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1. INTRODUCTION

1.1. Voltage-gated potassium channels

Ion channels are transmembrane proteins that conduct the movement of ions from one
side of a membrane to the other. The resultant changes in local ion concentrations and
electrical field play pivotal roles in physiological processes such as generation and
propagation of the nerve impulse and the cardiac action potential. They can be classified
according to the main ion conducted (Na*, K*, Cl, Ca2* channels) and to their activation
mechanism (voltage, ligands, mechanic stimuli, temperature, pH or second messenger
activation) (Kew and Davies 2009).

Potassium-selective channels are the largest and most diverse group of ion channels,
encoded by more than 70 genes in mammalians. According to their structure, potassium
channels can be divided into:

2TM/1P: two transmembrane domains and one pore channel. They are also known
as inwardly-rectifying potassium channels (Ki-). Those are mediating the transport
of ions in order to stabilize the resting potential near the potassium equilibrium
potential.

4TM/2P: four transmembrane domains and two pores channel (Kzp). It is believed
that undergoes many leak currents in native cells. They tend to be opened at a
range of voltage potentials and are widely regulated by neurotransmitters and
other biochemical regulators.

6TM: six transmembrane domains. They are including the voltage-gated potassium
channels (Kv) and the calcium-activated potassium channels (Kc,) BK and SK.

The first cloned potassium channel was the Drosophila voltage-gated shaker channel. It
was isolated due to the analysis of flies with natural mutations exhibiting a shaking
phenotype. Three more related genes where cloned from this animal model: Shal, Shaw
and Shab. All of them were classified as voltage-gated potassium channels. Up to 40 human
genes were cloned and were classified as members of this family thus, in turn, becoming
the largest potassium channel subgroup.

Voltage-gated potassium channels were classified based on amino acid sequence
alignments of the entire hydrophobic core of the proteins (figure 1). Resulting from the
analysis, two different groups were determined: one comprising Kv1-9 and the second
comprising Kv10-12. Within the first group there are the mammalian homologs to the
previous specified Drosophila genes are Kv1l (Shaker), Kv2(Shab), Kv3 (Shaw) and Kv4
(Shal). They are outward rectifiers because those channels allow current to flow out of the
cell, but not in. The families Kv5, Kv6, Kv8 and Kv9 are not able to form functional
homomeric channels and they are conducting when association with Kv2 and Kv3 families
occurs. Kv7, also classified in this phylogenetic group and classically known as KCNQ1-5,
are a further studied delayed rectifiers’ family since they do not undergo fast inactivation.
On the other hand, within the second group we find the Kv10 (eagl-2), Kv11 (ergl-3) and
Kv12 (elk1-3). Those channels present two unique features: a specific sequence in the P
loop different from the rest of the channels and a cyclic nucleotide binding sequence at the
C-terminus (Gutman et al., 2005).
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Figure 1. Phylogenetic trees of Kv1-9 and Kv10-12. Amino acid sequence alignments of the human channel Kc
proteins were created using CLUSTALW, and analysis by maximum parsimony using PAUP. Only the hydrophobic
cores (S1-S6) were used for analysis (Gutman et al., 2005).

The diversity detected from those molecules exceeds the gene diversity described,
belonging to some different causes.

Heteromultimerization: functional voltage-gated potassium channels are formed
by four peptides encoded for one Kv gene. Thus, they can build up conducting
pores as homotetramers or heterotetramers consisting in different subunits within
the same family. The heterotetramers express properties different to those
exhibited by homotetramers, for instance Kv1.1-Kvl1.4 or Kv1.3-Kv1.5
combinations (Vicente et al., 2006, Villalonga et al., 2007).

Modifier subunits: as mentioned before, Kv5, Kv6, Kv8 and Kv9 can not form
functional homomeric channels and, by interacting with Kv2 or Kv3 families,
transfer some different features to the resultant current.

Accessory subunits: several families of regulating proteins have been determined
to interact with those channels and alter the traffic and the electrophysiological
properties. Called B-subunits generally, are Kvfs, KCNEs, KChIPs, KChAPs and
calmodulin among others (Pongs and Schwarz, 2010).

Alternative mRNA splicing: while the majority of Kv1l channel genes are intronless,
various members of the Kv3, Kv4, Kv6, Kv7, Kv9, Kv10 and Kv11 gene families
have coding regions made up of several exons that are alternately spliced,
providing another significant source of channel diversity.
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Post-translational modification: many Kv channels can suffer modifications in their
aminoacidic sequences. Those might comprise phosphorylation, ubiquitination,
palmitoylation, sumoylation, nitrosylation, etc that in turn modify the channel
functions or localizations.

1.1.1. Structure

Kv channels are formed by the tetramerization of four a or conducting subunits. Each of
those subunits are formed by six transmembrane domains called S1 - S6 connected by
intra or extracellular loops and with a re-entrant loop (P-loop) placed between the S5 and
S6. Both N and C terminus are soluble located in the intracellular space (Hille, 2001). From
the crystal structures of both bacterial and mammalian channels, a 3D composition of
those channels was solved at a high resolution (figure 2A). Two clear different domains
were presented: the ion conducting domain at the centre (S5-P-S6) and the voltage-
sensing domain (S1-S4) located at the periphery of the channel. The pore domain of each
integrating subunit is arranged with four-fold symmetry around the ion conducting
pathway (figure 2B) (Doyle et al.,, 1998, Long et al,, 2005). Within the voltage-sensing
domain, at the S4 transmembrane part, there are some repeated motifs integrated by
positively charged amino acid followed by two hydrophobic amino acids that has been
widely accepted to act as the main voltage sensible component (Hille, 2001).

Less structural information is available about the N and C terminus, due to tis difficulty to
achieve crystal structures. However, the addition of the auxiliary subunit Kvf32 allowed
this process on Kv1.2 (Long et al,, 2005). It revealed the closed proximity between the
amino and carboxiterminal domains. Moreover, the T1 domain of Kv1.3 has been recently
solved (Kremer et al.,, 2013). The structure of the KcsA C-terminal domain was obtained
also but accompanied with antigen-binding fragments (Fabs) for achieving the proper
crystallization environment (Uysal et al., 2009).

100A

Figure 2. Crystal structure of Kv1.2 together with Kv2.1. A. Stereoview from the side. Each a and 3 subunit is
coloured differently. B. Stereoview from the extracellular side. A potassium ion is depicted in black.(Long et al.,
2005).
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1.1.1.1.  Selectivity

The pore domain of the a-subunit is located at S5 and S6 transmembrane segments, and a
tilted pore helix (P-loop) that runs half way through the membrane. Closer to the
membrane portion, the helixes S5 and S6 create a water-filled cavity in order to increase
the potassium availability at the channel entrance. This is built by directing the C-terminal
negative end-charge of a-helixes toward the ion pathway (MacKinnon, 2003).

Potassium selectivity occurs at the selectivity filter, located in the P-loop. It was there
identified a sequence that exerts the function on selectivity: TVGYGG (figure 3, yellow at
panel a). In fact, mutations in this sequence lead to a lack of K+ ion selectivity
(Heginbotham et al., 1994). This is highly conserved in potassium channels throughout the
tree of life. Here, conducting K* ions encounter four evenly spaced layers of carbonyl
oxygen atoms and a single layer of threonine hydroxyl oxygen atoms, which create four K*
ion binding sites from the extracellular to the intracellular space. At these sites, K* ions are
attached dehydrated and surrounded by eight oxygen atoms (figure 3, red in panel b), four
above and four below. Thus, potassium ions are therefore able to diffuse from water into
the selectivity filter where the energetic cost of dehydratation is compensated. It is
accepted that the selectivity filter is occupied by two K+ ions alternating between two
configurations. Even Na* ions has a smaller ionic radius, the fixed filter structure is fine-
tunned to coordinate a K* better than the smaller dehydratated Na* (MacKinnon, 2003).

Figure 3. Structural model of the KcsA pore. A. Structure adopted by S5-S6 loops of two subunits. The
selectivity filter is highlighted in yellow. The P-loop, in red. B. Conformation acquired for the selectivity filter.
Oxygen atoms, in red (MacKinnon, 2003).

1.1.1.2. The voltage sensor

For voltage-gated channels the membrane voltage determines whether they are open and
therefore they provide a way for the membrane voltage to feed back onto itself. The
voltage sensing domain comprises the S1-S4 o-helixes. When a voltage-gated channel
opens, charged amino acids called gating charges move through the membrane electric
field, coupling electrical work to the opening process. The gating charge has been
measured and is mostly attributable to four arginine residues per a-subunit. Even highly
conserved sequences throughout S1, S2 and S3 are also involved in voltage-dependent
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conformational changes, S4 plays the major role (MacKinnon, 2003). The S4 sequences
contain a positive charged amino acid (Arg or Lys) every two hydrophobic amino acids,
repetitively, 4-8 times: those are the main gating charges mentioned before. The S1-S3
segments complete the voltage-sensing domain by stabilising the positively charged S4
segment with their negatively charged amino acids and defining the pathway for the
movement through the electric field (Hille, 2001).

1.1.1.3.  Gating machinery

The X-ray crystallographic studies of different potassium channels in open or closed
states, leaded to the discussion on the movement upon a voltage stimulus. Three main
models were proposed:

Helix screw: rotational movement of the gating charges at the S4 across the electric
field (Larsson et al,, 1996, Keynes and Elinder, 1999).

Transporter: implies also a rotational movement of S4 charges from one site to the
other but no translocation through the lipid bilayer is performed (Chanda et al,,
2005).

Paddle: movement of a rigid S3-S4 complex to a closer proximity of S1-S2 (Jiang et
al,, 2003).

However, thanks to the molecular simulations, all those theories come to converge in a
single consensus model. The voltage sensor domain is connected to the pore domain
because of the linker between S4 and S5, which in turn makes contact with S6. At the
cytoplasmic end of this later one has a super flexible domain, the hinge PxP, very well
conserved, that occludes the pore. Upon voltage stimulation, S4 is suffering a combination
of movements that includes a rotation on its axis (1802), a tildation (302) and vertical and
radial translations (about 7A). This may create tension and displacement of the S4-S5
linker affecting its interaction with S6. It moves the hindge of the S6 and, in turn, dilates
the inner opening of the pore allowing the ions to enter the conduction pathway
(Bezanilla, 2008, Long et al., 2005, Jensen et al., 2012).

It was generally assumed that the transference of the S1-S4 movement to the S5-S6 pore
domain was due to a mechanical stretching exerted at the S4-S5 linker. However, it has
been recently described that the physical dissociation of the voltage domain and the pore
conducting domain, does not prevent a functional voltage-gated potassium channel. Thus,
the authors proposed that instead of an electromechanical mechanism underlying the
activation, it would be based in electrical interactions through the end of S4 and/or the
beginning of the S4/S5 linker with the proximal S6 COOH-terminal region (Lorinczi et al.,
2015).

1.1.1.4. Inactivation

The inactivation of channels is a conjunct of processes that lead to the closure in a voltage
independent manner. Thus, even the depolarization of the cell remains; the channels cease
the potassium conduction. Different kinds of inactivation have been described.

30



N-type inactivation: it occurs in the range of few milliseconds and it is due to the
occlusion of the pore by a cytoplasmic particle. This entity can be placed at the N-
terminus of the channel coding sequence, for instance in the case of Kv1.4, Kv3.3,
Kv3.4 and Kv4 channels. However, other auxiliary subunits can supply this particle
to the channelosomes via its oligomerization. It is the case of Kvf1 and Kvf33
subfamily members. Classically has been referred as the “ball-and-chain”
inactivation (figure 4, left) (Rettig et al., 1994).

C-type inactivation: slower than the previous one, the speed can range from tens of
milliseconds to seconds. Even many Kv channels undergo this kind of inactivation
process, it remains not completely well understood. It is thought to involve a
constriction of the external mouth of the pore that occludes the ion flow, exerting a
role of a second gate (figure 4, right) (Blunck et al., 2006).

In addition, it is important to mention the existence of another type of inactivation in
certain types of K* channels termed cumulative or use-dependent. It is present on Kv1.3.
This phenomenon consists on a reduction of the number of channels that opens during
repetitive depolarizing pulses, due to the incomplete recovery in the interpulse interval.
The amount of current elicited is fewer in the last pulse than in the previous one (Barros et
al, 2012, Yellen, 2002).

Figure 4. Representation of the inactivation of Kv channels. At the upper part, it is showed the opened
conformation of the channel. Left down image represents the N-type inactivation. Left right image shows the C-
type inactivation (Yellen, 2002).

1.1.2. Cell biology of Kv channels

1.1.2.1.  Biogenesis and protein folding

Kv channels are synthesized from the mRNA transcript at the ribosomes close to the ER
membrane, even they lack the membrane-protein signal. Multi-spanning membrane
proteins drive this localization thanks to the presence of specific transmembrane domains
that resemble to the signal sequence. For Kv1.3 it was detected at S2 transmembrane
domain (Tu et al, 2000). Once translocated to the ER membrane while the translation
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undergoes, the extracellular domains of the nascent protein are going to face the ER
lumen.

In the case of some Kv family members, the tetramerization domain is placed at the N-
terminus of the protein and it is properly folded very early in the biosynthesis. It is
thought that the oligomerization of this domain among the different subunits is stablished
even before the translation is ended (Kosolapov and Deutsch, 2003). The final
configuration would follow some stablished steps. Two monomers are assembled into
dimers, and the final tetramerization occurs by a dimer dimerization (Tu and Deutsch,
1999).

While the protein is synthesized, folded and assembled as tetramers, transference of
oligosaccharides to the structure can come about in some specific residues. Those
modifications are different in nature:

N-glycosylation: attachment of a glycan to an asparagine (N) which is forming part
of the consensus sequence NxS/T.

0-glycosylation: started at the ER and followed at Golgi, it consists in the addition
of a single sugar to a serine or a threonine.

Those modifications have folding promoting effects. At the ER compartment, they assist
nascent polypeptides increasing their solubility on intermediate structures. The presence
of those modifications leads to interaction with ER lectins such as calnexin or calreticulin.
Those proteins exert a dual function consisting on folding enhancement or impairment of
the ER exit for non-proper built proteins. If the protein fails to fold, it must be degraded
following ER associated degradation (ERAD). This process implies a retro-translocation to
the cytoplasm and subsequently ubiquitin-dependent degradation at the proteasome. The
modification of the N-glycan is a driver for this degradation process to happen. Thus, sugar
additions are enhancing protein folding, ER exiting or degradation dictating the Kv
abundance at the cell surface (Peroz et al., 2009, Mihic et al., 2011).

Kvl and Kv3 families are known to undergo massive glycosylation at the S1-S2
extracellular loop, while other members are not carrying any post-translational added
sugar (Baycin-Hizal et al., 2014). Some 8 subunits are bearing those modifications, such as
the KCNE family. KCNE1 is known to wear two different N-glycan trees as well as O-
modifications. Those are controlling the physiological distribution of the protein (Bas et
al,, 2011).

Moreover, also at the ER compartment, it takes place the association to some - subunits
such as Kvf3 or KChAP. Both have been described to enhance the proper protein folding
and the traffic to the plasma membrane (Pongs and Schwarz, 2010). The KCNE family is
also thought to interact at the ER compartment with the modulated ion channel. Although
the stoichiometry of  subunits is under an intense debate in some cases, different
functional stoichiometries are mediating distinct effects on the ion channels expression
and function (Nakajo et al., 2010, Sole et al., 2009).

Main functions of Kv channels are membrane-location dependent. Several different
mechanisms are defining and controlling the traffic to the membrane of proper-folded
channels where they are exerting those major functions.
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1.1.2.2.  Trafficking pathways

As previously mentioned, the biogenesis of transmembrane proteins was classically
described to happen at the ER compartment and to follow the ER-to-Golgi pathway.
However, recent publications point out that other possible pathways are held within the
cell physiology. To differentiate them, the former it is called the conventional while the
rest are included in the pool of unconventional secretory pathways.

The conventional secretory pathway includes the traffic starting at the ER compartment,
through the ER-to-Golgi intermediate compartment (ERGIC), the Golgi apparatus and
trans-Golgi network (TGN) (figure 5).
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Figure 5. Conventional secretory pathway: schematic representation of the main steps of this traffic (Nickel
and Rabouille, 2009).

Correctly folded and assembled proteins are packaged into COPII (coat associated protein
II) vesicles and transported to Golgi via ERGIC compartment. The COPII mechanism
mediates the recruitment of the cargo proteins, the curvature and cleavage from the ER
membrane, and the delivery to the proper target. This event is taking place in specific ER
membrane domains in which the surrounding cytoplasm is enriched in COPII soluble
components (ER exiting sites: ERES). The machinery is formed by: Sarl, Sec23, Sec24,
Sec13 and Sec31. The process starts by the insertion of the amphipathic helix of Sar1 upon
GDP/GTP exchange (figure 6-1). This member is recognised by Sec23 which
heterodimerises with Sec24. Both form the inner COPII coat. Sec24 is in charge to identify
and interact with cargo proteins (figure 6-2,3). The process is followed by the recruitment
of Sec13/Sec31 heterotetramers as the external coat, enhancing the membrane curvature
(figure 6-5). Releasing the vesicle depends on the Sec23 GTPase activation of Sar1, which
leads to the excision (figure 6-6) (Szul and Sztul, 2011, Jensen and Schekman, 2011).
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Figure 6. COPII dependent ER-to-Golgi mechanism. 1. Sarl GDP exchange for GTP and anchor of it to the ER
outer membrane. 2. Recruitment of Sec23 and Sec24. 3. Sec24 selects cargo proteins to be traffic to Golgi. 4.
Repetition of the process at ERES domains. 5. Recruitment of Sec13 and Sec31 and budding of the vesicle. 6.
Coated vesicle with COPII mediators. 7. Uncoating of COPII vesicles posterior to the excision (Jensen and
Schekman, 2011).

Sec24 cargo recognition is basic for the conventional Kv export to the plasma membrane.
It is selecting proteins exhibiting export signals: protein domains that will interact with
Sec24 to be exported. Those include di-hydrophobic motifs such as di-phenylalanines (FF)
or di-leucines (LL), di-acidic motifs (DXE) and aromatic motifs (Barlowe, 2003). More
complex signatures such as VxxSL signatures have been identified as export potentiating
domains in Kv physiology (Li et al, 2000). Not all the proteins present them, but by
interacting with transmembrane sorting receptors, such as Erv14 in Saccharomices
cerevisiae, they can also follow this via. Cargo receptors are also fundamental for the
export of intra-luminal soluble proteins (Budnik and Stephens, 2009).

The next step in the pathway is the ERGIC compartment. It is considered as an
autonomous organelle separated from ER and Golgi presenting a differential biochemical
composition (Szul and Sztul, 2011). Typically located close to the ERES domains, it works
as a stationary compartment at which the decision between conventional or
unconventional route is taken. Vesicles from this compartment would travel to Golgi
apparatus when conventional path is undertaken. The alternative would imply the direct
communication with the endosomal recycling compartment undergoing then a by-pass of
the Golgi (Saraste et al., 2009, Appenzeller-Herzog and Hauri, 2006).

After leaving this compartment, the next step is to fuse with the Golgi apparatus. This is
organized in stacked cisterns with defined polarity: cis-Golgi facing the ER, trans-Golgi in
the opposite site and medial in between. Multiple models have been considered about the
progressive formation of this compartment and the one gaining more recognition is the
cisternal maduration model. The newly formed cis-cisterns are travelling toward a trans
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position by incorporating enzymes typically from this final target and loosing those from
previous stages. This remodelling occurs by packaging the Golgi enzymes into coats
formed by the COPI system and travelling in a retrograde manner: from trans to cis.
Moreover, it is the main mechanism to traffic back vesicles to the ER. Actually, ER resident
proteins are retained in the ER by a continual retrieval from Golgi (Szul and Sztul, 2011).
Thus, there are two different kinds of signals:

Anterograde signals: as mentioned before, are those recognised by Sec24 to traffic
to ERGIC and Golgi. It has been described di-acidic signals for ion channels
trafficking (Kir, CFTR, Karp) as well as non-canonical motifs: DDxDxxxI for BKc. and
VxxSL in Kv1.4 (Barlowe, 2003, Chen et al,, 2010, Li et al., 2000).

Retention signals: basically di-lysine motifs, KKxx/KxKxx as well as arginine
repeats such as RxR. Those are recognised by COPI mechanism and brought back
to the ER. It is thought to be exposed when the proteins are not properly folded in
order not to reach the plasma membrane . Soluble proteins are thought to recycle
back by interacting with the KDEL receptor (Jackson, 2014).

Anterograde and retention signals can coexist and the balance among those is a control of
the proper folding and the possible ticket out to exit direction the plasma membrane.
Retention signals, thus, act as an additional control to ensure that there are no misfolded
channels at the cell surface. In addition, the exposure of them will be also modulated by
the presence of 3-subunits, scaffolding proteins or the heteroligomerization with other Kv
members.

The most trans-cisternae are followed by another compartment: the Trans Golgi Network
(TGN). This appears as a tubular, branching and reticular network. Apart from the direct
traffic to the plasma membrane, there is also the possibility to target the vesicles from the
TGN to the endosomal system, before the surface delivery. Along with the coat proteins,
there are several different machineries involved in the process of cargo sorting. For
instance, APs (Heteromeric Adaptor Protein complexes) can bind tyrosine-based domains,
Yxx¢ (being ¢ an aromatic aminoacid) and di-leucine motifs. Another example are the
GGAs (Golgi-localized y-ear-containing ARF-binding proteins) which specifically recognize
acidic clusters of di-leucine motifs: DxxLL. Concomitantly with the previous data, there are
also some transmembrane cargo receptors that will interact with soluble proteins to be
secreted (Kim, 2016).

The unconventional secretory pathway is, nowadays, under intense research to define the
mechanisms and molecular components involved. Thus, they are not completely
understood. To date, two different pathways have been identified:

- Transmembrane proteins such as CFTR or CD45 are inserted into the ER but reach
the cell surface in a COPII and/or Golgi independent mechanism

- Cytoplasmic and nuclear proteins that lack the ER-signal peptide, such as FGF2,
have been shown to exit the cell to the extracellular media avoiding both ER and
Golgi compartments (figure 7).

Regarding ion channels physiology, Kv4.2 is known to by-pass COPII trafficking and to use
a COPI mechanism when it iss coexpressed with KChIP1. However, conventional routes
are driving the complex when the association is with KChIP2. The best-documented
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example of by-passing Golgi is, indeed, CFTR. It has been shown that it is depending on
COPII mechanism but the vesicles budded from the ER are directly associated to the
endosomal system previous to the membrane targeting.

It has been reported that both secretory mechanisms can coexist inside the cell and used
by a unique protein. Moreover, under some stress conditions has been observed that the
unconventional can be potentiated to overcome the conventional blockage. Further
investigations need to be performed to clarify all the possible routes followed by each
studied protein (Nickel and Rabouille, 2009).
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Figure 7. Unconventional secretory putative pathways. Representation of different mechanism of membrane
targeting that have been inferred besides the conventional mechanism for signal-peptide-containing proteins
(Nickel and Rabouille, 2009).

