2006). In
this context, Kv1.3 is targeted to raft domains involved in
immunological synapses in T-cells (Panyi et al., 2004b), but the
association of Kv1.3 and Kv1.5 in macrophages alters trafficking
and targeting. However, pro-inflammatory activation targets Kv1.3
back to lipid rafts (Martinez-Marmol et al., 2008; Vicente et al.,
2008). These determinants affect the expression and functional
properties of the channels and contribute to the diversity of K"
channels in leukocytes. Because KCNE peptides control gating and
the surface expression of channels, we aimed to investigate whether
KCNE4 associates with Kv1.3 to control channel expression.
KCNE4, but not KCNEZ2, acts as a dominant negative Kv1.3 partner.
Kv1.3 trafficking, targeting and activity are dramatically altered by
the presence of KCNE4. Our results demonstrate, for the first time,
that members of the Kvl family (Shaker) associate with KCNE
peptides, altering their surface expression and trafficking. Different
K" channel subunit compositions could lead to specific alteration
in cellular excitability, thus determining specific cell responses.
Therefore, the identification of the components of the channelosome
and their regulation are essential for their possible use as therapeutic
targets. The present report points to KCNE ancillary subunits as
new targets in immunomodulation.

Results

KCNE4 modifies Kv1.3 gating and trafficking

HEK293 cells transfected with Kv1.3-YFP exhibited outward K*
currents at depolarizing potentials (Fig. 1A). The presence of
KCNE4-CFP inhibited the peak current density. In addition,
macroscopic currents suggested that KCNE4, but not KCNE2,
modified the activation and inactivation kinetics. Unlike KCNE2,
KCNE4 decreased the current density at all depolarized voltages
by more than 50% (Fig. 1B). However, the threshold for activation
was similar (-30 mV). Fig. 1C shows that KCNE4 slowed the
activation time constant () in all depolarized pulses. No currents
were observed when depolarized pulses were applied to KCNE4-
and KCNE2-transfected HEK293 cells (not shown).

Kv1.3 exhibits defined characteristics such as cumulative
inactivation and C-type inactivation (Grissmer et al., 1990; Grissmer
et al., 1994). KCNE4 increased the percentage and rate of
cumulative inactivation of Kv1.3 (Fig. 1D). Kv1.3 exhibited 40%
cumulative inactivation, but this value increased to 75% in the
presence of KCNE4. In addition, cumulative inactivation, in the
presence of KCNE4, occurred quickly and reached a plateau within
the first 3 seconds (Fig. 1E). As expected from Fig. 1A, C-type
inactivation was accelerated by KCNE4 (Fig. 1F). The effects of
KCNE4 were specific because no changes were observed in the
presence of KCNE2 (not shown).

Although KCNE4 inhibited Kv1.3 currents, changes in gating
are not indicative of physiological interactions (Deschenes and
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Fig. 1. KCNE4 modifies the gating of Kv1.3. (A) Representative current traces
obtained from HEK293 cells expressing Kv1.3 alone (left), Kv1.3-KCNE4
(center) and Kv1.3-KCNE2 (right). (B) Current density (pA/pF) plotted against
voltage (mV). Cells were clamped at —80 mV and current traces were elicited
by 200 millisecond voltage steps to potentials ranging from —~100 mV to +60
mV in 20-mV increments. White circles, Kv1.3 (n=13); black circles, Kv1.3-
KCNE4 channels (n=8); gray circles, Kv1.3-KCNE2 (#=6). *P<0.01 (vs
Kv1.3). (C) Time constant for activation (Tactivasion) at the indicated voltages,
illustrating that activation time constants were slower for Kv1.3-KCNE4
channels. *P<0.01. White circles, Kv1.3 (n=13); black circles, Kv1.3-KCNE4
(n=8). (D) Representative traces for cumulative inactivation of outward K
currents through Kv1.3 (left) or Kv1.3-KCNE4 (right) channels. Currents were
elicited by a train of 25 200 millisecond depolarizing pulses to +60 mV once
every 400 milliseconds. (E) Cumulative inactivation of Kv1.3 (white circles,
n=10) and Kv1.3-KCNE4 (black circles, n=5) channels. The ratio of the peak
current amplitude during each pulse, relative to that during the Ist pulse
(IHmax), is plotted against the time every pulse was applied. “P<0.001.

(F) Representative traces illustrating inactivation kinetics of Kv1.3 and Kv1.3-
KCNE4 channels, in response to a 5 seconds depolarizing pulse to +60 mV.
Time constant for inactivation (Tinacivation), Obtained after fitting the datato a
single exponential, were (in seconds): for Ky 1.3 channels, 1.1220.2 (n=10);
for Ky 1.3-KCNE4 channels, 0.54+0.08 (n=0; P<0.05).

Tomaselli, 2002; McCrossan et al., 2009). Therefore, we analyzed
whether KCNE4 associates with Kv1.3. Fig. 2 demonstrates that
KCNE4, but not KCNE2, retained Kv1.3 intracellularly. As we
previously described (Vicente et al., 2008), Kv1.3 was targeted to
the cell surface (Fig. 2A). Although KCNE2 distribution was similar
to that of Kv1.3 (Fig. 2B), KCNE4 showed intracellular retention
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Kv1.3 KCNE2 KCNE4

A C

Fig. 2. Kv1.3 colocalizes with KCNE4. HEK293 cells were transiently
transfected with Kv1.3-YFP (A), KCNE2 (B) or KCNE4 (C). Note that
whereas Kv1.3 and KCNE2 have a robust surface membrane distribution,
KCNE4 shows more intracellular retention. (D-I) Coexpression of Kv1.3
(D,G) with either KCNE2 (E) or KCNE4 (H). (F,I) Merged images of Kv1.3
and KCNE2, and Kv1.3 and KCNE4, respectively. Unlike KCNE2, KCNE4
triggers Kv1.3 intracellular retention. Scale bars: 10 pm.

(Fig. 2C). Kv1.3, co-expressed with KCNE2, remained at the cell
surface with minor colocalization (Fig. 2D-F). By contrast, when
co-expressed with KCNE4, Kv1.3 localization changed and both
proteins colocalized within intracellular compartments (Fig. 2G-I).
Our results suggest an interaction between Kv1.3 and KCNE4,
which alters channel localization.

Most KCNE ancillary subunits improve the membrane
localization of their Kv partners (Li et al., 2006). However, we found
a dominant negative effect. Therefore, we studied Kv1.3 surface
membrane expression in the presence of KCNE4. Fig. 3
demonstrates that KCNE4, but not KCNE2, impairs Kv1.3 targeting
to the plasma membrane, thereby diminishing the amount of protein
at the surface. Indeed, Kv1.3 mostly colocalized with the plasma
membrane marker WGA (Fig. 3A-D). The analysis in Fig. 3D,
derived from the section indicated by a white arrow in Fig. 3C,
indicated that both proteins mostly share the same location. KCNE
peptides are targeted to the cell surface with different efficiencies
(Um and McDonald, 2007; Jiang et al., 2009). In this context,
KCNE2 (Fig. 3I-L), but not KCNE4 (Fig. 3E-H), colocalized with
WGA. When KCNE4 was co-transfected with Kv1.3 (Fig. 3M-P),
KCNE4-induced Kv1.3 intracellular retention impaired Kvl.3-
WGA colocalization (Fig. 3U). In addition, Kv1.3 and KCNE4 did
not colocalize at the cell surface. In contrast, KCNE2 did not modify
Kv.1.3 colocalization with WGA at the plasma membrane (Fig. 3Q-
T,V). By using Image]J software for a pixel-by-pixel analysis we
found that 60% less KCNE4 was expressed at the cell surface than
Kv1.3 and KCNE2. Unlike KCNE2, KCNE4 impaired Kv1.3

surface expression by 40% (Fig. 3W). KCNE4-CFP intracellular
retention was not due to the fusion with CFP because KCNE4-HA
showed a similar behavior (not shown). We further analyzed the
amount of Kv1.3 at the cell surface by biotinylation in the presence
of KCNEA4. Fig. 4 shows that Kv1.3 is detected at the membrane
as early as 4 hours following transfection. However, Kv1.3-KCNE4
and KCNE4 were detected after 12 and 24 hours, respectively.
Therefore, KCNE4 delayed Kv1.3 reaching the cell surface (Fig.
4A). In addition, the amount of Kv1.3-KCNE4 at the membrane
was tenfold less than Kv1.3 (Fig. 4B).

We have described that Kv1.3 exits the endoplasmic reticulum
(ER) efficiently, which allows rapid sorting into Golgi vesicles
designated for plasma membrane targeting. However, heteromeric
association with Kv1.5 impairs Kv1.3 trafficking and increases ER
retention (Vicente et al., 2008). Therefore, we wanted to study
whether KCNE4-induced Kv1.3 retention was also associated with
ER retention. Kv1.3 did not colocalize with an ER marker (Fig.
5A-C). However, KCNE4 was mostly targeted to this compartment
(Fig. SD-F). Thus, KCNE4 functions to retain Kv1.3 within the ER
(Fig. 5G-J).

Oligomeric assembly of Kv1.3 and KCNE4

Although electrophysiological and confocal studies suggested an
interaction between Kv1.3 and KCNE4, no physical association has
been demonstrated. To this end, we designed a series of co-
immunoprecipitation studies with differently tagged Kv1.3 and
KCNE4 proteins. Fig. 6 demonstrates that KCNE4 forms a stable
oligomer with Kv1.3. By co-transfecting KCNE4-CFP (~50 kDa)
and Kv1.3-HA (~70 kDa) we found that Kv1.3 associated with
KCNE4 (Fig. 6A,B). By contrast, no interaction was observed with
KCNE2 (Fig. 6C). Thus, immunoprecipitation with an anti-Kv1.3
antibody against Kv1.3-YFP (~100 kDa) did not reveal an apparent
KCNE2-CFP signal (~45 kDa). To unequivocally demonstrate that
KCNE4 interacts physically with Kv1.3 we performed FRET
experiments (Fig. 6D-G). As shown in Fig. 6H, FRET analysis
revealed that a homomeric association between Kv1.3-YFP and
Kv1.3-CFP gave a FRET signal greater than 20%. In this context,
the oligomeric association of KCNE4-Kv1.3 resulted in ~15%
significant FRET.

KCNE modulates Kv surface expression but the cellular
compartment where this association takes place is uncertain.
However, Kv[} ancillary subunits form stable complexes with Kv1
channels in the ER (Nagaya and Papazian, 1997). Therefore, we
next analyzed whether KCNE4 and Kv1.3 associate in this
compartment. Brefeldin A (BFA) is an inhibitor of protein transport
from the ER to the Golgi apparatus. The incubation of Kvl.3-
KCNE4 HEK293 cells with BFA demonstrated that both proteins
showed ER localization, which is upstream of the Golgi network
and subsequent membrane targeting. Our results suggest that Kv1.3
and KCNE4 interact early in the secretory pathway in the ER, similar
to what has been described with classical Kv (Nagaya and
Papazian, 1997). In addition, FRET experiments on living cells (Fig.
6G) further supported the molecular proximity of Kv1.3 and
KCNE4 within the ER.

KCNE4 modifies Kv1.3 membrane surface targeting

The localization of Kv channels in specific locations at the
plasma membrane leads to precise signaling and spatial
compartmentalization. The composition of raft microdomains is
crucial for Kv1.3 activity, thereby modulating immune responses.
Kv1.3 localizes in lipid raft microdomains and cell activation
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concentrates Kv1.3 in lipid rafts near to signaling molecules (Panyi
et al., 2004b). However, Kvl 3 targeting is impaired by
oligomerization with Kv1.5 (Martinez-Marmol et al., 2008;
Vicente et al., 2008). In dddmun, the association of Kv1.5 with
the KvP2.1 regulatory subunit impairs channel targeting to rafts
(Martinez-Marmol et al., 2008). With this in mind, we analyzed
whether KCNE4 ]T]Odlf.(,!\ Kvl1.3 targeting to these domains.
Although limited, Kv1.3-KCNE4 complexes reached the
membrane surface (Fig. 4). Fig. 7 demonstrates that KCNE4
impaired Kv1.3 localization in lipid rafts. Although Kv1.3 targeted
to rafts, KCNE4 did not localize to these domains (Fig. 7A,B).
In Kv1.3-KCNE4 cells, Kv1.3 did not colocalize with caveolin,
demonstrating that KCNE4 association mistargets Kv1.3 location
(Fig. 7C). In addition, confocal microscopy experiments using
FITC-labeled cholera toxin [ subunit (CTX[), which is a marker

Fig. 3. KCNE4 impairs Kv1.3 targeting to the plasma membrane.
Confocal images demonstrating that the presence of KCNE4 mistargets
Kv1.3 surface expression, as analyzed by WGA overlay. (A-D)Kv1.3
shows membrane surface expression. (A) Kv1.3, (B) WGA, (C) merged
image and (D) histogram of the pixel by pixel analysis of the section
indicated by the arrow in C. Green, Kv1.3: red, WGA. (E-H) KCNE4
does not colocalize with WGA. (E) KCNE4, (F) WGA, (G) merged
image and (H) histogram of the pixel by pixel analysis of the section
indicated by the arrow in G. (I-L) KCNE2 shows strong colocalization
with WGA. (1) KCNE2, (J) WGA, (K) merged image and (L) histogram
of the pixel by pixel analysis of the section indicated by the arrow in K.
(M-P) Coexpression of Kv1.3 and KCNE4. (M) Kv1.3, (N) KCNE4,
(0) WGA and (P) merged image. Unlike in C, no Kv1.3 and WGA
colocalization is observed. By contrast, massive Kv1.3 and KCNE4
colocalization is apparent (cyan). (Q-T) Coexpression of Kv1.3 and
KCNE2. (Q) Kv1.3, (R) KCNE2, (S) WGA and (T) merged image.
Unlike in P, Kv1.3 and WGA colocalize (yellow). Little triple
colocalization (in white) is observed. (U,V) Histogram of the pixel by
pixel analysis of the section indicated by the arrows in P and T,
respectively. Green, Kv1.3; blue, KCNE2 or KCNE4; red, WGA.
Although the presence of KCNE2 does not mistarget Kv1.3 to the surface
(V), KCNEA4 affects Kv1.3 and WGA colocalization (U). (W) Analysis of
the relative expression of Kv1.3, KCNE4, Kv1.3-KCNE4 and Kv1.3-
KCNE2. Pixel by pixel intensities from confocal images were analyzed
using Imagel software and compared with the relative intensity of Kv1.3
at the plasma membrane (determined by colocalization with WGA).
Values are the mean = s.e.m. of at least 20 cells. *P<0.05 vs Kv1.3
(Student’s t-test). Scale bars: 10 m.

for rafts, further supports this result (Fig. 7D). In Kv1.3-KCNE4
cells the toxin did not colocalize with the hetero-oligomer (upper
cell), in Kv1.3 cells, CTXP colocalized with the channel (lower
cell).

To further investigate whether Kv1.3 homo- and Kv1.3-KCNE4
hetero-oligomers target to different membrane surface
microdomains, we performed FRAP experiments (Fig. ).
Fluorescence recovery within membrane regions was monitored
until a steady state was achieved. Mobile fractions were similar
(63+1% and 65+1% for Kv1.3 and Kv1.3-KCNE4, respectively)
but the time constant (¢;2) of the Kv1.3-KCNE4 hetero-oligomer
exhibited greater lateral mobility (24+2.1 seconds and 13+1.7
seconds for Kv1.3 and Kv1.3-KCNE4, respectively, P<0.001). Our
results indicate that KCNE4 association targets Kv1.3 to different
membrane domains with higher mobility.
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Macrophages express Kv1.3 and KCNE4

Our results thus far indicate important physiological significance.
Kv1.3 is involved in macrophage physiology and the expression of
Kv1.3 and putative partners, such as Kv1.5 and Kvf subunits, is
under extensive regulation (Vicente et al., 2005; Vicente et al., 2006).
In addition, Kv channels in leukocytes are considered
pharmacological targets (Wulff et al., 2003; Beeton and Chandy,
2005) and the composition of the channel complex could impair
potential therapies (Villalonga et al., 2007). Therefore, differential
regulation of Kv1.3 and KCNE4 could modify the subunit
composition of the channel, altering their biophysical and
physiological properties. KCNE4 and Kv1.3 mRNAs were
expressed in RAW 264.7 macrophages (Fig. 9A). This coexpression
is a general characteristic of leukocytes because Jurkat T cells also
share this phenotype (not shown). Unfortunately, unlike Kv1.3, we
were not able to detect KCNE4 in macrophages by western blot
with commercially available antibodies (not shown). Similarly,
immunocytochemistry studies with anti-Kv1.3 and anti-KCNE4
antibodies were unsuccessful. However, because RAW cells have
Kvl.3 and KCNE4 intracellular processing and trafficking
programs, we transfected these cells with Kv1.3-YFP and KCNE4-
CFP. In general, cells were poorly transfected, but confocal
microscopy analysis of double-transfected RAW cells demonstrated
that KCNE4 colocalizes with Kv1.3 in macrophages (Fig. 9B,C).
In addition, although Kv1.3 is targeted to the plasma membrane
(Fig. 9B), the presence of KCNE4 impaired Kv1.3 targeting (Fig.
9C).

Our data suggest that KCNE4 functions as a Kv1.3 negative
modulatory subunit. Therefore, the regulation of KCNE4 might
affect channelosome composition triggering important physiological
consequences. For this reason, we analyzed the regulation of

Kv1.3

Fig. 4. KCNE4 delays and diminishes the expression of Kv1.3 at the cell
surface. (A) HEK293 cells were transiently transfected with Kv1.3-YFP,
KCNE4-CFP and Kv1.3-YFP/KCNE4-CFP. After transfection, cells were
labeled with biotin at different times and processed as described in
Materials and Methods. Western blot analysis was performed with and
anti-GFP antibody. Values are means = s.e.m. (n=4) of the percentage of
the biotinylated surface protein relative to the maximal expression of
Kv1.3. black symbols, Kv1.3; white symbols, Kv1.3-KCNE4.

(B) Relative abundance (%) of biotinylated proteins compared with
Kv1.3 after 24 hours of transfection. Values are means = s.e.m. (n=4) of
the percentage of the biotinylated surface protein relative to the
expression of Kv1.3 24 hours post-transfection. Note that Kv1.3-KCNE4
is about 10 times less abundant than Kv1.3 alone.

KCNE4 and Kv1.3 upon activation and immunosuppression in
macrophages. Lipopolysaccharide, which activates macrophages
and regulates Kv (Vicente etal., 2003), increased Kv1.3 and KCNE4
mRNA expression up to three- and 12-fold, respectively (Fig. 9D).
By contrast, the addition of dexamethasone (DEX) for 24 hours
decreased Kv1.3 by 50% with no effects on KCNE4.

Discussion

This study demonstrates that Kv1.3 and KCNE4 form oligomeric
structures and suggests that KCNE4 might act as an inhibiting
ancillary subunit for the Kv channel in macrophages. Furthermore,
our data show that their association leads to biophysically distinct
channels. The present report also demonstrates, for the first time,
that KCNE peptides associate with members of the Kv1 (Shaker)
family and alters channel surface expression and trafficking. This
association further increases the number of possible oligomeric
combinations of the Kv channelosome in leukocytes. Thus, similar
to nervous tissue and muscles, it is difficult to assign currents to
specific channels in the immune system.

Electrophysiological studies suggested that lymphocytes
express several Kv channels (n-, n’- and I-type). Kv1.3 was
associated with the n-type channel whereas the /- typc: was
attributed to Kv3.1 (Grissmer et al., 1990; Grissmer et al., 1992).
However, the protein rcsponsiblc, for the n'-type is ldrg{:ly
unknown, although other channels, such as Kv1.1, Kv1.2, Kv1.5
and Kvl.6, have been described in immune-system cells
(Freedman et al., 1995; Jou et al., 1998; Liu et al., 2002; Vicente
et al., 2003; Mullen et al., 2006). Therefore, currents might be
accounted for by a variety of hybrid forms and heteromeric
formation of K™ channels has been suggested as mechanisms to
increase channel functional diversity (Manganas and Trimmer,

KCNE4 Fig. 5. KCNE4 retains Kv1.3 at the

H endoplasmic reticulum. Kv1.3-YFP and
KCNE4-CFP have distinct cellular

distributions. HEK293 cells were transiently
transfected with Kv1.3-YFP , KCNE4-CFP,
Kv1.3-YFP/KCNE4-CFP and DsRed-ER
marker. (A-C) Kvl1.3 does not colocalize
with the ER. (D-F) KCNE4 shows strong
ER colocalization. (A,D)Kv1.3 and KCNE4
respectively; (B,E) DsRed-ER marker;
(C,F) merged image of Kv1.3- and KCNE4-
transfected cells respectively. Yellow
indicated colocalization. (G-J) Coexpression
of Kv1.3, KCNE4 and DsRed-ER marker.
(G)Kv1.3; (H) KCNE4; (T) DsRed-ER
marker; (J) merged image. White color
indicates triple colocalization. Scale bars:
10 um.
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2000; Vicente et al., 2006). This complexity might be further
increased by the presence of auxiliary subunits, such as Kvp,
which confers rapid inactivation, alters current amplitude and
gating, and promotes Kv cell surface expression (Manganas and
Trimmer, 2000). In fact, Kv1.3 is able to assemble with Kvp
subunits to form functional Kv channels, increasing the variety
of electrical responses in leukocytes. The expression of Kv1.3
together with KvP subunits modifies the rate of inactivation and
the amplitude of the K' current (McCormack et al., 1999).
Although KvB1 peptides accelerate the rate of inactivation, Kvp2
mostly facilitates surface expression (Martens et al., 1999;

A1234567586 0911112
| Clathrin

| - Caveolin

C12345678910H12

el Clathrin
o | K13
PSR- . CNE4

tadid ] Caveolin

IP: Kv1.3
IB: GFP

e D Kv1.3 KCNE4
e —— Y ]G
- Cavealin
Bi1234s5678010112
— | (lathrin
SR KCNE4
CTX

Fig. 6. KCNE4 associates with Kv1.3. KCNE4, but
not KCNE2, and forms stable complexes with Kv1.3.
(A,B) HEK293 cells were transiently transfected with
Kv1.3-HA and KCNE4-CFP. Cells were lysed and
total cell extracts were immunoprecipitated with anti-
GFP antibody. (A) Western blot against GFP
demonstrating that KCNE4-CFP immunoprecipitates.
(B) Western blot against HA demonstrating that
Kv1.3-HA co-immunoprecipitates with KCNE4-CFP.
(C) KCNE2 does not interact with Kv1.3. HEK293
cells were transiently transfected with Kv1.3-YFP and
KCNE2-CFP. Cells were lysed and total cell extracts
were immunoprecipitated with anti-Kv1.3 antibody.
Western blot against GFP demonstrates that Kv1.3
does not co-immunoprecipitate with KCNE2.