1.1.3. Subcellular localization of Kv channels: membrane distribution.

Posterior to the traffic by either conventional or unconventional pathways, Kv channels
reach the membrane. Upon delivery, proteins can freely diffuse throughout the lipid
bilayer. However, the expected physiology of Kv channels, as well as several other
proteins, can depend on their localization, being imperative the control of their position.
Various different mechanisms have been identified, in turn highly different in nature.

1.1.3.1.  Scaffolding proteins

One possibility is to anchor molecular complexes by interacting with scaffolding proteins.
Kv1 channels, for instance, present a C-terminal PDZ-binding domain able to complex with
PDZ domain proteins. Classified within the MAGUK family, those are characterised by
several interacting domains to cluster membrane-associated proteins. To do so, they
present one or more PDZ domains, a SH3 domain (another protein-protein interaction
domain) and an active guanylate kinase domain. Thus, since they can interact with basic
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proteins of the cytoskeleton, it is promoting the immobility of their partners (Oliva et al,,
2012).

PSD-95, a member from this family has been reported to interact with the PDZ-interacting
domain of the Kv1 family which is present at the C-terminal domain. This complexation
impairs the lateral movement and the recycling of the channels, inducing then a longer
membrane expression. This protein has been identified as the responsible of the channel
clusterization at the post-sinaptic membrane of Kv channels (Ogawa et al.,, 2008). SAP-97,
another member of the family, is known to retain and stabilise channels in muscle
physiology enhancing the signalosome’s formation (Balse et al., 2012).

Apart from the direct interaction with scaffolding proteins that interact with cytoskeleton
members, other space controlling mechanisms have been reported. Structural proteins of
the membrane cytoskeleton are thought to form corrals: defined fences of space that limit
the lateral diffusion of membrane proteins. This mechanism has been reported to confine
Kv2.1 without any putative protein-cytoskeleton interaction (Tamkun et al., 2007).

1.1.3.2. Membrane compartmentalization: lipid raft microdomains

Even considered for a long time as a homogeneous lipid environment, the plasma
membrane presents some differentiable areas characterised by a distinct lipid
composition. In this context, lipid raft microdomains are defined as small and transitory
structures of about 10-200mm. There is an enrichment of both sphingolipids, with highly
saturated acyl chains, and cholesterol mainly in the outer leaflet that leads to a highly
packed and ordered composition compared with the general membrane fluidity (figure 8).
Because of their composition, those structures are characterised by low density and
resistance to non-ionic detergent solubility at low temperatures (Brown and London,
1998, Schroeder et al., 1998). The targeting of membrane proteins to those specific
domains is not completely understood. However, post-translational modifications such as
palmitoylation and glycophoshatidilinositol addition have been related to the lipid raft
presence of some proteins. Moreover, the composition and length of some transmembrane
sequences can influence this specific localization (Paulick and Bertozzi, 2008, Melkonian et
al,, 1999, Diaz-Rohrer et al.,, 2014).

Entities involved in the same signalling pathway need to remain located closely in order to
work in coordination and transmit the specific signal. Actually, lipid raft are considered
platforms where this distance step can be overcome. Furthermore, it has been reported
that lipid raft are implicated in highly different cellular processes such as endocytosis,
exocytosis, internalization of toxins and viruses, cell migration and cell proliferation
(Sonnino and Prinetti, 2013).

Kv channels are known to target those specific membrane subdomains. The localization
into or out of these dynamic location has been related to control their activity and,
therefore, the cell physiology. Lipid rafts are controlling Kv channels not only by
aggregating them with signalling proteins but also by surrounding them of specific lipid
environments. It is widely accepted that interactions between lipids and ion channels can
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alter their functions (Dart, 2010). For instance, the activation of Kv1.3, in high presence of
cholesterol, is shifted towards more positive potentials (Hajdu et al., 2003).

The association of specific Kv channels to those specific domains seems to be specific for
Kv member and cell-type. Moreover, the molecular mechanisms underlying this final
localization are not extrapolable, and retain channel specificity. Kv1.3 is present in lipid
raft domains at T-lymphocytes, Kv1.4 and Kv4.2 in neurons and Kv1.5 in cardiomyocytes,
together with Kv7.1 and Kv11.1 (Dart, 2010) .

1.1.3.2.1. Caveolae

Multiple kinds of lipid rafts have been identified with differences in lipid and protein
composition. The only morphologically identifiable are caveolae, characterised by a Q-
shaped membrane invagination (figure 8). Caveolin is the major structural protein of those
structures and it is responsible for this highly specific membrane pattern. It is a small
protein (18-20kDa) with three submembers in the family: caveolin 1 and caveolin 2, that
are ubiquitous, and caveolin 3 that is specifically expressed at musculature. Attached to
the membrane, rather than a spanning protein, it presents a hydrophobic sequence in the
middle of the protein that hairpin-like is inserted in the inner leaflet of the membrane. At
the N-terminus domain it presents the Caveolin Scaffolding Domain (CSD) which is related
to the caveolin oligomerization, protein-protein interactions and cholesterol binding.
However, the a-helix formed at the C-terminus it is thought to be intimately related with
the membrane by holding palmytoilated cysteines (Williams and Lisanti, 2004).

Caveolae are involved in different functions such as the response to plasma membrane
stretching, cholesterol homeostasis or vesicular trafficking. Moreover, several signalling
proteins have been detected in those domains due to the interaction with caveolin at the
CSD: PKC, eNOS, tyrosine kinases, H-Ras or MAPK (Patel et al., 2008). It was described that
the recognition of an interactor would be through of a Caveolin Binding Domain (CBD)
which is an enriched sequence on aromatic aminoacids. Three main signatures have been
identified as potential CBD: ¢px dxxxx &, Ppxxxx Ppxx ¢ or px dxxxx ¢xx ¢ (where ¢ is an
aromatic residue: Phe, Trp, Tyr, and X is any aminoacid) (Couet et al.,, 1997). However,
there is some controversy with this CBD signal since there is not a common structure
adopted by this domain and it is over represented at the mouse genome: >30% of proteins
exhibited a similar sequence. Thus, the importance of testing the caveolin-protein
interaction and study deeply the consequences are highly convenient (Collins et al., 2012).
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Figure 8. Representation of the plasma membrane with different lipid raft. Centrally represented a caveolae
and at the upper left part a non-caveolae lipid raft microdomain. Different channels and receptors are detailed
in the specified regions (Dart, 2010).

Regarding the ion channels physiology, recently, our laboratory have published that Kv1.3
putative caveolin binding domain is, indeed, responsible for the interaction with the
caveolin and, in turn, provoking the localization of Kv1.3 at lipid raft microdomains
(Perez-Verdaguer et al, 2016a). Moreover, Kv1.5 is also targeted to lipid raft
microdomains by interacting with the third member of the family (Folco et al., 2004).

Not only interactions with scaffolding proteins are driving the targeting to those domains
but also specific post-translational modifications such as palmitoylation, myristoylation or
GPL

1.1.3.2.2. Palmitoylation modification

Posttranslational modifications allow the cell to modulate rapidly protein function,
localization and stability. Particularly, lipid additions have been related to the lipid raft
targeting. Saturated fatty chains extended conformation are suitable to interact with the
highly packed lipid raft structures (for instance palmitoylation or myristoylation),
contrary to branched unsaturated acid chains (for instance prenylation) (Melkonian et al.,
1999).
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Opposite to other modifications, palmitoylation is a reversible modification which
increases the fine-tunned protein regulation depending on the cellular conditions. It
consists on the transference of a long-chain fatty acid to a cysteine, mainly. Two different
kinds of palmitoylation are possible: (I) S-acylation is the transference of a palmitate
through a thioester linkage or (ii) N-acylation which implies the transference to the N-
terminus of a cysteine. It is known that most of the studied cases, palmitoylation happened
in proteins already myristoylated or prenylated.

The addition of the palmitate is exerted by acyltranferases (PATs). Those enzymes are
highly conserved from yeast to humans and more than 20 members have been identified
in mammals. PATs are defined by the presence of the DHHC domain (Asp-His-His-Cys)
involved in the catalytic function. The reverse reaction is held by acylthioesterases, and
just two members have been identified: one placed in the cytosol and the other at the
lysosomal lumen (Nadolski and Linder, 2007, Linder and Deschenes, 2007).

Research about palmitic effects on posttranslational modified proteins is exponentially
increasing. The most commonly described function is to increase the affinity for
membranes of a soluble protein, which can thereby affect not only its localization but also
function. This is the case for both solely palmitoylated proteins and dually lipidated
proteins. It is thought that myristoylation and prenylation promote transient interactions
with membranes. The addition of a palmitate yields a long-lived association with the
membrane of the dually lipidated protein. Thus, the PAT substrate can then move to
different compartments but will do so by vesicle-mediated transfer (Nadolski and Linder,
2007). H-Ras and N-Ras are the example further studied of soluble proteins trafficking by
the conventional secretory pathway to the plasma membrane (Linder and Deschenes,
2007). Several studies have been designed also on deciphering the role of lipidation in
transmembrane proteins. Considering ion channels, upon palmitate addition, BK and
Kv1.5 alter the membrane targeting, while Kv1.1 modifies its biophysical properties
(Jindal et al., 2008, Gubitosi-Klug et al., 2005, Jeftries et al., 2010).

1.2. Kvl1.3

Kv1.3 is the third member of the Shaker related human Kv1 subfamily (Gutman et al.,
2005). It is encoded by the kcna3 gene located in humans at the chromosome 1: 1p13.3. It
was cloned, almost simultaneously, in brain of different species and T-lymphocytes
(Grissmer et al.,, 1990, Grupe et al, 1990, Swanson et al.,, 1990). The gene sequence is
intronless, and variations observed at the mRNA level are due to non-translated regions.
Considering the protein, the o-subunit presents 575 aminoacids in humans and four
subunits are forming a conducting entity. Kv1.3, as a voltage-gated potassium channel, is
classified within the subgroup of outward delayed rectifiers (Hille, 2001).

This channel is expressed in several tissues, but the major intensity is located at the
nervous and the immune system. In brain, ordered from higher to lower expression, is
located at inferior colliculus, olfactory bulb, pons, medulla, midbrain, superior colliculus,
corpus striatum, hippocampus and cerebral cortex. Considering the immune system, it has
been detected in T and B-lymphocytes, pre-B cells, microglia, dendritic cells and
macrophages. Moreover, Kv1.3 is also expressed at lung, islets, thymus, spleen, lymph
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node, fibroblasts, tonsils, oligodendrocytes, osteoclasts, platelets, megakaryocytes and
testis (Gutman et al., 2005). The presence is notably, also, in many cancers (Comes et al.,
2013).

1.2.1. Electrophysiological and pharmacological properties of Kv1.3

Kv channels can increase the variability of their properties by associating with a-subunits
from other Kv families like so interacting with (-subunits. However, when built up as a
homomer, they present some specific biophysical features.

Kv1.3 is activated posterior to a cell depolarization of about -35mV. The channels are
rapidly opened, reaching the maximum peak conductance about 10ms after a stimulus.
The single-channel conductance was calculated around 13pS.

100 ms

Figure 9. Electrophysiological classical Kv1.3 features. A. Potassium currents evoked by Kv1.3 in a voltage
dependent manner. Currents elicited showed C-type inactivation. B. Cumulative inactivation of Kv1.3 currents
upon repetitive pulses. (Grissmer et al., 1990)

Once the channels are opened, if the depolarization is kept, the current suffers a slow
decay. So, Kv1.3 is presenting a C-type inactivation with a Tinactivation around 250ms when
measured at 40mV (figure 9A). There is no presence of rapid or N-type inactivation on the
channel. Another typical feature described on Kv1.3 currents is the cumulative
inactivation. Thus, there is a decrease in the potassium current after repetitive
depolarising pulses (figure 9B) (Grissmer et al,, 1990). The inactivation kinetics of the
channel can be modulated by several inputs such as phosphorylation, temperature, pH or
extracellular ionic composition (Panyi, 2005).

Several different compounds are known to suppress Kv1.3 such as quinine, TEA, 4-
aminopiridine or Psora-4. However, the most effective inhibitors are derivative from
natural venoms. Margatoxin, which exhibits a ICsg in the picomolar range, charybtoxin, Pi2
and Pi3 are scorpion venoms that can impair channel conductance. a-dendrotoxin
presents also this ability but also blocks Kv1.1, Kv1.2 and Kv1.6. ShK toxin is one of the
most specific for Kv1.3, even some effects have been reported on Kv1.1, Kv1.4 and Kv1.6
(Gutman et al., 2005). Produced by a sea anemone, a considerable effort has been invested
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to test derivatives as a future treatment for autoimmune diseases (Beeton et al., 2011, Chi
et al,, 2012). Even though the amount of inhibitors is substantial, no activator has been
identified yet.

1.2.2. Functions of Kv1.3

Kv1.3 is mainly expressed in nervous and immune system. In a nervous cell is mainly
located at the axon. At the brain regions where it is expressed, Kv1.3 modulates the firing
rate. It has been described functional heteromeric complexes of Kv1.3 with Kv1.1, Kv1.2
and Kv1.4 at the brain grey matter while in bovine cortex its accompanied by Kv1.2, Kv1.4
and Kv1.6 (Coleman et al, 1999, Shamotienko et al, 1997). The KO mice presented a
supersmeller phenotype, with a higher ability for stimuli discrimination and a detection
threshold 1000 to 10000 times smaller. Those are exhibiting abnormal firing at olfactory
bulb neurons. Several other proteins have been detected to increase upon impaired Kv1.3
expression, such as odorant receptors or Ky, which explains this phenotype, and PSD95 or
14-3-3 among others (Fadool et al, 2004). Moreover, after a stimulation of insulin
receptor expressed at the olfactory bulb, which inhibits Kv1.3 by phosphorylation, the
obtained phenotype resembles the supersmeller Kv1.3 KO mice (Tucker et al., 2010).

Kv1.3 plays a pivotal role in the activation and (Szabo et al., 2008, Beeton and Chandy,
2005). After TCR activation, calcium release from the endoplasmic reticulum is mediated
by the PLCy effects. The sustained calcium signalling is necessary for the induction of the
gene expression involved in activation and proliferation. Kv1.3, together with K¢.3.1, is
generating enough driving force to enhance the entrance of extracellular calcium through
Orail. Mediated by calcineurin, NFAT will be translocated to the nuclei in order to
transcribe those previously mentioned genes (figure 10). So, Kv1.3 is necessary to achieve
the proper threshold to the activation to happen (Cahalan and Chandy, 2009). The channel
has been related to several autoimmune diseases such as type-lI diabetes, multiple
sclerosis or arthritis rheumatoid. Moreover, from patients suffering those illnesses Kv1.3
overreactive Tgm were isolated, and blocking of the channel ameliorates the effects of the
multiple sclerosis (Varga et al., 2010).

Upon activation, it is known that Kv1.3 is translocated to the immunological synapse
where colocalise with TCR, CD3 or PSD95 (Panyi et al, 2004). The nature of those
signalling platforms has been related with lipid raft microdomains. Moreover, alteration of
the lipid raft formation has been related to the also autoimmune disease Sistemic Lupus
Erythematous (SLE)(Nicolaou et al., 2007, Nicolaou et al., 2010).

While activation of the channel is involved in activation and proliferation of the immune
system cells, the inhibition could be related to apoptosis. The dual role of Kv1.3 in
lymphocyte physiology highlights the importance of fine-tunning its localization and
function. It is worthy to mention that Kv1.3 KO mice do not present alteration in the
immune system functions due to the compensation by the increased role of chloride
channels (Koni et al., 2003). However, it was reported a decreased incidence and severity
to the development of the related multiple sclerosis mice experimental phenotype (Gocke
etal, 2012).
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Figure 10. Signaling cascade initiated upon T-lymphocyte activation. Pathway of gene expression
enhancement implies Kv1.3 activity. Blue and pink arrows point out the roles of the different proteins in acute
or chronic activation respectively (Cahalan and Chandy, 2009).

Several other tissues present this channel, but in a lower extend. Kv1.3 has been proposed
as a mediator for the glucose uptake in insulin-sensitive cells. The blocking of the channel
would lead to a release of calcium from the internal stores, due to the hyperpolarization
generated. Due to this increase, Glut4 receptor would be translocated to the membrane
(Choi and Hahn, 2010). Moreover, Kv1.3 depleted expression leads also to a decreased
body mass, as well as in the number of fat bodies. This phenotype was reported to be also
diet-induced obesity resistant (Upadhyay et al., 2013).

1.2.3. Trafficking and subcellular location of Kv1.3

As determined for other Kv channels, Kv1.3 is translated by the ribosomes at the rough
endoplasmic reticulum, even they do not present the typical signal that directs the channel
to this compartment. Specifically for Kv1.3, S2 was reported to enhance the target to this
localization (Tu et al., 2000). Some glycosylation are performed in the structure along the
secretory pathway placing a N-glycosylation in the S1-S2 loop (Baycin-Hizal et al., 2014). It
is while travelling through the secretory compartments that some other interactions will
take place, for instance with Kvf3 subunits or KCNE4 (Shi et al.,, 1996, Sole et al., 2009).

In heterologous systems, Kv1.3 homomers present a good traffic to the plasma membrane.
Specifically, it has been found to be present at lipid raft microdomains when expressed in
HEK cells (Vicente et al., 2008). The mobility of the channel is altered upon changes on the
cholesterol levels in this cell line as well as its electrophysiological properties in T-
lymphocytes (0'Connell and Tamkun, 2005, Hajdu et al.,, 2003). Moreover, the induction of
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the apoptosis in T-lymphocytes promotes the mobilization to some ceramide enriched
rafts (Bock et al., 2003).

Even though the majority of its expression is located at the cell surface, Kv1.3 has been
detected at the inner mitochondrial membrane of lymphocytes (Szabo et al, 2005).
Molecular determinants underlying this targeting remain unclear. Kv1.3 could reach this
specific location straight from the biogenesis, travelling through MAM domains
(mitochondria associated ER membranes). However, it cannot be discarded that recycled
channels from the membrane are delivered at the mitochondria or any other non-
determined yet pathway. Some theories propose that the length of transmembrane
domains is the clue for their final targeting (Szabo et al, 2010). At the mitochondria
physiology, upon apoptosis signal, Bax would change the membrane potential by blocking
the channel conductance and provoking the release of the cytochrome C (figure 11) (Szabo
etal, 2008).

APOPTOTIC
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Figure 11. Schematic representation of mitochondrial Kv1.3 role in apoptosis. Inhibition of the channel by Bax
would lead to an increase in ROS(Szabo et al.,, 2008) .

1.2.4. Regulation of Kv1.3 activity

The modulation of Kv1.3 can be exerted by different types of inputs. The
heteroligomerization, as mentioned before, can fine-tune the final current and localization
of the channels (Gutman et al.,, 2005). Not only at the nervous system, as mentioned
before, but also at the immune system is forming heteroligomeric complexes . Kv1.3 is
forming functional channels with Kv1.5 in macrophages (Vicente et al., 2006, Villalonga et
al, 2007). Moreover, in dendritic cells are involved in the production of inflammatory
cytokines (Matzner et al., 2008).

The interaction with auxiliary subunits such as KCNE4 and KvB2.1 is analyzed deeper in
next sections. Further associations that control and modulate the channel function and
localization were reported such as with MAGUK proteins SAP97 and PSD95 (Marks and
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Fadool, 2007). Disruption of the PSD95 interaction is known to impair the Kv1.3 presence
at immunological synapse (Szilagyi et al., 2013). Furthermore, those not only localize the
channel at the plasma membrane by interacting with PDZ domains, but also served as
platforms for other regulators, for instance Lck (Hanada et al, 1997). Kv1.3 can be
modulated by several kinases with different effects: PKA, PKC, Src kinases or tyrosine
kinase-activity receptors (EGF and Insulin receptors) (Payet and Dupuis, 1992, Gulbins et
al, 1997, Fadool, 1998, Bowlby et al, 1997, Marks and Fadool, 2007). It was also
demonstrated a calcium mediated regulation by the association with CaM kinase II but in
the absence of calmodulin direct association (Chang et al., 2001, Fanger et al, 1999).
Recently, a reduction on Kv1.3 currents dependent on calcium has been proposed for
megakaryocytes (Martinez-Pinna et al., 2012). Previous results had been published on the
Kv1.3-calcium relationship. Those were focused on the extracellular level of it showing an
enhanced inactivation of Kv1.3 when it arises (Douglass et al, 1990). Finally, a direct
interaction between the channel and -integrins was detected, suggesting a putative new
role by an intimate relationship with the cellular adhesion (Levite et al., 2000).

1.3 . Regulatory subunits

The in vivo expression of voltage-gated potassium channels is mainly forming
channelosomes: multi-subunit complexes formed by Kv subunits (a subunits) and
accessory subunits (P subunits). Those regulatory subunits influence a wide range of Kv
channel properties; not only gating and pharmacology but also trafficking, subcellular
localisation, post-translational modifications, etc. Among the different accessory subunits
described, some of them are citoplasmatic (Kvf3, KChIP and KChAP) and others are integral
membrane proteins (KCNE or DPPLs). Different insults have been reported to control the
expression or the subcellular localization of them, fine-tuning the variability of
channelosomes at different cell moments (Pongs and Schwarz, 2010, Li et al,, 2006).

1.3.1. Kvf family

KvB subfamily was the first accessory subunits identified. Attached to the purified
glycosylated Kv channels employing the o-dendrotoxin, the determination of the
proteolityc Kvf3 polypeptides yielded partial sequences of Kvf1 and Kv32 protein (Scott et
al, 1990, Scott et al,, 1994). This information was used to clone the mammalian Kvf3
family. Three gene sequences are encoding for the family: Kv1, Kv2 and Kv(3 (figure
12)(Heinemann et al., 1995, Leicher et al,, 1996, Pongs et al., 1999, Schultz et al., 1996).
Each of them presents alternative splicing variants with different protein sequence and
varies upon the specie. In the human genome there are three gene products of the Kvf1
coding sequence: Kvf31.1, Kv31.2 and Kvf31.3. Kv32 exhibits two protein isoforms but up to
seven splice variants are obtainable from the human genome. However, human, mouse
and rat present only one peptide confirmed encoded by KvB3 (figure 12)(Kilfoil et al,,
2013).
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Figure 12. Schematic representation of Kvf3 subfamilies gene and protein products. Kv31 at the top, Kv2 in
the middle, and Kv33 at the bottom part (Kilfoil et al., 2013).

This regulatory subunit family is known to modulate gating and trafficking properties of
the Kv1 subfamily. The interaction interfaces are placed at C-terminus domain of Kvf3 (also
known as core region) and the N-terminus of Kvl or Kv4 subfamily (Li et al., 2006).
Previous to the crystal structure, biochemical studies on Kv1l N-terminus domain

elucidated that the specific region implicated is the one shown in figure 13 (Sewing et al,,
1996). This protein region is well conserved in all Kvl members, providing the molecular
explanation for the specificity of Kvfs for this Kv subtype.
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Kyl.1 118- KFYELGEEAMEKFREDE -134
Kyl.2 114- RFYELGEEAMEMFREDE -130
Kyl.3 135- RFYQLGEEAMEKFREDE -151
Kyl.4 259- KFYQLGEEALLKFREDE -275
Kyl.5 192- RFYQLGDEAMERFREDE -208

Kyl.6 122- RFYQLGDEALAAFREDE -138

conserved -FY-LG-EA---FREDE

sequence

Figure 13. Experimentally determined region of interaction among Kv1 channels and Kvf3 members. High
conservation among the Kv1 family (Sewing et al., 1996).

However, the analysis of the crystal structure revealed some different results. The
complex between the four T1 domains of a complete channel and the Kvf tetramer is
formed by the contact of four loops (figure 14A). The position of the interaction domain is
located among M-70 and Y-80 of rKv1.1 T1 domain (figure 14B) (Long et al., 2005, Pongs
and Schwarz, 2010, Gulbis et al., 2000).

Figure 14. Structure of the T1 domain - Kvf subunits. A. Lateral view exhibitin four contact loops that form
the primary interface between T1 and Kvf tetramers. T1 is shown in red. Kvf3, in blue. B. Molecular detail of a
T1 contact loop touching the 8 subunit surface (Gulbis et al., 2000).

The members of Kvf family present a 70% of similarity. Protein sequence alignment
revealed a variable N-terminus giving diversity to the different peptides followed by a high
conserved sequence, also called core region (Pongs and Schwarz, 2010, Li et al., 2006).
This region is formed by 330 aminoacids and presents some features that allow us to
classify the KvB family within the oxidoreductase family (Kilfoil et al, 2013).
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Bioinformatics was confirmed by the low micromolar affinity for the oxidoreductase
cofactors (NADPH and NADP+) when Kv{3 subunits were isolated (Liu et al., 2001).

1.3.1.1. Aldoketoreductase activity

The aldoketoreductase superfamily contains 190 annotated proteins in 16 different
subfamilies. Each enzyme is characterised by the same protein fold, a triose-phosphate
isomerase TIM barrel or (a/P)s-barrel with the insertion of several additional helixes
(figure 15) (Hoog et al., 1994, Wilson et al., 1992).

a/a Interface B/B Interface (B barrel) : Catalytic face (C-term of sheets)

/B Interface (a-X-B motif)

Axis of the B barrel

Figure 15. Schematic representation of the TIM barrel structure. A. Top view. It shows a-helixes depicted in
red, loops in green and f-sheets in yellow arrows. B. Lateral view of the TIM barrel (Vijayabaskar and
Vishveshwara, 2012).

Sequence alignment identifies a common cofactor binding domain which permits pro-R-
hydride transfer to the acceptor group, and a conserved catalytic tetrad of Tyr, Lys, His
and Asp(Jez et al, 1997). For the nomenclature, if the sequence presents a value lower
than 40% identity, it becomes a new family (AKR1, AKR2, etc). Greater than 60%
similarity between members, groups them within the same family. (Penning, 2015)

AKR family catalyse the reduction of an aldehyde to an alcohol by oxidizing and NADPH
cofactor. The reaction follows a kinetic mechanism shown in figure 16. An AKR (E in figure
16) binds sequentially an NADPH and an aldehyde substrate to form a ternary complex.
The redox reaction occurs, then, when AKR helps a hydride to be transferred from the
cofactor to the aldehyde. The product, an alcohol, dissociates from the AKR and so the
oxidized cofactor NADP+ (figure 16). The hydride transfer step is usually a fast step, and
nucleotide exchanges steps, or the protein conformational changes associated with them,
are slow and rate-limiting (Weng et al., 2006).
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Figure 16. General enzymatic cycle of aldoketoreductases. Reduction and oxidation of NAPDH are also
specified (Weng et al.,, 2006).

AKRs display nanomolar affinity for NADPH with Kd values in the range of 10-120nM but
exhibit a micromolar affinity for NADH with Kd values between 100-250uM. Thus, the
enzymes are thought to use the prevailing concentrations of NADPH and NAD+ in cells.
However, the high affinity for NADPH ensures that there is potent product inhibition of
NAD+ dependent oxidation reactions (Penning, 2015). Stable and transiently transfected
mammalian cell lines show that when AKRs are forced to use the prevailing cofactor
concentration in cells they catalyse reduction reactions only (Kilfoil et al., 2013).

The crystal structure of Kv32 revealed that, similar to the already described AKR topology,
each subunit consists in a TIM barrel: agPs arrangement of a-helixes and R-strands (figure
17) (Gulbis et al., 1999, Torres et al., 2007).

Figure 17. Comparison between Kvf3 subunit and 3a-HSD aldoketoreductase by structural overlapping. Kvf is
represented in black, 3a-HSD in red .

The conserved residues for the catalytic site are conserved but the histidine is changed
into an asparagine residue. Kvf3 belongs to the AKR6A family and the nomenclature for
KvB1, KvB2 and Kvf3 is AKR6A3, AKR6AS5 and AKR6A9 respectively (Kilfoil et al., 2013,
Penning, 2015).

From a purified Kvf32 protein it was measured that indeed, there was a NADPH oxidation,
depending on its concentration. Corresponding to physiological pH ranges, its maximal
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functionality was stablished between pH=7,2 - 7,4. KvB2 presented an aldehyde reduction
not limited or affected by product inhibition and in vitro models showed that there was no
observable cooperativity due to the tetramerization form. (Tipparaju et al., 2008)

Some aldehydes and ketones were identified as Kvf32 substrates, not only chemical
compounds but also natural ligands (Tipparaju et al,, 2008, Xie et al.,, 2011, Alka et al,,
2010, Weng et al., 2006). For instance, it was described that Kv32 can reduce aldehydes
and Kketones in enzymatic or nonenzymatic oxidized phospholipids (such as lipid
peroxidation products), linking this family of proteins to the oxidative stress state. Some of
these compounds can affect a variety of signalling pathways, leading to changes in
vasodilatation, myocyte excitability and cell adhesion (Tsakadze et al., 2003, Bhatnagar,
1995, Leitinger et al., 1997). By mutating some residues in the Kv[32 active site (tyrosine,
lysine and aspartate) it was proved the specificity of those reactions. Specifically, tyrosine
in the 90 position is clue to the acid-base catalysis which acts as a proton donor, already
identified for other AKRs. Analysis of the opposite reaction (from alcohol to aldehyde)
revealed a difficulty for the release of the cofactor once it's oxidized. This enzimatis
characterisation proved that Kv[32 is a slow enzyme to complete the entire turnover, but
the rate for the hydride transfer is fast enough to consider it as a sensor of the redox state
in the cell (Tipparaju et al,, 2008, Xie et al,, 2011).

Even the crystal structure was pointing to this interaction, Kvf32-NADPH dynamic
complex, as well as for Kvf1.3, was determined and some residues involved in the
interaction were characterised (Gulbis et al, 1999). The ability to interact with the
cofactor is localised in the C-terminus of the protein, independently from the variable N-
terminus. So, suggesting that probably is a general feature for all Kv3 family. However, the
affinity of Kvp2 for the cofactor is far higher than the Kvf1.3, exhibiting that this
parameter would be variable among the different members (Tipparaju et al,, 2007). The
avidity for pyridine nucleotides is similar to that observed for other enzymes of the AKR
superfamily. Interestingly, and in contrast to others, the cofactor is attached to a deep cleft
in the protein and covered by the 1-aG loop (yellow loop in figure 18) (Weng et al,,
2006).

Figure 18. Structure of Kvf3 together with NADPH. NADPH, showed in light blue, is placed in a cleft. Loop
covering this space in yellow (Weng et al,, 2006).
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The testing for the recognition of different cofactors showed that Kvf3 detects the ribose 2’
phosphate of NADPH in detriment of NADH and so exhibiting a higher affinity. When
compared, the avidity for NADPH is three fold higher than for the oxidized form of the
cofactor. However, the oxidized form is preferred when NADH cofactor is analysed (Liu et
al,, 2001). Considering on one hand the preference for NADPH/NAD and on the other hand
the major affinity for NADPH, authors speculate that in normal physiological conditions,
where NADPH and NAD are the prevalent forms, Kv3 would be interacting with NADPH
(Kilfoil et al.,, 2013). However, conditions leading to a decrease in the concentration of
NADPH and an increase in NAD (e.g. hypoxia and oxidative stress) may result in changes in
the nature of the KvB-nucleotide binary complex (Coppock et al., 2001, Ishii et al., 2013).
All this data is strongly concomitant with the studies developed on other AKR members..

- AKR activity regulation of Kv channels

Upon oligomerization with the channel Kvfs form tetrameric structures with four-fold
symmetry (figure 14) matching the one seen for the conducting complex Kv channel.
(Long et al,, 2005). In those compositions, the active centre of their aldoketoreductase
activity is facing out of the axis. The analysis of the crystal structure leads to detect a
NADPH nucleotide in the Kvf structure while its interacting with the o subunit (Gulbis et
al,, 1999).

Considering the specificity of this enzymatic function, the putative effects on the channels
were analysed. Several different modulations derived from Kvf AKR function were
discovered. It was determined that NADP+ impairs the inactivation of Kvf31 on Kv1.1 as
well as Kv3 on Kv1.5 (Pan et al,, 2008a, Tipparaju et al,, 2012). It is also impeding the
KvB2-hyperpolarizing shift on Kv1.5 activation. And, concomitantly, in single channel
experiments, the mean open time and the open probability was increased for
Kv1.5+Kvf1.3 and Kv1.1+KvB1.1 (Tipparaju et al, 2005, Pan et al., 2008a). Different
mutants were generated on Kvf31.3 wild type sequence with gradable effects on its affinity
for NADPH. It was seen that the higher the impairment of the interaction, the fewer the
inactivation effect on Kv1.5. The addition of NAD+* to the intracellular solution in COS cells
expressing both Kv1.5 and Kvf31.3 exert the same phenotype. The mutants that are
exerting the stronger change in NADPH affinity, modified also the expression pattern:
lesser extend of colocalization with Kv1.5 was observed (Tipparaju et al., 2005). So, those
results indicated that pyridine nucleotides can bind directly to Kvf3 active site and that
NADP+ attachment induces conformational modifications that reduce the inactivating or
the hyperpolarising effect, while NADPH preserves or promotes inactivation. Because
NAD+/NADPH ratio is sensitive to oxygen concentration, Kvf-mediated effects on Kv
channels could represent an oxygen-sensing mechanism (Chapalamadugu et al,, 2015, Ishii
et al., 2013). Considering the Kv distribution, Kv3 subunits can enhance the traffic of
Kv1.2, but none of the mutants for the cofactor binding site are able to exert this function
anymore. Concomitantly, the Kv1.2 axonal traffic its impaired when Kv31 or Kv[32 cofactor
binding mutants are coexpressed(Campomanes et al., 2002).

Both Kvf1 and Kvf2 display measurable catalytic activity with model and endogenous
aldehydes. Enzyme kinetic studies have shown that like other AKRs, Kvf3 uses the active
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site tyrosine residues (Tyr-90) for acid-base catalysis and that the catalytic cycle follows
an ordered reaction scheme in with the bond-breaking step is rate-limit. Thereby, it was
proved that 4-CY (Kv[ substrate) is able to decrease the rate of channel inactivation of
Kv1.4+ Kvf2.1 and also Kv1.1+Kvf31 (Weng et al., 2006, Pan et al., 2008a). Concomitantly,
when catalytic residues were mutated, they were not conferring rapid inactivation on
Kv1.5 at the same wild type’s extension (Bahring et al., 2001). Upon traffic analysis, Kv32,
is not exerting its trafficking modulation on Kv1.4 when this residue is substituted for a
phenylalanine. However, neither this change in Kv32 nor in KvB1 is modifying the traffic
control on Kv1.2. Only when switched for alanine, the effect is completely abolished. This
was shown to be important also for the proper axonal targeting of Kv1.2 (Campomanes et
al,, 2002).

By mutating the lysine, also placed at the active site, which diminishes the catalytic rate,
slows inactivation of Kv1.1+Kvf31currents. This effect could be due to the production of
NADP+ from NADPH in the reaction (Pan et al.,, 2008a). However, other authors defend
that neither some residues involved in the orientation of the nicotinaminic ring nor the
catalytic site are changing the extension of inactivation of Kvf32 on Kv1.4 (Peri et al,
2001).

Even the Kvf3 molecular determinants involved in the interaction with Kv channels are
placed in the N-terminus, the electron microscopy single particle analysis of the Shaker
channel bound to Kvf2 shows that the C-terminus domain is in close contact with the Kvf3
active site (Sokolova et al.,, 2003). The removal of this channel end in Kv1.5 leads to a
prevention of the KvB2 and Kvf33 regulation. It presents a higher affinity for interacting
with NADPH-bound Kvf32 rather than NADP-bound one (Tipparaju et al.,, 2012, Pan et al,,
2008a). However, unlike Kv1.5, the C-terminal domain of Kv1.1 doesn’t affect the Kvf31
modulation (Pan et al., 2008).

Far from the typical domains of the aldoketoreductases, at the N-terminus, it was
described that the cysteine in position 7 of Kv31.1 sequence leads to an insensibilization of
the inactivation to the redox state of the cell(Rettig et al., 1994).

Collecting all the results, coupling of Kv channels to oxidoreductases subunits can conduct
to two different situations yet to be completely deciphered. On one hand, Kvf3 proteins
would confer redox sensitivity coupling the intracellular redox state with the membrane
excitability. On the other hand, voltage-dependent changes in the Kv channel could
regulate Kvf3 catalysis by affecting the configuration of the Kvf3 active site (Kilfoil et al.,
2013).

1.3.1.2 Kvf subunits

From the crystal structure, as we mentioned before, Kvf family forms a fourfold
symmetric tetramer of TIM barrels, each comprising eight parallel 3-strands that build a
central core with a-helices surrounding the perimeter of the barrel (Gulbis et al., 1999).

The Kvf structure shows some other properties similar to those previously observed in
the T1 tetramer structure: both have intersubunit interfaces that are mediated
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predominantly by polar interaction, and both have a central water-filled cavity that is line
with positively charged residues. The sizes of these cavities indicate that ions probably do
not pass through these regions, but the ion-conducting pathway should reside between
the T1 tetramer and the inner leaflet of the membrane (Biggin et al., 2000).

The oligomeric structure of Kvf3s was under debate for some years. On one hand it was
described that Kv32, but not Kvf31 subfamily members, had the ability to form homo and
heteroligomeric structures. The theory behind this hypothesis implied that the N-terminus
domain of Kvp2 was necessary, and absent in Kvf1, to interact with the core domain (Xu
et al, 1998). Thereby, KvBf2 was presumably able to inhibit the Kv1 modulation on
different Kv channels due to its ability to form homo and heteroligomers. This condition
leads to a dose-independent control of their effects (Xu and Li, 1997). The tetrameric
structure of Kv32 was then confirmed by atomic force and electron microscopy. They also
detected some trimeric structures that assume to be intermediate stages of the
complexation (van Huizen et al, 1999). However, implementing the same technique,
another laboratory could detect oligomeric formations of the Kvf31.2 member (Accili et al.,
1997a) . The theory was confirmed by a detection of intermediate inactivating currents
when Kvf31.2 and Kvf1.2 mutant for the inactivating ball were mixed. The different results
obtained at the two laboratories could be due to differences in the affinity for forming each
homoligomer (of Kvf31 and Kvf32) or to different Kvf3 stoichiometry. However, no more
investigation was addressed to solve this disjunctive.

The interaction with Kv channels is thought to happen early in the biosynthesis pathway.
Some evidences point out to a coimunoprecipitation with mature and immature Kv forms
(Nagaya and Papazian, 1997). Some specific combinations of Kv[p-Kv channels are
enhancing the traffic to the plasma membrane, observed in an increase on the maturation
form and inferring an early complex formation (Shi et al.,, 1996).

Three members are included in this family: Kvf31, Kvf2 and Kv33. Each of them conserve a
core domain at the C-terminus (>85% of similarity) and a variable N-terminus (Pongs and
Schwarz, 2010).

1.3.1.2.1. Kvp1

This subfamily presents three different alternative splicing variants: Kv31.1, Kvf31.2 and
Kvf1.3. All of them share an N-terminus with a sequence similar to that of the a- subunit
N-terminal inactivation ball, which folds up into a compact domain by itself (figure 19).
The Kv-Kvf combination will determine the final current exhibited (Pongs and Schwarz,
2010).

It is widely and heterogeneously expressed an adult rat brain. By analysing the mRNA, a
very high density of Kv31 expression was observed in the striatum, nucleus accumbens,
olfactory tubercle, CA1 subfield of the hippocampus, and entorhinal and posterior
cingulate cortices, and in several midbrain and brainstem motor nuclei. Intermediate
levels of Kv31 were detected in the piriform cortex; neocortex; medial septal-diagonal
band complex; anterior, mediodorsal, and ventral tier thalamic nuclei; and the cerebellar
cortex and deep nuclei. Low levels of KvB1 expression were observed in the globus
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pallidus and hypothalamus. At a cellular level, we can find them in cell bodies, dendrites,
juxtaparanodal regions of myelinated axons, and terminal fields of several major
projection systems (Rhodes et al., 1996). They are also expressed in immune system cells,
such as T- and B-lymphocytes as well as macrophages (Autieri et al., 1997). Upon different
stimuli, Kvf31.1, Kvf1.2 and Kvf1.3 are regulated in the later one. While M-CSF is
increasing the expression of all of them, LPS and TNFa lead to different Kvf3 expression.
LPS elevates KvfB1.1 and Kv[(1.3 expression with a major pic at 6h while Kvf1.2 is
decreasing. TNFa decreased KvfB1.2 in a similar extension, and increase the other two
subunits with a pic at 24h (Vicente et al., 2005).

Ky B1 MQ EHNL
Ky 1.4 MEVAMVS
Ky 3.4 M

Shaker MAAVAGLYGL

Figure 19. Inactivating ball-and-chain determined at Kv3 N-terminus. A. Sequence alignment of inactivating
regions on Kvf1, Kv1.4 and Kv3.4. B. Blocking mechanism exerted by Kvp1 on Kv channels (Rettig et al.,
1994).

The Kvf1.1 is the shortest member of the Kv1 subfamily and it was the first member
identified (together with Kv32) when isolating DTX-sensible channels (Scott et al., 1990,
Scott et al,, 1994). It is widely expressed at the nervous and cardiac system (Pongs and
Schwarz, 2010). It has been described that Kvf31.1 could increase its expression upon
development in the nervous system, enhancing inactivating currents in mature
hippocampal neurons (Falk et al., 2003, Butler et al., 1998). However, other laboratories
found a decrease in the adult hippocampus compared with post-natal day 9(Downen et al,,
1999). Its expression is regulated in macrophages, as previously described, but also in T-
and B- lymphocytes. Upon IL2 treatment, there is an increase in T-lymphocytes around the
6h, and the exposure of B-lymphocytes to LPS enhances a similar incremented expression
(Autieri et al., 1997).

It confers rapid inactivation to Kv1.1, Kv1.2 and Kv1.5, but not to Kv1.3 and Kv1.6. The
inhibition on Kv1.5 was almost complete, while on Kv1.1 and Kv1.2 a significant steady-
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state current remained. Its observable a small initial inactivation component on Kv1.3
current (Heinemann et al., 1996). Other laboratories suggest that this is not even present
(McCormack et al, 1999). It generates a faster inactivation on Kv1.4, and upon
coexpression both closing domains compete for the interaction site (Leicher et al., 1996).
It is also affecting the recovery from inactivation, increased under coexpression in a
twofold level of Kv1.4 (Rettig et al., 1994). No effects on C-type inactivation were reported
for this channel (McIntosh et al., 1997). The absence of N-type inactivating effect on Kv1.6
it’s due to the presence of a region called N-type inactivation-prevention that impairs,
acting as a dominant negative, this Kv1.1 effect (Roeper et al., 1998).

The analysis of the ball-and-chain domain of Kvf1.1 has elucidated that inactivation
occurs through the interaction of the Kv channel with the fully extended N-terminal
peptide. The occlusion gate would be formed by two regions: one hydrophobic and
another hydrophilic. The hydrophobic region of the peptide would extend from the cavity
to the intracellular entryway, while the hydrophilic peptide region would emerge from the
pore and interact with the aqueous protein surfaces lining the cage formed above the T1
domain.

By this mechanism, the A-type channels would move from open (0O) to inactivated (I)
passing through one different state (0’), when the hydrophilic region is contacting its
receptor zone (figure 20) (Zhou et al., 2001).

J--"

\

Figure 20. Two step model for Kvf31 subfamily members’ Kv blocking. A. Schematic representation of both
parts involved in the inactivation. B. Equilibrium of the three putative Kv-Kvf complex’s states (Zhou et al,,
2001)

Even inactivation is the most popular function, some other effects can be observed from
the mixture Kvf1.1/Kv channels. Some laboratories have found that Kvf31.1 can exert a
shift in the activation to more depolarizing voltages when coexpressed with Kv1.5, while
others defend that there is not such an effect (Leicher et al., 1996, Heinemann et al., 1995).
The coassociation with Kv1.4 can accelerate the activation time constant up to two fold;
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however the voltage dependence of Kv1.4 is not appreciably altered (McIntosh et al,,
1997).

It has been proposed that it can increase the expression of Kv1.2, Kv1.3, Kv1.4 and Kv4.3
at the cell surface (McCormack et al.,, 1999, Shi et al., 1996, McIntosh et al., 1997). But, on
Kv1.5 is demonstrated the contrary effect: the current density is decreased upon
coexpression with Kvf31 core (Accili et al.,, 1997b). For Kv4.3, as well as on Kv4.1 and
Kv4.2, no major inactivating events are exerted by KvB1.1 and the interaction among them
is placed in the C-terminus of the Kv4 channels (Yang et al., 2001, Perez-Garcia et al., 1999,
Heinemann et al., 1996).

Kv channels modulation by this accessory subunit can, at the same time, be controlled by
other insults. It has been demonstrated that PKC and PKA can influence the current
evoked by some Kv alpha and Kvf3 combinations. Thus, activation of PKA leads to a Kv1.1
phosphorylation that enhances Kvf31.1 effect, while PKC would reduce its extent by
dephosphorisation of the same residue (Levin et al., 1996b, Levy et al., 1998, Martens et
al,, 1999).

Not only phosphorylation has been demonstrated to present an effect on Kv31.1 function,
but also lipid interaction. PIP; has the ability to immobilize the ball-and-chain domain of
KvB1.1 and thus preventing the block of the Kv1.1 channel. Neither the activation nor the
C-type inactivation was modified by the presence of this lipidic compound (Oliver et al.,
2004). Moreover, it has been proved that Kvf1.1 effect on Kv1.1 is mitigated by the
increase of calcium intracellularly. The calcium-sensing domain is placed in the N-
terminus of Kvf1.1 but the specific determinants remain unkown. Both PIP, and Ca2* are
stimulus that can disappear restoring the effect of Kv1.1 on the Kv channels, and thus
allowing a sporadic plasticity of the Kv currents (Jow et al., 2004).