SM, starting material; [P, immunoprecipitate;

S, immunoprecipitate supernatant; +AB,
immunoprecipitation in the presence of antibody;

AB, immunoprecipitation in the absence of antibody.
(D-H) Representative fluorescence resonance energy
transfer (FRET) experiment. Panels show
fluorescence signal of Kv1.3-YFP and KCNE4-CFP.
(D) Kv1.3; (E) KCNE4; (F) merged image;

(G) FRET channe ET shows the YFP
fluorescence intensity after CFP excitation.

(H) Histogram shows FRET efficiency of different
combinations of proteins. Negative control was
performed with cells expressing CFP and YFP.
Positive control was performed using cells expressing
Kv1.3-CFP and Kv1.3-YFP. ***P<0.001 vs CFP/YFP
(n=10, Student’s r-test). (I-K) Kv1.3 and KCNE4
associate in the ER. HEK293 cells were doubly
transfected with Kv1.3-YFP (green) and KCNE4-CFP
(red) and brefeldin A was added to the culture.

(1) Kv1.3; (J) KCNE4; (K) Merged image shows
colocalization (yellow). Scale bars: 10 um.
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Manganas and Trimmer, 2000). Surprisingly, KCNE4 controls
both fast inactivation and plasma membrane expression.

KCNE regulatory subunits have been primarily studied in the
heart but their activity in the brain and in many other tissues is
being increasingly recognized (McCrossan and Abbott, 2004).
KCNE peptides associate with Kv7.1 and Kvll.l channels
generating cardiac Iy, (slowly activating delayed rectifier K*) and
I (rapid delayed rectifier K*) currents (Barhanin et al., 1996; Abbott
et al, 1999). However, KCNE shows more promiscuity than
previously thought. For example, KCNE3 in association with
Kv3.4 sets resting membrane potential in skeletal muscle cells

Fig. 7. KCNE4 impairs Kv1.3 localization in lipid rafts.
Unlike KCNE4 and Kv1.3-KCNE4 hetero-oligomers,
Kv1.3 channels target to lipid rafts.

(A-C) Detergent-based isolation of lipid rafts. Sucrose
density gradient centrifugation of 1% Triton-X-100-
solubilized extracts from cells, transfected with Kv1.3
(A), KCNE4 (B) or doubly-transfected with Kv1.3 and
KCNE4 (C) were analyzed by western blot. Caveolin
indicates low-buoyancy rafts, but clathrin is found in
non-floating fractions. Lane numbers denote different
fractions from the top (1) to the bottom (12) of the
sucrose density gradient. (D) KCNE4 association
impairs Kv1.3 colocalization with FITC-labeled cholera
toxin 3 subunit (CTXP). Green, Kv1.3; blue, KCNE4;
red, CTXp: merged image, yellow represents
colocalization between Kv1.3 and CTXP in a KCNE4-
negative cell (bottom cell). Top cell is a KCNE4-positive
cell that shows no colocalization between Kv1.3 and
CTXP. Cyan represents Kv1.3-KCNE4 colocalization.
Scale bar: 5 um.
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Fig. 8. Fluorescence recovery after photobleaching (FRAP) of Kv1.3
and Kv1.3-KCNE4. FRAP experiments monitored YFP intensity after
20 iterations of bleaching with 100% laser power. Representative
images of Kv1.3-YFP at different times. Circles indicate regions of
interest. (A) Kv1.3; (B) Kv1.3-KCNE4. Scale bars: 10 um. (C) Graphs
of the average (n=10) intensity from Kv1.3 and Kv1.3-KCNE4. Right,
Kv1.3; center, Kv1.3-KCNE4: left, the regression analysis of the data

a0 80
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(Abbott et al., 2001). In addition, KCNE1 and KCNE2 form stable
complexes with Kv2.1 in the heart and brain (McCrossan et al.,
2009). Few studies have demonstrated the existence of KCNE in
leukocytes. KCNE1 was cloned from T-cells (Attali et al., 1992)
and the KCNE3 and KCNE4 have been detected in leukocytes
(Grunnet et al., 2003: Lundquist et al., 2006). We have found that
KCNE4 is present in macrophages and T-cells (not shown). In
addition, similarly to Kv1.3, lipopolysaccharide-induced activation
increases KCNE4; and in cells treated with DEX, Kv1.3 is
downregulated but KCNE4 remains constant. This behavior is in
agreement with a putative negative regulatory action of KCNE4.
Whereas pro-inflammatory agents, such as lipopolysaccharides,
activate leukocytes (Vicente et al., 2003), prolonged insult triggers
cell death by apoptosis (Detre et al., 2006). In this context, Kv1.3
seems to play a dual role. The channel is involved in the initiation
of the signaling, but it also contributes to programmed cell death
(Panyi et al., 2004a; Szabo et al., 2008). Sustained Kv1.3 induction
would be downregulated by an increase in KCNE4 and the
formation of Kv1.3-KCNE4 oligomers. In this scenario, lower
expression, or repression, of Kv1.3 makes the cell resistant to
apoptosis (Szabo et al., 2008). Therefore, the formation of Kv1.3-
KCNE4 complexes would fine-tune the cell response. However,
under an immunosuppressant insult, such as DEX, the dominant-
negative effect of KCNE4 will have no physiological relevance.
KCNE4 specifically decreases Kv1.3 currents concomitantly
with a reduction in channel surface expression and traffic. In
addition, activation, C-type inactivation and cumulative inactivation
are altered by KCNE4. Apart from cardiac Kv7.1 and Kvl1l1.1, a
number of different channels are affected by KCNE peptides
(McCrossan and Abbott, 2004). For instance, KCNE1 slows Kv3.1
and Kv3.2 activation and KCNE3 increases the activation time
constants of Kv2.1, Kv3.1 and Kv3.2 (McCrossan et al., 2003;

60 (white lines from Kv1.3 and Kv1.3-KCNE4 panels) for comparison.
Solid line, Kv1.3; Dashed line, Kv1.3-KCNE4.

Lewis et al., 2004). In addition, KCNE3 also modulates Kv3.4
current without a significant effect on either Kvl.4 or Kv4.1
(Abbott et al., 2001). Grunnet et al. demonstrated that among all
KCNE peptides, only KCNE4 is able to modify Kv1.3 currents
(Grunnet et al., 2003). Unlike other KCNE members, KCNE4 could
act as a repressor ancillary subunit because unrelated channels such
as Kv7.1 and the calcium and voltage-gated K¢,1.1 channel (BK)
are also inhibited by KCNE4 (Grunnet et al., 2002; Levy et al.,
2008). It is important to point out that unlike other KCNE proteins,
KCNE4 possesses a larger C-terminal intracellular domain
(McCrossan and Abbott, 2004; Rocheleau et al., 2006). It is
tempting to speculate that this bulky domain is involved in these
processes but this hypothesis warrants further research. However,
the inhibitory property of KCNE4 on selected channels, such as
Kv7.1, seems to be very efficient as well as specific because Kv7.2
to Kv7.5 and Kv11.1 channels are unaffected (Grunnet et al., 2002).

To what extent electrophysiological changes have functional
relevance is not known. As previously described, most ancillary
subunit modulation might not be physiologically relevant
(Deschenes and Tomaselli, 2002). Our results suggest that this is
not the case for Kvl.3 and KCNE4 in leukocytes. Changes in
trafficking and surface expression in macrophages further support
Kv1.3-KCNE4 oligomeric channels, and Kv1.3 spatial regulation
points towards a specific and physiological interaction. Other
KCNE interactions with Kvl members (Shaker) have been
documented. Thus, KCNEI and KCNE?2 associate with Kv1.5, and
experiments with kene2 null mice suggest that associations with
Kv1.5 and Kv4.2, but not with Kv1.4 and Kv4.3, recapitulate cardiac
Ixgiow and /iy, p(transient outward fast) currents (Melman et al., 2004;
Roepke et al., 2008).

KCNE peptides also control the surface expression of K*
channels (McCrossan and Abbott, 2004). In addition, specific
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Fig. 9. RAW 264.7 macrophages express Kv1.3 and KCNE4. (A)Kv1.3 and
KCNE4 mRNA expression analyzed by RT-PCR. Total RNA was extracted
from RAW macrophages and PCR reactions were performed in the presence
(+) or the absence () of the retrotranscriptase reaction. (B,C) KCNE4 impairs
Kv1.3 targeting to the macrophage membrane and increases intracellular
retention. (B) Kv1.3 expression. Right, phase image of a RAW macrophage.
Left, confocal imaging of Kv1.3-YFP in the same cell. (C) Kv1.3-KCNE4
expression. Upper left, phase image of RAW macrophages: upper right, a cell
expressing Kv1.3-YFP; lower left, KCNE4-CFP expression in the same cell;
lower right, merged image showing colocalization in yellow. Note that in
macrophages that expressed both proteins, Kv1.3 was mostly intracellular.
Scale bar, 10 um. (D) Kv1.3 and KCNE4 are differentially regulated upon
activation and immunosuppression. Cells were incubated for 24 hours in the
presence or the absence of lipopolysaccharides (LPS) and DEX. Samples were
collected and Kv1.3 and KCNE4 mRNA expression was analyzed by real-time
PCR. Black bars, Kv1.3: white bars, KCNE4. Values are the means + s.e.m. of
the relative mRNA expression (n=4). Significant differences were found in the
presence of lipopolysaccharides (Kv1.3: *P<0.05 and **P<0.01 vs control and
KCNE4: **P<().01 vs control; Student’s r-test) and DEX (Kv1.3: *P<0.05 vs
control, Student’s r-test). Relative mRNA was calculated using standard
curves, and fold variation in arbitrary units (AU) were normalized to the
relative quantity (RQ) of 188 as follows: (Kv1.3 or KCNE4 RQ at 24
hours/188 RQ at 24 hours)/(Kv1.3 or KCNE4 R(Q at control/188 RQ at
control).

associations are crucial for KCNE] expression at the plasma
membrane (Chandrasekhar et al., 2006). In fact, KCNEI shows
greater ER retention than KCNE2 and this determines Kvl1l1.1
association (Um and McDonald, 2007). KCNE4 also shows more
ER retention than KCNE2. Although KCNE4 and KCNE2 share
an intracellular RR motif, KCNE4 possess multiple arginine and
lysine-based ER retention signals (Sharma et al., 1999; Michelsen
et al., 2005; Zuzarte et al., 2009). KCNE4 does not modify surface
expression of Kv7.1 and Kv1.1(Grunnet et al., 2002; Grunnet et
al., 2003). However, both channels exhibit less surface expression
than Kv1.3. In addition, the cellular compartment where KCNE
associates with K channels is controversial. Although some studies
demonstrate that, unlike Kvp subunits, this interaction takes place
at the membrane (Grunnet et al, 2002), others indicate an
association in the ER (Krumerman et al., 2004; Chandrasekhar et
al., 2006). Our results indicate that, similar to Kvp, KCNE4
associates with Kv1.3 in the ER.

Besides trafficking, lipid raft sublocalization regulates ion channels
by compartmentalizing signaling components. Kv1.3 targets to
different rafts upon activation and apoptosis in lymphocytes (Szabo
et al., 2004; Vicente et al., 2008). Disruption of these domains alters
channel activity and raft association seems to be dynamic because
the interaction with other subunits, such as Kvl.5, impairs this
localization (Vicente et al., 2008). However, scaffolding proteins, such
as membrane associated guanylate kinases (MAGUK) and caveolins,
improve Kv1.5 channel association with raft domains (Folco et al.,
2004). Unlike scaffolding proteins, Kvp2.1 regulatory subunit
mistargets Kv1.5 channels to lipid rafts (Martinez-Marmol et al.,
2008). Similarly, KCNE4 act as a repressor ancillary subunit. Kv1.3
localizes in rafts but this is strongly dependent on associations with
KCNE4. Because Kv1.3 activity is regulated by the composition of
the lipid raft (Szabo et al., 2004), different membrane platform
locations must be contemplated as an important regulatory mechanism
of Kv1.3 in leukocyte physiology. The channelosome composition
is a determinant in shaping the repertoire of Kv1.3 channels present
at the plasma membrane of leukocytes. This composition affects the
expression and functional properties of the channels and contributes
to the diversity of K™ channels in leukocytes. This data will be critical
for further determination of the molecular composition of individual
Kv currents and the physiological relevance of these or-p interactions.
Investigation of the mechanisms involved in the regulation of
potassium ion conduction is, therefore, essential for understanding
potassium channel function in the immune response to infection and
inflammation. Macrophages turn the immune response toward
inflammation or tolerance. These cells, which also act as antigen-
presenting cells, modify the cytokine milieu and the intensity of T-
lymphocyte signaling. In response to different growth factors and
cytokines, macrophages can proliferate, become activated or
differentiate. These cells have a key function at inflammatory loci,
where they remain until inflammation disappears. However, the
persistence of activated macrophages at inflammatory loci is
associated with a wide range of inflammatory diseases. The negative
KCNE4 effect on Kv1.3 could be interpreted in this life-time
scenario.

In summary, Kv1.3 trafficking, targeting and activity are
dramatically modified by the presence of KCNE4. The association
of Kv1.3 and KCNE4, which are coexpressed in the immune system,
could play a crucial role in controlling the immunological response.
Therefore, our results further the understanding of how K channels
are involved in leukocyte physiology and indicate that KCNE4 could
be a novel pharmacological target in the immune system.
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Materials and Methods

Expression plasmids

TKv1.3 in pReCMV was provided by Todd C. Holmes (New York University, New
York, NY). mKCNE4 in pSGEM was from Michael Sanguinetti (University of Utah,
Salt Lake City, UT). hKCNE2 in pHA was obtained from Susana de la Luna (CRG,
Barcelona, Spain). Kv1.3, KCNE4 and KCNE2 were subcloned into pEYFP-C1
(Kv1.3) and pECFP-N1 (KCNE2 and KCNE4; Clontech). Constructs were verified
by sequencing. rKvl.3, externally tagged with HA between S3 and 84, was from
Donald B. Amold (University of Southern California, Los Angeles, CA). piRES-
EGFP-hKCNE4-HA was obtained from Alfred L. George (Vanderbilt University,
Nashville, TN). The endoplasmic reticulum marker, pDsRed-ER, was obtained from
Clontech.

Cell culture and transient transfections

HEK293 cells were grown on poly-lysine-coated coverslips in DMEM containing
10% fetal bovine serum (FBS). Transient transfection was performed using
MetafectenePro (Biontex) at nearly 80% confluence. Twenty-four hours after
transfection, cells were washed in PBS (phosphate-buffered saline), fixed and
mounted with Aqua Poly/Mount from Polysciences. In some experiments,
Kv1.3-KCNE4-transfected cells were treated with 2.5 pg/ml brefeldin A (BFA) for
12 hours.

RAW 264.7 macrophages were cultured in RPMI culture medium containing 5%
FBS supplemented with 10 TU/ml penicillin and streptomycin, and 2 mM L-glutamine.
Cells, grown in 100-mm tissue culture dishes, were incubated with lipopolysaccharides
(100 ng/ml) and DEX (1 uM; Sigma) for 24 hours. In some experiments, RAW cells
were transfected with Kv1.3-YFP and KCNE4-CFP and processed as above.

RNA isolation, RT-PCR analysis and real-time PCR

Total RNA from RAW 264.7 macrophages was isolated using Nucleospin RNATI
(Machery-Nagel). RNA was treated with DNase [ and cDNA synthesis was performed
using transcriptor reverse transcriptase (Roche) with a random hexanucleotide and
oligo(dT) according to the manufacturer’s instructions.

Real-time PCR was performed using a LightCycler machine (Roche) with
LightCycler FastStart DNA Master™ S SYBR Green I (Roche), according to the
manufacturer’s instructions. PCR primers were: Kv1.3, F: 5-AGTATATG-
GTGATCGAAGAGG-3', R: 5-AGTGAATATCTTCTTGATGTT-3" (136 bp):
KCNE4, F: 5'-CCTGACAGAGAAGAGAAACA-3', R: 5-TGAACAGCACA-
TACCCCAG-3' (139 bp). The reactions were performed under the following
conditions: 95°C for 5 seconds, 55°C for 8 seconds, and 72°C for 9 seconds, proceeded
by 10 minutes at 95°C and followed by 10 minutes at 95°C. Melting curves were
performed to verify the specificity of the product and 188 (AN: X00686), F: 5'-
CGCAGAATTCCCACTCCCGACCC-3', R: 5'-CCCAAGCTCCAACTACGAGC-
3" (212 bp), was included as an internal reference, as previously described (Villalonga
etal., 2007). Results were analyzed with Light Cycler software 3.5 (Roche). For each
primer set, a standard curve was made and the slope factor calculated. Values were
normalized to the corresponding 18S. The corresponding real-time PCR efficiency
(E) of one cycle in the exponential phase was calculated according to the equation:
E=10-Vslope

Protein extraction, co-immunoprecipitation and western blotting
Cells were washed twice in cold PBS and lysed on ice with lysis solution (1% Triton
X-100, 10% glycerol, 50 mM Hepes pH 7.2, 150 mM NaCl) supplemented with 1
ug/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin and 1 mM phenylmethylsulfonyl
fluoride as protease inhibitors. Homogenates were centrifuged at 3000 g for 10 minutes
and the supematant was divided into aliquots and stored at ~20°C. Protein content
was determined using the Bio-Rad Protein Assay (Bio-Rad).

For co-immunoprecipitation, samples were precleared with 25 pl of protein G-
Sepharose beads, for 2 hours at 4°C with gentle mixing. The beads were then removed
by centrifugation at 1000 g for 30 seconds at 4°C. The sample was then incubated
overnight with the desired antibody (4 ng/ug protein) at 4°C with gently mixing. 30
ul of protein-G-Sepharose was added to each sample for 4 h at 4°C. The beads were
removed by centrifugation at 1000 g for 30 seconds at 4°C, washed four times in
PBS, and resuspended in 70 pl of SDS sample buffer.

Protein samples (50 pg) and immunoprecipitates were boiled in Laemmli SDS
loading buffer and separated on 10% SDS-PAGE. Next, they were transferred
nitrocellulose membranes (Immobilon-P; Millipore) and blocked in 0.2% Tween-20-
PBS supplemented with 5% dry milk, before immunoreaction. Filters were
immunoblotted with antibodies against Kv1.3 (1/200, Alomone), HA (1/200, Sigma)
and GFP (1/1000, Roche). Anti-pan-caveolin antibody, which recognizes caveolin 1,
2 and 3 was used as a marker of lipid rafi fractions (1/1000; BD Transduction) and
anti-clathrin antibody was used to characterize non-floating fractions (1/1000,
Chemicon).

Raft isolation

Low density, Triton-insoluble complexes were isolated as previously described
(Martens et al., 2000) from HEK293 cells transiently transfected with either Kv1.3-
YFP or double transfected with Kv1.3-YFP and KCNE4-CFP. Cells were homogenized
in 1 ml of 1% Triton X-100, and sucrose was added to a final concentration of 40%.

A 5-30% linear sucrose gradient was layered on top and further centrifuged
(260,000 g) for 20-22 hours at 4°C 1 a Beckman SW41 rotor. Gradient fractions
(1 ml) were collected from the top and analyzed by western blotting.

Confocal microscopy, FRET and FRAP
Staining with FITC-labeled cholera toxin 3 subunit (CTXJ) for lipid raft microdomains
and wheat germ agglutinin (WGA)-Texas red (Invitrogen) for the plasma membrane
was performed under non-permeabilized conditions. Cells were washed with PBS at
4°C and stained with FITC-CTXPB or WGA for 30 minutes at 4°C. Subsequently,
cells were washed and fixed with 4% paraformaldehyde in PBS for 6 minutes.
Fluorescence resonance energy transfer (FRET) sensitized emission was used to
measure the molecular proximity between Kv1.3 and KCNE4. A Leica TCS SL laser
scanning confocal spectral microscope (Leica Microsystems) equipped with an argon
laser, 63 oil immersion objective lens (NA 1.32) and a double dichroic filter (458/514
nm) was used. CFP was used as the donor fluorochrome paired with YFP, as the
acceptor fluorochrome. To measure FRET, three images were acquired in the same
order in all experiments through (1) the CFP channel (absorption 458 nm; emission
465-510nm), (2) the FRET channel (absorption 458 nm; emission 525-600 nm) and
(3) the YFP channel (absorption 514 nm; emission 525-600 nm). The background
values were subtracted from the image values before performing FRET calculations.
Control and experimental images were taken under the same photomultiplier gain
conditions, offset and pinhole aperture. In order to calculate and eliminate non-FRET
components from the FRET channel, images of cells transfected with either CFP or
YFP alone were taken under the same conditions as for the experiments. The fraction
of cross-over of CFP (4) and YFP (8) fluorescence was calculated for the different
experimental conditions. Corrected FRET (FRET®) wi lculated on a pixel-by-pixel
basis for the entire image using the equation: FRET*=FRET—(4 X CFP){BxYFP),
where FRET, CFP and YFP are the values for the background-subtracted images of
cells expressing CFP and YFP acquired through the FRET, CFP and YFP channels,
respectively. Mean FRET® values were calculated from mean fluorescence intensities
for each selected region of interest (ROI) according to the above equation, and
normalized (FRET™) values for membrane regions were calculated according to the
following equation: FRETM=FRET*/YFP. All calculations were performed using the
FRET sensitized emission wizard from Leica Confocal Software and Microsoft Excel.
FRET values were expressed as the mean + s.e.m. of n=15 cells for each group.
Fluorescence recovery after photobleaching (FRAP) experiments were performed
I day after transfection at room temperature. Dishes were replaced every 2 hours.
Time series were taken with 20 scans before bleaching, which was accomplished by
20 iterations of bleaching with 100% laser power of the 514 nm line followed by
100 scans every 0.36 seconds and 100 scans every second (2.5 minutes in total) of
the bleached region with 6% laser power. In each cell, a circular ROI of 6.57 }Lrn:
was bleached. Experiments were performed with =15 cells per group. Fluorescence
intensity was normalized to the prebleach intensity. Any loss of fluorescence during
the recording corrected with unbleached regions of the cell. The mobile fraction
(Fyy) was calculated according to the following equation: Fyy=(F..—F))/(Fy—F;). where
F., is the fluorescence at the end of the steady state, F; is the fluorescence intensity
post-bleaching and Fj is the fluorescence of the ROI previous to the bleaching.
Values were fitted to a non-linear regression equation, F(t)=Fy [1-exp(-t/fi2)],
where F is the fluorescence intensity, Fys is the mobile fraction and # is the time
constant. Data are given as mean £ s.e.m. Statistical analysis was performed using
Student’s r-test (GraphPad Prism).
Cells were examined with a 63 > oil immersion objective on a Leica TCS SL laser
scanning confocal microscope. All offline image analysis was done using Leica
confocal and Image J software and Sigmaplot.

Biotinylation of cell surface proteins

Cell surface biotinylation was carried out with the Pierce Cell Surface Protein Isolation
Kit (Pierce) following manufacturer’s instructions. HEK293 cells were transfected
with Kv1.3-YFP, KCNE4-CFP or both constructs and their temporal presence at the
surface was analyzed by western blotting. At the desired times after transfection, cell
surface proteins were labeled with sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-
dithiopropionate (Sulfo-NHS-SS-biotin; Pierce). Briefly, cells were washed with ice-
cold PBS twice, and Sulfo-NHS-8S-biotin was added and incubated at 4°C with
constant rotation for 30 minutes. Excess biotin was quenched with quenching solution.
Cells were treated with lysis buffer and centrifuged at 10,000 g for 2 minutes at 4°C.
Clear supematant was reacted with immobilized NeutrAvidin gel slurry in columns
(Pierce) to isolate surface proteins. Columns were washed and protein eluted in sample
buffer containing DTT. Surface proteins were resolved on a SDS-PAGE gel and the
samples were analyzed by western blotting using a monoclonal anti-GFP antibody
(Roche). Western blot bands were quantified using Phoretix (Nonlinear Dynamics).
Data are expressed as the optical density (%) of the biotinylated protein relative to
the maximal expression of Kv1.3. Filters were also immunoblotted with B-actin
monoclonal antibody (Sigma) as control.

Electrophysiology

‘Whole-cell currents were measured with a D-6100 Darmstadt amplifier (List Medical)
using the patch clamp technique. Currents were low-pass filtered at 1 kHz. Series
resistance compensation was always above 70%. The pClamp8 software (Axon
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Instruments) was used for pulse generation and data acquired using an Axon Digidata
A/D interface and subsequent analysis. Electrodes were fabricated from borosilicate
glass capillaries (Clark Electromedical Instruments) using a Flaming-Brown (P-87)
micropipette puller (Sutter Instruments) and fire polished. Pipettes had a resistance
of 2-3 ML when filled with a solution containing (in mM): 144 KCl, 0.2 CaCl,, 1.2
MgCl, 10 Hepes, 0.5 EGTA (pH 7.35 and 302 mosmoles/1). The extracellular solution
contained (in mM): 150 NaCl, 4 KCI, 2 CaCl,, 1 MgCly, 10 Hepes (pH 7.4 and 310
mosmoles/1). Cells were clamped to a holding potential of =80 mV. To evoke voltage-
gated currents, all cells were stimulated with 200-millisecond square pulses ranging
from —100 to +60 mV in 20 mV steps. All recordings were routinely subtracted for
leak currents. To calculate inactivation time constants (t), cells were held at -80 mV
and a +60 mV pulse potential of 5 seconds was applied. Inactivation adjustment was
calculated from the peak of the current at 60 mV to the steady-state inactivation, and
traces were fitted with Sigma Plot (SPSS, Chicago, IL). To analyze cumulative
inactivation, currents were elicited by a train of 25 depolarizing voltage steps of 200
milliseconds to +60 mV once every 400 milliseconds.
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3.3.1. Resum de la contribucio 7

Publicat a Commun Integr Biol, 2010, 3:166-8.

Existeix un paper fisiologic per a les subunitats KCNE en el sistema immunitari?
Laura Solé i Antonio Felipe

L’estudi de la modulacié dels canals per subunitats reguladores ha atret considerablement
I'atencié de molts investigadors. Existeixen evidéncies que indiquen un paper fonamental per
a les proteines accessories en el canalosoma. Aixi per exemple, aquestes subunitats
reguladores sén necessaries per tal de recapitular els corrents ionics registrats in vivo i
també per tal d’entendre el paper fisioldgic dels canals ionics. Els KCNEs son una familia de
subunitats reguladores que interaccionen amb un gran rang de canals. Préviament, hem
caracteritzat, per primer cop, la interaccié entre KCNE4 i el canal de potassi dependent de
voltatge Kv1.3. La associacié amb KCNE4, el qual altera les propietats biofisiques, trafic i
localitzaci6 de membrana del canal Kv1.3, funciona com un mecanisme dominant negatiu
endogen. Degut a que ambdues proteines s’expressen en el sistema immunitari, els canals
Kv1.3/KCNE4 podrien contribuir a regular de manera precisa la resposta immunitaria. Per
tant, els nostres resultats assenyalen a KCNE4 com a una nova diana per a la
immunomodulacié. KCNE4 pero no és el unic KCNE que s’expressa en leucocits. Tots els
KCNEs (KCNE1-5) hi estan presents i alguns membres mostren una modulaci6 de la seva
expressié durant la proliferacié i cancer. En resum, les subunitats reguladores KCNE
s’expressen en el sistema immunitari. A més a més, alguns canals de potassi dependents de
voltatge, que podrien interaccionar amb els KCNEs, també s’hi expressen. Per tant, les
subunitats KCNE poden jugar un paper encara per descobrir en la fisiologia del sistema

immunitari.
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Does a physiological role for KCNE subunits exist in the immune system?

Published in Communicative and Integrative Biology

Laura Solé Codina performed all the recompilation of the data and wrote this communication.

Laura Solé Codina va realitzar la recopil-lacié de totes les dades incloses en aquest article i va escriure aquesta

comunicacio.

Thesis director

El director de la tesi

Dr. Antonio Felipe Campo
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he study of channel modulation by

regulatory subunits has attracted
considerable attention. Evidence indi-
cates a pivotal role for accessory pro-
teins in the channelosome. For instance,
these regulatory subunits are necessary
to recapitulate in vivo ion currents and
to further understand the physiological
role of ion channels. KCNEs are a fam-
ily of regulatory subunits that interact
with a wide range of channels. We have
described for the first time a molecular
interaction between KCNE4 and the
voltage-dependent potassium channel
K, 1.3. The association of KCNE4, which
alters the biophysical properties, traffick-
ing and membrane localization of K, 1.3,
functions as an endogenous dominant-
negative mechanism. Since both proteins
are expressed in the immune system,
K,1.3/KCNE4 channels may contrib-
ute to the fine-tuning of the immune
response. Therefore, our results point
to KCNE4 as a novel target for immu-
nomodulation. KCNE4 is not the only
KCNE which is expressed in leukocytes.
All KCNEs (KCNEI1-5) are present, and
some members demonstrate modulation
during proliferation and cancer. In sum-
mary, regulatory KCNE subunits are
expressed in the immune system. In addi-
tion, several voltage-dependent K* chan-
nels, which could interact with KCNEs,
are also detected. Therefore, KCNE sub-
units may play a yet undiscovered role in
the physiology of the immune system.

KCNEs are a group of regulatory subunits
composed of 5 members (KCNEIL-5).
KCNE peptides are small single spanning
membrane proteins (<20 KDa) which

Communicative & Integrative Biology

modulate a large number of voltage-depen-
dent K* channels." The most well charac-
terized interaction occurs with KCNQI1
(K,7.1) channels.** K, 7.1/KCNEI chan-
nels recapitulate the cardiac I current.
Several KCNE1 murtations, which trigger
severe cardiac channelopathies, demon-
strate the pivoral function of KCNEIL on
cardiovascular physiology.** The impli-
cation of that the remaining KCNE pep-
rides may contribute to the modulation of
I, is now under intense investigation.”"?
Besides K,7.1, KCNE members associate
with other K* channels. Thus, K 11.1 in
association with KCNE2 conducts the
cardiac I, current.”

Although many KCNE subunits share
tissue expression with Shaker K* channels
(K1) channels, KCNE interactions with
K, 1 channels have attracred lictle research.’
Early in 1992, K\,l.3 and KCNE1 were
simultaneously cloned in human Jurkat
T-cells."” Ten years later, Grunnet et al.
(2003) described that KCNE4 modulates
K, 11 and K,1.3 channels and their het-
eromeric forms. However, while K, 1.1
and K 1.3 biophysics were affected,
K, 1.l membrane surface rargering was
not altered.'® Later, Melman et al. (2004)
described that KCNEI1 co-immunoprecip-
irared with K/1.5, but no further research
was undertaken.” Recently, Abbort et al.
(2008) demonstrated that kcne2”’ mice
exhibit altered cardiac I, |, idenrified an
interacrion berween K,1.5 and KCNE2
in murine ventricles and suggested a func-
tional role for KCNE2 in promoting K, 1.5
surface expression.'

In this context, our recent contribution
unequivocally demonstrates molecular
interactions between KCNE4 and K, 1.3,
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Figure 1. Human KCNE expression in healthy and cancer tissues. Affymetrix GeneChips HG-U95A-E (GeneNote, http:/bioinfo2.weizmann.ac.il/
cgi-bin/genenote/home _page.pl) and HG-UI33A (GNF, (http://biogps.gnf.org) normalized as described in GeneCard (http://www.genecards.org). Black
columns: healthy tissue (GeneNote); Grey columns: healthy tissues (GNF); White columns: cancer samples (GNF).
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Figure 2. KCNE expression in human leukocytic cell lines. Array data from GNF BioGPS (http://biogps.gnf.org) normalized according to Su et al.*'
Legend: CD34, bone marrow CD34" progenitors; CD105, endothelial; X212, B lymphoblasts; CD19, B cells; BDCA4, dendritic cells; CD8, CD8* T-
cells; CD4, CD4* T-cells; CD56, NK cells; CD33, myeloid; CD14, monocytes.

which impairs the trafficking and localiza-
tion of these channels.”” KCNE4 acts as an
endogenous dominant-negative regulatory
subunit. Further inhibitory mechanisms
by KCNE4 have been observed. Grunnet
et al. (2002) describe that KCNE4 abro-
gares K 7.1 currents.”® Later, George and
coworkers (2008) postulate that KCNE4
could form part of a K, 7.1/KCNEI het-
erocomplex, responsible for downregulat-
ing the I_current.'” Furthermore, KCNE4
also inhibits the calcium-activated K-
channel (K 1.1)*" and oligomeric K, 4.2 +
KChIP2 channels.*

Although limited, the immunitary sys-
tem has a defined repertoire of K' channel
genes. Leukocytes express, K 1.3, K, 1.5
and several K3 regulatory subunits. %

www.landesbioscience.com
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We have demonstrated thar K 1.3 and
K, L5 form heteromeric complexes to fine-
tune the immunitary response.””?* The
evidence that KCNE4 is also implicated,"”
the presence of KCNELI in lymphocytes,”
and its purative association to K, 1.5, sug-
gest an unidentified role for KCNE pep-
tides in immunitary system physiology.
In fact, our recent study is not the first
to describe the presence of the KCNEs
in the immunitary system. KCNE1 was
cloned in T-lymphocytes.”” Grunnet et
al. (2003) found KCNE4 mRNA in lym-
phocytes.'® In addition, KCNEs mRNA
expression has also been investigated
in thymus.'®¥ Here we recapitulate the
information available about the expression
of KCNEI1-5 in different tissue arrays, all

Communicative & Integrative Biology

derived from the immune system. To that
end, data from tissues and tumors, cell lines
and cancer cell lines are shown in Figures
1, 2 and 3, respectively. All KCNEI1-5
members have been detected in myeloid
and lymphoid lineages. It is noteworthy
that while KCNE1 expression increases
in some cancers, KCNE2 and KCNE4
decrease. Similarly, KCNEI induction has
also been detected in germinal tumors.”®
We have previously described the impor-
tance of K /1.3 during activarion and pro-
liferation of macrophages.”*¢ Although
borth processes augment K, 1.3, the chan-
nel seems to play a dual role. Prolonged
signaling during activation triggers apop-
tosis.”»” Additionally, highly proliferative
cells exhibit lower KCNE4 expression
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than their counterparts do (Fig. 1).
During an insult, K 1.3 is activated and
sustained activation triggers cell death.
The persistence of activated macrophages
during inflammartion leads to disease. In
this scenario, KCNE4 would exert an
inhibirory effect not needed in prolifera-
tion. Accordingly, it is worth noting that
during proliferation, most cells become
resistant to apoptosis.

Evidence demonstrates that KCNE
subunits are present in the immune sys-
tem and may interact with K| 1 channels.
Therefore, we suggest that KCNE sub-
units may play a yet undiscovered role in
the immune system via associations with
leukocyte K* channels. These new interac-
tions situate KCNE, specifically KCNE4,
as novel targets for immunomodulation.
Further research should be undertaken to
shed some light on this new issue.
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3.3.4. Resum de la contribucio6 8

Publicat a Channels, 2013, 7:85-96.

L’expressié génica dels KCNEs depén de la proliferacio i la manera d’activacié dels

leucocits.

Laura Solé, Albert Vallejo-Gracia, Sara R. Roig, Antonio Serrano-Albarras, Laura Marruecos, Joan

Manils, Diana Gémez, Concepcid Soler i Antonio Felipe.

Els canals de potassi dependents de voltatge (Kv) estan regulats de manera molt
precisa durant la resposta immunitaria. Tot i que els leucocits expressen un repertori limitat
de canals Ky, el seu paper fisioldgic encara és motiu d’intenses investigacions. Un canal Kv
funcional es un complex oligomeéric format per subunitats formadores del porus i subunitats
reguladores. La familia de gens KCNE es un grup relativament nou de subunitats
moduladores del sistema immunitari dels canals Kv. En aquest treball, hem caracteritzat
I'expressio génica dels KCNEs(1-5) en els leucocits i investigat la seva regulacié durant la
proliferacio leucocitaria i davant diferents tipus d’activacié. S’ha analitzat I'expressio dels
KCNEs en macrofags murins derivats del moll de I'6s (BMDMs), limfocits T humans (Jurkat),
i cél-lules B humanes (Raji). Els KCNEs (1-5) s’expressen en les tres linies leucocitaries. La
majoria de mARNSs dels KCNEs presenten una regulacié depenent del cicle cel-lular i sén
regulats de manera diferencial sota diferents estimuls. Els nostres resultats suggereixen un
nou i encara per descobrir paper fisioldgic de les subunitats KCNE en el sistema immunitari.
Les multiples associacions d’aquestes subunitats reguladores amb els canals Kv podrien
donar lloc a una gran varietat de canals funcionals diferents, tant a nivell biofisic com

farmacoldgic, que podrien regular de manera precisa la resposta immunoldgica.
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3.3.5. Report of the PhD student participation in the article

Informe de la participacio de la doctoranda en l'article

KCNE gene expression is dependent on the proliferation and mode of activation of

leukocytes

Published in Channels, Impact Factor (2012): 2.14

Laura Solé Codina performed all the cDNA synthesis and the KCNEs RT-PCR experiments
in BMDC and the RT-PCR analysis corresponding of KCNE4 of Raji and Jurkat cell lines.

Laura Solé Codina va realitzar la sintesi de cDNA i els experiments de RT PCR de BMDC de tots els KCNEs i les
RT PCRs corresponents a KCNE4 en cél-lules Raji i Jurkat.

Thesis director

El director de la tesi

Dr. Antonio Felipe Campo

177






Results: Block 3

ch/April 2013; © 2013 Landes Bi

RESEARCH PAPER

KCNE gene expression is dependent on
the proliferation and mode of activation of
leukocytes

Laura Solé,' Albert Vallejo-Gracia,' Sara R. Roig,' Antonio Serrano-Albarras,' Laura Marruecos,? Joan Manils,2 Diana Gomez,?
Concepcid Soler? and Antonio Felipe'*

'Molecular Physiology Laboratory; Departament de Bioquimica i Biologia Molecular; Institut de Biomedicina; Universitat de Barcelona; Barcelona, Spain; ‘Departament de
Patologia | Terapéutica Experimental; Facultat de Medicina; Campus de Bellvitge; Universitat de Barcelona; L'Hospitalet de Llobregat; Barcelona, Spain

Keywords: voltage-dependent potassium channels, gene expression, macrophages, lymphocytes, cell-cycle, activation, regulatory
subunits

Voltage-dependent K+ (Kv) channels are tightly regulated during the immune system response. Leukocytes have a
limited repertoire of Kv channels, whose physiological role is under intense investigation. A functional Kv channel is
an oligomeric complex composed of pore-forming and ancillary subunits. The KCNE gene family is a novel group of
modulatory Kv channel elements in leukocytes. Here, we characterized the gene expression of KCNESs (1-5) in leukocytes
and investigated their regulation during leukocyte proliferation and mode of activation. Murine bone-marrow-derived
macrophages, human Jurkat T-lymphocytes and human Raji B-cells were analyzed. KCNEs (1-5) are expressed in all
leukocytes lineages. Most KCNE mRNAs show cell cycle-dependent regulation and are differentially regulated under
specific insults. Our results further suggest a new and yet undefined physiological role for KCNE subunits in the immune
system. Putative associations of these ancillary proteins with Kv channels would yield a wide variety of biophysically and
pharmacologically distinct channels that fine-tune the immunological response.

Introduction

Voltage-dependent potassium (Kv) channels play an important
role in determining resting membrane potential and controlling
action potentials in nerves and muscles.' In addition, Kv chan-
nels control the proliferation and activation of macrophages and
lymphocytes.** Leukocytes have a limited repertoire of Kv chan-
nels, which include Kv1.3, Kv1.5 and Kv11.1, which are major
determinants of cell physiology.* While Kv1.3 is ubiquitous in
the immune system, Kv1.5 functions primarily in mononuclear
phagocytes and Kv11.1 in lymphoblastoid proliferative cells.’*
In addition, other Kv channels play minor roles and have also
been detected in specific cell subtypes.'” Many Kv channels can
assemble promiscuously, yielding a wide variety of biophysically
and pharmacologically distinct channels. Therefore, native cur-
rents are not necessarily recapitulated through the acrivity of a
single subunit. Furthermore, the presence of regulatory subunits
enhances this complexity."

Kvf regulatory subunits might modulate Kv1.3 and Kvl.5
channels.""* These ancillary peptides are expressed in lympho-
cytes and macrophages and can form heteromeric structures.'>!?
Different Kvp genes, namely Kvpl, Kv2 and KvP3, generate
Kv3 proteins that are differentially regulated through leuko-
cyte proliferation and activation." The association of different

*Cormrespondence to: Antonio Felipe; Emall: afelipe@ub.edu
Submitted: 10/05/12; Revised: 12/13/12; Accepted: 12/13/12
http://dx.doi.org/104161/chan.23258
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KvB subunits with Kv1.3 and Kv1.5 channels generates distinct
functional Kv channel complexes that fine-tune the cellular
response.'"® There has been a massive effort by the research com-
munity to characterize Kv channels; however, there are few stud-
ies concerning regulatory subunits in leukocytes."'* The recent
identification of novel modulatory proteins has attracted much
attention.

KCNEs are a group of regulatory subunits composed of 5
members (KCNEI1-5)."" KCNE peptides are single-span mem-
brane proteins that modulate many Kv channels. Characterized
interactions, such as Kv7.1 (KCNQI1)/KCNEl and Kvll.1
(hERG)/KCNE2 channels, recapitulate the cardiac 7, and 7
currents, respectively." Several KCNE mutations trigger severe
cardiac channelopathies and demonstrate the pivotal role of
these ancillary peptides in cardiovascular physiology. The impli-
cation of KCNE3—5 peprides in cardiac physiology is under
intense investigation.” Although many KCNE subunits share
tissue expression with Kv1 channels, their interactions need to be
defined. Thus, Kvl.3 and KCNEI were simultaneously cloned
in human Jurkar T-cells."® It was shown that KCNE4 modu-
lates Kv1.1 and Kv1.3 channels and their heteromeric forms.”
Furthermore, an interaction berween KCNE2 with Kvl1.5 and
Kv1l.3 in murine ventricles and choroid plexus epithelium has
been proposed.'®"
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Scarce information is available concerning the role of KCNE
peptides in leukocytes. We recently demonstrated that KCNE4
associates with Kv1.3, suppressing K* currents through modu-
lations in trafficking, surface expression and channel gating.””
Although few preliminary screenings support a KCNE variable
phenotype, there have been no KCNE regulation studies involv-
ing the immune system.”' Therefore, the aim of the present work
was to identify the presence of KCNE regulatory subunits in
leukocytes and further characterize their expression during leu-
kocyte proliferation and acrivation. We demonstrate that mac-
rophages and T- and B- lymphocytes express KCNE subunits.
In addition, the expression of many KCNE proteins is cell cycle
dependent, and distinct cell-specific insults differentially regulate
KCNE expression. In summary, leukocytes express KCNE regu-
latory subunits, and their expression varies with proliferation and
activation; therefore, we suggest that the heteromeric Kv channel
structure might be variable.