It was predicted and widely accepted that Kvfs are a cytoplasmic family due to the
absence of putative transmembrane domains and possible glycosylation residues.
However, Kvf1.1, but not Kv2.1, can interact with actin-based citoeskeleton driving this
protein close to membrane regions (Nakahira et al, 1998). The disruption of
microfilament results in increased Kv(1.1-induced inactivation, probably due to the
release of the N-terminus inactivating domain (Levin et al., 1996a).

The knock-out mice for Kvf1.1 revealed a milder effect compared with the previous
expectations. Upon spike trains, hippocampal neurons exhibit a broadening on the
response spikes. The Kvf31.1-/- revealed a reduction on the recorded broadening. This
effect leads to a smaller amplitude of the slow hyperpolarization, and this links with fewer
Ca2+ dependent processes. The learning was, actually, affected, but not all types of it. The
KvB1.1/- mice could learn but there is an absence of implementation of the learning to a
new situation. It was called: the flexible learning (Giese et al., 1998).

The Kvf1.2 is the member with a medium size. Its expression has been detected in
nervous and cardiac system as well as Kv[31.1. It is present at atrium and ventricle, skeletal
muscle, lung and kidney.

KvB1.2 interacts with Kv1.2, Kvl.4 and Kv1.5 at cardiac tissue. It confers rapid-
inactivation to Kv1.5, but with less potency that Kv31.1 (Leicher et al., 1996), comparable
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to the effect on Kv1.2 (Accili et al, 1997b). On Kv1.4, increases the voltage-dependent
component of inactivation, reduces the peak current and shifted steady-state inactivation
towards hyperpolarized potentials (Accili et al, 1998). The inactivation observed for
Kvf1.2 is not only N- but also C-type. This phenomena was detected also in Shaker
channels and it is paradigmatically exerted by Kv31.2 N-terminus domain, linking to the
proposed relationship between N and C-type domains for the A-type channels (Morales et
al,, 1996).

Similar to KvB1.1, KvB1.2 can increase the current density of Kv1.2 but it does not affect
the activation parameters. However, the deactivation of this channel was slowed (Accili et
al,, 1997b).

PKC can also modulate Kv31.2 effects. It can lead to a specific decrease of Kv1.5 current
only when it was coexpressed with Kv31.2 and not with Kvf1.3 (Williams et al., 2002). On
the other hand, those currents were not modulated by PKA (Kwak et al.,, 1999). Kv[31.2 has
been described to interact with KChAP through its C-terminus domain, and both can
interfere in the other’s function. KChAP impairs the inactivation on Kv1.5 by Kv31.2, and
the later can reduce the chaperon effects on Kv4.3 and Kv2.1 of the former (Kuryshev et
al,, 2001).

The Kvf31.3 is the longest member of Kvf31 subfamily and it was the latest identified
(England et al.,, 1995a). Its expression has been detected in nervous system and cardiac
tissue. It is thought to form a hairpin structure at the N-terminus that will occlude the pore
interacting with amino acids deep on it.

It exerts a rapid but incomplete inactivation on Kv1.5, as well as Kv1.1, and it also modifies
the voltage dependence of Kv1.5 channel opening by shifting the midpoint of activation 8-
20mV in the hyperpolarizing direction. In addition, deactivation is slowed (by 2.4-fold)
and peak current is depressed five-fold by what may be an ultrafast inactivation
mechanism, without a decrease in cell surface channel protein (England et al, 1995a,
Uebele et al., 1998) Moreover, upon coexpression, Kvf1.3 changes its distribution to
exhibit a more membrane-like phenotype (Tipparaju et al., 2007). Kv31.3 has been
described to modify Kv1.5 in different ways under pharmacological treatments. It
generates a diminution in the sensitivity of the channel to the block induced by
antiarrhythmic drugs and local anesthesics, and a decrease in the degree of stereoselective
blockage (Gonzalez et al., 2002, Decher et al., 2005, Arias et al., 2007)

Some phosphorilation events on them have been reported. While all the KvB1 subfamily
members possess a conserved PKA phosphorilation predicted site, Kvf1.3 shows two
more in the variable N-terminus. Upon Kv1.3+Kv1.5 coexpression, PKA activation slowed
fast inactivation with a small peak of K+ current. This effect leads to an increase in total
Kv1.5 currents (Kwak et al, 1999). On the other hand, the Kvf1.3 requires the
phosphorilation of PKC to exert its inactivating function on Kv1.5. The inhibition of PKC
leads to some Kv1.5-like currents without the loss of the complete complex (David et al,,
2012).

Moreover, Kv31.3 has a molecular determinant that allows it to couple with PIP; Similar to
KvB1.1, the interaction abolishes the inactivating properties on Kv1.5. PIP; is, then,
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immobilizing and preventing the ball-and-chain domain from entering the central cavity to
induce N-type inactivation (Decher et al., 2008).

1.3.1.2.2. Kvp2

This subfamily present two different members: Kvf32.1 and Kvf32.2. Unlike Kv31.1 family,
those two members differ from very few aminoacids. The member Kvf2.1 presents 14
more aminoacids (STRYGSPKRQLQFY) at position 25 that are missing in Kv32.2 (figure
21). The first member discovered was Kv[32.1, along with Kvf31.1, and the main research
performed has been about this member or the common core of all the Kvfs, assuming
similar effects to Kvf32.2. Unlike KvB1 family, it does not present any ball-and-chain
inactivation domain (Pongs and Schwarz, 2010).

Kvf2.1 MYPESTTGSPARLSLRQTGSPGMIYSTRYGSPKRQLQFYRNLGKSGLRVSCLGLGTWVTF 60
Kvp2.2 MYPESTTGSPARLSLRQTGSPGMIY-—-——————————— RNLGKSGLRVSCLGLGTWVTF 46

Kvf2.1 GGQITDEMAEQLMTLAYDNG INLFDTAEVYAAGKAEVVLGN I IKKKGWRRSSLVITTKIF 120
Kvf2.2 GGQITDEMAEQLMTLAYDNG INLFDTAEVYAAGKAEVVLGN I IKKKGWRRSSLVITTKIF 106

Kvp2.1 WGGKAETERGLSRKHI 1EGLKASLERLQLEYVDVVFANRPDPNTPMEETVRAMTHVINQG 180
Kvf2.2 WGGKAETERGLSRKHI IEGLKASLERLQLEYVDVVFANRPDPNTPMEETVRAMTHVINQG 166

KvB2.1  MAMYWGTSRWSSME IMEAYSVARQFNLTPPICEQAEYHMFQREKVEVQLPELFHKIGVGA 240
Kvp2.2 MAMYWGTSRWSSME IMEAYSVARQFNLTPP ICEQAEYHMFQREKVEVQLPELFHKIGVGA 226

Kvf2.1  MTWSPLACGIVSGKYDSGIPPYSRASLKGYQWLKDK ILSEEGRRQQAKLKELQAIAERLG 300
Kvp2.2 MTWSPLACGIVSGKYDSG IPPYSRASLKGYQWLKDKILSEEGRRQQAKLKELQAIAERLG 286

Kvf2.1  CTLPQLAIAWCLRNEGVSSVLLGASNADQLMENIGAIQVLPKLSSSIIHEIDSILGNKPY 360
Kvf2.2  CTLPQLAIAWCLRNEGVSSVLLGASNADQLMENIGAIQVLPKLSSSIIHEIDSILGNKPY 346

Kvf2.1 SKKDYRS 367
KvB2.2 SKKDYRS 353

Figure 21. Sequence alignment of human Kvf32.1 and Kvf32.2. The aminoacidic part highlighted in yellow is the
only difference between them, missing at Kv32.2.

Kvf2 is expressed in the nervous system, from where it was isolated. By mRNA expression
it is known that the highest levels are presented in the piriform cortex, hippocampal
formation, and in layer II of the entorhinal cortex. Somewhat lower levels are present in
the neocortex, medial septal-diagonal band complex, and the anterior, VPM, and VPL
nuclei of the thalamus. Low levels of Kvf32 expression were observed in the remaining
thalamic nuclei and in the striatum, globus pallidus and hypothalamus. The nervous
intracellular distribution is the same than for Kvf31.1 (Rhodes et al., 1996). During the
development, KvB2 is increasing from low post-natal levels, to the achievement of adult
brain levels at the third post-natal week (Downen et al., 1999). And not only is expressed
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in the nervous system but also in immune system cells such as lymphocytes and
macrophages. Similar to KvB1.1, upon stimulation with IL-2 on T-lymphocytes or LPS on
B-lymphocytes, there is an increase in the expression of Kv32, reaching the maximum at
24h(Autieri et al., 1997). However, other authors cannot distinguish the Kv32 expression
pre and post-activating treatment (McCormack et al., 1999). Regarding the macrophage
physiology, Kvf2 increases at 24h when treated with M-CSF and LPS, but no changes are
taking place with TNF-a (Vicente et al., 2005). This subunit was also isolated from cardiac
tissue (England et al., 1995b).

The absence of inactivating domain made forcedly Kvf32 effects the more different from
the Kvf family. It presents moderate functions on Kv1.5: shifting the steady-state
activation and inactivation without inducing rapid inactivation. It also enhances the
degree of slow inactivation (Heinemann et al., 1996). The presence of this subunit in some
cell lines was leading to confusion about the properties of the Kv1.5 (Uebele et al., 1996).
No observable kinetic effects are detected when Kv[32 is coexpressed with Kv1.1 or Kv1.3
(Heinemann et al., 1996, McCormack et al.,, 1999). However, Kv32 is surprisingly able to
enhance N-type inactivation of Kv1.4 as well as it can accelerate the activation time
constant (Accili et al,, 1998). Unlike Kv1.5, there is not an appreciable shift in the voltage
dependence of Kv1.4 activation when coassociated with Kvf32. The slight tendency for
inactivation of Kv1.4 to lengthen with depolarization was lost upon the subunit presence.
In this specific case, Kv32 is as effective as Kv31.1 to enhance inactivation (McIntosh et al.,
1997).

The interest on Kvf2 increased when they observed that is the most expressed Kvf3
member of the family, and no apparent function was attributable due to the missing
inactivating domain (Rhodes et al., 1996). Some studies point to a chaperone activity
helping on proper protein folding and/or alpha-subunit assembly and thus enhancing the
transport from ER to Golgi and finally to cell surface. Kvf2 is known to interact with
unmature Shaker forms when the conventional pathway is blocked (Nagaya and Papazian,
1997). Concomitantly, when KvB2 and Kv1.2 or Kvl.1 are coexpressed, the channel
exhibits a reduced turnover, a major efficiency of N-linked glycosylation and a higher
presence of this one at the cell surface (Shi et al., 1996). Similar evidences were found for
Kv1.3 and Kv1.4, were current density is increased when coexpressed with the subunit
(McCormack et al., 1999, McIntosh et al., 1997). Kv4.3 cell surface expression is enhanced,
without any other electrophysiological modification (Yang et al.,, 2001). And finally TREK1
and TRPV1 can interact also with Kv32 and both exhibit an increase membrane targeting
upon coexpression (Bavassano et al.,, 2013, Kisselbach et al., 2012).

Once the chaperone function was accepted, the knock-out mouse for Kv2 was produced.
It was exhibiting occasional seizures, shortened life spans and cold swim-induced tremors.
When effects on Kvl were analysed, no major changes in the glycosylation of those
proteins was observed, Concomitantly, Kv1.2 was properly concentrated in the cerebellar
cortex. They did not observe any compensatory up-regulation of Kvf31 sufamily. While it
was clear that there were effects because of the absence of Kv[32, it was unlikely to keep in
a chaperone function theory (McCormack et al., 2002). Further experiments support the
idea that the effect of a null mice for Kvf2 depends on the genetic background.
Combination of KvB2 and KvfB1.1 null protein in a mice, exaggerates the Kv32 general
phenotype. However, Kv1l distribution seemed to be unaltered (Connor et al, 2005).
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Concomitantly, it was observed that neither Shaker channel nor Kv1.5 membrane
expression presented any change upon coexpression with Kvf32 (Nagaya and Papazian,
1997, Accili et al., 1997Db).

Thus, the function of KvB2 is still controversial. Some patients with 1p36 deletion
syndrome present a correlation between the absence of KvB2, and the presence of
epilepsia or epileptic activity on electroencephalogram (Heilstedt et al., 2001). The
absence of a proper membrane trafficking could give an explanation of this phenomena.
Further evidences have been collected that support chaperone and trafficking helper
theory. It was described that Kv32 cannot, unlike to Kv31.1, interact with the actin-based
cytoskeleton (Nakahira et al., 1998). However, Kv32 was found to interact with EB1, a
protein that specifically track the rapidly growing MT plus end and concentrate in distal
axons, as well as with KIF3/Kinesin II. Thus, KvBf2 can travel to the axonic end
independently of Kv1.2 (Gu et al.,, 2006). Even this channel can traffic in the absence of
KvB2, coexpression increases the velocity of the anterograde traffic (Gu and Gu, 2010).
Moreover, CDK-mediated phosphorylation of Kv32 destabilises the interaction with EB1
protein, provoking a release of Kv1l/Kv[32 vesicles from their association to microtubules
(Vacher and Trimmer, 2011, Vacher et al,, 2011).

KvB2 is not only related to CDK, but also to members of the PKC family. It has been
described that ZIP1, ZIP2 and ZIP3 can interact with Kv2. Those proteins are able to form
homo and heterodimers and to interact with PKC(, thus increasing the phosphorylation
state of KvB2 (Gong et al., 1999, Croci et al., 2003, Martens et al,, 1999). But it is not the
only member able to enhance the phosphorylation: it was proposed a PKCa effect at the N-
terminus of the Kvf32 (Liu et al., 2003). However, other laboratories do not detect PKCa
role on the subunit , but PKCy, PKCS and PKCe (Wang et al., 2004b). Upon coexpression
with Kv1.5, the modulating effects of Kvf32 are not altered when PKC activation is
stimulated (Martens et al., 1999). Other posttranslational modifications are exerted on this
subunit. It has been described that both GIP (gucose-dependent insulinotropic
polypeptide) and GLP-1 (glucagon-like peptide-1) can enhance the phosphorylation and
acetylation of KvB2 and Kv1l.5, leading to an increase on protein-protein interactions
between them (Kim et al,, 2013).

As well as Kvf31.2, Kv32 has the capability to interact with KChAP, thus the latter being
able to counteract the effects of Kv32 on Kv1.4 (Kuryshev et al., 2001).

The interaction between K channels and Kvfs is placed at the N-terminus of the
conducting proteins (Pongs and Schwarz, 2010). However, from the crystal structure it is
detectable that the C-terminus domain is in close contact with those subunits (Gulbis et al.,
1999). Actually, through electron microscopy there are detectable changes in the C-
terminus of the Shaker channel (Sokolova et al., 2003). Similar to Shaker, Kv4.3 channels
interact with Kv32 through the carboxy terminal domain (Yang et al., 2001). Concomitant
results were found for the Kv1.5 in combination with Kv[2, since the absence of C-
terminus of the channel impairs the changes provoked by oxidoreduction modifications
(Tipparaju et al., 2012).

The possible modulation of Kvf3 effects on Kv channels through a pharmacological
approach was thought to be important since the effects on them started to be reported.
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Cortisone was showed to interact with Kv2 at two different localisations in the molecule:
one close to the bound NADPH and another at the interface between Kvf3 and Kv a-
subunit. Thus, cortisone is able to dissociate the complexes that are already formed (Pan
et al., 2008b). Posteriorly, 25 analogues were tested and fluticasone was identified as
potential lead for designing more efficient small molecules that might influence channel
function by dissociating the Kv1-Kvf3 assembly (Pan et al, 2012). Further studies
demonstrated that compounds like DOPAC (a neurotransmitter metabolite), rutin hydrate
and resveratrol exhibited the highest inhibition effect on Kv32 reductase activity (Alka et
al,, 2014).

1.3.1.2.3. Kvp3

Cloned from rat brain, it presents a unique member at the human genome. Similar to Kv31
subfamily its sequence codes for an inactivating domain (Pongs and Schwarz, 2010, Kilfoil
et al,, 2013). It is expressed mainly in the olfactory bulb and in thalamic nuclei, but not in
hippocampal field, dentate gyrus and corpus striatum.

Originally KvB3 was supposed to increase Kv1.4 inactivation and recovery from the
inactivation. No other effect was detected on Kv1.1, Kv1.5, Kv1l.6 or Kv.2.1. This
modulation observed was controlled by the redox changes in the medium. (Heinemann et
al,, 1995, Heinemann et al., 1996). They considered that Kv33 had a sequence of 27 amino
acids that exert a NIP-like function on the rest of the channels. They would be impeding
the ability of its own ball-and-chain inactivating domain to recognize the locus on the Kv
channel (Pongs et al., 1999). However, when Kv[33 was transfected in mammalian cells,
Kv1.5 was modified by Kv33. The changes implied increment in the rate of inactivation,
hyperpolarising shift activation and diminishing of the time-to-peak activation. As
described for Kv1.4, this modulation was dependent in the redox state of Kvf and
dependent on the C-terminus of the channel (Tipparaju et al., 2012).

1.3.2. KCNE family

KCNE family is formed by small auxiliary subunits (14 - 20kDa) that are single spanned
transmembrane proteins. The N terminus domain is extracellular and presents some
glycosylation sites. Up to five members have been described to form the family encoded by
the kcne gene. The sequences do not reveal a conserved specific protein end; sequence
variations encompass the entire KCNE molecules (Pongs and Schwarz, 2010). The
founding member, MinK for “minimal potassium channel”, which is encoded by the kcnel,
was initially reported to represent the minimal or smallest protein that could form a K
channel (Takumi et al, 1988). Subsequent in vitro studies showed that the currents
detected after KCNE1 transfection were due to the modulation of endogenous channels at
Xenopus laevis (Blumenthal and Kaczmarek, 1994, Wang and Goldstein, 1995, Sanguinetti
et al,, 1996). Some years later, kcne2, kcne3, kcne4 and finally, kcne5 were described by
using Basic Local Alignment Search Tool (BLAST) screening of online libraries of
expressed sequence tags (figure 22) (Abbott and Goldstein, 1998, Piccini et al., 1999).
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Initially, the proteins resulting from those genes were called MiRPs (MinK-related
proteins) and finally KCNEs.

As a protein family is ubiquitously expressed, but each of its members will present a
higher or lower expression depending on the tissue. Few comparative studies of KCNE
expression are published. Since all KCNE members have been detected in myeloid and
lymphoid lineages, our laboratory contributed recapitulating and analysing the abundance
of those subunits in healthy and cancer tissue derived from the immune system. For
instance, while KCNE1 expression increases in some cancers, KCNE2 and KCNE4 decrease
(Sole and Felipe, 2010). Moreover, in further investigations, our laboratory demonstrated
and compared the expression of this family in macrophages, T and B-lymphocytes. This
study was developed analysing the expression throughout the cell cycle progression and
upon some pharmacological treatments. We, thus, demonstrated that KCNE peptides are
cell cycle dependent, and distinct specific insults differentially regulate their expression
(Sole et al., 2013, Sole et al., 2009).

The most well-known described effects have been for KCNE on Kv7.1 channel gating.
However, KCNE interaction with Kv channels is highly promiscuous: they are able to
modulate a wide range of potassium channels. Kv1, Kv2, Kv3, Kv4, Kv7, HCN and HERG
are described to interact with this family (Pongs and Schwarz, 2010). Each KCNE isoform
is now known to have the capacity to regulate more than one type of Kva subunit and
many Kva subunit can be regulated by more than one KCNE peptide (perhaps at the same
time) (Abbott, 2015). Moreover, mutations in kcne genes are associated with hereditary,
especially cardiac diseases. So, as evidenced by their role in health and disease, those
subunits are considered important modulators of the final channelosomes behaviour and
cell physiology (Abbott et al., 2001, Sole and Felipe, 2010, Lundquist et al., 2006).

C extracellular N-terminal TM domain
KCNE1 ======mmmmmmmee MILSNTTAVTPFLTKLWQETVQQGGNMSG LARRsPRSGDGKL&LWLWLGFFGFHLGIMLSYI
KCNE2 ---------- MSTLSNFTQTLEDVFRRIFITYMDNWRQNTTAEQEALQAKVDAENFYYVILLYLMVMIGMFSFIIVAILVSTV
KCNE3 --METTNGTETWYESLHAVLKALNATLHSNLLCRPGPGLGPDNQTEERRASLPGRDDNSYYMYILFVMFLFAVTVGSLILGYT
KCNE4 ~—===—-=—m—mmmmmmmemmee ] MLKMEPLNSTHPGTAASSSPLESRAAGGGSGNGNElY FYILVVMSFYGIFLIGIMLGYM
KCNES5 MNCSESQRLRTLLSRLLLELHHRGNASGLGAGPRPSMGMGVVPDPFVGREVTSAKGDDAYLYILLIMIFYACLAGGLILAYT

KCNE1 RSKKLEHSNDPFNVYIESDAWQEKDKAYVQARVLESYRSCYVVENHLAIEQPNTHLPETKPSP============ce=em—
KCNE2 KSKRREHSNDPYHQYIVEDWQEKYKSQILNLEESKATIHENIGAAGFKMSP======mmmmmm o e m e ccmm e mm— e e e
KCNE3 RSRKVDKRSDPYHVYIKNRVSMI == == m e e e e e e e e e e e e e e e e =
KCNE4 KSKRREKKSSLLLLYKDEERLWGEAMKPLPVVSGLRSVQVPLMLNMLQESVAPALSCTLCSMEGDSVSSESSSPDVHLTIQ
KCNE5 RSRKLVEAKDEPSQACAEHEWAPGGALTADAEAAAGSQAEGRRQLASEGLPALAQGAERV-——--—-====———————-——

intracellular C-terminal
KCMNE4 EEGADDELEETSETPLNESSEGSSENIHQNS

Figure 22. Sequence alignment of the five human KCNE members. Note that KCNE4 presents the largest
intracellular domain (Abbott, 2016a).
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Association and stoichiometry between channels and KCNE proteins has been under
intense investigation and debate. Regarding the intracellular compartment where the
complex was formed, some laboratories stablished an early endoplasmic reticulum
association for those proteins (Chandrasekhar et al,, 2006). However, delivery of KCNE
subunits at the plasma membrane was found to modulate channels already present at the
cell surface (Grunnet et al, 2002). It was shown that some KCNE members present the
ability to traffic to the plasma membrane enforcing the lateral interaction of those proteins
(Jiang et al., 2009). Moreover, stoichiometry of the complexes has been also under
discussion. Two main theories were considered suggesting that (i) four a-subunits were
assembled with two KCNE in a fixed composition or (ii) Variable number could be found in
a complex depending on their total amount. Several evidences have been presented
supporting both hypothesis, but lately the second supposition of a variable stoichiometry,
up to 4 KCNEs/complex, is gaining more strength (Chen et al., 2003, Morin and Kobertz,
2008, Nakajo et al., 2010).

The molecular determinants governing the channel-KCNE interaction have been studied
also mainly in the complexes formed by KCNE1 and Kv7.1. Several reports focus the
attention on the C-terminal domain of KCNE as a possible player in this complexation.
Initially it was described that it is necessary for the channel modulation, but not for the
interaction (Tapper and George, 2000). However, other studies determined that it could
be basic for the positioning and anchoring of this peptide to the channel (Melman et al,,
2004). Finally, further investigations concluded that it is implied not only for the channel
attachment but also for the open state destabilisation and kinetics of deactivation (Chen et
al,, 2009).

Residues at the transmembrane domain of both KCNE1 and KCNE3 have been mapped as
modulator entities of the Kv7.1 channel (Melman et al., 2002). On the other hand, different
parts of the channel are involved in the interaction with diverse KCNE peptides. Some
evidences point out that the carboxi-terminal domain of the channel is in close proximity
to the same domain in KCNEs. Moreover, anchoring functions are thought to lie in this
domain (Melman et al., 2004). Different residues along the S5-S6 domain are required for
modulation exerted by either KCNE1 or KCNE3 (Panaghie et al, 2006). A couple of
residues placed at the C-terminal domain of the channel are needed for the inhibition
induced by KCNE4 (Vanoye et al., 2009).

The localization of KCNE1 within the complex was initially placed on the pore, but deeper
and further investigations revealed a more distal position (Wang et al.,, 1996, Tai and
Goldstein, 1998, Chung et al., 2009, Tapper and George, 2000). Outside the pore, but in
close proximity, is interacting with S1, S5 and S6 residues (Melman et al., 2004, Panaghie
et al,, 2006, Wu et al.,, 2010b). Actually, KCNE1 alters the coupling between the voltage
sensor and the KV7.1 gate by constraining it (Wu et al.,, 2010b, Wu et al., 2010a). The
obtainment of the NMR-based KCNE1 structure leaded the molecular dynamics model of
Kv7.1 and KCNE1 in two states: open and closed. The analysis of the close state confirmed
that KCNE1 restricts the movement of S4-S5 and is thought to press downward the
cytosolic end of S6 domain to keep the non-conducting state. However, on the opened
conformation, KCNE1 forms an interface with the domains already described: S1, S5 and
S6 (Kang et al., 2008).
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1.3.2.1 KCNE1

KCNE1 is an auxiliary subunit of 15kDa approximately with two splice variants identified:
kcnela and kcnelb. The latter is a specific cardiac isoform and the former is ubiquitously
expressed (Lundquist et al., 2006). Kcnel transcripts can be found in kidney, eye,
gastrointestinal tract, peripheral blood leukocytes and auditory epithelium. It was the first
recognized member of the KCNE family, and it was identified as the responsible for the
cardiac current I, However, as mentioned before, further studies confirmed that it was
modulating the endogenous Kv7.1 currents expressed in Xenopus oocytes. The slow
component of the delayed rectifier current (Ixs) is essential for the cardiac repolarization
and was then stablished to be due to the combination of Kv7.1 and KCNE1 (Barhanin et al,,
1996, Anantharam et al., 2003). This auxiliary subunit right-shifts the voltage dependence
of Kv7.1 activation, slows its activation 5-10 fold, increases its unitary conductance 4-fold,
slows its deactivation and eliminates its inactivation (Barhanin et al., 1996, Sanguinetti et
al,, 1996, Pusch, 1998, Tristani-Firouzi and Sanguinetti, 1998). As well as some mutations
in this channel have been related to the LQTS, modifications on KCNE1 sequence are also
related to these diseases. Those are raising the risk of ventricular arrhythmias and sudden
death (Splawski et al,, 2000). Biallelical mutations in human kcnel or kcnql (Kv7.1) can
cause also congenital deafness (called Jervell and Lange-Nielsen syndrome) due to an
impairment of the proper endolymph production at the cochlea (Jervell and Lange-
Nielsen, 1957, Schulze-Bahr et al., 1997).

The KCNE1 knock-out mice exhibited alterations, as expected, in a cardiac level. Some
spontaneous episodes of atrial fibrillation could be recorded (Temple et al, 2005).
Moreover, it presents a disrupted K* secretion and degeneration of the inner ear (Nicolas
etal, 2001).

As mentioned before, a three dimensional NMR-based structure of KCNE1 was solved in
2008. They argue that KCNE1 is a curved a-helix, flanked by intra and extracellular
domains formed of a-helixes joined by flexible linkers (figure 23) (Kang et al., 2008).

Figure 23. NMR-based structure of KCNE1. Curved trasmembrane domain in red. Partially structured N and C
terminal a-helixes in orange and pink respectively (Kang et al., 2008).
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1.3.2.2. KCNE2

KCNE2, originally named MiRP1, is also a 15kDa protein that, opposite to KCNE1 or
KCNE3, is able to reach the membrane easily in the absence of any conducting subunit
(Abbott, 2015). But upon coexpression with specific a subunits, such as Kv1.4, Kv3.3 and
Kv3.4, prevents their anterograde trafficking to Golgi (Kanda et al., 2011). It is also able to
mediate the internalization of some Kv partners, Kv11.1, enhancing the degradation of the
channel provoking a diminution of the cell surface channel expression (Zhang et al., 2012).
KCNE2 can interact with Kv1.5 and control its intercalated disks localization in murine
ventricles (Roepke et al., 2008).

This subunit is also altering the electrophysiological properties of several channels. Major
functions lead to a general decrease of the total current. The coexpression with Kv7.1
generates a smaller time-independent current (Tinel et al.,, 2000). When it is combined
with Kv11.1, KCNE2 leads to a current that resembles the Ixr and with Kv4.2, the I1o. In
both cases, there is a slower activation, but Kv11.1 presents a faster inactivation while
Kv4.2 a slower one and shifts the voltage dependence to more depolarized voltages (Zhang
et al., 2001, Abbott et al., 1999). This later modulation is similarly exerted on Kv3.1 and
Kv3.2 (Lewis et al, 2004). It have been suggested an interaction between KCNE2 and
Kv1.3 that would lead to a decrease of the current density without altering the voltage-
dependence of the channel. Those complexes, located at the choroid plexus epithelium,
would allow anion efflux in the cerebrospinal fluid (Roepke et al.,, 2011). However, other
authors demonstrated that KCNE2 do not modulate Kv1.3 in Xenopus oocytes and HEK-293
cells (Grunnet et al.,, 2003).

Mutations in this peptide have been related to some alterations in the cardiac function,
consistent with its involvement in repolarization. Cardiac arrhythmias, LQTS, drug-
induced LQT, atrial fibrillation, sudden infant death syndrome or Brugada syndrome
among others can be linked to some specific alterations in the gene sequence (Abbott et
al,, 1999, Splawski et al., 2000, Sesti et al., 2000, Arnestad et al., 2007, Wu et al., 2010c).
Concomitantly, KCNE2 knock-out mice exhibited prolonged ventricular action potentials,
suggesting a reduced repolarizing capacity (Roepke et al.,, 2008). Furthermore, animals
presented achlorhydria, gastric hyperplasia, hypo-thyroidism, alopecia, stunted frowth
and choroid plexus epithelia dysfunction, highlighting the diversity of the KCNE2 putative
functions (Roepke et al.,, 2010).

1.3.2.3. KCNE3

KCNE3, also called MiRP2, is a 12kDa protein ubiquitously expressed throughout the body
(Abbott, 2016a). Some authors have reported its expression in leukocytes, thymus and
spleen, while some others report and absent RNA in leukocytes. (Lundquist et al.,, 2006,
Abbott et al., 2001).

KCNE3 can modulate different channels, but it plays a major role in skeletal muscle upon
its association with Kv3.4. This interaction is thought to contribute to the skeletal muscle
resting membrane potential and, due to the acceleration exerted on the recovery from
inactivation and de reduction on the cumulative inactivation; it facilitates the rapid trains
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of action potentials (Abbott et al, 2001). Furthermore, the complex KCNE3-Kv3.4 is

involved in proliferation of artery smooth muscle cells (Leblanc, 2010, Miguel-Velado et
al, 2010).

Kv7.1 is also a target of KCNE3. It triggers an increase in current magnitude and in some
drugs-sensitivity (Schroeder et al., 2000, MacVinish et al., 2001). Both proteins are present
in the lateral membrane of crypt and surface cells, in distal colon and small intestine,
where they control the chloride secretion by creating electrochemical driving forces (Liao
et al,, 2005, Dedek and Waldegger, 2001). They are also located in parietal stomach cells
playing an important role in acid secretion. KCNE3 modulates by inhibition the Kv2.1,
Kv3.1, Kv3.2, Kv4.2, Kv7.4 and Kv12.2 (McCrossan et al., 2003, Lewis et al., 2004, Clancy et
al,, 2009, Wang et al., 2014, Strutz-Seebohm et al., 2006).

KCNE3 gene disruption in mice impairs intestinal chloride secretion, predisposes to
ventricular arrhytmogenesis and also impairs auditory function. Concomitantly, some
mutations are associated with Méniere’s disease, a disorder that can affect hearing and
balancing (Doi et al., 2005). Regarding its complex with Kv3.4, a KCNE3 missense mutation
is associated with periodic paralysis (Abbott et al., 2001).

Recently, it has been described the presence of coding regions at the first exon of the
KCNE3 gene, as well as for KCNE4. Those lead to an increase on protein length of both
KCNE3 and KCNE4 in 44 and 51 residues respectively. This work suggests that tissues in
which KCNE3 is thought to be functionally important, KCNE3L (the new long version)
constitutes the major isoform. Functional consequences of the extension where firstly
analysed on Kv7.1 and Kv7.4. The amplitude modulation on Kv7.1 is comparable between
both subtypes even the current dernsity recorded is fewer for KCNE3L-channel
combination. Finally, no inhibition of the Kv7.4 current density was found with the new
peptide analysed (Abbott, 2016c).

Considering the Kv4 family, as mentioned before, it was previously reported a strong
inhibition of murine Kv4.2 by KCNE3 original short-form (KCNE3S) (Wang et al., 2014).
However, KCNE3L is not able to exert the same function but it can slow the inactivation of
the channel (Abbott, 2016c). Posteriorly, in further investigations, human Kv4.2 was
evaluated and they obtained a moderately inhibition by both forms of KCNE3. Moreover,
the coexpression of KChiP impairs this modulation of the current. Contrary, KCNE3L
inhibition of Kv4.3, which is not observed when KCNE3S is coexpressed, is not altered by
the presence of KChiP2. Inactivation of this channel can be regulated, also differently, by
both subunits of KCNE3 (Abbott, 2016d).

1.3.2.4. KCNE4

KCNE4, also known as MiRP3, is a 20kDa protein and is the longer member of the family
with the largest and most diverse C-terminal domain. It is expressed highly in heart,
skeletal muscle, uterus and kidney. Also, even in a lower extend, in placenta, lungs, liver,
brain and blood cells (Abbott, 2016b).

KCNE4 is able to control several channels and it mostly acts as a dominant-negative
regulatory subunit. It exerts an inhibition of Kv1.1 and Kv1.3 in heterologous system
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(Grunnet et al, 2003). Previously published results from our laboratory indicate that
KCNE4 decreases Kv1.3 current density, slows activation, accelerates cumulative
inactivation, retains the channel in the ER and impairs its targeting to lipid raft
microdomains (figure 23). Moreover, KCNE4-Kv1.3 may play a role in regulation of
immune responses, as both are expressed in macrophages, where they also colocalise.
Activation of macrophages using LPS increased expression of both KCNE4 and Kv1.3
transcripts; in contract, dexamethasone was found to diminish Kv1.3 but not KCNE4
expression (Sole et al., 2009, Abbott, 2016b).

Kv1.3 Merge Kv1.3 KCNE4

Figure 23. KCNE4 alteration of Kv1.3 cellular distribution. A-C. Kv1.3 does not colocalise with ER. D-F. KCNE4
exhibits a high merge with this marker. G-J. Kv1.3 is shifted to ER distribution upon coexpression with KCNE4
(Sole et al., 2009).

Studies on Kv1 family reported a negative interaction with Kv1.2, Kv1l.4 and Kv1.5
(Grunnet et al, 2003). However, a recent publication suggests that KCNE4 forms
complexes with Kv1.5 and enhances its membrane targeting and current density in CHO
cells (Crump et al., 2016).

Moreover, it regulates Kv7.1, Kv2.1, Kv4.2 and Kc,1.1. In heterologous expression, KCNE4
inhibits Kv7.1 currents (Teng et al, 2003, Grunnet et al., 2002). It has been described a
SNP in the cytoplasmic end of KCNE4 which generates an increase in the amount of Kv7.1
current acting as a risk factor for atrial fibrillation in Han and Uygur Chinese populations
(Ma et al,, 2007). Moreover, recently it has been reported a calmodulin binding domain in
the C-terminal region of KCNE4 (aminoacids 44 to 73). Depending on calcium presence,
calmodulin is mediating the association of KCNE4 with Kv7.1 and allowing the
heterotrimerisation with KCNE1 (Ciampa et al., 2011).

Up to 90% inhibition is exerted on Kv2.1 channels. However, it has little-to-no effect on
the function of Kv2.1-Kv6.4 heteromers (David et al., 2015). Similar to KCNE2, it can
regulate Kv4.2 and KChIP2 contributing to the cardiac transient outward potassium
currents (Ito) by slowing the channel’s inactivation (Levy et al,, 2010). It can also modulate
the potassium urinary excretion through its interaction with Kc¢.1.1 (Levy et al., 2008).
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The knock out mice of KCNE4 showed high blood calcium, phosphor and cholesterol while
glucose levels are reduced. They also exhibit a decrease in the body temperature as well as
a shortening in the QT interval with possible implications for arrhythmia susceptibility;
although the systolic blood pressure was similar to wild type animals. The deletion of
kcne4 reduced Kv currents in male mouse atrial myocytes by >45% (Crump et al., 2016).
Regarding its presence in immune system cells, putative alterations where under
investigation. No differences in the number of CD4+ or CD8*, NK, B cells or monocytes
were observed. Moreover, the acute phase response or the ability to produce IgG: or IgG:
antibodies following antigen challenge stayed unaltered (Ciampa 2011).

As previously mentioned, it has been proved the presence of new coding regions for
KCNE4 generating an increase in the molecular weight at the N-terminus of the protein.
They suggest that this new form could be the main subtype expressed at the tissues
analysed: kidney, thymus, uterus, testis and prostate. Regarding the possible functional
effects, the inhibition exerted on Kv7.1 is reduced compared with the shorter subtype.
Concomitantly with KCNE3L, KCNE4L is no longer able to modulate Kv7.4 (Abbott, 2016c).

Further studies of the same laboratory contributed studying the role of this new peptide
on Kv4 family. No major changes were detected on murine Kv4.2 channel between
KCNE4S and KCNE4L. Both forms exerted a decreased inactivation, which was also
observed for human Kv4.2 (Abbott, 2016c). However, KCNE4L decreased dramatically the
current of the human isoform, while KCNE4S exerts half of this effect. They also described
that KChIP2 coexpression is not able to impair this strong role on the channel, but the
presence of this B-subunit do inhibits the slower inactivation exerted on the channel by
both KCNE4S and L.

Concomitantly, the longer form is observed to strongly inhibit Kv4.3 current, while
KCNEA4S is not presenting this ability. However, in this specific situation, KChIP2 partially
alleviates KCNE4L's effect (Abbott, 2016d).

1.3.2.5. KCNE5

KCNES5, originally called MiRP4, is a 11kDa protein and was the last member of the family
discovered (Piccini et al., 1999). Expression studies locate KCNES5 in heart, skeletal muscle,
brain, spinal cord, placenta, ovaries, spleen, testis and thymus. The knce5 gene is placed in
a gene-rich segment of DNA at the X chromosome, the deletion of which leads to the
AMME syndrome. This is characterised by the Alport syndrome (that involves
glomerulonephritis and sensorineural hearing loss), mental retardation, midface
hypoplasia and alliptocytosis. (Lundquist et al., 2006, Abbott and Goldstein, 2001).

Few channels are known to be regulated by this member. Kv7.1 current is modulated by
KCNES5, shifting the voltage activation curve to the positive direction in a high extend and
decreasing the activation time constant, which leads to a suppression ok Kv7.1 currents
(Bendahhou et al.,, 2005, Angelo et al., 2002).

Mutations in kcneb5 gene are related with cardiac pathologies such as non-familial forms of
atrial fibrillation. It has been described the modulation of Kv4.3 + KChIP2 currents and
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some variants appeared to cause idiopathic ventricular fibrillation, especially Brugada
Syndrome, due to a gain of function of Ito (Ohno et al,, 2011).

It was thought that the expression of this member in several tissues where Kv7.1 or Kv4.3
are low or absent, suggest the potential interaction with other a-subunits or alternative
functions channel-independent (Lundquist et al., 2006, Abbott and Goldstein, 2001). Even
no effects were reported for the Kv1 family, a 50% inhibition is exerted on Kv2.1 current.
Upon heteromeric formation with Kv6.4, KCNE5 speeded their activation and recovery
from closed-state inactivation, as well as slowed their deactivation (David et al., 2015).

It is worthy to note that there are evidences of various KCNE at the same channelosomes.
KCNE1, KCNE3 and Kv12.2 multimeric complexes have been isolated from mouse brain
(Clancy et al,, 2009). KCNE2, KCNE3, KCNE4 and KCNES are able to modulate the current
generated by Kv7.1/KCNE1. However, the dominance of KCNE4 inhibition upon KCNE1
modulation presented some discrepancies (Lundquist et al.,, 2005, Wu et al,, 2006). Also
complexes formed by KCNE3, KCNE4 and Kv7.1 have been detected (Morin and Kobertz,
2007).
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2. Aims







2. AIMS

Voltage-gated potassium channels are a group within the ion channel family that play a
key role in maintenance of the resting potential and regulating the repolarization in
excitable cells. However, several other functions have been related to those proteins: from
adhesion, volume regulation or cell-cycle progression to mobility, homeostasis or
apoptosis. Generally, Kv channels are exerting their functions not as solely conducting
isles but as channelosomes built up with auxiliary subunits. Several classical repolarising
currents from cardiac physiology have been reproduced on cell lines just when modulator
proteins where coexpressed.

Kv1.3 is mainly expressed at nervous and immune system. Actually, it is one of the few
channels expressed in leukocytes. The involvement of Kv1.3 on activation and
proliferation is widely accepted. Upon those stimuli, it is recruited to the immunological
synapse where it will keep the calcium signalling. However, apoptosis studies also pointed
this channel as a player involved. Thus, fine-tunning of its properties will define the final
cellular responses.

There are several auxiliary subunits that have been reported to modulate Kv1.3.
Considering the immune system, Kvf3 and KCNE subunits are also expressed. The former is
a cytoplasmic family of proteins that modulates some electrophysiological properties as
well as enhances the channel’s surface expression. The latter family is a single-spanning
protein group that presents a highest variability on functions exerted on conducting
entities. Previous results from our laboratory showed that KCNE4 is acting as a dominant-
negative particle on Kv1.3 traffic and surface expression.

The current dissertation aims to further the knowledge on Kv1.3 regulation by Kvf31.1,
Kvf2.1 and KCNE4 proteins. To that end, we analyse the auxiliary subunits traffic
properties and subcellular distribution. Moreover we linked those inner behaviours to the
final effect on the channel trying to understand the molecular mechanisms behind them.
Therefore, the specific objectives of the PhD dissertation are:

1. To dissect the localization of Kv31.1 and KvB2.1 and describe electrophysiology,
traffic and subcellular distribution of the channelosomes formed with Kv1.3.

2. To identify the molecular determinants on Kv1.3 sequence for surface expression
and KCNE4 interaction. Also KCNE4 mechanism to control final Kv1.3 localization.

3. To define heteroligomeric Kv1.3, Kv3s and KCNE complexes formation.
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3.1.1. Contribution 1

Kvf31.1 and Kvf32.1 differential membrane targeting
Roig SR1, Pérez-Verdaguer M1, Cassinelli S2, Vicente R3, Felipe Al

1Molecular Physiology Laboratory, Departament de Bioquimica i Biomedicina Molecular, Institut de
Biomedicina (IBUB), Universitat de Barcelona, Avda. Diagonal 643, 08028 Barcelona, Spain
2Dipartamento scienze cliniche e biologiche

3Laboratory of Molecular Physiology and Channelopathies, Departament de Ciencies Experimentals i de la
Salut, Universitat Pompeu Fabra, Barcelona, Spain.

ABSTRACT

Members of the Kvf3 family were the first modulators characterised for Kv channels. Their
function regulating the a-subunits has been under extensive study, as well as their
aldoketoreductase activity. However, few is known about their own cellular distribution.
Apart from their cytosolic presence, Kvf31 subunit was described to join actin filaments
close to the plasma membrane, but not Kvf32 isoform. The latter was described to interact
with microtubular related proteins at nervous system. The expression of this family is
ubiquitous and, previous results from our laboratory demonstrated that its presence on
macrophages is under specific control. Proliferative and activation stimuli lead to different
effects depending on the isoform. The aim of this study was to dissect the possible
locations of Kvf32.1 in the cellular space, as well as the possible implication of different
insults as mechanisms that enhances its traffic. We have demonstrated the membrane
targeting of Kvf32.1 and, moreover, its presence at lipid raft microdomains. Post
traductional lipidic modifications are behind this new targeting. We have also determined
that proliferative signalling enhances the membrane location for this protein, while PMA
activation treatment diminishes the presence on those domains possibly by enhancing its
endocytic internalization. This effect is counteracted by the presence of PSD95.
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INTRODUCTION

Voltage-gated potassium channels are fundamental components in different cell types and
tissues. They have been related to highly diverse functions such as proliferation, cell
volume control or cell cycle progression. It is the largest family within the voltage-gated
channels, but the functional diversity is even increased due to the existence of different
modulators. Those can affect not only the electrophysiological properties of the channels,
but also the localisation, traffic or turnover (Pongs and Schwarz, 2010).

Kvf was the first family identified as regulators of Kv channels. Three different genes are
described to encode this family with different splicing variants: Kv31, Kvf32 and Kvf33
(Kilfoil et al., 2013). Upon crystallization of the Kv1.2 channel in the presence of Kvf32.1,
the suspected solubility of those proteins was confirmed (Gulbis et al., 1999). Typically
cytoplasmic proteins, all three can modulate a-subunits once they interact with their C-
terminus conserved region (Rettig et al.,, 1994). Some of the members have been reported
to modulate the electrophysiological properties of Kv channels. However, the traffic has
been also reported to be modified. Thus, it was proposed a chaperon-like effect of those
proteins on the Kv channels enhancing its presents on the plasma membrane surface
(Nagaya and Papazian, 1997, Shi et al.,, 1996).

While the modulation of Kv channels by Kvf3 subfamily has been under intensive
investigation, their subcellular distribution has been poorly understood. Apart from its
cytosolic distribution, Kvf31.1, but no Kvf32.1, has the ability of associating with the actin-
based cytoskeleton (Rettig et al., 1994). This function is placed in its N-terminus, inducing
a resistance to the extraction with non-ionic detergents (Nakahira et al., 1998). Since, the
interaction with the cytoskeleton is placed in the ball-and-chain domain it gives the
explanation why under depolymerisation, Kv1.1- Kvf31.1 current increases its inactivation
(Levin et al.,, 199643, Jing et al., 1997). However, Kvf32 was not completely absent in the
non-soluble fractions. Further experiments demonstrate that it can be associated to
microtubular cytoskeleton by its interaction with EB1 protein at neuronal cells (Gu and
Gu, 2010, Gu et al.,, 2006). This fact generates that Kvf32 can be also polarised in some
specific tissues.