Results

Regulation of KCNE modulatory subunits through MCSE-
dependent proliferation and LPS- and IFNy-induced activation
in macrophages. Macrophages perform critical functions in the
immune system, acting as regulators of homeostasis and effector
cells in infection, wounding, and tumor growth. In response to
different growth factors and cytokines, macrophages proliferate
and become activated or differentiated.”> We used BMDM as
a cell model that mimics the physiological schedule within the
body. Mature cells might proliferate or become activated after the
application of specific stimuli, such as M-CSF, which is a specific
growth factor for this cell type.** After incubation of BMDMs
for 18-24 h in the absence of MCSF, cell growth was terminated
(> 98%) and the cells became quiescent.”** The addition of
M-CSF (1200 U/ml) triggered macrophage proliferation and an
increase of the outward K* currents (Fig. 1A and Fig. §1).>'2%
Although BMDMs expressed all five KCNE subunits, differ-
ent cell cycle-dependent patterns were observed (Fig. 1B-G).
KCNE2, KCNE4 and KCNES notably increased at 6 h during
the early phases (G1/S) of the cell cycle (Fig. 1C, E and F). In
contrast, KCNE3 exhibited the opposite behavior (Fig. 1D), and
KCNE] levels remained constant throughout the cell cycle (Fig.
1B). Therefore, proliferation generated major differences in the
KCNE phenotype (Fig. 1G).

The incubation of bone marrow macrophages with LPS and
IFN-vy inhibits cell proliferation.”*** However, while LPS trig-
gers apoptosis, [FN-y protects the cells from programmed cell
death.**! Figure 2 shows that after 24 h of IFN-vy-induced activa-
tion (300 U/ml), confirmed by iNOS abundance (Fig. 2A),” the
expression of the KCNE subunits was relatively stable. Moreover,
a gradual decrease of KCNE3 expression was also observed (Fig.
2D), while the other KCNEs experienced only minor changes
in expression (Fig. 2B—F). Similar to proliferation, KCNE4 and
KCNES were the most abundant subunits, and KCNE3 was the
least abundant subunit (Fig. 2G).

The addition of 100 ng/ml LPS to proliferating macrophages
elevated K* currents (Fig. S1), induced the expression of iINOS

2 Channels

180

(Fig. 3A), blocks the cell cycle at the G1/S boundary and induces
apoptosis.” Under this treatment, the expression of not only
KCNES3 but also KCNE4 and apparently, but not significantly,
KCNE?2 was also reduced (Fig. 3B-F). However, the KCNE phe-
notype in LPS-treated macrophages was similar to that observed
with TFN-y. Thus, KCNE4 and KCNES5 were the most abun-
dant subunits, whereas KCNE3 was least abundant (Fig. 3G).

KCNE regulatory subunits during the proliferation and
LPS- and PMA-induced activation of Raji B-lymphocytes.
Human B-lymphocytes express Kv1.3 and Kv11.1 channels that
might be associated with KCNE subunits.” Raji B-lymphocytes
are a lymphoblast-like cell line derived from Burkitt’s B-cell
lymphoma. Although neoplastic proliferation increases the
expression of Kv1.3 and Kv11.1, no information is available con-
cerning the KCNE subunits.® Unlike macrophages, activated B
cells undergo proliferation and differentiation into memory and
plasma cells. We first analyzed the expression of KCNE subunits
in resting Raji B-lymphocytes. The abundance of KCNE sub-
units in B-cells starved for 24 h indicated that the expression
of KCNE1 and KCNE4 was extremely low (Fig. 4G). FBS-
dependent proliferation triggered the differential regulation of
KCNEs subunits (Fig. 4A-F). While KCNE2, KCNE3 and, to
a lesser extent, KCNE4 showed decreased expression after 24 h,
the expression of KCNEI1 and KCNES5 remained constant (Fig.
4B-F). However, the KCNE profile in B-cells throughout the
cell cycle progression was mostly stable and after 24 h, the KCNE
phenotype was recovered to that observed at the initial stage (Fig.
4G).

Raji B-lymphocytes, incubated with LPS (100 ug/ml), became
activated as confirmed by the expression of TNFa (Fig. 5A).%
However, after 24 h of LPS-induced activation, no major changes
in the KCNE profile were observed (Fig. 5B—G). In addition,
10 nM PMA activation, which also elevated TNFa expression
(Fig. 6A),” did not trigger apparent changes in KCNE expres-
sion (Fig. 6B—F). As a consequence, and similar to the results
obtained with LPS-induced activation, no major differences in
the KCNE profile were observed (Fig. 6G).

KCNE regulatory subunits during the proliferation and
PMA/PHA-induced activation of Jurkat T-lymphocytes.
Human T-lymphocytes expressing a limited repertoire of Kvl
channels, which include Kv1.1, Kv1.4, Kv1.6 and Kv1.3.%* Kv1.3
and KCNEI, were isolated simultaneously in Jurkat T-cells, and
KCNE4 regulates Kv1.1 and Kv1.3."%"2% Although we observed
the expression of all KCNE transcripts in Jurkat T-cells, surpris-
ingly, KCNEI was, by far, the less abundant KCNE subunit in
Jurkar cells (Fig. 7G). Unlike KCNE1, KCNE3 and KCNES3,
FBS-dependent proliferation (Fig. 7A) triggered a cell cycle-
dependent increase of KCNE2 and KCNE4 expression (Fig.
7B-F). Compared with the relative abundance among KCNE
subunits under FBS-dependent proliferation, the higher increase
corresponded with KCNE4 expression. However, the KCNE
profile experienced minor changes (Fig. 7G).

The combination of PHA (5 pg/ml) and PMA (80 nM)
triggers an important activation of Jurkat T-cells*® reflected by
the massive production of IL-2 (Fig. 8A). Under these circum-
stances, an important remodeling of KCNE mRNA expression
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Results: Block 3

Figure 1. ExPression and regulation of KCNE A 1,757 B KCNE1
(1-5) mRNA in MCSF-dependent BMDM pro- @ - MCSF
liferation. G -arrested BMDMs were incubated
in the presence of 1200 U/ml MCSF, and the
mRNA was isolated simultaneously after the
indicated times of treatment. Real-time PCR was
performed as described in the Materials and .
Methods. (A) MCSF-dependent proliferation of
BMDM. The values are given as the mean + SEM
and represent cell number of four independent
experiments each performed in triplicate. ®, +
MCSF; ©, - MCSF. (B-F) Relative mRNA expres- 0.75-
sion, in arbitrary units (AU), of KCNE1-5. (B) . o 6 24
KCNE?; (C) KCNE2; (D) KCNE3; (E) KCNEA; (F) Time (h) Time (h)
KCNES. The values are given as the mean + SEM
(n=3-6).* p < 0.05;** p < 0.01 (Student’s t test). C KCNE2 D KCNE3
(G) KCNEx/KCNE1 ratio. The relative expression 30 4
of each KCNE and the KCNEx/KCNET ratio was derk *
calculated using the KCNE specific real-time PCR
efficiency. See Materials and Methods for details.
White bars, 0 h; gray bars, 6 h; black bars, 24 h of
MCSF-dependent proliferation.
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was observed (Fig. 8B—G). Again, KCNEI1,
the less abundant subunit, remained con-
stant (Fig. 8B and G). However, the KCNE4 0 6 24 0 6 24
mRNA  expression, which was initially Time (h) Time {h)
low, showed an increase under PHA/PMA

! KCNE4
incubation (Fig. 8E and G). Moreover, the E 12 F 0 KCONES

expression of KCNES5 and, to a lesser extent, " * .
0 ﬂﬂ_l
0 ] 24 0 6 24

KCNE3 steadily increased (Fig. 8D and
Time (h) Time (h)

Relative Expression (AU)
N

Relative Expression (AU)

F). In contrast, KCNE2 expression was sig-
nificantly decreased (Fig. 8C). Our results
demonstrated that the expression of KCNE4
was, by far, the major regulated under PMA/
PHA-induced activation (Fig. 8G).

Relative Expression (AU)
(2]
Relative Expression (AU)

Discussion

6,

Kv channels are involved in maintaining
resting membrane potential and participate G
in the immune system response.”” In nerve
and muscle cells, native K* currents are not
recapitulated through single-channel genes.
Therefore, the hetero-oligomerization of
related Kv subunits and their association
with regulatory peptides to form functional
channelosomes is crucial for cell physiol-
ogy.'** Leukocytes have a limited Kv reper-

toire that remains elusive. Kv channels in the

immune system might be formed through D ﬁ D I

associations between Kv products and aux- 0- lilli”j e i. [
iliary subunits, which enormously increase E1E2E3E4 ES E1E2 E3 E4 ES E1 E2 E3 E4 E5
Fhe K current phenotype) and fine-tune the 0Oh 6h 24 h
immunological response.”” Thus, Kv1.3 and
Kvl1.5, and Kv11.1 channels have been impli-
cated as important targets in leukocyte physi-
ology.>"#3 In addition, Kv1.1, Kv1.2, Kv1.6,
Kv3.1 and Kv7.1 have also been detected in

KCNEx/KCNE1 ratio

Proliferation time
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Results: Block 3

~ Figure 2. Expression and regulation of KCNE (1-5)
A IFN i (h) B — 2 KCNE1 mRNA in [FN-y-activated BMDMs. BMDMs were
- - +  + 2 incubated in the presence of IFN-y (300 U/ml), and
0 24 6 24 = i the mRNA was isolated simultaneously after the
% indicated times of treatment. Real-time PCR was
a performed as described in Materials and Methods.
. -— q a 1 (A) Representative western blot of iNOS expres-
iINOS s sion. Cells were incubated in the presence (+) or
e | the absence () of IFN-y and proteins were isolated
® at different times. B-actin was used as loading and
E transfer control. (B-F) Relative mRNA expression,
Bract | e — — 0- o 5 ” in arbitrary units (AU), of KCNE1-5. (B) KCNET; (C)
. KCNE2; (D) KCNES3; (E) KCNE4; (F) KCNES. The values
Time (h) are given as the mean + SEM (n = 3-6). *, p < 0.05
(ANOVA and post-hoc Tukey’s test). (G) KCNEx/
C KCNE2 D KCNE3 KCNET ratio. The relative expression of each KCNE
= 4 5 2 * and the KCNEx/KCNET1 ratio was calculated using
< < —— the KCNE specific real-time PCR efficiency. See Ma-
g 3 g terials and Methods for dc_etails. White bars, 0 h; gray
7 [ bars, 6 h; black bars, 24 h in the presence of IFN-y.
s 2 5 | ——
(i L specific leukocytes.”™*" The oligomerization
% 14 g of several of these subunits might contribute
U—“; % to the diversity of K* currents, but the partici-
© gl © ol pation of modulatory subunits must also be
0 Tim?e h) 24 0 Timffa ) 24 considered. Regulatory Kv subunits are pri-
marily distributed into three main groups: (1)
E KCNE4 F KCNE5 the Kvf3 subunit gene family, with three major
5 2 4 gene products, Kvp1, Kvp2 and Kvp3;" (2) the
< % KCNE family, which comprises five different
5 1 5 31 members (KCNE1-5);" and (3) the potassium
%’ '% channel-interacting (KChip) and. potassil..lm
g 11 5 2 channel-accessory (KChap) proteins, which
o i form an heterogeneous group of peptides.’>?
2z A _g 14 While the last group is primarily considered
3 — as a collection of chaperones, which almost
& 0 & 5l exclusively modulate the level of channel sur-
0 T 6 h 24 0 Timse ") 24 face expression, the former groups also control
ime (h) kinetics. There is a considerable amount of data

concerning the Kv(3 interaction with Kv chan-
nels and the identification of these subunits

®
G

in leukocytes. However, the presence and the
l regulation of KCNE subunits in the immune
system have not been thoroughly addressed,
although sound evidence indicates that KCNE
peptides might modulate leukocytic Kv

—_
(=]
1

channels.
The present work is the first to system-

atically analyze the expression of KCNEI-5

mRNA in differentiated leukocytes, such

ﬁ’llll‘ % = ﬁa as macrophages and B- and T-lymphocytes.
0- = Although all leukocytes expressed KCNE1-5,

E1E2E3 E4 ES E1E2E3E4ES E1E2E3E4ES the mRNA abundance varied among the cell
0Oh 6h 24 h lineage. Preliminary and heterogeneus affyme-

KCNEXx/KCNE1 ratio
[4)]
1

trix gene chip studies have previously addressed
IFN-y activation time this issue leading to controversial interprerta-
tions as discussed below (see Supplemental
Online Information for details). In this con-
text, our study paves the way for further
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Results: Block 3

Figure 3. Expression and regulation of KCNE (1-5)
mRNA in LPS-activated BMDMs. BMDMs were incubated
in the presence of LPS (100 ng/ml), and the mRNA was
isolated simultaneously after the indicated times of
treatment. Real-time PCR was performed as described
in Materials and Methods. (A) Representative western
blot of INOS expression. Cells were incubated in the
presence (+) or the absence (-) of LPS and proteins were
isolated at different times. 3-actin was used as loading
and transfer control. (B-F) Relative mRNA expression,

in arbitrary units (AU), of KCNE1-5. (B) KCNET; (C) KCNE2;
(D) KCNE3; (E) KCNE4; (F) KCNES. Values are the mean =
SEM (n = 3-6). *, p < 0.05 in KCNE3 (Student’s t test). ¥,

p < 0.05 in KCNE4 (ANOVA and post-hoc Tukey's test).
(G) KCNEx/KCNE1 ratio. The relative expression of each
KCNE and the KCNEx/KCNET1 ratio was calculated using
the KCNE specific real-time PCR efficiency. See Materials
and Methods for details. White bars, 0 h; gray bars, 6 h;

black bars, 24 h in the presence of LPS.

research. However, our work relies on the KCNE
gene expression and possible post-transcriptional
modifications should be contemplated for future
research.

Because Kv channels play crucial roles in the
immune response, we further studied KCNE
mRNA regulation upon leukocyte proliferation
and activation. A few studies have documented
the expression of KCNE subunits in the immune
system, but show contradictory results. In 1992,
Artali and coworkers isolated KCNEI from Jurkat
T-cells, burt reported no changes upon activation.'
Chouabe et al. (1997) confirmed the expression
of KCNEL1 in peripheral blood leukocytes but
observed no expression in the spleen and thymus.*
The results of these pioneering studies have led to
controversial debates concerning which cell lin-
eage expresses KCNE], and what state of differen-
tiation/maturation/activation is required to detect
KCNEI1 expression. Here, we further confirmed
that KCNEI expression, which is scarcely detected,
remained almost consistent upon proliferation or
under various insults in macrophages and B and
T-lymphocytes. Our results are consistent with
those of Lunquist et al. (2006) who demonstrated
that the KCNEI mRNA is the least abundant sub-
unit in thymus, spleen and peripheral leukocytes.”
However, the array data from different sources
support contradictory results, arguing that there
is similar mRNA expression among the KCNEs,
with no changes in neoplastic growth between
the lineages (GeneChips from GeneNote, htep://
bioinfo2.weizmann.ac.il/cgi-bin/genenote/home_
page.pl and GNF BioGPS, htep://biogps.gnf.org,
see supplemental material for extended informa-
tion). This could be characteristic of the immune
system because the upregulation of KCNEI has
been previously shown under neoplastic growth in

other tissues.**? Similar differential tissue-specific
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Figure 4. Expression and regulation of KCNE (1-5)
mRNA in FBS-dependent Raji B-lymphocytes
proliferation. G -arrested B-cells were incubated

in the presence of FBS, and the mRNA was isolated
simultaneously after the indicated times of treat-
ment. Real-time PCR was performed as described

in Materials and Methods. (A) FBS-dependent
proliferation of Raji B-cells. The values are given as
the mean + SEM and represent cell number of four
independent experiments each performed in tripli-
cate. @, + FBS; O, - FBS. (B-F) Relative mRNA expres-
sion, in arbitrary units (AU), of KCNE1-5. (B) KCNET;
(C) KCNEZ2; (D) KCNE3; (E) KCNES4; (F) KCNES. The
values are given as the mean + SEM (n=3-6). %, p <
0.05 (Student’s t test). (G) KCNEx/KCNET ratio. The
relative expression of each KCNE and the KCNEx/
KCNE1 ratio was calculated using the KCNE specific
real-time PCR efficiency. See Materials and Methods
for details. White bars, 0 h; gray bars, 6 h; black bars,
24 h of FBS-dependent proliferation.

responses have also been demonstrated with
Kvl.3 and Kv1.5 in macrophages and muscle
cells. >

Are there other KCNEs expressed in the
immune system? The expression of other
KCNEs has not been thoroughly examined in
leukocytes. The expression of KCNE2 in leu-
kocytes and tissues from the immune system
is limited.” We observed that MCSF and FBS
induce a notable cell cycle-dependent upregula-
tion of KCNE2 mRNA. However, affymetrix
GeneChip studies show that KCNE2 mRNA
abundance is similar between cancerous and
healthy thymus, bone marrow and whole blood
specimens. In contrast, activation triggers the
downregulation of KCNEs in Jurkat T-cells,
but other insults failed in macrophages or Raji
B-cells. The results obtained from array data
from experiments performed in different leuko-
cytic, human leukemia and lymphoma cell lines
suggest that KCNE2 expression is quite stable
(see supplemental material for GeneChip infor-
mation). Changes during the cell cycle and/or
differentiation might explain these differences.
In fact, in most cases, we report that the upregu-
lation of KCNE2 was transient and returned to
basal levels during late phases of the cell cycle.

The expression of KCNE3 presents an
interesting debate. While Abbott et al. (2001)
reported no expression of KCNE3 in thymus,
spleen and human leukocytes” Lundquist et
al. (2006) observed the abundant expression of
KCNES3 in the same tissues.”® Other evidence
also indicates a disparity among cell lines. For
instance, array data from GNF BioGPS has
shown that KCNE3 might be prominent in cells
of a myeloid origin (see supplemental material
for GeneChip information). Our data do not
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Figure 5. Expression and regulation of KCNE (1-5) mRNA in

LPS-activated Raji B-lymphocytes. B-cells were incubated in A LPS (h)

the presence of LPS (100 p.g/mil), and the mRNA was isolated si-
multaneously after the indicated times of treatment. Real-time
PCR was performed as described in Materials and Methods.

(A) TNFee mRNA expression. Ribosomal 185 RNA was used as
control. (B-F) Relative mRNA expression, in arbitrary units (AU), TN F(I
of KCNE1-5. (B) KCNET; (€) KCNEZ2; (D) KCNE3; (E) KCNE4; (F)
KCNES. The values are given as the mean + SEM (n = 3-6). (G)
KCNEx/KCNET1 ratio. The relative expression of each KCNE and
the KCNEx/KCNE1 ratio was calculated using the KCNE specific
real-time PCR efficiency. See Materials and Methods for details.
White bars, 0 h; gray bars, 6 h; black bars, 24 h in the presence
of LPS.
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support the results obtained from the last study because KCNE3
KCNE3 expression was low in macrophages. However,
KCNE3 mRNA suffers differential regulation berween
proliferation and activation with a remarkable downregu-
lation under LPS and IFN-v incubarion. Furthermore, we
did observe notable KCNE3 mRNA expression in human
B and T-lymphocytes, with minor regulation upon prolif-
eration or activation.
Grunnet et al. (2003) documented the consistent |
expression of KCNE4 in activated T-lymphocytes.” 0 6 24 0 6 24
KCNE4 expression is relatively abundant in the immune Time (h) Time (h)
system (see supplemental material for GeneChip informa-
tion). Although most studies show that KCNE4 mRNA
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- ‘ : KCNE4 KCNES
levels are slightly higher than other KCNEs in the spleen, 2 _2
multiple native leukocytes and several leukemia and 2 %
lymphoma cell lines show little expression in peripheral = =
leukocytes.” Our data support the idea that the mRNA % 2
levels of KCNE4 are quite abundant, and experienced 51 ;‘(."_1
interesting regulation. We have previously reported that i l;
while KCNE4 expression increased in LPS-activated Raw g 2
264.7 macrophages, the immunosuppressant dexameth- = 3
. o
asone triggered no changes.” In the present work, we g 0-
0 6 24 0 6 24
further documented the cell cycle-dependent upregula- Time (h) Time (h)

tion of KCNE4 in BMDM, whereas the levels of mRNA
remained constant or decreased upon IFN-y and LPS

incubation, respectively. Unlike in Raw cells, the presence
of LPS and IFN-v inhibits proliferation in BMDMs.**%*

IFN-vy and LPS arrests cells at the G1/S boundary, but
only LPS induces apoptosis.”*?** Thus, Kv1.3, a docu-
mented target of KCNE4-dependent negative regulation,
potentially plays a dual role in proliferation and apopto-

=
4
activity should be conserved during proliferation and 27 —
levels remained consistent. J J—‘ — =] —— ]

sis.”” Therefore, it is tempting to speculate that the Kv1.3
apoptosis in BMDMs. We observed similar regulation in
T-lymphocytes but not in B-cells, where KCNE4 mRNA
0

Finally, KCNES5 is the less documented KCNE.* The E1E2 E3 E4 ES  E1 E2 E3 E4 ES E1 E2 E3 E4 E5
results of affymetrix GeneChip studies (see supplemental Oh 6h 24 h
material for GeneChip information) have demonstrated . )
that KCNES is present in cells and healthy and cancerous LPS activation time
tissues from the immune system. However, no KCNES

regulation has been documented. We observed the cell

cycle-dependent regulation of KCNE5 in BMDMs and
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Figure 6. Expression and regulation of KCNE (1-5) mRNA in
PMA-activated Raji B-lymphocytes. B-cells were incubated in
the presence of 10 nM PMA and mRNA was isolated simul-
taneously after the indicated times of treatment. Real-time
PCR was performed as described in Materials and Methods.
(A) TNFa mRNA expression. Ribosomal 185 RNA was used as
control. (B-F) Relative mRNA expression, in arbitrary units
(AU), of KCNE1-5. (B) KCNET1; (C) KCNE2; (D) KCNE3; (E) KCNE4;
(F) KCNES. The values are given as the mean + SEM (n = 3-6).
(@) KCNEx/KCNE1 ratio. The relative expression of each KCNE
and the KCNEx/KCNE1 ratio was calculated using the KCNE
specific real-time PCR efficiency. See Materials and Methods
for details. White bars, 0 h; gray bars, 6 h; black bars, 24 h in
the presence of PMA.

a steady increase in activated T-lymphocytes. In general,
our results would support quite notable levels of KCNES
mRNA in leukocytes consistent with the highest levels
detected in thymus and myeloid cells (see supplemental
material for GeneChip information).”

In summary, our work systemarically addresses, for
the first time, the mRNA expression of the five KCNE
subunits in leukocytes. These newly identified auxil-
iary leukocytic channel subunits might exert regulatory
actions, such as the regulation of Kv garing, tratfic and
localization. This field is in its infancy and these data
serve as a useful roadmap to inform future studies and
represents a step toward understanding the role of these
regulatory subunirts in leukocyte physiology.

Materials and Methods

Animals, cell culture and proliferation assays. Murine
bone marrow-derived macrophages (BMDM) from 6-
to 10-wk-old BALB/c (Charles River laboratories) were
used. The cells were isolated and cultured as described
elsewhere.”** Briefly, animals were sacrificed by cervi-
cal dislocation, and the adherent tissue was removed
to dissect both femurs. The ends of bones were cut
off, and the marrow tissue was flushed using irrigation
with medium. The marrow plugs were passed through
a 25-gauge needle for dispersion. The cells were cul-
tured in DMEM containing 20% FBS and 30% L-929
fibroblast (L-cell) conditioned media as a source of mac-
rophage colony-stimulating factor (MCSF). The mac-
rophages were obtained as a homogeneous population
of adherent cells after 7 d of culture and maintained at
37°C in a humidified incubator under 5% CO,. For the
experiments, the cells were cultured with tissue culture
differentiation medium (DMEM, 20% FBS, 30% L-cell
medium) or arrested at G, using M-CSF deprivation
in DMEM supplemented with 10% FBS for at least 18
h. The G -arrested cells were further incubated in the
absence or the presence of recombinant murine M-CSF
(1200 U/ml), with or without lipopolysaccharide (LPS,
100 ng/ml, Sigma-Aldrich) and with or without IFN-y
(300 U/ml, Preprotech). The ethics committee from the
University of Barcelona approved all methods for animal
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Figure 7. Expression and regulation of KCNE (1-5)
mRNA in FBS-dependent Jurkat T-lymphocyte
proliferation. G -arrested T-cells were incubated in
the presence of FBS, and the mRNA was isolated
simultaneously after the indicated times of treat-
ment. Real-time PCR was performed as described
in Materials and Methods. (A) FBS-dependent
proliferation of Jurkat T-cells. The values are given
as the mean + SEM and represent cell number of
four independent experiments each performed in
triplicate. @, + FBS; O, - FBS. (B-F) Relative mRNA
expression, in arbitrary units (AU), of KCNE1-5.

(B) KCNET; (C) KCNE2; (D) KCNE3; (E) KCNE4; (F)
KCNES. The values are given as the mean + SEM
(n=3-6). %, p < 0.05; ** p < 0.01 (ANOVA and
post-hoc Tukey's test). (G) KCNEx/KCNET ratio.

The relative expression of each KCNE and the
KCNEx/KCNE1 ratio was calculated using the KCNE
specific real-time PCR efficiency. See Materials and
Methods for details. White bars, 0 h; gray bars, 6 h;
black bars, 24 h of FBS-dependent proliferation.

care and handling, and the experiments were
conducted in accordance with EU regulations.

Raji human B lymphocytes and Jurkat
human T-lymphocytes were routinely cultured
in RPMI culture media containing 10% FBS
and supplemented with 10 U/mL penicillin
and strepromycin. In proliferation experiments,
the Raji B-cells and Jurkat T-cells were incu-
bated for 24 h in RPMI media without FBS
supplemented with 0.02% BSA (G -arrested
cells) prior to culture in regular RPMI supple-
mented with 10% FBS. While 10 nM phorbol
ester (PMA, Sigma-Aldrich) and LPS (100 g/
ml) were used to activate B-lymphocytes, the
Jurkat T-cells were stimulated with 5 pg/ml of
phytohematogglutinin (PHA, Sigma-Aldrich)
supplemented with 80 nM of PMA. Control
cells treated with DMSQO, the vehicle for PMA,
were used to discard possible non-specific side
effects.

Proliferation was investigated by analyzing
the cell number and viability. A Countess™
automated cell counter (Invitrogen) was used
for cell counting and viability analyzed by
means of tripan blue exclusion. Viabilities
higher than 85 + 15% were used in all groups.

RNA isolation, RT-PCR analysis and real-
time PCR. Cells cultured in 100-mm tissue cul-
ture dishes were incubated for a 24 h test period
before harvesting, with agents added 6 h or 24
h before harvesting or with no agents added (“0
h,” see Fig. §2). Total RNA from BMDM, Raji
B-cells and Jurkart T-cells was isolated using the
Nucleospin RNA 1L kit (Invitrogen), which con-
tains DNase 1. PCR controls were performed in
the absence of reverse transcriptase. cDNA syn-
thesis was performed using Transcriptor Reverse

www.landesbioscience.com
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Figure 8. Expression and regulation of KCNE (1-5) mRNA

in PMA/PHA-activated Jurkat T-lymphocytes. T-cells were
incubated in the presence of PMA/PHA (80 nM/5 pg/mil), and
mRNA was isolated simultaneously after the indicated times of
treatment. Real-time PCR was performed as described in Mate-
rials and Methods. (A) IL-2 production (ng/ml) of control (-) and
PMA/PHA-stimulated Jurkat T lymphocytes (+). *** p < 0.001
vs. non treated (-). Open bars, absence of PMA/PHA; closed bar,
presence of PMA/PHA. Values are mean + SEM (n = 4). (B-F)
Relative mRNA expression, in arbitrary units (AU), of KCNE1-5.
(B) KCNET; (C) KCNE2; (D) KCNE3; (E) KCNE4; (F) KCNES. The
values are given as the mean + SEM (n = 3-6). *, p < 0.05; **, p <
0.01; **# p < 0.001 (Student's t test). (G) KCNEx/KCNE1 ratio. The
relative expression of each KCNE and the KCNEx/KCNE1 ratio
was calculated using the KCNE specific real-time PCR efficiency.
See Materials and Methods for details. White bars, 0 h; gray
bars, 6 h; black bars, 24 h in the presence of PMA/PHA.

Transcriptase (Roche) with a random hexanucleotide and
oligo(dT) primers according to the manufacturer’s instruc-
tions. Real-time PCR was performed using a thermocycler
(Applied Biosystems) and the LightCycler FastStart DNA
Master™* SYBR Green 1 kit (Roche) according to the
manufacturer’s instructions. The PCR primer sequences,
gene accession numbers, annealing conditions and ampli-
con lengths for each KCNE are listed in Table 1. The reac-
tions were performed under the following conditions: an
initial incubation at 95°C for 10 min followed by cycling
at 95°C for 5 sec, specific annealing at T°C for 8 sec, and
72°C for 6-9 sec, and a final incubation at 95°C for 10
min. Melting curves were performed to verify the specific-
ity of the product, and ribosomal 185 RNA was included
as an internal reference as previously described.*'? The
results were analyzed using commercial software (Applied
Biosystems). For each primer set, a standard curve was
generated, and the slope factor was calculated. The values
were normalized to the corresponding 185 RNA. The cor-
responding real-time PCR efficiency (E) of one cycle in the
exponential phase was calculated according to the equation
E = J0"*9 The normalized KCNEx/KCNEI ratio was
calculated taking into account the primer pair efficiencies
as follows: Ratio = (1+£) 20 KENE/ (14 F) A6 (KCNED “ywhere
Cr signifies the threshold cycle.”!

Northern blot analysis. Up to 20 pg of rotal RNA
was fractionated by electrophoresis through a 1% aga-
rose, 3% formaldehyde gel in 20 mm MOPS and 1 mm
EDTA, pH 7.4. Application of equal amounts of RNA
to each lane was confirmed by the addition of ethidium
bromide to the samples before electrophoresis. RNA was
transferred overnight to an Immobilon filter (Amersham
Pharmacia Biotech) by capillary action in 20 x SSC (SSC,
3 min NaCl, 300 mm sodium citrate, pH 7.0). RNA was
cross-linked to the filter by irradiation with UV light.
Filters were hybridized with hTNF-« and rat 18 S rRNA
cDNA probes. Filters were washed once for 30 min at
65°C in 3 x SSC and 1% lauryl sulfate, once in 1 x SSC
and 1% laury! sulfate, and once with 0.2 x SSC and 1%
lauryl sulfate before autoradiography.

Volume 7 Issue 2



Results: Block 3

Table 1. PCR primers, accession numbers, annealing conditions and amplicon lengths for each KCNE

Sequence
F: 5-TGA CAG CAA GCA GGA GGC GCT-3'
Mouse KCNE1
R: 5-GAC ATA GCA AGC TCT GAA GC-3'
F: 5-GTC ATC CTG TAC CTC ATG GT-3'
Mouse KCNE2
R: 5-TTC TCA TGG ATG GTG GCC TT-3'
F: 5-CGT AAT GAC AAC TCC TAC ATG-3"
Mouse KCNE3
R: 5'-TAC ACA TGA TAG GGG TCA CT-3'
F: 5'- TCC AGC AGC CCC CTC GAG TC-3'
Mouse KCNE4
R: 5-AGG CTG GACTTC TTC TCC CG-3'
F: 5'-ACC CCT ACC CCG CAT ATC CAA-3'
Mouse KCNES

R: 5-TTG GAC GTG CTG GAT TCT GTT-3"
F: 5-TGT GCC TGG GAA GTT TGA G-3'
R: 5-GGG AAC CAC TGA CAG TCT ATC-3'
F:5'-ACG CCA GCA AGA AGG TTC A-3'

Human KCNE1

Human KCNE2
R:5-CTT GCT CAG CTG TTG TGT TC-3'
F: 5-GCT AAT ACA TGC AAT GTG GC-3'
Human KCNE3
R: 5-TTC AAT GGG TAC TTC CAG G-3'
Quantitect primer assay from Qiagen
Human KCNE4*
Ref QT00046676
F: 5'-CCT ACC CCG CAC ATC CAA CTG CAC-3'
Human KCNE5
R: 5-TTG GAC GTG TTG GAT TCA GTT CC-3'
R F: 5-CGC AGA ATT CCC ACT CCC GAC CC-3

R: 5-CCC AAG ATC CAA CTA CGA GC-3'

Accession humber Annealing (°C) Amplicon (bp)

NM_008424 58 210
NM_134110 60 194
NM_020574 67 127
NM_021342 60 158
NM_021487 55 106
NM_000219 70 634
NM_172201 60 183
NM_005472 55 137
NM_080671 55 105
NM_012282 62 104
NR_003286 Human
55 210

NR_003278 Mouse

F, forward; R, reverse. For hKCNE4 a validated Quantitect primer assay from Qiagen (Ref QT00046676) was used with no available primer sequences.

Western blot analysis. Cell extracts for western blot analysis
were obtained after washing the cells twice in cold phosphate-
buffered saline followed by lysis in 1% Nonidet P-40, 10%
glycerol, 50 mm HEPES, pH 7.5, and 150 mm NaCl, supple-
mented with a protease inhibitor mixture consisting of 1 pg/ml
aprotinin, 1 pg/ml leupeptin, 86 pg/ml iodoacetamide, and 1
mm phenylmethylsulfonyl fluoride. Protein was determined fol-
lowing the Bradford technique (Bio-Rad). Protein samples (20
.g) were incubated for 6 min at 95°C prior to 10% SDS-PAGE.
Proteins were transferred onto filters (Immobilon-P, Millipore),
which were then blocked in a 5% dry milk-supplemented 0.2%
Tween 20, phosphate-buffered saline prior to immunoreaction.
To monitor the expression of iINOS, a commercial rabbit anti-
body against mouse iINOS (M-19, Santa Cruz Biotechnology)
was used. As a loading and transfer control for this technique, a
mouse anti-mouse (3-actin antibody (Sigma) was used.

IL-2 production measurements. [L-2 production in Jurkat
T-lymphocytes was measured with an ELISA kit (eBioscience),
following the manufacturer’s instructions. Cells were centri-
fuged at 1200 rpm for 4 min, and the supernatant was used to
quantify the IL-2 concentration. Reactions were performed in
96-well plates coated with the caprure antibody. After blocking,
standards and samples were incubated with Detection Antibody
followed by HRP-Strepravidin. H,PO, (IM) was used as stop

solution. Plates were read at 450 nm.

www.landesbioscience.com

Statistics. The values are expressed as the mean £+ SEM of
3—6 experiments performed in triplicate. The significance of
the differences was established using Student’s t test or one-way
ANOVA followed by a post-hoc Tukey’s test (GraphPad, PRISM
5.0) where indicated. The decision to perform one-way ANOVA
analysis was considered when significance was not observed using
Student’s t test. A value of p < 0.05 was considered significant.
Due to the mathemartical transformation, the statistical signifi-
cance of the normalized KCNEx/KCNE] ratio was considered
irrelevant. The data should be considered qualitatively illustrative
rather than a quantitative value.
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3.3.7. Resum de la contribucio 9

Article en preparacié

Expressio de Kv1.3 i KCNE4 en limfocits T
Laura Solé i Antonio Felipe

Els leucocits expressen un repertori limitat de canals de potassi, els quals estan
implicats en processos claus com son la proliferacié i I'activacioé del sistema immunitari. Els
principals canals de potassi que s’expressen en limfocits T son Kv1.3 i Kc.3.1. A més a més,
I'expressio de subunitats reguladores incrementa encara més la diversitat fisioldgica dels
canals de potassi. Préviament, hem demostrat com, de manera similar a Kv1.3, el patrd
d’expressid de mRNA dels KCNEs es veu modulat durant la proliferacié i I'activacié dels
limfocits T. A més a més, hem demostrat com Kv1.3 interacciona amb KCNE4 en sistemes
d’expressié heterdloga i comparteixen també I'expressid en macrofags. Degut al paper
crucial que juga Kv1.3 en la fisiologia dels limfocits T, i que KCNE4 és una subunitat
reguladora amb un marcat efecte dominant negatiu sobre Kv1.3, el principal objectiu
d’aquest estudi era el d’analitzar si Kv1.3 i KCNE4 co-localitzaven en limfocits T humans
(Jurkat). Els nostres resultats demostren com Kv1.3 i KCNE4 co-localitzen en limfocits T.
Immunohistoquimiques d’“Induced Patching” a més a més confirmen ['existéncia de
complexes Kv1.3-KCNE4, tal i com demostra la redistribucié que pateix KCNE4, presentant
un patré molt similar al que presenta Kv1.3, quan s’aplica un marcatge d’inducing patching
contra Kv1.3.. Aquests resultats confirmen I'expressié de KCNE4 en cél-lules T Jurkat, i a

més a més, donen suport a al significat fisioldgic del complex funcional Kv1.3.-KCNE4
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3.3.8. Report of the PhD student participation in the article

Informe de la participacio de la doctoranda en l'article

Kv1.3 and KCNE4 expression in T-lymphocytes.
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3.3.9. Contribution 9: Kv1.3 and KCNE4 expression in T-lymphocytes

Laura Solé and Antonio Felipe

Molecular Physiology Laboratory, Departament de Bioquimica i Biologia Molecular, Institut de Biomedicina
(IBUB), Universitat de Barcelona, Avda. Diagonal 643, 08028 Barcelona, Spain

ABSTRACT

Leukocytes express a limited repertoire of potassium channels, which are involved in
the proliferation and activation of the immune system. The main potassium channels
expressed in T-lymphocytes are Kv1.3 and Kc,3.1. In addition, lymphocytic regulatory
subunits further raise the physiological diversity of the potassium channels. We have
previously reported that, similar to Kv1.3, KCNE mRNA expression pattern is modulated
during proliferation and activation of T-lymphocytes. In addition, Kv1.3 interacts with KCNE4
in heterologous expression systems and share expression in macrophages. Because Kv1.3
is crucial in T-lymphocyte physiology and KCNE4 is an important Kv1.3-dominant negative
regulatory subunit, the aim of this study was to analyze whether of Kv1.3 and KCNE4 co-
localyzed in human Jurkat T-cells. We found that Kv1.3 and KCNE4 co-localized in T-cells.
Induced patching immunocytochemistry further confirmed the existence of Kv1.3-KCNE4
complexes due KCNE4 distribution rearranged in a similar way than Kv1.3 under Kv1.3-
Induced patching labeling. These results confirm the expression of KCNE4 in Jurkat T-cells

which further supports the physiological significance of the Kv1.3-KCNE4 functional complex.

INTRODUCTION

Potassium channels are involved in the regulation of proliferation and activation of
immune cells (Cahalan and Chandy 1997; Panyi et al. 2004). Several potassium channels
determine the membrane potential of leukocytes, thereby playing a crucial role in cellular
excitability. Changes in the membrane potential are among the earliest events during the
immune system response and ion channels underlie the calcium signal involved in leukocyte
responses. Leukocytes express a limited repertoire of potassium channels (Cahalan and
Chandy 2009). The main potassium channels expressed in T-lymphocytes are Kv1.3 and
Kce3.1. In addition, the presence of Kv1.1, Kv1.2 and Kv1.6 in mouse T-cells have also been
reported (Liu et al. 2002). T-lymphocytes also express regulatory subunits such as Kv31.1
and Kvp2.1 (Autieri et al. 1997) and all the members of the KCNE family (Sole et al. 2013),
which further raise the physiological diversity of the potassium channels in these cells. We
have previously reported that, similar to Kv1.3, KCNE mRNA expression pattern is

modulated during proliferation and activation of T-lymphocytes (Sole et al. 2013). In addition,
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Kv1.3 interacts with KCNE4 in heterologous expression systems and share expression in
macrophages (Sole et al. 2009). The aim of this study was to analyze the expression of
Kv1.3 and KCNE4 in human Jurkat T-cells. We found that Kv1.3 and KCNE4 co-localized in
Jurkat T-cells which further supports the physiological significance of the Kv1.3-KCNE4

functional complex.

MATERIALS AND METHODS

Cell culture. Jurkat T-cells were cultured in RPMI medium containing 10% FBS
supplemented with penicillin (10.000U/ml), streptomycin (100 ug/ml) L-glutamine (2 mM) and
HEPES (25 mM). Jurkat T-cells were grown in 25 or 75-cm? flasks. For immunocytochemistry
experiments 2,5-3,5x10° cells/well were seed in a 12-multiwell dish (Cultek) in poly-L-lysine
(Sigma) coated coverslips, with starving media (RPMI medium with L-glutamine (2 mM) and

HEPES (25 mM). Twenty-four h after seeding, immunocitochemistries were performed.

Immunocitochemistry. Cells were washed twice quickly with 1x PBS without K* and
fixed with 4% paraformaldehyde (PFA) (Sigma) in PBS-K* for 10 min at RT (room
temperature). Then, cells were washed three times with PBS-K* for 5 min. Next, cells were
permeabilized for 20 min with 0.1 % Triton X-100 PBS-K". After three washes with 0.05 %
Triton X-100 PBS-K", cells where further incubated with the Blocking solution (5 % milk, 10 %
goat serum in 0.05 % Triton X-100 PBS-K"), for 1 h at RT. Next, cells were incubated with a
dilution anti-KNCE4 (1/150, Proteintech) or anti-Kv1.3 extracellular (1/150, Alomone)
antibody with 10 % goat serum in 0.05 % Triton X-100 PBS-K", for 1 h 45 min at RT. After
that, cells were washed three times with 0.05 % Triton X-100 PBS-K*, and then incubated
with a dilution of the secondary antibody (1/150 of Cya5-goat-anti-rabbit of Alexa-568-goat-
anti-rabbit, Molecular Probes) with 1 % BSA 0.05 % Triton X-100 PBS-K*, for 45 min at RT.
Finally, cells were washed tree times with PBS-K* for 5 min, and the coverslips were
mounted on microscope slides (Acefesa) with a drop of the mounting media (Molecular
Probes). Coverslips were let dry at RT at least one day before being observed at the

microscope.

Induced patching immunocytochemistry (IP1) was also performed in order to increase
the signal of the labeling. The protocol started with a quick wash of the cells with PBS-K",
and incubated with the primary antibody (1/150 of rabbit-anti-Kv1.3 extracellular) diluted in
DMEM media supplemented with 30 mM HEPES, for 1 h at 37°C. Next, cells were washed
twice quickly with PBS-K", and incubated with the secondary antibody (goat-anti-rabbit-Cya5,
1/150) diluted in DMEM media supplemented with 30 mM HEPES, for 1 h at 4 °C. Then cells

were washed thrice quickly and fixed with 4 % PFA for 10 min RT. Finally, cells were washed
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three times with PBS-K™ and mounted as described before. When an extra labeling was
needed, a second round of labeling with primary and secondary antibodies was performed

after the fixation protocol, following the indications described above.

Confocal imaging. Leica TCS SL laser scanning confocal spectral microscope (Leica
Microsystems) equipped with an Argon and Helium-Neon lasers was used for imaging. All
the experiments were done with a 63x oil-immersion objective lens (NA 1.32). Images were
acquired sequentially: Alexa-568 image, Cya5 image and phase image. Alexa-568 was
excited using the 543 nm line of the laser, and emission was collected using the variable
band-pass filter set at 555-623 nm. Cya5 was excited using the 633 line of the laser and
emission was collected using the variable band-pass filter set at 647-777 nm. All images
from all the conditions were acquired with the same photomultiplier gain. All offline image

processing was done using Image J software.