Functionally, Kvf32, which lacks the inactivation ball-and-chain domain, has been
described to enhance the folding, glycosylation, trafficking and axonal targeting of Kv1
proteins. However, this function is highly dependent on the a-subunit considered (Nagaya
and Papazian, 1997, Accili et al., 1997b). It was also described that Kvf32 has the capability
of reducing some substrates acting as an oxidoreductase (Tipparaju et al., 2008, Xie et al,,
2011). The genetic ablation of Kvf32 lead to a reduced life spans, occasional seizures, and
cold swim-induced tremors. Patients with 1p36 deletion syndrome where the kcnabZ2 gene
is lost were suffering from childhood seizures and/or exhibiting an electroencephalogram
altered (Heilstedt et al.,, 2001). However, posterior to the analysis of Kv1 distribution, it
was concluded that neither the chaperon-like function nor the AKR-like catalytic activity
are the responsible for such a phenotype, so pointing to an unidentified property of Kv{32
not compensable by other family members (McCormack et al., 2002, Connor et al., 2005).

Both, PKA and PKC can phosphorylate Kv{32. While PKA just encounter a consensus site
for its action, several others are present for PKC recognition and this family is the main
responsible for in vivo modifications. PKC subtypes that can be involved are: PKCy, PKC§
and PKC{ (Wang et al, 2004b). Some controversy is surrounding the combination
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Kvf32/PKCa (Liu et al., 2003). The interaction of PKC( and Kvf32 is mediated by the ZIP1,
ZIP2 and ZIP3 proteins (Croci et al,, 2003). The ratio ZIP1/ZIP2 can condition the PKC(
phosphorylation. While ZIP1 is able to promote a concentration-dependent Kvf32-
phosphorilation, the presence of ZIP2 enhances a shift to lower levels of ZIP1 to achieve
the same given amount. On the other hand, ZIP1 is four fold more potent to transfer
phosphors to Kvf32. So, the final regulation is a confluence on ZIP1 and ZIP2 total amount
as well as their ratio (Gong et al., 1999). Some other PKC subtypes cannot be discarded of
the possible modulation on KvR2 such as PKCy, PKC8 (as mentioned above) or PKCO
which was not analysed in any publication. However, there has been no associated effect
on Kv functionality consequence of the Kvf32 phosphorylation.

Despite the time and effort invested on the understanding the Kv{32 role in the cellular
physiology, there are some non-solved doubts about its function and regulation (Connor et
al,, 2005, Giese et al., 1998). The present work stablishes the specific and unique presence
of Kv32 at lipid raft microdomains. This location, Kv-independent, is directly related on its
lipidic post-traductional modification. We also describe that it can be modulated for some
different insults: the proliferative stimulation induces its presence in those domains, while
PMA-treatment decreases this new target. It is inferable that the most probable
mechanism involved is an ubiquitination-dependent endocytic process.

MATERIAL AND METHODS

Expression plasmids and site-directed mutagenesis mKvf1.1 and mKvf2.1 were provided
by M.M. Tamkun (Colorado State University). mKv[31.1 and mKv32.1 were subcloned into
pEYFP-N1 and pECFP-N1 (Clontech). mKv32.1CFP mutants were generated using the
QuikChange and QuikChange lightning multi-site-directed mutagenesis Kkits (Stratagene).
All constructs and mutants were verified using automated DNA sequencing.

Cell culture, transfections and pharmacological treatments. 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).

For confocal imaging and co-immunoprecipitation experiments cells were seeded (70-
80% of confluence), in 6-well dish containing poly-lysine-coated coverslips or 100mm
dish, respectively, 24h before transfection. Lipotransfectina® (Attendbio Research) was
used for transfection according to the supplier’s instructions. The amount of transfected
DNA was 4pg for a 100mm dish and 500ng for each well of a 6-well dish (for coverslip
use). Next, 4-6h after transfection, the mixture was removed from the dishes and replaced
with new fresh culture media. All the experiments were performed 24 h after transfection.

In some experiments, twenty-four hours HEK transfected cells were incubated with 1pM
PMA for 30min at 37°C. For 2-bromopalmitate treatment, HEK transfected cells were
starved for 3h with DMEM supplemented with 1% of dialyzed FBS, and 60nM of 2-
bromopalmitate is added 3 more hours all at 37°C. The H,0, addition was in a 400uM final
concentration for 30 min at 372C.
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Protein extraction, co-immunoprecipitation and western blotting. Cells were washed twice
in cold PBS and lysed on ice with lysis buffer (5 mM HEPES, 150 mM NacCl, 1% Triton X-
100, pH 7.5) supplemented with 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin
and 1 mM phenylmethylsulfonyl fluoride as protease inhibitors. Cells were next scrapped
and transferred to a 1.5 ml 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 tube and protein
contents were determined by using the Bio-Rad Protein Assay (Bio-Rad).

For co-immunoprecipitation, 1000 pg of protein of each condition were separated and
brought up to a volume of 500 ml with Lysis Buffer for IPs (NaCl 150 mM, HEPES 50 mM,
Titron X-100 1%, pH 7.4), supplemented with protease inhibitors. Preclean was
performed with 40 ul of protein A sepharose beads (GE Healthcare), in an orbital 1 h at
4°C. Next, each sample was incubated with a small chromatography column (BioRad Micro
spin Cromaotgraphy Columns), which contained 2.5 pg of anti-GFP antibody (Genescript)
previously crosslinked to protein A sepharose beads, for 2h at room temperature, with
continuous mixing in an orbital. Next, columns were centrifuged 30s at 1000g. The
supernatant (SN) was kept and stored at -202C. Columns were washed four times with
500ul of lysis buffer and centrifugations of 30sec at 1000 g. Finally, elution was performed
by incubation of the columns with 100pl of 0.2M glycine pH 2.5, and spun 30sec at 1000g.
The eluted proteins (IP) were prepared for western blot by adding 20pl of Loading Buffer
(5x) and 5pl of 1M Tris-HCI pH 10.

Irreversible crosslinking of the antibody to the sepharose beads was performed after one
hour of incubation at RT of the antibody with protein A sepharose beads, incubating the
beads with 500ul of dimethyl pimelimidate (DMP, from Pierce) for 30 min at RT. Next
columns, were washed four times with 500 pl of 1x TBS, four times with 500 pl of 0.2 M
glycine pH 2.5 and three times more with 1x TBS. Once these steps are performed, the
columns could be incubated with the protein lysates, in order to perform the
immunoprecipitation, following the protocol described before.

Protein samples (50pg), supernatants 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) and blocked in 0.2% Tween-20-PBS
supplemented with 5% dry milk, before immunoreaction. Filters were immunoblotted
with antibodies against Kvf$1.1 (1/1000, Neuromab), Kvf32.1 (1/1000, Neuromab),
Clathrin (1/1000, BD Transduction) or Caveolin (1/1000, BD transduction). Finally, filters
were washed with 0.05% Tween-20-PBS and incubated with horseradish peroxidase
conjugated secondary antibodies (BioRad).

Confocal microscopy and image analysis. For confocal image acquisition cells were seeded
on poly-lysine-coated coverslips, and 24h later were transfected. The next day, cells were
quickly washed twice, fixed with paraformaldehyde 4% for 10 min, washed three times for
5min with PBS-K+. Finally, coverslips were mounted on microscope slides (Acefesa) with
house Mowiol mounting media. Coverslips were let dry at RT at least one day before
imaging.

For membrane surface labelling, Wheat Germ Agglutinin-Texas Red (WGA) (from
Invitrogen) was used. Live cells (on ice) were quickly washed with PBS at 4°C and stained
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with a dilution of WGA-TexasRed (1/1500) in DMEM supplemented with 30 mM Hepes for
15min at 4°C. Subsequently, cells were quickly washed twice and fixed with 4%
paraformaldehyde in PBS for 6 min. Next, cells were washed and mounted as described
before. In order to detect EEA1 marker, after fixation, cells were further permeabilized
with 0.1% Triton X-100 for 20min. After 60min incubation with blocking solution (10%
goat serum, 5% non-fat powdered milk and 0.05% Triton X-100) primary mouse anti-
EEA1 (1:500) antibody was added 2h at RT (BD Transduction Laboratories) in 10% goat
serum and 0.05% Triton X-100. Next, fixed cells were incubated with secondary goat anti-
mouse antibody conjugated with Cyanine 5, for 1 hour at room temperature. Mounting as
previously described.

The Fluorescence Resonance Energy Transfer (FRET) via acceptor photobleaching
technique was measured in discrete ROI (Region of Interest). Fluorescent proteins from
fixed cells were excited with the 458 nm or the 514 nm lines using low excitation
intensities. Next, 475 to 495 nm bandpass and >530 nm longpass emission filters were
applied. The YFP protein was bleached using maximum laser power. We obtained
approximately 80% of acceptor intensity bleaching. Posteriorly, images of the donors and
acceptors were taken. The FRET efficiency was calculated using the equation [(Fcrpafter —
Fcrpbefore) / Ferpbetore] ¥100, where Fcrpaser was the fluorescence of the donor after bleaching
and Fcrpberore Was the fluorescence before bleaching. The loss of fluorescence as a result of
the scans was corrected by measuring the CFP intensity in the unbleached part of the cell.

All images were acquired with a Leica TCS SL laser scanning confocal spectral microscope
(Leica Microsystems), equipped with an Argon and Helium-Neon lasers. All experiments
were done with a 63x oil-immersion objective lens NA 1.32. FRET and colocalization
offline image analysis was done using Image ] software. A pixel by pixel colocalization
study by using JACoP (Just Another Colocalization Plugin) was used. Mander’s split
coefficients were obtained which are proportional to the amount of fluorescence of the
colocalizing pixels in each color channel.

Plasma membrane lawns preparations. Plasma membrane lawns (PML) are membrane
sheets obtained by an osmotic shock. HEK-293 cells were seeded in poli-D-lysine treated
glass coverslips. Twenty-four hours after transfection they were cooled on ice for five
minutes and washed twice in PBS. Next, incubated during five minutes in KHMgE buffer
(70mM KCl, 30mM HEPES, 5mM MgCl2, 3mM EGTA, pH 7.5) diluted three times and then,
gently washed with non-diluted KHMgE to induce the hypotonic shock. Bursted cells were
removed from the coverslip by intensively pipetting up and down. After two washes with
KHMgE buffer only membrane sheets remain attached. Preparations were fixed and
mounted as previously described.

Lipid-raft isolation. Low density triton-insoluble complexes were isolated as previously
described (Martens et al. 2000) from HEK293 cells transiently transfected with
Kv31.1CFP, Kvf32.1CFP or Kvf32.1CFPClessA, Cells were homogenised 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 (390.000g) for 20-22h at 4°C in a
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Beckman SW41 rotor. Gradient fractions (1ml) were collected from the top to the bottom
and analysed by western blotting.

Ubiquitination assay. Cells were washed twice in cold PBS and frozen at -802C for at least
one night. On ice, cells were lysed 20min on ice with 2mL of lysis buffer (50mM HEPES,
150mM NaCl, 1% Triton X-100, 10% Glicerol, pH 7.5) supplemented with 0.0125g NEM,
0.2mM MG132, 1mM EGTA 1mM EDTA, 20mM NaF, 1% NaOV, 2mM DTT, 1ug/ml
aprotinin, 1pg/ml leupeptin, 1pg/ml pepstatin and 1mM phenylmethylsulfonyl fluoride as
protease inhibitors. After scrapping the cells, they were centrifuge at 14.000gs for 15min.
Immunoprecipitation assay was performed as previously described.

Membrane extraction. Twenty-four hour cells were washed twice in cold PBS. Scrapped in
1mL of HB buffer (20mM HEPES pH 7.4, 1mM EDTA, 255mM Succrose and 1ug/ml
aprotinin, 1pg/ml leupeptin, 1pg/ml pepstatin and 1mM phenylmethylsulfonyl fluoride as
protease inhibitors) and passed through a 25-gauge needle ten times. It was centrifuged at
4°(C 3000gs during 5min and the supernatant collected is diluted 1 to 3 with HB buffer. To
isolate the membrane fraction, 1h and 30min of centrifugation at 150.000gs was
performed, and the pellet was resuspended in 30uL. HEPES 30mM.

ABE palmitoylation assay. HEK cells transfected with Kvf32.1 wild type and Kvf32.1 cysteine
mutants were harvested in buffer A (150 mM NaCl, 50 mM Tris HCI, 0,2% Triton X-100, 5
mM EDTA, pH 7.4) containing 10mM NEM (Nethylmaleimide, Sigma) and lysates were
collected by scraping on ice and passed through a 25-gauge needle. Samples were
chloroform-methanol precipitated and the pellet was allowed to air dry for 2-3 minutes.
The pellet was re-suspended in 300 pL of buffer B (4% sodium dodecyl sulfate, 50 mM Tris
HC], 5 mM EDTA, pH 7.4) and diluted four fold in lysis buffer containing 10mM NEM. The
samples are incubated at 4°C overnight with gentle agitation. NEM was removed by
performing 3 sequential chloroform-methanol precipitations and following the last
precipitation, the pellet was re-suspended in 500 pL of buffer B. The sample was divided in
two and one half was diluted with 950uL of the buffer C containing 0.7 M hydroxylamine
(+HA) (50mM Tris-HCl, 1 mM HPDP-biotin, 0.2% Triton X-100, 100uM PMSF) and the
other sample was diluted in buffer C without hydroxylamine (-HA). Samples were
incubated at room temperature with gentle rocking for one hour. Three rounds of
chloroform-methanol precipitation were performed and the final pellets were re-
suspended in 250puL buffer B and diluted with 900 buffer D (150 mM NaCl, 50 mM Tris-
HClL, 5 mM EDTA, 0.2 mM HPDP-biotin, 0.2% Triton X-100, pH 7.4). They were incubated at
room temperature with gentle agitation for one hour prior to three sequential chloroform-
methanol precipitations. The final pellet was re-suspended in 120 pL of buffer E (2% SDS,
50 mM Tris HCl, 0,2% Triton X-100, 5 mM EDTA, pH 7.4) and samples were diluted to
0.1% SDS in buffer A. Biotin-labeled proteins were captured with 50 pL of NeutrAvidin
agarose beads. Those were previously whased with 400uL of buffer A and centrifuged 1
min at 2000gs. NeutrAvidine beads were pelleted by centrifugation of 2000gs for 30s.
After washing the beads 4 times with 400uL of buffer A, captured proteins were boiled in
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100pL. Laemmli buffer 1x and 2% f3-mercaptoethanol. Samples were then analysed by
SDS-PAGE and Image] quantification was performed.

RESULTS

Kvf32.1 is also localised in the plasma membrane

Few is known about other putative distributions of this auxiliary subunit family. However,
they have been described to modulate some electrophysiological properties of potassium
channels: typically membrane proteins. Some studies on the complex formation have point
out to associated post-translationally, at the endoplasmic reticulum level (Nagaya and
Papazian, 1997, Shi et al., 1996). Upon HEK transfection with Kvf31.1 (figure 1A) as well as
Kvf32.1 (figure 1B), both subunits exhibited intracellular phenotypes, concomitant with a
cytosolic distribution. However, coexpressed and analysed with a membrane marker, both
Kvf31.1 (figura 1C-F) and Kv{32.1 (figure1G-J) can colocalize partially with this marker. The
pixel-by-pixel graffics shows that the membrane marker, in blue, and the distribution of
KvB1.1 (figure 1F) and Kvf32.1 (figure 1]) share space fractions.

KvI31.1 KvI32.1

A

Kvi3s Membrane Merge

Kvi31.1

KviR2.1

Figure 1. Kvf3 family presents not only an intracellular distribution but also a membrane targeting. A: Kv32.1 representative
distribution on HEK cells. B: Kvf31.1 representative distribution. C-F: Colocalisation of Kv81.1 with a membrane marker. C:
Kvf21.1. D: membrane marker. E: merge of channels, purple means colocalization. F: pixel-by-pixel analysis of ROI in E. G-J:
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Colocalisation of Kv21.1 with a membrane marker. G: Kv32.1. H: membrane marker. E: merge of channels, purple means
colocalization.

Kvf3 family has been typically described as cytosolic proteins. Their sequence analysis
revealed the putative solubility of its structure since it was not presenting any
hydrophobic alpha helix insertable in the plasma membrane. Mackinnon group’s structure
of Kv1.2 in the presence of Kvf32.1, as well as its crystal structure, it is appreciable that in
deed it has a cytosolic distribution (Long et al.,, 2005, Gulbis et al., 1999).

In order to ensure the presence at the cell surface of those subunits, a membrane
purification protocol was followed after Kvf31.1 and Kvf2.1 transfection on HEK cells
(figure 2A). Following the extraction, samples were concentrated using the columns
Centrifugal Filter Units (Amicon®). The efficiency of the concentration process is
checkable bye the ratio supernatant(SN)/concentration(Conc) intensity bands. Both
subunits separately or upon coexpression can be detected on membrane purifications
(figure 2B).
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Figure 2. Kvf3 membrane targeting after a purification protocol. A: HEK cells expressing Kvf31.1CFP, Kv{32.1CFP or Kvf3CFP
and Kvf32.1. B: Detection of Kvf31.1CFP, Kv82.1CFP or Kvf81.1CFP and Kvf32.1. SN: Supernatant of an associated
concentration protocol. Conc: Protein concentration on membrane portion purifications.

In 1998, Nakahira et al. described the association of Kvf31.1 but not Kvf2.1 with actin
filaments. This interaction allowed the presence of one but not the other in subcellular
localizations close to the plasma membrane (Nakahira et al., 1998). In order to ensure that
Kvf32.1 membrane presence was, as stablished so many years ago, not due to actin
interactions, Immunoprecipitations were performed of both subunits expressed
separately in HEK cells. As we can detect in figure 34, there is a molecular interaction
between the Kvf31.1 with f3-actin. Thereby, stress fibres covering the membrane cytosolic
face, can cause the presence of Kvf31.1 subunit at those fractions. On the other hand,
Kvf32.1 had not the ability to interact with 3-actin (figure 3B). This result is pointing out
that another mechanism is responsible for its membrane situation.
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Figure 3. f3-actin association can partially explain Kvf3 membrane targeting. A: Coimmunoprecipitation of Kvf31.1CFP and 3-
actin after a purification protocol. SM: staring material. SN+: supernatant collected after immunoprecipitation in presence of
antibody. SN-: supernatant collected after immunoprecipitation in absence of antibody. IP+: immunoprecipitation in the
presence of antibody. IP-: immunoprecipitation in the absence of antibody.

In order to understand if the membrane distribution for Kvf32.1 was a preferable
localisation, a dose-dependent analysis of Kvf32.1 was performed, coexpressed with a
membrane marker.
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Figure 4. Kvf32.1 membrane targeting is dose-independent. A: Kv32.1 representative distribution of low intensity HEK

transfected cells. B: membrane marker. C: merge. D: pixel-by-pixel analysis of ROI in C. D: Kvf32.1 representative distribution
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of medium intensity HEK transfected cells. E: membrane marker. G: merge. H: pixel-by-pixel analysis of ROI in G. I: Kvf32.1
representative distribution of high intensity HEK transfected cells. ]: membrane marker. K: merge. L: pixel-by-pixel analysis
of ROI in K. M: Plot of membrane colocalization versus intensity level of Kv{32.1.

By maintaining the settings of the confocal microscopy, several cells which were
expressing different protein levels were processed and their membrane expression was
explored and plotted (figure 4A-L). The analysis (figure 4M) revealed that Kvf32.1
presented a membrane targeting sustained and independent on concentration, turning
unlikely to be an overexpression artefact.

Once stablished the presence dose-independent in the membrane and the absence of 13-
actin interaction, this new distribution of Kv{32.1 was checked straight in single cells. In
order to detect just the portion at this subcellular compartment, plasma membrane loans
were prepared in HEK cells transfected with Kvf21.1, Kvf32.1, and both subunits. Kv{31.1
(figure 5A-C) as well as Kvf32.1 (figure 5D-F) are detectable in those preparations and
colocalize partially with the membrane marker. The distribution observed in both
preparations is not homogenous and appear to be limited to some spots. Upon
coexpression, Kvf31.1 and Kvf32.1 can be situated in the same regions, colocalising also
with the membrane marker (figure 4G-]J). This punctuated pattern is kept in the last
condition.

Kvi31.1 Kvi32.1 Membrane Merge
Figure 5. Kv plasma membrane loan expression. A-C: Membrane preparations of Kvf31.1YFP and membrane marker. A:
Kvf21.1CFP. B: Membrane marker. C: merge of channels, turquoise means colocalization. D-F: Membrane preparations of
Kv21.1CFP and membrane marker. D: Kvf32.1CFP. E: Membrane marker. F: merge of channels, purple means colocalization.

G-J: Membrane preparations of Kv21.1YFP, Kvf32.1CFP and membrane marker. G: Kv31.1CFP. H: Kv22.1CFP. I: Membrane
marker. J: merge of channels, white means colocalization.

KvR1.1YFP

Kv32.1CFP

KvR1.1YFP
KvR2.1CFP

92



Several years ago, it was described that the plasma membrane is not a homogenous
subcellular compartment. It is not considered anymore as a uniform lipid bilayer but a
multiplatform structure by including the lipid raft domains in its structure (Brown and
London, 1998). Since there were no evidences of interaction with f3-actin, but Kvf32.1 was
present in the plasma membrane and showing a concrete pattern, the next step was to
check the possible ability to traffic to lipid raft microdomains since it could explain the
previous results. After the expression in HEK cells of both proteins (Kvf31.1 and Kvf32.1)
extraction in the presence of a non-ionic detergent was applied. When immersed in a
sucrose gradient, the lipid raft domains, which are non-soluble in this type of detergents,
migrated to low sucrose concentrations. The rest of the membrane was dissolved and we
detected them at the highest sucrose concentration fractions. The control parameters of
this technique are two proteins mutually exclusive of the two membrane domains:
caveolin as a marker for lipid raft fractions and clathrin as the opposite.

The western blotting of our conditions revealed that Kvf31.1 (figure 5A) exhibits a non-
floating distribution, since the bands corresponding to the protein appear just in those
fractions where chlatrin is also present. However, Kvf32.1 can be detected not only in
chlatrin fractions but also partially in those marked by the presence of caveolin (figure
5B). Note that chlatrin and caveolin are not sharing any fraction of the gradient sucrose,
ensuring the results.
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Figure 6. Lipid raft isolation of HEK cells transfected with Kvf31.1 or Kvf32.1. A: Western blotting of lipid raft fractions of
Kv31.1CFP. B: Western blotting of lipid raft fractions of Kv{32.1CFP.

Lipid raft structures can be widely diverse and integrate several different proteins that
support and build them up. One type of those structures is characterised for the presence
of the family protein of caveolins, our previous marker for the lipid raft extraction. Those
subunits have been typically described as a chaperon-like family as well as helpers on the
traffic to the membrane (Williams and Lisanti, 2004). A recent paper published by our
laboratory confirm that the Kv1.3 channel present an aromatic sequence (previously
described as a caveolin binding domain) able to interact with caveolin-1. Moreover, the
direct interaction with this subunit enhances the traffic of the channel to lipid raft
microdomains (Perez-Verdaguer et al., 2016a).

The analysis of the Kvf32.1 sequence revealed that, although it shows a high amount of
aromatic aminoacids (figure 7), none of them kept the consensus sequences described:

Oxpxxxxd, dxxxxpxxP or GpxPxxxxpxxod.
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10 20 30 40 50
MYPESTTGSP ARLSLRQTGS PGMIYSTRYG SPKRQLQFYR NLGKSGLRVS

60 70 80 90 100
CLGLGTWVTF GGQITDEMAE HLMTLAYDNG INLFDTAEVY AAGKAEVVLG
110 120 130 140 150
NIIKKKGWRR  SSLVITTKIF  WGGKAETERG LSRKHIIEGL KASLERLQLE
160 170 180 190 200
YVDVVFANRP DPNTPMEETV RAMTHVINQG MAMYWGTSRW SSMEIMEAYS
210 220 230 240 250
VARQFNLIPP ICEQAEYHMF QREKVEVQLP ELFHKIGVGA MTWSPLACGI
260 270 280 290 300
VSGKYDSGIP PYSRASLKGY QWLKDKILSE EGRRQQAKLK ELQAIAERLG
310 320 330 340 350
CTLPQLAIAW CLRNEGVSSV LLGASNAEQL MENIGAIQVL PKLSSSIVHE
360

IDSILGNKPY SKKDYRS

Figure 7. Kvf32.1 mouse aminoacid sequence. Aromatic residues are highlighted in orange.

However, several other proteins have been described to present a partially conserved CBD
and a proper interaction with this subunit family. In some of those domains, the positions
for aromatic amino acids in the consensus sequence have been substituted by
hydrophobic ones. In this case, Kv{32.1 presents some putative sequences:

- Position 52: LGLGTWVTF
- Position 148: LEYVDVVF
- Position 262: YSRASLKGY
- Position 270: YQWL]DKI

Since the bioinformatics study revealed some possibilities, immunoprecipitations of
Kvf31.1 (figure 8A) and Kvf32.1 (figure 8B) where performed to detect the hypothetical
interaction. The western blotting revealed that there is not such interaction among those
regulatory subunits.. Thereby, this was not the mechanism used for the traffic of Kvf3 to
lipid raft.
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Figure 8. Kvf32.1 lipid raft targeting is not via caveolin interaction. A: Coimmunoprecipitation of Kvf81.1CFP in the presence
of caveolin. B: Coimmunoprecipitation of Kv32.1CFP in the presence of caveolin. SM: staring material. SN+: supernatant
collected after immunoprecipitation in presence of antibody. SN-: supernatant collected after immunoprecipitation in
absence of antibody. IP+: immunoprecipitation in the presence of antibody. IP-: immunoprecipitation in the absence of
antibody.
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Lipidic modifications are governing Kvf32.1 presence in the membrane

One kind of mechanism for soluble proteins to be attached to the membrane is lipidic post-
translational modification. The most abundant variation on the protein sequence present
in eukaryotic cell is the S-palmitoylation. The addition of this lipid to the aminoacid
sequence is performed by the enzymes DHHC and it can be reverted by thiosterases. This
modification has been related with several funcions such as protein-protein interactions
or protein stability, but also with membrane association and protein trafficking. Those
characteristics concerning to this modification have been described for membrane-bound
proteins but also for soluble ones (Rocks et al., 2010).

Considering the presence of Kvf32.1 at membrane microdomains, we checked the
possibility of founding a palmitate in the structure of the protein. The ABE assay,
specifically designed for detection of post-traductional palmitic modification, was
developed on HEK cells transfected with Kv{32.1.

Kvi32.1
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wct (- -
R ——
DU e W

Figure 9. ABE palmitoilation assay on HEK cells transfected with Kvf32.1. +HA: Experiment developed in the presence of
hydroxylamine. -HA: Experiment developed in the absence of hydroxylamine. SM: starting material. SN: supernatant
collected after the pulldown. PD: pulldown of the palmitoilated proteins.
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In figure 9, we can observe the positive pull down in the lines treated with hydroxylamine
of the three analysed proteins: chlatrin and caveolin as positive controls and Kvf32.1.
Regarding the negative control (absence of hydroxylamine), none or little presence of
signal indicate that the result is valid. Kv32.1 is undergoing palmitoylation at regular
conditions in HEK transfected cells.

The presence of this modification does not imply a direct correlation with the membrane
presence. In order to determine if the palmitoylation is explaining the flotability of this
subunit, Kvf32.1 lipid raft presence was analysed posterior to the treatment using two
different compounds: 2-bromopalmitate (2-BP) and H;0,. On one hand, 2-BP is a
competitor of palmitate. It can interact with the palmitoyltransferase domain of PATs.
Since palmitoylation is a reversible process, by treating with this compound during three
hours, all the palmitoylated proteins undergo only the opposite reaction: deacylation. On
the other hand, H;0; is a powerful oxidant. The most common palmitoylation occurs on the
S group present at the amino acid cysteine. The presence of an oxidant could impair this
modification by the formation of cistine bounds. Moreover, Kvf3 family has been classified
and studied as oxidoreductases. Those proteins are able to detect the redox state of the
cell and convert the NADPH to NADP. This effect generates a buffer of the effect of oxidant
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compounds. So, by combining both treatments we could infer if the presence into lipid raft
domains is related to palmitoylation or stimuli of oxidation.

Kvf3 presence in lipid raft domains (figure 10A) is impaired posterior to the treatment not
only with 2-BP (figure 10B), but also H0- (figure 10C). Those effects are significantly
different from the absence of treatment but not between them (figure 9E). When applied a
mixture of both treatments (figure 10D), there is a reduction on floatability significantly
different compared with the absence of those. However, there are no changes when
compared with the rest of the conditions. The effect of both does not appear to be neither
synergic not summative. Those results point to the palmitoylation as the process to place
Kvf3 in the lipid raft domains, independent of its oxidoreductase activity.
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Figure 10. Lipid raft microdomains extraction in the presence of 2-Bromopalmitate (2-BP) and H202. A: Western blotting of
lipid raft fractions of Kvf32.1CFP. B: Western blotting of lipid raft fractions of Kv32.1CFP with 2-BP treatment. C: Western
blotting of lipid raft fractions of Kvf32.1CFP with H20: treatment. D: Western blotting of lipid raft fractions of Kv82.1CFP
with 2-BP and H:0: treatment. E. Quantification of the flotability in all conditions relativized by the total amount of
expression.

To further support those results we analyse the membrane presence by confocal imaging
of those conditions. This leaded us to check, qualitatively, that while Kv{32.1 (figure 11A)
in the absence of any treatment is occupying the complete cell, when treated with 2-BP
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(figure 11B) or H;0; (figure 11C) it is observable a shift on its distribution: on the edge of
the cells the presence of Kvf32.1 decreases.

Mock 2-BP H,O,

A

cC

Kvi32.1

Figure 11. Representative Kvf32.1 distribution after different treatments. A: Kvf32.1 representative distribution. B: Kvf32.1
representative distribution after 2-BP treatment. B: Kvf22.1 representative distribution after H.0: treatment.

Previous pharmacological treatments, 2-BP or H,02, applied on our conditions can inhibit
the palmitoylation of all the cellular proteins. Even proved the palmitoylation th Kv{32.1
subunit, and at this specific point, the results obtained can suggest two different
situations:

- The palmitoylation that drives our subunit to lipid raft is taking place in its
cysteines.

- The palmitoylation is performed in a Kvf32.1 interaction partner that traffics it
until this location.

In order to distinguish which is the mechanism implied in this new targeting, the
mutation of all Kvf32.1 cysteines was required. If the mutant was keeping the ability of
travelling to lipid raft microdomains, it has a partner driving it.

10 20 30 40 50
MYPESTTGSP ARLSLRQTGS PGMIYSTRYG SPKRQLQFYR NLGKSGLRVS
60 70 80 90 100
CLGLGTWVTF GGQITDEMAE HLMTLAYDNG INLFDTAEVY AAGKAEVVLG
110 120 130 140 150
NIIKKKGWRR  SSLVITTKIF WGGKAETERG LSRKHIIEEGL KASLERLQLE
160 170 180 190 200
YVDVVFANRP DPNTPMEETV RAMTHVINQG MAMYWGTSRW SSMEIMEAYS
210 220 230 240 250
VARQFNLIPP ICEQAEYHMF QREKVEVQLP ELFHKIGVGA MTWSPLACGI
260 270 280 290 300
VSGKYDSGIP PYSRASLKGY QWLKDKILSE EGRRQQAKLK ELQAIAERLG
310 320 330 340 350
CTLPQLAIAW CLRNEGVSSV LLGASNAEQL MENIGAIQVL PKLSSSIVHE

360

IDSILGNKPY SKKDYRS

Figure 12. Kv32.1 mouse aminoacid sequence. Cysteines are highlighted in red.
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Analysing the sequence of mouse Kvf32.1 (figure 12), it presents a total amount of five
cysteines in the positions: 51, 212, 248, 301 and 311. By directed mutagenesis, some
series of mutants were developed and classified. The strategy was to switch cysteine
residues for serines. The choosing is done based on their similarity; actually, cysteine is
often synthetized in animals from serine. The mutants obtained and analysed were the
following.
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Figure 13. Schematic representation of the different mutants analysed.

In order to avoid the presence of deleterious mutants among our trials, the cellular
distribution of them was checked by confocal microscopy. While the mutants Kvf{32.1¢(52-
212-248)S (figure 14B) and Kvf32.1¢(52-212-248-301) (figure 14C) were presenting a comparable
distribution with Kvf32.1 wild type (figure 14A), the Kvf32.1Cless js exhibiting a totally
different pattern of expression (figure 14D). Analysis of the colocalization with the
membrane marker, while Kvf32.1 is mainly present in the intracellular space (figure 14E-
H), Kvf32.1¢less shows a profile coincident with the membrane marker (figure 14I1-L). This
mutant presents more than two-fold colocalization with the plasma membrane which is
highly statistically different compared with the Kvf32.1 wild type (figure 14M).

98



KVB21 KV[SZ.;IC[S‘P?‘.Z-E-:HIS Kvg2.1Cl!.'-212-2-‘-3-3(”]$ KVI’$2.1C-Icss
- .
Kvits Membrane Merge
-

Kvi32.1

KV&?. 1 C-less

=
W

* %%

A l

Membrane colocalisation (au) <

KvR2.1 KvR2.1°"*

o

Figure 14. Representative Kvf32.1 mutants cellular distribution. A: Kvf32.1. B: Kv{32.1¢(52-212-248)s C: Kv{32.1¢(52-212-248-301)S_ )

Kvf32.1¢less, E-H: membrane colocalization of Kv32.1. E: Kv32.1. F: membrane marker. G: merge of channels, purple means
colocalization. H: pixel-by-pixel analysis of ROl in G. I-L: membrane colocalization of Kv{32.1¢less, I: Kv{32.1C¢less, ]: membrane
marker. K: merge of channels, purple means colocalization. L: pixel-by-pixel analysis of ROI in K.

This highly different distribution of the mutant, possibly due to a new phosphorylation site
insert by the mutagenesis of cysteine 311, forced us to build a new mutant. At this position
we decided to alter the sequence in order to encode an alanine (figure 15).
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Figure 15. Schematic representation of the new mutant Kvf32.1¢-lessA generated.

Concomitantly, the cellular pattern of the new mutant was analysed. The expression of
Kvp2.1¢lessA (figure 16B) leads a distribution similar to the one showed by Kv2.1 wild
type (figure 16A).

Once checked that there is a maintenance of the general protein physiology, the presence
at the cell surface was analysed in the different mutants obtained. Kvf32.1, as previously
showed, exhibits a colocalisation (figure 16C-E) with the membrane marker patent in the
overlap of pics at the pixel-by-pixel plot (figure 16F). This distribution is similar for the
mutant Kvf32.1¢(52-212-248)s (figure 16G-I), the one which has three of its cysteines missing. It
is detectable the fluorescence of this mutant under the pics of membrane marker showed
at the plot (figure 16]). However, when analysed the Kv[32.1¢(52-212-248-301)$ (figure 16K-M),
it is detectable a shift to the cytoplasmic parts of the cell (figure 16N). Moreover, Kv32.1¢
lessA (figure 160-Q) exacerbates this effect: it decreases the distribution at the membrane
and its closest regions. (figure 16R).

The quantification for the surface colocalisation reveals that, Kv[32.1¢(52-212-248-301)S gnd
Kvp2.1ClessA gre significantly different from the Kvf2.1 wild type reaching just half of the
distribution at the plasma membrane. However, there are no differences detected between
this two conditions. The mutant lacking three cysteines, Kv[32.1¢(52-212-248)S, presents a
tendency of a reduction but not statistically relevant. However, its distribution is
significantly different from this showed by the other two mutants (figure 16S). The
tendency of the results obtained are pointing out that the more cysteines mutated, the less
presence at the plasma membrane.
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Figure 16. Representative Kvf32.1 and Kvf32.1¢lessA cellular distribution. A: Kvf32.1. B: Kvf32.1¢lessS, C-F: Kvf32.1 membrane
colocalisation. C: Kvf32.1. D: membrane marker. E: merge of channels, purple means colocalization. F: pixel-by-pixel analysis
of ROl in E. G-J: Kvf32.1¢(51-212-248)S membrane colocalisation. G: Kvf32.1¢(51-212-248)s  H: membrane marker. I: merge of channels,
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purple means colocalization. J: pixel-by-pixel analysis of ROI in I. K-N: Kv{32.1¢(51-212-248-301)S membrane colocalisation. K:
Kvf32.1¢(51-212-248)5 | |,: membrane marker. M: merge of channels, purple means colocalization. N: pixel-by-pixel analysis of ROI
in M. O-R: Kvf32.1¢lessA membrane colocalisation. O: Kvf32.1¢lessA, P: membrane marker. Q: merge of channels, purple means
colocalization. R: pixel-by-pixel analysis of ROI in Q. M: Quantification of membrane colocalisation using Mander’s
coefficiency. **p<0.01, ***p<0.001 compared with Kvf32.1. ##p<0.01, ###p<0.001 compared with Kv{32.1¢(51-212-248)s,

The surface expression seems to be related to the amount of cysteines remaining at the
sequence. However, in order to ensure the previous results, ABE assay was performed on
the mutants. Detecting a comparable starting material (figure 17A) for Kvf32.1 and
Kvp2.1¢lessA conditions, the figure 17B shows that, unlike the wild type subunit, the C-lessA
mutant exhibits an important reduction, almost completely, of the signal detectable for
palmitoylation. The mutants tested for membrane targeting in figure 16, were showing
intermediate and variable patterns of palmitoylation. However, as figure 17C shows, the
mutant Kv[f32.1€(52-212-248)S presents a major acylation extent than Kv[32.1€(52-212-248-301)s,
pointing the cysteine 301 as a target of palmitoylation.
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Figure 17. Kvf32.1 wild type and C-less mutant palmitoylation comparison. A. Representative ABE experiment of Kvf32.1 wild
(Lietal., 2000)type and Kvf32.1¢lessA, B, Quantification of pulldown amount in both conditions relative to the starting
material. C. Representative ABE experiment of Kv{32.1¢(51-212-248)S and Kv{32.1¢(51-212-248)5 + HA: Experiment developed in the
presence of hydroxylamine. -HA: Experiment developed in the absence of hydroxylamine. SM: starting material. SN:
supernatant collected after the pulldown. PD: pulldown of the palmitoylated proteins.

Even though the previous results showed that the progressive absence of cysteines in the
KvB2.1 sequence is related to the loose of the palmitoylation presence at the protein and
positively correlated with the loose of its membrane presence, the relationship with its
location at the lipid raft microdomains remained not concluded.

Testing the ability for the traffic to this subcellular environment, Kv[32.1¢lessA unlike
Kvp2.1 (figure 18A), presented and impairment for reaching those domains (figure 18B).
The quantification (figure 18C) demonstrated that there is a highly significant reduction
(68.06% =+ 1.23) in the capability for occupying this location. Thereby, is the
palmitoylation on Kvf32.1 sequence the process that govern its lipid raft localisation.
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Figure 18. Lipid raft microdomains purification of Kvf32.1 and Kvf32.1¢lessA. A: Western blotting of lipid raft fractions of
Kvf32.1. B: Western blotting of lipid raft fractions of Kvf32.1¢lessA, C. Quantification of the flotability relativized by the total
amount of expression.

Although the reduction on the Kv2.1¢lessA floatability exhibited a high extent, this protein
is still present at this emplacement (figure 18C). Thus, a part of its traffic to those domains
is palmitoylation-independent.

Proliferative signalling and PMA interfere in Kvf32.1 localisation

Lipid raft microdomains are considered membrane platforms of signalling proteins. They
allow to overcoming the spatial distance among proteins that need to be close. It can
generate a spatial concentration for proteins that are involved in the same pathways (Dart,
2010). Considering its function as an oxidoreductase and as a Kv modulator, the
positioning of Kvf32.1 in lipid raft microdomains is highly relevant. Palmitoylation,
previously described as the mechanism for trafficking Kv32.1 to those environments
(figure 18), is a reversible process that can be modulated by different mechanisms.
Actually, the research on this topic is taking off regarding the involvement of those
processes in several different functions.

Considering that Kvf3 family exhibit a differential regulation upon proliferation or
activation stimuli in some cells, such as macrophages, the ability of targeting lipid raft
microdomains posterior to those insults was assessed (Vicente et al.,, 2005). Kvf32.1 was
present in the floating fractions when the HEK cells were cultured in the presence of
growth factors (figure 19A), but not when they are subjected to starvation (figure 19B).
The quantification confirmed this reduction and it is significantly relevant (figure 19C).
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Figure 19. Lipid raft microdomains purification of Kvf22.1 under proliferative signalling. A. Western blotting of lipid raft
fractions of Kvf32.1CFP in presence of FBS. B. Western blotting of lipid raft fractions of Kv22.1CFP in the absence os FBS. C.
Quantification of flotability in both conditions relativized by the total amount.

The effect on the lipid raft presence was also observable when analysed the membrane
colocalisation by confocal microscopy.
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Figure 20. Differential Kvf32.1 membrane targeting. A-D: Cellular distribution of Kvf32.1 in the presence of FBS. A:
Kvf22.1CFP. B: Membrane marker. C: merge, purple means colocalization. D: pixel-by-pixel analysis of ROI in C. E-H: Cellular
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distribution of Kvf32.1 in absence of FBS. E: Kvf32.1CFP. D: membrane marker. E: merge of channels, purple means
colocalization. H: pixel-by-pixel analysis of ROI in G. I: Quantification of membrane targeting in presence an absence of FBS.
*

p<0.05.

The effect of FBS on the membrane targeting was confirmed (Figure 20). While Kvf32.1 is
detectable colocalising with the membrane marker in the presence of FBS (figure 20A-D),
once the cells are subjected to starvation, the subunit loses partially this distribution
(figure 20E-H). The impairment is slightly significant but confirms our previous results
(figure 20I). Proliferating signals enhance the traffic of Kv{32.1 to lipid raft microdomains.

While FBS has the ability to target Kvf32.1 to specific domains of the plasma membrane,
the mechanisms of recycling that will control the period of time it will remain in lipid raft
are also highly relevant. Previous thesis from our laboratory reports the exit from those
domains and endocytosis of Kv1.3 after a PMA treatment. Since Kvf32.1 is also present at
lipid raft and it exerts the capability of modulate this channel, convergence of interests
leads us to analyse how it is regulated by a PMA treatment.

In order to study deeply the putative effect, lipid raft microdomains extraction was
performed in absence or presence of PMA. The experiment was developed also in the
presence of the protein PSD95. Trying to approach the experimental conditions to a more
physiological model, this MAGUK protein has been related strongly to the polarity of the
neurons, acting as a platform in the post-synaptic membrane (Oliva et al.,, 2012). Not only
in nervous system but also in immune cell physiology, a member of the protein family has
been linked to pivotal roles such as: T-cell immunological synapse formation, NFAT
activation, cytokine secretion or acting as a negative regulator of lymphocyte proliferation.
Concretely, for PSD95, the inhibition has been related to a decrease in the T-cells uropod
formation (Shaw and Filbert, 2009) .

Not only is present in the physiology of nervous system cells and immune system cells,
where Kvf3 family is highly expressed, but also is expressed specifically in lipid raft
domains in a palmitoylation-dependent manner (Cho et al,, 1992, Wong and Schlichter,
2004). It has been also described the direct interaction between the PKCa and PSD95
(O'Neill et al., 2011). The possible modulation of Kvf32.1 by PSD95 addressed in the
investigation was necessary to approach it to a more physiological model.

On one hand, the treatment with PMA clearly shifts the distribution of the protein to non-
floating fractions (figure 21A-B), showing a 67,4%=7.5 reduction. On the other hand, the
cotransfection of the protein PSD95, leads to two different effects: increases the presence
of Kvf32.1 in lipid raft microdomains and impairs the decrease produced by PMA (figure
21C-E). This effect on Kvf32.1 subunit it might be exacerbated by the fact that PMA
increases PSD95 presence in lipid raft domains under the presence of PMA treatment
(figure 21F).

While proliferation signals and PSD95 presence enhance the traffic to those domains, the
activation of PKC via PMA is inducing its diminution, and counteracted by the MAGUK
subunit.
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Figure 21. Lipid raft microdomains extraction of Kvf32.1CFP transfected cells in the presence of PMA and PSD95. A: Western
blotting of lipid raft fractions of Kvf32.1CFP. B: Western blotting of lipid raft fractions of Kvf32.1CFP with PMA treatment C:
Western blotting of lipid raft fractions of Kv{32.1CFP and PSD95. D: Western blotting of lipid raft fractions of Kv82.1CFP and
PSD95 with PMA treatment. E. Quantification of the Kvf32.1 flotability in all conditions relativized by the total amount of
expression. F. Quantification of the PSD95 flotability in the presence and the absence of PMA. *p<0.0'5, **p<0.01, ***p<0.001
versus Kvf32.1 alone. #p<0.01, ###p<0.001 versus Kvf32.1 treated with PMA.

PSD95 exhibits three different PDZ domains and one SHj3 interacting motif. It has been
typically described as a platform that can contact with several different protein families
localising properly those in signalling regions. For instance, a previous thesis of our
laboratory established that Kv1.3 interacts with PSD95 stabilising its presence in lipid raft,
as well as avoiding the endocytic pathway enhanced by PMA. It has also been described
that PSD95 can direct Kv1.4 to lipid raft, and depends on its own palmitoylation (Wong
and Schlichter, 2004). However, it is also known that CaMKIla can recruit PSD95 to those
domains without a molecular interaction (Suzuki et al., 2008).