RESULTS AND DISCUSSION

In order to analyze the distribution of Kv1.3 and KCNE4 in Jurkat T-cells,
immunocytochemistries under permeating conditions were performed. Kv1.3 and KCNE4
intracellular signal was detected (Fig. 1B and D, respectively). Exhaustive negative controls
with primary (not shown) and secondary antibodies were also performed (Fig. 1C and 1D).
Kv1.3 and KCNE4 distributed intracellular, further supporting what described before in HEK-
293 and Raw 264.7 macrophages (Solé et al. 2009). Therefore, KCNE4 impairs Kv1.3

targeting to the cell surface in human T-cells.

To further demonstrate the shared phenotype, we performed induced-patching
immunocytochemistries (IPI). In this technique the incubation with the primary and secondary
antibody are performed on live cells under non permeating conditions. The binding of the
primary antibody at the plasma membrane, cause a rearrangement of the membrane, which
triggers aggregates of the target protein at the plasma membrane. Furthermore, whether this
protein interacts with another protein both proteins should co-localize, sharing the same

pattern.
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Fig. 1. Expression of Kv1.3 and KCNE4 in human Jurkat
A T-lymphocytes. A. Fixed Jurkat cells. Autofluorescence
at 633 nm. B. Anti-Kv1.3-Cya5 labeling. C. Negative
control, Secondary antibody goat-anti-RaCya5. D. Anti-
KCNE4-Alexa568 labeling. E. Negative control,

Secondary antibody goat-anti-RaAlexa568. Bars

@ousosalonjoiny

represent S5ym.

IPI was performed with anti-Kv1.3

GehD ¢ LAY

extracellular antibody. Fig. 2A shows that
Kv1.3, which mainly distributed uniformly
throughout the cell (see Fig. 1), presented a
patched distribution. Many aggregates of
Kv1.3 are located at the cell surface. IPl was
also performed with anti-KCNE4 antibody and
the regulatory subunit presented a minor

punctuated pattern (Fig. 2B).

When |IPI against anti-Kv1.3 was

performed prior a classical

896GV FIANOM

immunocytochemistry against KCNE4, cells

presented an evident punctuated labeling.
Kv1.3 rearranged around the membrane
showing a punctuated pattern (Fig. 2C).
Interestingly, KCNE4 labeling follows almost

896V O BeN

the same pattern than Kv1.3 (Fig 2C, bottom

gekd O BanN

left), and in the bottom right image of the
same panel, where yellow means co-localization between the channel and the regulatory
subunit. To test whether this punctuated distribution of KCNE4 was caused by unspecific
rearrangements during IPI, cells were incubated in the absence of the Kv1.3 antibody. In this
case the rearrangement of the surface proteins was absent (Fig 2D). Our results show that
IPI-Kv1.3 rearrangement causes also a change in the KCNE4 distribution thereby suggesting
that both proteins form part of the same complex. These results would support results

obtained in heterologous expression systems.
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Kv1.3 Cya5 | phase Kv1.3 Cya5

5

KCNE4 A568 merged

KCNE4 A568

Fig. 2. Inducing patched immunocytochemistry D
(IP1). A. IPI anti-Kv1.3. Left: phase image. Right:
Kv1.3-Cya5 labeling. B. IPlI anti-KCNE4. Left:
phase image. Right: KCNE4-Alexa568 labeling.

C. IPI anti-Kv1.3 followed by an
immunocytochemistry anti-KCNE4. Top left:
phase image. Top right: Kv1.3-Cya5 labeling.
Bottom left: KCNE4-Alexa568 labeling. Bottom phase KCNE4 A568
right: merged image of Kv1.3+KCNE4. D. IPI in

absence of Kv1.3 antibody, followed by an

immunocytochemistry anti-KCNE4. Left: phase

image. Right: KCNE4-Alexa568 labeling. Bars

represent Spm.

In HEK293 cells, KCNE4 inhibits Kv1.3 currents and alters traffic and targeting of
Kv1.3 at the lipid rafts microdomains (Sole et al. 2009). Kv1.3 concentrates in the T-cell
immunological synapse (Panyi et al. 2004), within lipid rafts, and it has been described that
raft disruption impairs the immune response (Panyi et al. 2004; Nicolaou et al. 2007; Toth et
al. 2009). In addition, immobilizing Kv1.3 channels at the immunological synapse increases
the calcium signaling, raising the downstream signaling transduction pathways (Nicolaou et
al. 2007; Nicolaou et al. 2009). Here we demonstrated Kv1.3 and KCNE4 expression in T-
cells and analyzed their distribution. The role of KCNE4 in the Kv1.3 channelosome during

the formation of the T-cell immunological synapse deserves further research.

We have previously reported that KCNE expression is regulated during T-cell
activation and proliferation (Sole et al. 2013). For instance, while KCNE2 expression is
decreased in PMA-PHA T-cells activation, KCNE4 and KCNE5 are increased, and KCNE4
levels are also raised during proliferation. In this context, Kvp expression depends upon
proliferation and activation in macrophages (Vicente et al. 2005). Furthermore, while
quiescent naive Tcy and Tgy cells exhibit a similar potassium channel expression pattern
with 300 Kv1.3 and 10-20 K¢,3.1 channels/cell upon activation, T¢y effector up-regulated the
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Kca3.1 channels (x50fold) and Tey effectors up-regulated Kv1.3 channels (x5fold) (Cahalan
et al. 2001; Panyi et al. 2004). Therefore, regulation of auxiliary subunits may also have a

role in this functional adaptation upon different insults.

Immune system is a very complex cellular network formed by a myriad of different
cells such as B cells, macrophages, Dendritic Cells, Natural Killers, etc. Every type of cell
and their differentiation state express different potassium channels. While microglia express
Kv1.3, Kv1.5, Kca2.2, Kca2.2, Kea2.3, Kca3.1, Ki2.1, Herg-like channels, and Kca1.1,
macrophages express Kv1.3, Kv1.5, Kir2.1 and Kc,1.1 (Beeton and Chandy 2005). Further
research should be done in order to decipher the expression pattern of regulatory subunits in
these cells, which could affect to the functional response. It is important to remark that not all
the channels are modulated by the same regulatory subunits (i.e. KCNE4) and that
heterotetramerization between Kv1.3 and Kv1.5, which happens in macrophages (Vicente et
al. 2006; Villalonga et al. 2007), may affect to the KCNE4 association and modulation of the
channels altering the physiological response of the cell. The fact that Kv1.3 and KCNE4 are
expressed in immune cells paves the way for future research on the Kv1.3-KCNE4

interaction and its role in the immune system.
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8.1. Methodology

8.1.1. Bacteria manipulation and culture
Competent XL1-Blue strain (Escherichia coli) has been used.
8.1.1.1. Transformation of competent bacteria

Either 5-25 ng of plasmid DNA or 1/3 of ligation reaction (see section 8.2.1. for more
information) were mixed with 25ul XL1-Blue, in a sterile eppendorf tube on ice. After 30
minutes, a heat shock of 1 min 45 s at 42°C was performed. Next, tubes were placed again
on ice for 2 min. Finally, 300 pl of Super Optimal Broth (SOB) was added and bacteria were
incubated for 45-60 min at 37°C. Cultures were seeded on agar plates, supplemented with

selected antibiotics (Ampicillin or Kanamycine). Plates were incubated overnight at 37°C.
8.1.1.2. Bacterial cultures and purification of plasmid DNA

Transformed bacteria, either from glycerol stocks at -80°C or from colonies in agar
plates, were cultured overnight in Luria Broth (LB) supplemented with 100 ug/ml Ampicillin or
30 pug/ml Kanamycine. The culture was spun (5 min at 14000 rpm) at RT (room temperature)
and the pellet was processed for the extraction of the plasmid DNA by using the GeneElute

Plasmid DNA purification kit (Sigma), according to the manufacturer’s instructions.

8.1.2. Chimeric proteins and constructs.

Many constructs were kindly given from other institutions or have been produced
previously by others members of the group. Constructs can be generated either by
subcloning a cDNA in a new vector or by mutagenesis of an existent construct. These two
procedures will be explained briefly below, and see the tables 8.1 and 8.2 from the

addendum for detailed information of all the constructs used.
8.1.2.1. Subcloning of a cDNA in a new plasmid.

In order to create a tagged cDNA, the normal protocol used was to amplify the
desired fragment of the cDNA by the Polymerase Chain Reaction (PCR) with a pair of
designed primers that will introduce the restriction enzyme’s target of the final vector. The
PCR was generally done with Phusion polymerase (ThermoScientific), following
manufacturer’s instructions. Then, the PCR reaction was purified using the ATP Gel/PCR
Extraction kit (ATP Biotech Inc), following the manufacturer’s instructions. Next, the purified
PCR was digested by restriction enzymes (New England), following the manufacturer’s
instructions, usually at 37°C over night. In parallel, the final vector was also digested with the

same enzymes, plus Phosphatase Alkaline (Roche), in order to avoid possible posteriori re-
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ligation of the vector without the insert. Once the digestions were done, all them were loaded
in an 1-2 % agarose-TAE gel with 1/15,000 SyberSafe Gel Stain (Invitrogen), and the desired
bands of insert (cDNA from the digested PCR) and vector (final vector) were cut and purified
with the ATP Gel/PCR Extraction kit. Then, the purified vector and inserts were ligated doing
the reaction with T4 DNA-Ligase (New England Biolab), according to the supplier's
instructions, for 1 h at RT, or overnight at 4°C or 16°C. Finally, the ligation was transformed

to competent bacteria (see section 8.1.1.) and processed in order to check positive clones.
8.1.2.2. Site-Directed Mutagenesis.

Mutagenesis reactions were performed by using Single site-Directed Mutagenesis or
Multiple site-Directed Mutagensis kits from Strategene. Reactions were done following
supplier’s indications. Briefly, a PCR with the PfuTurbo polymerase and the primer pair will
incorporate the mutation. Primers are longer than usual primers because a sequence of 10-
15 nucleotides has to flank the mutation. Next, DNA is digested with Dpn I, which only
recognizes and digests methilated DNA (parental, not-mutated DNA). Finally, the mutated
DNA is transformed into competent bacteria supplied by the kit. After growing and selected

clones are analyzed by sequenciation.

All constructs were analyzed by sequenciation with the Big Dye Terminator v3.1 kit
(Applied Biosystems). Samples were processed by the Genomic’s Facility of the Universitat
de Barcelona. Sequences obtained were analyzed with Clone Manager Professional v7

software (Sci Ed Central software).

8.1.3. Cell culture and cell lines

Hek-293 cells have been used for heterologous expression. Jurkat T-lymphocytes,
Raji B-lymphocytes and Raw 264.7 and Bone Marrow Derived macrophages have been used

for native expression.
8.1.3.1. Hek-293

The human embryonic kidney (Hek-293) cell line has a fibroblastic morphology and
apparently has neither endogenous ion channel expression or Kv auxiliary subunits (Uebele
et al.,1996).

Hek-293 cells were cultured on DMEM (LONZA) containing 10% fetal bovine serum
(FBS) supplemented with penicillin (10.000 U/ml), streptomycin (100 pg/ml) (GIBCO) and L-
glutamine (4 mM). Cells were grown in 100-mm tissue culture dishes or on poly-D-lysine-

coated coverslips.
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8.1.3.2. Raw 264.7 macrophages

RAW 264.7 is a monocytic cell line derived from a murine ascitic tumor. Cells were
cultured in RPMI medium containing 10% FBS supplemented with penicillin (10.000 U/ml),
streptomycin (100 pg/ml), L-glutamine (4 mM) and HEPES 25mM. Macrophages were grown

in 100-mm tissue culture dishes.
8.1.3.3. Jurkat T-lymphocytes

Jurkat T-cells are derived from a human acute T-cell leukemia. Cells cultured in RPMI
medium containing 10% FBS supplemented with penicillin (10.000U/ml), streptomycin (100
pg/ml) L-glutamine (2 mM) and HEPES (25 mM). Jurkat T-cells, ,were grown in 25 and 75-

cm? culture flasks.
8.1.3.4. Raji B-lymphocytes

Raji B-lymphocytes are derived from a human Burkitt's lymphoma. Cells were
cultured in RPMI culture medium containing 10% FBS supplemented with penicillin (10.000
U/ml), streptomycin (100 pg/ml) L-glutamine (2 mM) and HEPES (25mM). Raiji cells were

grown in 25 or 75-cm? flasks.
8.1.3.5. Bone Marrow Derived Macrophages

Murine bone marrow-derived macrophages (BMDM) were extracted from 6- to 10-wk-
old BALB/c mice (Charles River laboratories). Briefly, animals were sacrificed by cervical
dislocation, and introduced in an alcohol glass. Once inside the hood, the femurs were
extracted with pre-sterilized surgery material. The adherent tissue was removed to dissect
both femurs. The ends of bones were cut off, and the marrow tissue was flushed using
irrigation with medium. The marrow plugs were passed through a 25-gauge needle for
dispersion. The cells were cultured in DMEM containing 20% FBS and 30% L-929 fibroblast
(L-cell) conditioned media as a source of macrophage colony-stimulating factor (MCSF),
need for these cells for survival and differentiation (Meerpohl et al. 1976). The macrophages
were obtained as a homogeneous population of adherent cells in non-treated dishes, after 7

days of culture and maintained at 37°C in a humidified incubator under 5% CO..

The ethics committee from the University of Barcelona approved all methods for
animal care and handling, and the experiments were conducted in accordance with EU

regulations.
8.1.4. Transfection of mammalian cells

Cells were seeded (70-80 % of confluence), in dishes 24 h before transfection with

selected cDNAs., Metafectene PRO (Biontex) was used for transfection according to the
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supplier’s instructions. 4 ug DNA in a 100 mm dish and 500 ng for each well of a 6-well dish
(for coverslip use) was used. Next, 4-6 h after transfection, the mixture was removed and
replaced with new fresh culture media. Unless indicated, all the experiments were performed

24 h after transfection.

For TIRF microscopy experiments, cells were electroporated for transfection. In those
case, first cells from a confluent 100-mm dish were tryspinised and then electroporated with
25-100ng of the desired DNA plus 100ng of BirA DNA (biotin ligase to biotinylate the
loopBAD-tag proteins) using a Bio-Rad Genepulser Xcell, with a 0.2-cm-gap cuvette and a
single 110 V 25ms pulse. Transfected cells were the desired treated dishes (see section 8.13

for more information).

8.1.5. mRNA expression analysis by Real-time PCR.

We performed a mRNA expression analysis of KCNE4 and Kv1.3 by quantitative RT-
PCR, in different cell lines, such as Raw462.7 macrophages and Jurkat T-cells. We
previously extracted RNA from cells and the synthesis of the complementary DNA (cDNA)

was performed.
8.1.5.1. RNA extraction and cDNA sintesis.

Total RNA was isolated by using Nucleospin RNAII (Machery-Nagel), which contains
DNAsel. In most cases, the starting material was 100-mm dish or a 75-cm? flask nearly
confluence. cDNA synthesis was performed, using transcriptor reverse transcriptase (Roche)
with a random hexanucleotide and oligo(dT) according to the manufacturer's instructions,
from 1-4 ug of RNA. Controls were performed in the absence of the reverse transcriptase
reaction. The RNA was incubated at 65°C for 5 min. Next, the retrotranscriptase, dNTPs, and
inhibitor of RNAses were added. The cDNA synthesis last for 45 min at 55°C. Finally, the

retrotranscriptase activity was inhibited by incubating the sample at 80-90°C for 10 min.
8.1.5.2. Real Time PCR.

Real-time PCR was performed using a LightCycler machine (Roche) and a 7500 Real
Time PCR System (Applied Biosystems) with LightCycler FastStart DNA MasterPLUS SYBR
Green | (Roche), according to the manufacturer's instructions. PCR primers, gene accession
numbers, annealing conditions and amplicon lengths are listed in Table 8.3. Reactions were
performed under the following conditions: an initial incubation at 95°C at 10 min followed by
cycling at 95°C for 5 sec, specific anhealing at T°C for 8 sec, and 72°C for 6-9 sec
(depending on the amplicon length), followed by 10 min at 95°C, in order to get the melting

curves to verify the specificity of the product. Ribosomal 18s was included as an internal
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reference, as previously described (Villalonga et al., 2007). Results were analyzed with Light
Cycler software 1.5 (Roche) and 7500 Software v2.01 (Applied Bioystems). For each primer
set, a standard curve was generated and the slope factor calculated. Values were
normalized to the corresponding 18S RNA. The corresponding real-time PCR efficiency (E)
of one cycle in the exponential phase was calculated according to the equation: E=10(—
1/slope). In the case of comparing the different KCNEs, the ratio KCNExX/KCNE1 was
calculated taking into account the primer pair efficiencies as follows: Ratio=(1+E){CNE;

(1+E)ACUKCNED \where Ct signifies the threshold cycle.

8.1.6. Protein extraction.
8.1.6.1. Total protein.

To obtain a total protein lysate the starting material was always a pre-confluent 100-
mm dish, or a 75-cm? flask (lymphocytes). The process was realized on ice to inhibit
proteases. Cells were washed twice with 5 ml of cold PBS (1x). Next, cells were incubated
for 5 min with 500 pl of Lysis Buffer (6 mM HEPES, 150 mM NaCl, 1% Triton X-100, pH 7.5)
supplemented with 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 uyg/ml pepstatin and 1 mM
phenylmethylsulfonyl fluoride as protease inhibitors. Cells were next scrapped and
transferred to a 1.5 mi-tube. Then they were incubated for 20 min at the orbital, and spun for
20 min at 14000 rpm. The supernatant was transferred to a new 1.5 mi-tube and stored at -
20°C until use.

In some experiments performed in presence of calcium or calcium chelators, the
lysis buffer was further supplemented with 2mM CaCl,, or 2mM EGTA plus 2mM EDTA,

respectively.

Protein contents were determined by using the Bio-Rad Protein Assay (Bio-Rad).

8.1.7. Isolation of lipid raft membrane microdomains

The plasma membrane is a heterogeneous structure that contains multiple
specialized microdomains. One of these microdomains are called lipid rafts, which are rich in
cholesterol and sphingolipids. Their composition provides to these rafts the resistance to
non-ionic detergents. The method used to isolate lipid rafts (Sargiacomo et al. 1993) treats
the cells with a non-ionic detergent such as Triton X-100 followed by a centrifugation in a
continuous sucrose density gradient. The non-solubilized rafts, with very low density with a
high content of cholesterol and sphingolipids, float in the fractions of low density sucrose of

the gradient.

263



Addendum

The starting material was always four 100-mm dishes of HEK293 cells transfected

with 4 pg/plate of DNA. The procedure was always performed on ice-cold conditions.

Cells were washed twice with cold PBS (1x), and scrapped with 2 ml of 1x PBS. The
cell suspension was centrifuged 2 min at 1000 rpm. The pellet were resuspended in 1ml of
1x MBS lysis buffer (0.15 M NaCl, 25 mM 2-Morpholinoethanesulphonic acid (MES), pH 6.5)
supplemented with 1% Titron X-100 and protease inhibitors (see chapter 1.5.1.). Cells were
homogenized with a 2 ml loose-homogenizator (10 times) and 1 ml was transferred to a 12.5
ml ultracentrifuge tube. Three ml of 53.28% of sucrose was added on top and mixed
carefully, generating a 40% sucrose final mixture. Finally, a continuous sucrose gradient
density was added on top using 4.25 ml of 30% and 4.25 ml of 5% sucrose by a continuous
gradient generator device. The gradients were centrifuged at 39000 rpm for 16-22 hours at
4°C in a Beckman centrifuge, using the SW41TI rotor. Next, 1 ml fractions were collected
from the top to the bottom of the gradient and stored at -20°C until analysis by western blot.
The expression of caveolin and clatrhin were used as positive and negative control markers

for raft and non-raft microdomains, respectively.

8.1.8. Immunoprecipitation

Immunoprecipitation (IP) experiments were performed from a 100 mm dish of
HEK293 cells transfected with 4 ug of DNA of each protein, 24 h after the transfection. All

protocol has been realized on ice, whenever possible.

First, a total protein extraction was performed, following the protocol listed on the
section 8.5.1. Next, 1000 ug of protein of each condition were used for IP. An IP in absence
of antibody is performed as a negative control. Each sample was brought up to a volume of
500 ml with Lysis Buffer for IPs (150 mM NaCl, 50 mM HEPES, 1%Titron X-100, pH 7.4),

supplemented with protease inhibitors.

Each sample was subjected to precleaning with 40 pl of protein G or A (depending on
the antibody) sepharose beads (GE Healthcare) during 1 h at 4°C. Next, samples were
incubated in a column containing a selected antibody crosslinked to protein G/A sepharose
beads (see table 8.4 from addendum for more information) for 2 h at RT, with continuous
mixing. Some immunoprecipitations were performed overnight at 4°C. Next, the columns
were centrifuged 30 sec at 1000 g. The supernatant (SN), containing all free proteins, was
kept and stored at -20°C. Columns were washed four times with 500 pl of lysis buffer. Finally,
bound proteins were eluted with 100 ul of 0.2 M glycine pH 2.5, and spun 30 sec at 1000 g.
Eluted proteins (IP) were processed for western blot analysis by adding 20 pl of Loading
Buffer (6x) and 5 pl of 1 M Tris-HCI pH 10.
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After the elution, the columns were washed three times with 1x TBS (150 mM NacCl,
25 mM TRIS, pH 7.2) and stored in the fridge for maximum three weeks with 1x TBS and

sodium azide 0.025 %, ready for being re-used.

8.1.8.1. Preparation of columns for immunoprecipitation.

The above protocol is based on columns for IPs, and is adapted from Qoronfleh et al.
(J. Biomedicine and Biotechnology 2003) using small cromatogrophy columns (BioRad Micro
spin Cromatography Columns). 500 pl of 1x PBS is added to the column. Next, 2.5 ug of the
desired antibody is added to the +IP columns. Nothing is added to the -IP columns (negative
control of the IP without antibody). Finally, 50 ul of protein G or A sheparose (see table 8.4
for antibodies and proteins G or A used) beads is added to each column (either + or -IP) and
incubated 1 h at RT. Columns are further washed twice with Borat Buffer (0.2 mM Na-Borat,
pH 9), and centrifuged at 1000 g for 30 sec. 500ul of Dimethyl pimelimidate (DMP, from
Pierce) is added to each column, and incubated for 30 min at RT. Once the crosslinking is
done, each column is washed four times with 500 pl of 1x TBS, in order to remove the
excess of DMP or free not bound antibody. Further, the reaction is stopped by washing four
times each column with 500 pl of 0.2 M glycine pH 2.5. Finally, columns are washed three
more times with 1x TBS and they can be either stored at 4°C with 1x TBS and 0.025 %

sodium azide or equilibrated with 500 pl of Lysis Buffer for IPs and being ready to use for IP.

8.1.9. Western blot

Protein samples were prepared with 5x Laemmli buffer (1 M Tris, 10 % SDS, 50 %
glicerol and 4 % bromophenol blue, pH 6.8) with 10 % of B-Mercaptoethanol, and boiled 5
min. 50 ug of total protein, 40 pl of lipid raft fractions and supernatants from IPs were

analyzed.

Samples were loaded and separated in a 10-15 % SDS-polyacrilamide gel (SDS-
PAGE). Next, proteins were transferred to a nitrocellulose PVDF membranes (Immobilon-P;
Millipore) and blocked in 0.05 % Tween-20-PBS supplemented with 5 % dry milk 1 h at RT.
Filters were immunobloted with selected primary antibodies in 0.5 % Tween-20-PBS
supplemented with 5 % dry milk O/N at 4°C. Membranes were incubated 1 h at RT with 0.5
% Tween-20-PBS secondary antibody conjugated to Horse Radish Peroxidase (BioRad).
Primary and secondary antibodies details are in table 8.5 from addendum. After antibody

incubation, 4-5 washes of 5 min were performed at RT with 0.05 % Tween-20-PBS.
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Membranes were developed using ECL (Biological Industries), and Kodak photographic films

(Rosex). Quantification was performed by ImageJ analysis.

8.1.10. Biotinylation of cell surface proteins

Cell surface biotinylation was carried out with the Pierce Cell Surface Protein Isolation
Kit (Pierce) following manufacturer’s instructions. HEK293 cells were transfected with the
desired protein tagged with YFP or CRP and their temporal presence at the surface was
analyzed by western blotting. At the desired times after transfection (at the end point
measurement time was 24 hours), cell surface proteins were labeled with sulfo-succinimidyl-
2-(biotinamido)ethyl-1,3-dithiopropionate (Sulfo-NHS-SS-biotin; Pierce). Briefly, cells were
washed with ice-cold PBS twice, and Sulfo-NHS-SS-biotin was added and incubated at 4°C
with constant rotation for 30 min. Excess biotin was quenched with quenching solution. Cells
were treated with lysis buffer and centrifuged at 10,000 g for 2 min at 4°C. Clear supernatant
was reacted with immobilized NeutrAvidin gel slurry in columns (Pierce) to isolate surface
proteins. Columns were washed and protein eluted in sample buffer containing DTT. Surface
proteins were resolved on a SDS-PAGE gel and the samples were analyzed by western

blotting, as described in section 1.9.

8.1.11. Immunocytochemistry

In order to study the subcellular localization of selected proteins, immuno-

cytochemistry studies have been performed in native and transfected cells.

Cells were seeded in poly-D-Lysine (Sigma) 20x20mm coverslips (Acefesa),
transfected, and processed 24 h later. First, cells were quickly washed twice with 1x PBS
without potassium and fixed with 4% paraformaldehyde (PFA) (Sigma) in PBS-K* for 10
minutes at RT. Cells were further washed three times with PBS-K" for 5 min. Next, cells were
permebealized for 20 min with 0.1 % Triton X-100 PBS-K". After three washes with 0.05 %
Triton X-100 PBS-K*, cells where further incubated with a Blocking solution (5 % milk, 10 %
goat serum in 0.05 % Triton X-100 PBS-K"), for 1 h at RT. Next, cells were incubated with
the primary antibody with 10 % goat serum, 0.05 % Triton X-100 PBS-K*, for 1 h 45 min at
RT. Cells were washed three times with 0.05 % Triton X-100 PBS-K", and further incubated
with the secondary antibody (conjugated with a fluorophore) in 1 % BSA, 0.05 % Triton X-
100 PBS-K*, for 45 min at RT. See table 8.6 from addendum for detailed information about

antibodies conditions. Finally, cells were washed tree times with PBS-K* for 5 min, and the
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coverslips were mounted on microscope slides (Acefesa) with the mounting media

(Molecular Probes). Coverslips were let dry at RT before being observed at the microscope.

In some experiments the immunocytochemistry should be done in non
permeabilitzant conditions. Therefore, the permeabilitzation step was skipped and all the
buffers used in the protocol were Triton X-100 free. When fluorescent tagged-proteins were

used, cells were only washed, fixed, washed and mounted, as described before.
8.1.11.1. Induced-Patched Immunocytochemistry.

Antibody-induced patching Immunocytochemistry generates better signals. Cells are
incubated with the primary antibody while stil alive. This will cause a rearrangement of the
membrane, and it will tend to form protein aggregates in different regions of the plasma
membrane. Whether this protein interacts with another protein, the later will also be

rearranged, and both proteins follow the same pattern.

Cells were quickly washed with PBS-K" and incubated with the primary antibody in
DMEM media supplemented with 30mM HEPES, for 1 h at 37 °C. Next, cells were quickly
washed twice with PBS-K", and incubated with the secondary antibody also in the same
DMEM media, for 1 h at 4 °C (to decrease the endocytosis of the complexes). Then cells
were quickly washed three times and fixed with 4 % PFA for 10 min RT. Finally, cells were
washed three times with PBS-K* and mounted as described before. When an extra labeling
is needed (i.e. intracellular analysis of another protein), a second round of labeling with
primary and secondary antibodies could be done after the fixation protocol, following the

indications described in the section 8.11.

8.1.12. Analysis of cellular structures
8.1.12.1. Plasma membrane staining

- Wheat Germ Agglutinin-Texas Red (WGA) (Invitrogen) was used to stain the plasma

membrane.

- B subunit of Cholera toxin-Alexa555 (CTXp) (Invitrogen). was used to identify surface lipid

raft microdomains.

The protocol used for both stainings is similar, and was always performed under non-
permeabilized conditions. First, cells (on ice) were washed with PBS at 4°C and incubated
with Alexa555-CTXB (1/1000) or WGA-TexasRed (1/1500) in DMEM supplemented with

30mM Hepes for 30 and 15 min, respectively, at 4°C. Subsequently, cells were quickly
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washed twice and fixed with 4% paraformaldehyde in PBS for 6 min. Further, cells can be

processed as a normal immunocytochemistry (see section 8.11.)
8.12.2. Endoplasmatic Reticulum

A construction (pDs-Red-ER) that codifies for a DsRed (fluorofophore) fused to the

endoplasmatic reticulum targeting aminoacid sequence of calreticulin protein was used.
8.12.3. Golgi Apparatus

A construction (pECFP) that codifies for the human protein 3.1,4-galatosiltransferasa
(which localizes in trans-medial Golgi complex) fused to the ciano fluorescent protein was

used.

8.1.13. Microscope techniques
8.1.13.1. Confocal Microscope

Images were taken with a Leica TCS SL laser scanning confocal spectral microscope
(Leica Microsystems), equipped with an Argon and Helium-Neon lasers. All the experiments
were captured with a 63x oil-immersion objective lens (NA 1.32). Images with a resolution of
1024x1024 pixels were taken under the following conditions: 1 Airy Units (AU) of the pinhole,
4 line-average scanning (the laser scanned a region of the sample 4 times, and the average
of all the scannings was used to generate the final image), with 400Hz of scanning velocity,

and a zoom of 4x mainly was used.

As it has been described before, in order to analyze the distribution of a protein in a
cell by microscope techniques, one can use to kind of fluorophores-tagging approaches: a
chimera of the desired protein with a fluorescence protein such as GFP, YFP or CFP,
Cherry, etc, or primary antibodies against the desired protein and secondary antibodies
attached to a fluorophore. In both cases, this fluorophores will be only excited under a small
range of wavelength light , and will emit less energetic light (higher wavelength). Thanks to
the progression of science, nowadays, there are multiple kinds of fluorophores and
fluorescent proteins with different excitation and emission characteristics that give us a lot of

possibilities and possible combinations to be used.

8.1.13.1.1. Fluorescence Recovery After Photobleaching (FRAP)

FRAP analyses the cellular mobility of a fluorophore-tagged protein at the membrane
evaluating the membrane dynamics. Fluorophores, which present in a determined region of

the membrane, are irreversible bleached by applying the excitation laser at 100% of the
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power. Then, the fluorescence recovery of the bleached region is analyzed for several
minutes. The fluorescence recovery is caused by the movement or diffusion of the non-
bleached fluorophores from the surrounded areas. The recovery time of the fluorescence will

be faster or slower depending on the membrane composition (Fig. 1.).
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s V indicated.
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The technology and software coupled to the current confocal microscopes allows to
monitor and quantify the fluorescence recuperation during time. Using a non-lineal fitting of
the data obtained in FRAP experiments the mobile fraction and recovery half time

parameters can be calculated..

Mobile fraction (MF): Percentage of fluorescence recovered from the initial value
(Fore) When the stationary estate is reached (Feng). The immobile fraction is the resting
percentage until reach the initial value. High values of immobile fraction may suggest that the
protein is localized in more compact regions of the membrane, such as lipid rafts. This

parameter is calculated by the following formula:
MF= (Fend'Fpost)/(Fpre'Fpost)

Where MF is the mobile fraction, Fe,g corresponds to the fluorescence at the steady
state, Fpost corresponds to the fluorescence after the bleaching and Fy. corresponds to the

fluorescence before the bleaching.

Recovery half time: The time that the fluorescence recovers half of the fluorescence
at the steady state. This parameter indicates the dynamics of a protein in the membrane.
When the fluorescence recovers very fast (smaller recovery half time) this suggests a protein
localized in a region of the membrane that is not very structured or compacted. To calculate

the recovery half time the recovery fluorescence curve is fitted to a simple exponential:
Y=Y, + a*[1-exp (-b*x)] ti2=(In 0.5)/b
Where

Y: fluorescence
Y,o: minimum of intensity (bleach)
a: maximum of intensity (steady state)
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X: time
b: slope of the curve
t1/2: recovery half time
FRAP experiments were performed 1 day after transfection at RT, with non-fixed

cells. Dishes were replaced every 2 hours. The fluorophore in all the cases was YFP.

Experiments consisted in different time series: 20 scans before bleaching, which was
accomplished by 20 iterations of bleaching with 100% laser power of the 514 nm line
followed by 100 scans every 0.36 sec and 100 scans every sec (2.5 min in total) of the
bleached region with 6% laser power. In each cell, a circular ROI of 6.57 ym? was bleached.
Experiments were performed with n>15 cells per group. Fluorescence intensity was
normalized to the prebleach intensity. Any loss of fluorescence during the recording was

corrected with unbleached regions of the cell.

Cells were examined with a 63x oil immersion objective on a Leica TCS SL laser
scanning confocal microscope, as mentioned before (section 1.13.1). The scanning speed
was increased to 800Hz and images taken with a resolution of 512x128pixels. All offline

image analysis was done using Leica confocal and Image J software and Sigmaplot.

8.1.13.1.2. Forster Resonance Enerqgy Transfer (FRET)

FRET is a common technique to determine whether two proteins are physically
associated. Two fluorophores (a donor and an acceptor) must have some overlapping
between donor's emission spectrum and acceptor’s excitation spectrum. If this two
fluorophores are close enough (between 10-100 A°), the donor excitation transfers its excited
state energy to the acceptor, in a non-radiative way. This results in a light's emission by the

acceptor fluorophore just by exciting the donor fluorophore (Fig. 2).

Non-radiative
energy transfer

Donor Danor
excitation excitation /
Donor | 4
emission i r
[ _LVAVAN
Acceptor @ Acceptor
Y ’ emission emission
1 z 1
Donor Acceptor Donor Acceptor

Fig. 2. Jablonski diagrams of FRET. The left diagram illustrates the energy transitions of the donor and acceptor
in the case of no FRET, where there is no energy transfer between them. The right diagram illustrates the coupled

transitions involved between the donor and acceptor absorbance when FRET occurs and that exciting the donor,

an acceptor emission is emitted.
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When the energy transference between different fluorophores occurs, it is manifest in
many ways, on one hand, there is a sensibilization of the fluorescence of the acceptor
(emission of the acceptor in absence of direct light exciting), but on the other hand, there is a
quenching of donor’s fluorescence (since its transferring its energy to the acceptor, and then
it does not emit fluorescence). Furthermore, when FRET occurs, the halftime of the
fluorophere (time that the excited electron stays in an excited state before releasing the
energy) it is decreased. Depending in which of this events is analyzed, different kinds of

FRET approaches can be done.

FRET Sensitized Emission consists in to analyze the fluorescence emitted by the
acceptor fluorophore, when the donor is excited. Experiments of FRET SE must be done

under some specific conditions with live cells.

FRET SE was used to measure the molecular proximity between Kv1.3 and KCNE4.
A Leica TCS SL laser scanning confocal spectral microscope (Leica Microsystems) equipped
with an argon laser, 63_oil immersion objective lens (NA 1.32) and a double dichroic filter
(458/514 nm) was used. CFP was used as the donor fluorochrome paired with YFP, as the
acceptor fluorochrome. To measure FRET, three images were acquired in the same order in
all experiments through (1) the CFP channel (excitation 458 nm; emission 465-510 nm), (2)
the FRET channel (excitation 458 nm; emission 525-600 nm) and (3) the YFP channel
(excitation 514 nm; emission 525-600 nm). The background values were subtracted from the
image values before performing FRET calculations. Control and experimental images were
taken under the same photomultiplier gain conditions, offset and pinhole aperture. In order to
calculate and eliminate non-FRET components from the FRET channel, images of cells
transfected with either CFP or YFP alone were taken under the same conditions as for the
experiments. The fraction of cross-over of CFP (A) and YFP (B) fluorescence was calculated
for the different experimental conditions. Corrected FRET (FRETc) was calculated on a pixel-

by-pixel basis for the entire image using the equation:
FRET. = FRET-(A*CFP)-(B*YFP) FRET\=FRET./YFP

where FRET, CFP and YFP are the values for the background-subtracted images of cells
expressing CFP and YFP acquired through the FRET, CFP and YFP channels,

respectively, and FRETy is FRET normalized. Mean FRET,. values were calculated from
mean fluorescence intensities for each selected region of interest (ROI) according to the
above equation, and normalized (FRETy) values for membrane regions were calculated
according to the upper equation. All calculations were performed using the FRET sensitized
emission wizard from Leica Confocal Software and Microsoft Excel. FRET values were

expressed as the mean + s.e.m. of n>15 cells for each group.
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8.1.13.2. Total Internal Reflection Fluorescence Microscope (TIRFM)

For GFP bleaching experiments a TIRFM was used. Those experiments were
performed with a Nikon Eclipse Ti Perfect-Focus equipped TIRF/wide-field fluorescence
microscope equipped with AOTF-controlled 405, 488, 561 nm diode lasers, 100mW each,
and an Intensilight wide-field light source. A 100xPlanApo TIRF, 1.49 NA, objective was used
for image acquisition. Emission was collected through a Sutter Lambda 10-3 filter wheel
containing the appropriate bandpass filters. This microscope is equipped with the Andor
iXonEMCCD DU-897 camera, 512x512. For TIRF image acquisition, an incident angle of

63.3° was used.

Single bleaching steps counting is an approach which was first used by Isacoff and
collaborators (Ulbrich and Isacoff 2007), and uses TIRF microscopy to visualize single GFP-
tagged proteins on the cell surface. Since the photobleaching of a single GFP is a discrete
process, the fluorescence intensity of a protein complex with one or several GFP molecules
drops in a stepwise fashion and the number of steps reveals the number of GFP-tagged

subunits in the complex.

HEK-293 cells transfected with GFP-tag were imaged within 24 h after electroporation
in HEK physiological saline buffer consisting of (in mM): 146 NaCl, 4.7 KCI, 2.5 CaCly, 1
MgCl;, 10 glucose, and 10 HEPES, pH 7.4. Videos were further processed and analyzed
using Volocity software. Intensity of a 6x6 pixel ROls were summed and calculated among all
the duration of the videos. ROI’s intensity was plot against the time. GFP bleaching steps

were counted and statistically analyzed.

8.1.14. Electrophysiology

In this work there have been performed to types of electrophysiology recordings.
Thus, an amphibian heterologous model such as Xenopus laevis oocytes were used for
voltage-clamp experiments. Experoiments of pstch-clamp were performed in HEK-293

mammalian cells.
8.1.14.1. Xenopus oocytes

Channels and regulatory subunits were cloned to oocyte expression vectors (Roura-
Ferrer phD thesis 2008). The expression in Xenopus oocytes is divided in three main steps:
synthesis of the messangerRNA, preparation of the oocytes and microinjection of the

oocytes with mRNAs.
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First, a linearitzation of the cDNAs was done. Next, the mRNAs were generated with
T7 and SP6 RNA polymerase by using the mMMESSAGE mMACHINE kit, according to the

manufacturer’s instructions (Ambion).

Oocyte preparation was performed as described previously (Villarroel and Schwarz
1996). Stage V or VI oocytes were enzymatically defolliculated with collagenase (Sigma), 1
mg/ml in Ca?*-free solution, in a solution containing, in mM, 82.5 NaCl, 2.5 KClI, 1 MgCl,, and
5 HEPES, pH 7.5. They were then transferred to a Ca”-containing solution, ND96,
consisting of, in mM, 96 NaCl, 2 KCI, 1.8 CaCl,, 1 MgCl,, and 5 HEPES, pH 7.5.

Finally, the oocytes were injected with 50 nl of the mRNA using a Drummond
microinjector. The amount of mMRNA used of the channels was 10 ng. In the case of the
regulatory subunits, the amount of mMRNA was 5 ng (for KCNE1-3) and 2.5 ng (for KCNE4-5).
This amount was decreased due to their smaller weigth and some cytotoxic effect, as
described in (Grunnet et al. 2003). Oocytes were kept in ND96 buffer at 18°C and used for

recording two to four days after injection.

Whole-cell currents were recorded in oocytes at RT (22°C) with a two-electrode
voltage clamp using a virtual-ground Geneclamp 500B amplifier (Axon Instruments).
Borosilicate electrodes were filled with 3 M KCI and had resistances of 1 MQ. The oocytes
were perfused continuously in Xenopus saline comprising, in mM, 100 NaCl, 2.5 KCI, 1
MgCl,, 2 MnCl,, and 5 HEPES, pH 7.5. All chemicals, except where otherwise stated, were

from Sigma. Data were acquired at a sampling rate of 1 KHz and filtered at 100 Hz.

Voltage-step protocols and current analysis were performed with pCLAMPS8.2
software (Axon Instruments). The voltage activation was determined as follows: oocytes
were clamped for 3 s from a holding potential of -50 mV to voltages between -100 to +60 mV
in 10 mV steps, and followed by a constant pulse to -20 mV of 1 s duration. The current
activated at different voltage test pulses was estimated by measuring the amplitude of
corresponding tail currents at -20 mV. For each oocyte, the current (l), was normalized
relative to its maximal value. To evaluate the voltage dependence of potassium channels, the
mean values of currents (xSE) were plotted versus voltage, and the I/V relationship was

fitted to a Boltzmann function of the form:
I = Imax/[1 + exp((V1,2-Vm)/sIope)]

where Imax is the maximal current and V4, is the membrane potential (V,,) at which 1=1,,,/2.
Fits were made by treating Imax , V4, and slope as free parameters, and the best values of
constants were obtained by applying an iterative procedure of fitting to minimize the least-

squares error between the data and the calculated fit point. Data were normalized in Excel
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and plotted with SigmaPlot. For statistical evaluation, the unpaired Student’s t-test was

applied. A p<0.05 was considered significant.
8.1.14.2. Mammalian expression system: HEK-293.

Some 100 mm dishes of 70% confluent were transfected with 2 ug of each DNA. After
24 h cells were trypsinized and seed in 35mm dish in order to have individual cells to record.
24h later whole-cell currents were measured with a D-6100 Darmstadt amplifier (List
Medical) using the patch clamp technique. Currents were low-pass filtered at 1 kHz. Series
resistance compensation was always above 70%. The pClamp8 software (Axon Instruments)
was used for pulse generation and data acquired using an Axon Digidata A/D interface and

subsequent analysis.

Electrodes were fabricated from borosilicate glass capillaries (Clark Electromedical
Instruments) using a Flaming-Brown (P-87) micropipette puller (Sutter Instruments) and fire
polished. Pipettes had a resistance of 2-3 MW when filled with a solution containing (in mM):
144 KCI, 0.2 CaCl,, 1.2 MgCl,, 10 Hepes, 0.5 EGTA (pH 7.35 and 302 mosmoles/l). The
extracellular solution contained (in mM): 150 NaCl, 4 KCI, 2 CaCl,, 1 MgCl,, 10 Hepes (pH

7.4 and 310 mosmoles/l).

Cells were clamped to a holding potential of -80 mV. To evoke voltage gated
currents, all cells were stimulated with 200-millisecond square pulses ranging from —100 to
+60 mV in 20 mV steps. All recordings were routinely subtracted for leak currents. To
calculate inactivation time constants (t), cells were held at -80 mV and a +60 mV pulse
potential of 5 seconds was applied. Inactivation adjustment was calculated from the peak of
the current at 60 mV to the steady-state inactivation, and traces were fitted with Sigma Plot
(SPSS, Chicago, IL). To analyze cumulative inactivation, currents were elicited by a train of

25 depolarizing voltage steps of 200 milliseconds to +60 mV once every 400 milliseconds.
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8.2. Tables

8.2.1. Table of constructions provided

Plasmid

Kv1.3 prc/CMV

Observations

Rat Kv1.3 in prc/CMV vector

‘ Origin

T.C.Holmes (New York University)

Kv1.3-HA

Rat Kv1.3 with HA-tag between
S3-S4 loop

B. Arnold (University of Southern
California)

Kv1.3-YFP/CFP

Rat Kv1.3
plasmid

in YFP or CFP-C1

R. Vicente (phD thesis 2005 UB)

Kv1.5

Human Kv1.5 in pBK plasmid

M.M.Tamkun
University)

(Colorado State

Kv1.5-YFP/CFP

Rat Kv1.5 in YFP or CFP-C1
plasmid

R. Vicente (phD thesis 2005 UB)

Kv7.1

Human Kv7.1 in pTLN vector

T.Jentzsch (Instituto farmacoldgico
molecular de Berlin)

Kv7.1-YFP/CFP

Human Kv7.1 in YFP or CFP-N1
vector

M. Roura-Ferrer (phD thesis 2008 UB)

Kv7.5 Human Kv7.5 in pTPN vector Given by Dr. T.
Jentzsch (Instituto farmacolégico
molecular de Berlin)
Kv7.5-YFP Human Kv7.5 in YFP-N1 vector Given by Dr. Shapiro (Texas University)
Kv7.5-CFP Human Kv7.5 in CFP-N1 vector Generated by Dra. Roura-Ferrer (thesis

2008)

KCNE1-CFP/YFP

Human KCNE1 in CFP or YFP-N1
plasmid

Generated by Dra. Roura-Ferrer (thesis
2008)

KCNE1-pXoom

Human KCNE1 in pXoom plasmid
(for Xenopus oocytes expression)

Generated by Dra. Roura-Ferrer (thesis
2008)

HA-KCNE1

HA tag in the Nt of human
KCNE1, in pCDNA plasmid

Given by Dra. De la Luna (Centre de
Recerca
Genomica de Barcelona)

KCNE2-CFP/YFP

Mouse KCNE2 in CFP or YFP-N1
plasmid

Generated by Dra. Roura-Ferrer (thesis
2008)

KCNE2-pXoom

Human KCNE2 in pXoom plasmid

Generated by Dra. Roura-Ferrer (thesis
2008)

HA-KCNE2

HA tag in the Nt of human
KCNE2, in pCDNA plasmid

Given by Dra. De la Luna (Centre de
Recerca
Gendmica de Barcelona)

KCNE3-CFP/YFP

Mouse KCNE3 in CFP or YFP-N1
plasmid

Generated by Dra. Roura-Ferrer (thesis
2008)

KCNE3-pXoom

Human KCNE3 in pXoom plasmid

Given by Dr. Jaques Barhanin (Instituto
de

Farmacologia Molecular y Celular de
Valbone)

HA-KCNE3

HA tag in the Nt of human

Generated by Dra. Roura-Ferrer (thesis
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KCNES3, in pCDNA plasmid

2008)

KCNE4-CFP/YFP

Mouse KCNE4 in CFP or YFP-N1
plasmid

Generated by Dra. Roura-Ferrer (thesis
2008)

KCNE4-pXoom

Human KCNE4 in pXoom plasmid

Given by Given by Dr. Jaques Barhanin
(Instituto de

Farmacologia Molecular y Celular de
Valbone)

HA-KCNE4

HA tag in the Nt of human
KCNE4, in pCDNA plasmid

Generated by Dra. Roura-Ferrer (thesis
2008)

KCNE4-HA-IRES-GFP

Human KCNE4 tagged with 3xHA
in the Ct, in an IRES plasmid that
also express GFP

Given by Dr.
Univesity)

George (Vanderbilt

KCNE5-CFP/YFP

Human KCNES5 in CFP or YFP-N1
plasmid

Generated by Dra. Roura-Ferrer (thesis
2008)

KCNES5-pXoom

Human KCNES5 in pXoom plasmid

Given by Dr. Jaques Barhanin (Instituto
de

Farmacologia Molecular y Celular de
Valbone)

in YFP-C1 vector

KCNE5-HA HA tag in the Nt of human | Generated by Dra. Roura-Ferrer (thesis
KCNES5, in pCDNA plasmid 2008)

YFP-Kv1.3_AC rKv1.3 with a deletion of Ct, in | Generated by Dr. Martinez-Marmol
YFP-C1 vector (thesis 2010)

YFP-Kv1.3_AN rKv1.3 with a deletion of Nt, in | Generated by Dr. Martinez-Marmol
YFP-C1 vector (thesis 2010)

YFP-Kv1.3_AP rKv1.3 with a deletion of the pore, | Generated by Dr. Martinez-Marmol

(thesis 2010)

YFP-Kv1.3_Ntermkv1.5

rKv1.3 with Nt of hKv1.5, in YFP-
C1 vector
(YFP-1.5-1.3-1.3)

Generated by Dr. Martinez-Marmol

(thesis 2010)

YFP-Kv1.3_Ctermkv1.5

rKv1.3 with Ct of hKv1.5, in YFP-
C1 vector
(YFP-1.3-1.3-1.5)

Generated by Dr. Martinez-Marmol

(thesis 2010)

CFP-Kv1.5_Ntermkv1.3

hKv1.5 with Nt of rKv1.3, in CFP-
C1 vector
(CFP-1.3-1.5-1.5)

Generated by Dr. Martinez-Marmol

(thesis 2010)

CFP-Kv1.5_Ctermkv1.3

hKv1.5 with Ct of rKv1.3
(CFP-1.5-1.5-1.3)

Generated by Dr. Martinez-Marmol

(thesis 2010)

YFP-Kv1.3_F492stop

rKv1.3-YFP with a stop at position
492 (aa)

Generated by Dr. Martinez-Marmol

(thesis 2010)

YFP-Kv1.3_M487stop

rKv1.3-YFP with a stop at position
492 (aa)

Generated by Dr. Martinez-Marmol

(thesis 2010)

YFP-Kv1.3_G483stop

rKv1.3-YFP with a stop at position
483 (aa)

Generated by Dr. Martinez-Marmol

(thesis 2010)

YFP-Kv1.3_G478stop

rKv1.3-YFP with a stop at position
478 (aa)

Generated by Dr. Martinez-Marmol

(thesis 2010)

YFP-Kv1.3_G442stop

rKv1.3-YFP with a stop at position
442 (aa)

Generated by Dr. Martinez-Marmol

(thesis 2010)

YFP-Kv1.3_F433stop

rKv1.3-YFP with a stop at position

Generated by Dr. Martinez-Marmol
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433 (aa) (thesis 2010)
YFP-Kv1.3_PDZstop rKv1.3-YFP with a stop at position | Generated by Dr. Martinez-Marmol
522 (aa), before PDZ domain. (thesis 2010)
Calmodulin-YFP YFP fused to Calmodulin, in a | Given by Dr. Villarroel (Universidad
pCDNAS plasmid Pais Vasco)
Calmodulin Calmodulin in pCDNAS3 vector Given by Dr. Villarroel (Universidad
Pais Vasco)
mCherry Monomeric-Cherry-C1 vector Given by Dr. Piston (Vanderbilt
University)
mApple Monomeric-Apple-C1 vector Given by Dr. Piston (Vanderbilt
University)

8.2. Table of constructs generated during this PhD

Construct Comments Vector Restric = Primers used
tion (5°-3’ seq)
enzym

es
used

KCNE4- KCNE4-HA-IRES no GFP KCNE4- F:

HA-IRES expression. A STOP was HA- AATATGGCCACAACCATGT
introduced at the second IRES- S_AGCAAGGGCGAGGAGC
aa of the GFP GFP GCTCCTCGCCCTTGCTCAC

ATGGTTGTGGCCATATT

GFP-Kv1.3 | Simple digestion of rkv1.3 pEGFP- Bgl Il
rkv1.3-YFP subcloned C1 Hind I
into GFP-CA1.

Apple- rkv1.3 obtained by simple rkv1.3 mApple- Bal Il

Kv1.3 digestion of Kv1.3-YFP C1 Hind 11l
and cloned to a Apple-C1
plasmid.

Cherry- rKv1.3 obtained by simple rkv1.3 mCherry- Bal Il

Kv1.3 digestion of Kv1.3-YFP C1 Hind 11l
and cloned to a Cherry-

C1 plasmid.

KCNE4- GFP was amplified by GFP KCNE4- | BamHI | F:

GFP PCR from EGFR-GFP-N1 CFP-C1 Not | CTAGCGGATCCGGTCGCC
plasmid and cloned to A_CCATGGTGAGC
E4CFP plasmid EAGATCGCGGCCGCTACT
(previously CEP a]so was TGTACAGCTCGT
removed by digestion)

KCNE4- Cherry was amplified by Cherry KCNE4- | BamHI | Similar to KCNE4-GFP

Cherry PCR from Cherry-C1 C1 Not |
plasmid and cloned to
E4CFP plasmid
(previously CFP also was
removed by digestion)

YFP- Kv1.3 without Stop codon Kv1.3- YFP- Hind Ill | Fmut:

Kv1.3- (previously removed by | STOPless | Kv1.3-C1 | EcoRI | ATATTCACTGATGTCTTAAA

Kv1.3 site-directed S‘CTICGAATTCTG

tandem mutagenesis) was CAGAATTCGAAGCTTTAAG
amplified by PCR from ACATCAGTGAATAT
YFP-Kv1.3 plasmid and
cloned next to another F:

Kv1.3 in the same CCCAAGCTTATGACCGTGG
plasmid '};G
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TTCACTCATGTCTAAGAATT
CCGG
KCNE4- mMmKCNE4 cloned with a mKCNE4 YFP- Nhe | For1:
link-YFP- | flexible link of 16aa at Nt from Kv1.3 C1 CTAGCTAGCCTATGCTAGA
Kv1.3 of YFP-Kv1.3. 2 pcrs | KCNE4-CFP ggﬁTGGAGCC
done: first to introduce CTACCTCCTGATCCTCCAC
Nhe | target at Nt of TACCACCCTCGGAATTCTG
KCNE4 and half of the GTGGATGTTC
link at Ct of KCNE4, and
second to introduce the For2 = For1
rest of the link. Rev2:
CGGCTAGCCGACCTCCAC
TACCTCCGCTACCTCCTGA
TCCTCCACTACC
KCNE4- mKCNE4 cloned with a mKCNE4 YFP- Nhe | The same than for KCE4-link-
link-YFP- | flexible link of 16aa at Nt from Kv1.3- YFP-Kv1.3
Kv1.3- of YFP-Kv1.3-Kv1.3 | KCNE4-CFP | Kv1.3 C1
Kv1.3 tandem.
KCNE4- Mutant with Nrul target at KCNE4- F:
CFP Nrul | the beginning of Ct CFP N1 CTGGACTTCTTCTCGCGAC
mut Ct (RE’-CTTGGATTTCATGTAGCC
GGCTACATGAAATCCAAGC
GTCGCGAGAAGAAGTCCA
G
KCNE2- Mutant with Nrul target at KCNE2- F:
CFP Nrul | the beginning of Ct CFP N1 CACTGTGAAATCCAAGCGT
mut Ct CGCGAACACTCCAATGACC
R
ATTGGAGTGTTCGCGACG
CTTGGATTTCACAGTGCTC
ACCAG
KCNE4-4- | KCNE4 with Ct of KCNE2, | Ct hKCNE2 KCNE4- Nru |
2-CFP fused with CFP from CFP Nrul | Bam HI
KCNE2-CFP mut Ct
KCNE2-2- | KCNE2 with Ct of KCNE4, | Ct mMKCNE4 | KCNE2- Nru |
4-CFP fused with CFP from CFP Nrul | Bam HI
KCNE2-CFP mut Ct
KCNE4- KCNE4 with two Miul mKCNE4 F1  (Mlu | target Nt):
CFP target | targets  flanking  the -CFP-N1 GTACAGCAGTGTAATGGCA
Miul Nt | transmembrane region, ACGCGTACTTCTATATTTT
and Ct generated by multiple site GGTC
mutagenesis F2 (Mu | target Cty
GATCGGAAATCATGCTGG
GCACGCGTAAATCCAAGA
GGCGG
KCNE2- KCNE2 with two Miul hKCNE2- F1 (Mlu | target Nt):
CFP target | targets  flanking  the CFP-N1 GTTGATGCTGAGAACTACG
Miul Nt | transmembrane region, CGTATGTCATCCTGTACCT
and Ct generated by multiple site ce
mutagenesis. F2 (Mu | target Cty
CCATCCTGGTGAGCACGC
GTAAATCCAAGAGACGGG
KCNE4-2- KCNE4 with the | Trasmembra | KCNE4- Miu |
4-CFP transmembrane of ne of CFP
KCNE2, fused to CFP hKCNE2- target
CFP Miul Nt
and Ct
KCNE2-4- | KCNE2 with the | Trasmembra | KCNE2- Miu |
2-CFP transmembrane of ne of CFP
KCNE4, fused to CFP mKCNE4- target
CFP Miul Nt
and Ct
KCNE4- KCNE4 with leucines 69- mKCNE4 F:
L(69-72)A- | 79 mutated to alanines -CFP-N1 GAGAAGAAGTCCAGCGCT
CFP GCGGCGGCGTACAAAGAC
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GAGGAG
R:
CTCCTCGTCTTTGTACGCC
GCCGCAGCGCTGGACTTC
TTCTC
KCNE2- KCNE2 with aa 82 and 83 hKCNE2- F:
2L-CFP mutated to leucines CFP-N1 CAAGAGACGGGAACACTC
CAGTTCCTTATACCACCAG
TACAGTACATTGTAG
R:
CTACAATGTACTGGTGGTA
TAAGGAACTGGAGTGTTCC
CGTCTCTTG
KCNE2- KCNE2 with 4 leucines KCNE2- F:
LLLL-CFP | (82-85 aa) 2L-CFP GAACACTCCAGTTCCTTAT
TACTCCTGTACATTGTAGA
GGACTGGC
R:
GCCAGTCCTCTACAATGTA
CAGGAGTAATAAGGAACTG
GAGTGTTC
HA- HA-KCNE4 with a stop HA- F:
KCNE4- codon at 105 bp position, KCNE4 GCGGCAATGGCAACTAGT
105STOP | just before Q.CTTCTACATTCTG
transmembrane  region. CAGAATGTAGAAGTACTAG
E35 > STOP TTGCCATTGCCGC
HA- HA-KCNE4 with a stop HA- F:
KCNE4- codon at 170 bp position, KCNE4 AATCATGCTGGGCTGAATG
170STOP | just after transmembrane QAATCCAAGAGG
region. Y57 > STOP CCTCTTGGATTTCATTCAG
CCCAGCATGATT
HA- HA-KCNE4 with a stop HA- F:
KCNE4- codon at 204 bp position, KCNE4 GGGAGAAGAAGTCCTGAC
204STOP | just before the tetra- ;.CCTGCTGCTGTAC
'89;’826 motif.  S68 > GTACAGCAGCAGGAGTCA
GGACTTCTTCTCCC
HA- HA-KCNE4 with a stop HA- F:
KCNE4- codon at 219 bp position, KCNE4 GCCTCCTGCTGCTGTAGAA
219STOP | just after the tetra-leucine QQACGAGGAGCG
motif. Y73 - STOP CGCTCCTCGTCTTTCTACA
GCAGCAGGAGGC
HA- HA-KCNE4 with a stop HA- F:
KCNE4- codon at 288 bp position. KCNE4 CGGGCCTGAGGTCGTAGC
288STOP | V96 > STOP QGGTGCCCCTGATG
CATCAGGGGCACCTGCTA
CGACCTCAGGCCCG
HA- HA-KCNE4 with a stop HA- F:
KCNE4- codon at 375 bp position. KCNE4 CCATGGAAGGGGACAGCT
375STOP | V125> STOP /QGAGCTCCGAGTCCTC
GAGGACTCGGAGCTCTAG
CTGTCCCCTTCCATGG
HA- HA-KCNE4 with a stop HA- F:
KCNE4- codon at 418 bp position. KCNE4 GCACCTCACCATTTAGGAG
418STOP | V140 > STOP SAGGGGGCAGACGATG
CATCGTCTGCCCCCTCCTC
CTAAATGGTGAGGTGC
HA- HA-KCNE4 with a stop HA- F:
KCNE4- codon at 453 bp position. KCNE4 GAGCTGGAGGAGACCTAG
453STOP | S151 > STOP SAGACGCCCCTCAACG
CGTTGAGGGGCGTCTCCT
AGGTCTCCTCCAGCTC
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8.3. Primers used for RT-PCR analysis

5’-3’ Sequence

Accession Annealing Amplicon

number T (°C)

(bp)

For: TGA CAG CAA GCA GGA GGC GCT NM_008424
KCNE1 Rev: GAC ATA GCA AGC TCT GAA GC
Mouse For: GTC ATC CTG TAC CTC ATG GT NM_134110 60 194
KCNEZ2 Rev: TTC TCATGG ATG GTG GCC TT
Mouse For: CGT AAT GAC AAC TCC TAC ATG NM_020574 67 127
KCNE3 Rev: TAC ACA TGA TAG GGG TCA CT'
Mouse For: TCC AGC AGC CCC CTC GAG TC NM_020574 60 158
KCNE4 Rev: AGG CTG GAC TTC TTC TCC CG
(BMDC) 55 139
For: CCT GAC AGA GAA GAG AAA CA
Rev: TGA ACA GCA CAT ACCCCAG
(Raw246.7)
Mouse For: ACC CCT ACC CCG CAT ATC CAA NM_021487 55 106
KCNES5 Rev: TTG GAC GTG CTG GAT TCT GTT
Human For: TGT GCC TGG GAAGTT TGA G NM_000219 70 634
KCNE1 Rev:GGG AAC CAC TGA CAG TCT ATC
Human For: ACG CCA GCAAGAAGGTTC A NM_172201 60 183
KCNE2 Rev: CTT GCT CAG CTG TTG TGT TC
Human For: GCT AAT ACA TGC AAT GTG GC NM_005472 55 137
KCNE3 Rev:TTC AAT GGG TAC TTC CAG G
Human Quantitect primer assay from Qiagen NM_080671 55 105
KCNE4 Ref QT00046676
Human | For: CCT ACC CCG CAC ATC CAA CTG CAC | NM_012282 62 104
KCNE5 [ Rev: TTG GAC GTG TTG GAT TCA GTT CC
Mouse For: AGTATATGGTGATCGAAGAGG NM_019270 55 136
Kv1.3 Rev: AGTGAATATCTTCTTGATGTT
188 NR_003286 55 210
For: CGC AGA ATT CCC ACT CCC GAC CC Human
Rev:CCC AAG ATC CAA CTACGA GC NR_003278
Mouse
8.4. List of antibodies used for co-immunoprecipitation experiments.
Antibody Comercial brand | Developed in Protein recommended
for binding
GFP Roche Mouse Protein G
GFP GenScript Rabbit Protein A
HA Sigma Rabbit Protein A
Calmodulin Millipore Mouse Protein G
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8.5. Table with the primary and secondary antibodies used for WB analysis

PRIMARY ANTIBODIES

Antibody Developed in Dilution used Commercial brand
Anti-B-actin Mouse 1/50000 Sigma
Anti-Calmodulin Mouse 1/600 Millipore
Anti-Caveolin Rabbit 1/2500 BD Bioscience
Anti-Clathrin Mouse 1/1000 BD Bioscience
Anti-GFP Mouse 1/1000 Roche
Anti-HA Rabbit 1/200 Sigma
Anti-KCNE4 Rabbit 1/800 Proteintech
Anti-Kv1.3 Mouse 1/1000 Neuromab
Anti-Kv7.1 Rabbit 1/200 Alomone
Anti-Kv7.5 Rabbit 1/500 Dr. Villarroel (in house)
Anti-Na/K ATPasa Mouse 1/100 DSHB
| SECONDARY ANTIBODIES (conjugated with HRP)
Antibody Dilution used Commercial brand
Goat-anti-mouse 1/10000 Bio-Rad
Goat-anti-rabbit 1/3000 Bio-Rad

8.6. Table with the antibodies used for immunocytochemistry

Antibody Developed in Working Dilution Commercial Brand

Anti-HA Mouse 1/250 Covance

Anti-KCNE4 Rabbit Proteintech

Anti-Kv1.3 Rabbit Alomone
SECONDARY ANTIBODIES |

Antibody Working Dilution Commercial Brand

Goat-anti-mouse 1/100-1/1000 Molecular Probes

Goat-anti-rabbit 1/100-1/1000 Molecular Probes

8.7. List of chemical compounds used

Function Working Vehicle Source
dilution
Brefeldin A (BFA) Inhibits the anterograde transport of | 12.5 ug/mi DMSO Sigma
COPII type vesicles. (12 h)
Tunicamycin N-glycosilation  blocker via N- 12 pg/ml DMSO Sigma
acteylglucosamine transferases. (24 h)
Lipopolysaccharide Generation of immunological | 100 ng/ml Sigma
(LPS) responses via TLR4. (24 h)
PMA Phorbol esther PKC activator DMSO Sigma
PHA Phytohematoglutinin H.0 Sigma
M-CSF Macrophage colony stimulating [ 1200 U/ml H20
factor
Dexamethasone Glucocorticoid 1uM DMSO Sigma
(Dex) (24 h)
Poly-D-lysine layer of positive charges promoting 1/500 of H20 Sigma
cell adhesion to the glass covers- 0.1%
slips.
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