To decipher which is the PSD95 mechanism able to influence Kvf32.1 behaviour, and the
putative modulation by PMA, the capability for interacting was tested. Not in the presence,
neither in the absence of PMA (figure 22), there is PSD95 coimmunoprecipitation detected
pulling-down Kvf32.1. Thereby, lipid raft stabilisation and PKC buffering could be the
mechanisms involved in maintaining Kv{32.1 floatability.
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Figure 22. Kvf32.1 lipid raft stabilisation and PMA endocytosis impairment by PSD95 is not via direct interaction.
Immunoprecipitation assay against GFP. Western blot using a-GFP antibody and a-Myc antibody. SM: starting material. SN+:
supernatant of the precipitation. IP+: Inmunoprecipitation in the presence of the antibody.

The PMA treatment could be enhancing the disappearance of Kvf32.1 by different
mechanisms. In order to decipher if it is mediated by the endocytosis, the colocalisation
with EEA-1 upon PMA treatment was analysed. Both conditions were exhibiting positive
colocalisation since Kvf32.1 is mainly intracellular emplaced (figure 23A-F). However,
when analysed (figure 23G) the level of coincidence in the presence of PMA treatment, the
result was significantly positive.
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Figure 23. Colocalisation of Kv22.1 with EEA-1 marker in with PMA treatment. A-D: Cellular distribution of Kvf32.1 in the
absence of PMA. A: Kv32.1CFP. B: Membrane marker. C: merge, purple means colocalization. E-H: Cellular distribution of
Kvf22.1 in presence of PMA. E: Kv32.1CFP. D: membrane marker. E: merge of channels, purple means colocalization. I:
Quantification of EEA-1 colocalisation in presence an absence of PMA. *p<0.05.
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Previous results from our laboratory stablished that the internalisation of Kv1.3 channel
depending on PMA treatment was mediated by an ubiquitination process of some
residues. Since the late result is pointing to an endocytosis of the Kvf32.1, the putative
ubiquitination of this subunit was investigated. To proceed, an immunoprecipitation was
performed to purify and isolate Kvf32.1 from the rest of the proteins. It is detectable the
ubiquitination in the same weight of the Kv{32.1 and there is an increased smir in the PMA
treated lane compared with the non-treated one (figure 24).
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Figure 24. PMA treatment enhances slightly the Kv{32.1 ubiquitination. Immunoprecipitation of Kvf32.1 and immunoblotting
against ubiquitin. SM: starting material. IP+: immunoprecipitation in the presence of GFP antibody. Arrow indicates Kv{32.1.

DISCUSSION

The present contribution described that Kvf2, originally described as a cytoplasmic
protein, is unexpectedly present at membrane fractions. We have demonstrated,
pharmacologically and by Kvf2.1 cysteine mutagenesis, that this localization is mediated
principally by a post-traductional lipidic modification. Recently, effects of palmitoylation
are under intense investigation not only in membrane but also in soluble proteins
(Smotrys and Linder, 2004). In the first case, this modification has been related to
determine lipid raft localization (Charollais and Van Der Goot, 2009). For soluble proteins,
palmitoylation is also a mechanism to drive them to specific membrane locations where
they can develop a specific function. SNAP-25 palmitoylation drives it to the plasma
membrane where it will be forming finally the SNARE complex, a key process in
membrane fusion (Greaves et al., 2010). Another example is the kinase DLK, critical for
axon-to-soma retrograde signaling following nerve injury. Palmitoylation at DLK locates it
in trafficking vesicles, it is required to assemble DLK signaling complexes and is essential
for DLK kinase activity (Holland et al., 2016). So, which is the purpose of driving Kvf2.1 to
the plasma membrane?

The modification of Kvf2.1 to control its location, as well as the control under specific
stimulus, leads to think that some differential functions are performed when this target
position is occupied. The most studied functions of Kv32.1 are related to its control of Kv1
and Kv4 families (Yang et al., 2001, Li et al.,, 2006). Even it does not present the ball-and-
chain inactivation system, it has been published that Kvf2.1 presents the ability of
enhancing the surface expression of some channels. From those results it was
hypothesized that Kvf32.1 is a possible chaperone, helping them to achieve the proper
functional conformation (Shi et al., 1996). It was also described that, upon specific
combinations of Kvf2.1/Kv channels, the half-voltage activation is switched to more
negative values (Heinemann et al., 1996). Little is known about the role of this protein in
the absence of pore-forming subunits. Computational analysis showed that Kv2.1 forms
part of the AKR family and several studies were performed to demonstrate that is an
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active enzyme with endogenous substrates (Kilfoil et al., 2013). Those results enhanced
the analysis of the putative effect of KvB2.1-AKR activity on Kv currents. While the
interaction with NADPH is required, most probably enhancing the proper folding of
Kvf2.1, the impairment of the enzymatic activity does not have major changes on Kvf32.1
function (Campomanes et al., 2002, Weng et al., 2006).

Considering that Kvf2.1 is undergoing a specific control of its location, palmitoylation-
mediated, in the absence of a-subunits, and regarding that its aldoketoreductase activity is
not highly coupled to their control on Kv channels, it is tempting to speculate that Kv32.1
could be acting as a sensor at specific domains at the plasma membrane. Even some
studies revealed that it is a slow enzyme compared with other AKR; the measurement of
the hydride transfer revealed that Kv2.1 is as fast as other members of the family (Liu et
al, 2001). This made likely to think on Kv32.1 as a sensor for the redox state of the cell
(Tipparaju et al, 2008, Weng et al, 2006). In the present work we demonstrate that
KvB1.1 don’t present lipid raft localization but it is placed at the plasma membrane
depending on its actin interaction, as Trimmer group determined (Nakahira et al., 1998).
For Kvf31.3, closer to Kvf31.1, it was measured a slower hydride transfer compared with
Kvf2.1 (Tipparaju et al, 2007). So, at the plasma membrane, the cell can place redox
detectors with specific sensing rate. Concomitantly, it have been demonstrated that
KvB2.1 can reduce aldehydes and ketones of membrane-derived oxidized lipids
preferably, highlighting the importance for the KvB3-membrane location (Xie et al,, 2011,
Tipparaju et al., 2008).

Moreover, we have shown that Kvf32.1 lipid raft localization is controlled by different
signals. Upon proliferative stimuli, we have demonstrated that the amount of Kvf32.1
detected increased by membrane colocalization and lipid raft purification. However,
posterior to a PMA treatment, an important decrease presence in those subcellular
domains was observed counteracted by PSD95. This capability of PSD95 could be due to a
direct interaction with PKC masking its region for detecting Kv32.1. By those mechanisms,
it would be controllable the sensor position depending on the cellular time moment.

Moreover, several different partners have been related to Kv32.1, apart from Kv channels.
ZIP1, ZIP2 and ZIP3 link this protein to the isoform PKC{, and it can interact with PKA,
EB1, KIF3/kinesin II, TRPV1, TREK among others (Gong et al., 1999, Croci et al., 2003, Gu
et al., 2006, Bavassano et al., 2013, Kisselbach et al., 2012). Since Kv32.1 can be placed at
lipid raft posterior to a palmitoylation process, their partners are possibly translocated to
those domains. This idea leads us to consider that Kvf3 family, in the absence of Kv
channels, are exerting functions of signalling platforms. The control by FBS and PMA on its
distribution could be, then, modifying the whole complex of proteins. Further experiments
need to be performed to solve this hypothesis and to assess if there is redox control of
those multicomplexes.

Since the Kvf3 research started, several different groups have discussed the idea that there
are some functions of this protein that are yet to be discovered. The expected effects on
Kvf2.1 null mice were considered mild compared with the range of consequences on
Kv1.1 and Kv1.2 at the nervous system level (McCormack et al.,, 2002). The sensing in the
hypoxia level can be transferred to Kv4.3 channel, by direct interaction, but also to a non-
interacting partner: Kv2.1 (Coppock et al, 2001). So, this is inferring a different
mechanism by which it could be able to transfer those detections. Finally, the fact that
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Kvf2.1 AKR activity do not exert major changes in the control of Kv channels, allow them
to consider Kvf2.1 as a moonlighting protein (Campomanes et al., 2002). This work
stimulates even more this idea. A refined modulation of this accessory subunit, by
palmitoylation, proliferation stimulus and PMA treatment in the absence of their principal
partner, has to be considered as a functional protein entity by itself. Several studies need
to be performed to finally elucidate their missing cellular role.
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ABSTRACT

The family Kvf3 has the ability of modulate the Kv channels in several different aspects. Not
only regulates their inactivation rate or the activation kinetics, but also it has been proved
that they can contribute to their traffic. Kv3 subunits are involved in the proper folding of
the Kv structure as well as they enhance the membrane targeting of some members. The

crystal structure of Kv1.2 together with Kv32.1 demonstrated that those proteins are
attaching the channels in a forth members composition. Moreover, it was published that in
the absence of the Kv, Kv32.1, but not Kv1.1, is able to form tetramers. From those
results, it was proposed that Kv31.1 activity on Kv channels will be controlled by
interacting with Kvf2.1 complexes. However, we demonstrate that the oligomeric
capability is present in both subtypes and the affinity to form homo or heteroligomers is
highly similar. Thus, the Kv modulation by this family is based exclusively on the
expression level of each subunit. The present work also points out the presence of those
complexes at the plasma membrane, moving Kv32.1 out of lipid raft microdomains.
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INTRODUCTION

The heterogeneity of voltage-sensitive potassium currents in vivo is due to the mixture of
not only a-conducting subunits, but also of [3-modulating families. Changes in the
expression of a given subunit can alter the composition and the physiological properties of
the channelosomes present at a certain cell moment (Pongs and Schwarz, 2010).

Kvf family is formed by four different encoding genes: Kvf31, Kv32 and Kvf33. Some of
those can undergo alternative splicing events ending in different subtypes. Even they
exhibit a 85% of similarity, several functional differences have been studied, mainly
focused on their Kv modulating function (Kilfoil et al., 2013). KvB1 and Kv33 accelerate
the fast inactivation of some Kv channels. A ball-and-chain mechanism, similar to Kv1.4 or
Kv3.4, was proposed for such modulation (Leicher et al., 1996, Heinemann et al., 1995). On
the other hand, Kv[32 has been related to an increase of surface expression of the channels
(Shi et al., 1996). Previous to the Kv1.2 crystallization in the presence of Kv[32, biochemical
evidences pointed out the presence of more than one beta subunit in a Kv channel
formation (Parcej et al., 1992). At that moment, the research of the possible interaction
among this family in the presence but also in the absence of a-subunits started.

Few investigation saw the light regarding the oligomeric formation of Kvf3 family. By a
yeast-two-hybrid model, Kv32 was observed to form homoligomeric and heteroligomeric
compositions with Kv31, while the latter had not this capability (Xu et al.,, 1998). The
complex formation was also solved by atomic force and electron microscopy showing a
tetrameric structure. In the same study they also detected tripartite structures and
speculate of a possible intermediate complex (van Huizen et al, 1999). Finally, the
resolution of the Kvf2 crystal structure leads finally to observe not only the
macromolecular structure but also the orientation assumed (England et al., 1995b).

The previous mentioned studies developed in yeast-two-hybrid concluded that the
molecular determinants at Kv32 for the oligomeric formation would be placed in both the
core region and the N-terminal. Although both proteins share the vast majority of the C-
terminal sequence, Kvf31.1 was not presenting those interacting domains. Regarding Kv’s
physiology, they correlate the higher the expression of Kvf31, the bigger the inactivation
rate; and so, the model of asf3» (four a-subunits with a variable number of -subunits)
fitted with their results (Xu et al.,, 1998). Further studies of the same group presented that
KvB2 was able to inhibit the Kvf1-mediated inactivation of Kv channels. This effect
requires the core part of the subunit, necessary not only for the homo and
heteroligomerization but also for the interaction with the channel. They defended that the
KvB2-modulation of Kv31 would not imply the constriction of the inhibiting ball function.
It was concluded that Kv32 would preferably interact with the Kv channels in an already-
formed tetrameric structure displacing Kvf31 (Xu and Li, 1997). However, slightly later,
other laboratory proposed the opposite: Kv31.2 has the ability of forming homoligomers
as well as KvB2. Thereby, mixtures of both proteins with Kv channels induces
intermediate inactivation patterns on Kv1.2(Accili et al., 1997a).

The new properties detected for Kv(2.1, but not for Kvf31.1 regarding its lipid raft
presence, drive our research to solve the disjunctive presented in 90’s century. The
present work was focused in Kvf31.1, the shortest subunit on the Kvf1 subfamily, and
KvB2.1. Our results support the possible Kvf31.1 complex formation, stablishing tetramers,
and demonstrate that the affinity to form homo and heteroligomers among the Kvf3 family
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is highly similar. Those results drive the Kv regulation back to the concentration theory:
the more expressed Kvf, the higher its presence at the channelosomes. Moreover, our
results rapport the presence of homomeric complexes at the plasma membrane and the
modulation of Kv32 lipid raft localization in the presence of Kv31.

MATERIALS AND METHODS

Expression plasmids. mKv31.1 and mKvp2.1 were provided by M.M. Tamkun (Colorado
State University). mKvf31.1 and mKv2.1 were subcloned into pEYFP-N1 and pECFP-N1
(Clontech). mKv32.1CFP mutants were generated using the QuikChange and QuikChange
lightning multi-site-directed mutagenesis kits (Stratagene). All constructs were verified
using automated DNA sequencing.

Cell culture, transfections and pharmacological treatments. 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).

For confocal imaging and co-immunoprecipitation experiments cells were seeded (70-
80% of confluence), in 6-well dish containing poly-lysine-coated coverslips or 100mm
dish, respectively, 24h before transfection with selected cDNAs. Lipotransfectina®
(Attendbio Research) was used for transfection according to the supplier’s instructions.
The amount of transfected DNA was 4pg for a 100mm dish and 500ng for each well of a 6-
well dish (for coverslip use). Next, 4-6h after transfection, the mixture was removed from
the dishes and replaced with new fresh culture media. All the experiments were
performed 24 h after transfection.

Protein extraction, co-immunoprecipitation and western blotting. Cells were washed twice
in cold PBS and lysed on ice with lysis buffer (5 mM HEPES, 150 mM NaCl, 1% Triton X-
100, pH 7.5) supplemented with 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin
and 1 mM phenylmethylsulfonyl fluoride as protease inhibitors. Cells were next scrapped
and transferred to a 1.5 ml 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 tube and protein
contents were determined by using the Bio-Rad Protein Assay (Bio-Rad).

For co-immunoprecipitation, 1000 pg of protein of each condition were separated and
brought up to a volume of 500 ml with Lysis Buffer for IPs (NaCl 150 mM, HEPES 50 mM,
Titron X-100 1%, pH 7.4), supplemented with protease inhibitors. Preclean was
performed with 40 pl of protein A sepharose beads (GE Healthcare), in an orbital 1 h at
4°C. Next, each sample was incubated with a small chromatography column (BioRad Micro
spin Cromaotgraphy Columns), which contained 2.5 pg of anti-GFP antibody (Genescript)
previously crosslinked to protein A sepharose beads, for 2h at room temperature, with
continuous mixing in an orbital. Next, columns were centrifuged 30s at 1000g. The
supernatant (SN) was kept and stored at -202C. Columns were washed four times with
500ul of lysis buffer and centrifugations of 30sec at 1000 g. Finally, elution was performed
by incubation of the columns with 100ul of 0.2M glycine pH 2.5, and spun 30sec at 1000g.
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The eluted proteins (IP) were prepared for western blot by adding 20pl of Loading Buffer
(5x) and 5pl of 1M Tris-HCI pH 10.

Irreversible crosslinking of the antibody to the sepharose beads was performed after one
hour of incubation at RT of the antibody with protein A sepharose beads, incubating the
beads with 500ul of dimethyl pimelimidate (DMP, from Pierce) for 30 min at RT. Next
columns, were washed four times with 500 pl of 1x TBS, four times with 500 pl of 0.2 M
glycine pH 2.5 and three times more with 1x TBS. Once these steps are performed, the
columns could be incubated with the protein lysates, in order to perform the
immunoprecipitation, following the protocol described before.

Protein samples (50ug), supernatants and immunoprecipitates were boiled in Laemmli
SDS loading buffer and separated on 10% SDS-PAGE. For the non-denaturalizing protocol
there was no boiling step, and the SDS-PAGE gel was 8% acrylamide. Next, they were
transferred to 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 Kvf31.1 (1/1000, Neuromab), Kvf32.1 (1/1000,
Neuromab), Clathrin (1/1000, BD Transduction) or Caveolin (1/1000, BD transduction).
Finally, filters were washed with 0.05% Tween 20 PBS and incubated with horseradish
peroxidase conjugated secondary antibodies (BioRad).

Confocal microscopy and image analysis. For confocal image acquisition cells were seeded
on poly-lysine-coated coverslips, and 24h later were transfected. The next day, cells were
quickly washed twice, fixed with paraformaldehyde 4% for 10 min, washed three times for
5min with PBS-K+. Finally, coverslips were mounted on microscope slides (Acefesa) with
house Mowiol mounting media. Coverslips were let dry at RT at least one day before
imaging.

For membrane surface labelling, Wheat Germ Agglutinin-Texas Red (WGA) (from
Invitrogen) was used. Live cells (on ice) were quickly washed with PBS at 4°C and stained
with a dilution of WGA-TexasRed (1/1500) in DMEM supplemented with 30 mM Hepes for
15min at 4°C. Subsequently, cells were quickly washed twice and fixed with 4%
paraformaldehyde in PBS for 6 min. Next, cells were washed and mounted as described
before. In order to detect EEA1 marker, after fixation, cells were further permeabilized
with 0.1% Triton X-100 for 20min. After 60min incubation with blocking solution (10%
goat serum, 5% non-fat powdered milk and 0.05% Triton X-100) primary mouse anti-
EEA1 (1:500) antibody was added 2h at RT (BD Transduction Laboratories) in 10% goat
serum and 0.05% Triton X-100. Next, fixed cells were incubated with secondary goat anti-
mouse antibody conjugated with Cyanine 5, for 1 hour at room temperature and further
mounted as previously described.

The Fluorescence Resonance Energy Transfer (FRET) via acceptor photobleaching
technique was measured in discrete ROI (Region of Interest). Fluorescent proteins from
fixed cells were excited with the 458 nm or the 514 nm lines using low excitation
intensities. Next, 475 to 495 nm bandpass and >530 nm longpass emission filters were
applied. The YFP protein was bleached using maximum laser power. We obtained
approximately 80% of acceptor intensity bleaching. After photobleaching, images of the
donors and acceptors were taken. The FRET efficiency was calculated using the equation
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[(Fcrpatter — Fcrpbefore) /Ferpberore] 100, where Fcppater was the fluorescence of the donor after
bleaching and Fcrppefore Was the fluorescence before bleaching. The loss of fluorescence as a
result of the scans was corrected by measuring the CFP intensity in the unbleached part of
the cell.

All images were acquired with a Leica TCS SL laser scanning confocal spectral microscope
(Leica Microsystems), equipped with an Argon and Helium-Neon lasers. All experiments
were done with a 63x oil-immersion objective lens NA 1.32. All offline image analysis was
done using Image ] software.

Plasma membrane lawns preparations. Plasma membrane lawns (PML) are membrane
sheets obtained by an osmotic shock. HEK-293 cells were seeded in poli-D-lysine treated
glass coverslips. Twenty-four hours after transfection they were cooled on ice for five
minutes and washed twice in PBS. Next, incubated during five minutes in KHMgE buffer
(70mM KCl, 30mM HEPES, 5mM MgCl2, 3mM EGTA, pH 7.5) diluted three times and then,
gently washed with non-diluted KHMgE to induce the hypotonic shock. Bursted cells were
removed from the coverslip by intensively pipetting up and down. After two washes with
KHMgE buffer only membrane sheets remain attached. Preparations were fixed and
mounted as previously described.

Lipid-raft isolation. Low density triton-insoluble complexes were isolated as previously
described (Martens et al. 2000) from HEK293 cells transiently transfected with either
Kvf31.1CFP, Kv32.1CFP or both. Cells were homogenised 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 (390.000g) for 20-22h at 42C in a Beckman SW41
rotor. Gradient fractions (1ml) were collected from the top and analysed by western
blotting.

Spectral Lux-FRET Analysis in Living cells. HEK-293 cells were cotransfected with plasmid
DNAs encoding for Kv31.1 or Kvp2.1 fused with CFP and YFP. Two methods were applied:
the measurement by the spectrofluorometer (Fluorolog; Horiba Jobin Yvon, Edison, NJ)
and by the LSM780-Meta confocal microscope (Carl Zeiss, Jena, Germany).

Regarding the first method, twenty-four hours after transfection, cells were resuspended
in phosphate-buffered saline. All measurements were performed in 5-mm pathway quartz
cuvettes using a spectrofluorometer (Fluorolog; Horiba Jobin Yvon, Edison, NJ) equipped
with a xenon lamp (450 W, 950 V). The cell suspension was stirred with a magnetic
nucleus and the temperature was maintained at 37°C during the experiment. For
calibration measurements, cells were cotransfected with plasmid encoding a single
fluorophore-tagged Kvf31.1 or Kv32.1. During the time-course experiments, two emission
spectra were obtained for each time point by exciting at 458 and 488 nm with 5 nm of
spectral resolution for excitation and emission, respectively, and 0.5 s integration time.
The spectral contributions from light scattering and nonspecific fluorescence of the cells
were taken into account by subtracting the emission spectra of nontransfected cells
(background) from each measured spectra. Before the measurements, the
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spectrofluorometer was calibrated for the xenonlamp spectrum and Raman scattering
peak position. To determine apparent FRET efficiency for Kvf1.1 and Kv[32.1, we used a
method described in detail by Ponimaskin’s laboratory. This allows for a calculation of the
total concentration ratio [At ]/[Dt ] of donor and acceptor, a donor molar fraction xD =[Dt
1/(IDt ][At ]) as well as the apparent FRET efficiencies EfD and EfA, where fD =[DA]/[Dt ]
and fA= [DA]/[At ] are the fractions of donors and acceptors in complexes, respectively
(Wlodarczyk et al., 2008). A model characterizing apparent FRET efficiency, EfD, as a
function of donor mole fraction, xD, for oligomeric structures has been developed
previously (Veatch and Stryer, 1977):

Efp =E(1—x4""1)
(1)

Fitting this model to experimental data allows for the estimation of the true transfer
efficiency, E, and also provides information about the number of units, n, interacting in the
oligomeric complex. This model has been slightly augmented for use with EfA (Meyer et
al., 2006):

Xd
1—xd

Efy = (1—x""1)

(2)

Considering the second method, the microscope was equipped with a 40x/1.3 numerical
aperture oil-immersion objective at 512 x 512 pixels. The 458 nm line of a 40-mW argon
laser was used at 15% power. Fluorescence emission was acquired from individual cells
over 14 A channels, in 10.7-nm steps, ranging from 475 to 625 nm. For each measurement,
a series of eight images was acquired over a duration of 124 s. Cells were transfected on
glass coverslips and twenty-four hours after transfection, the measurements started.
Reference spectra were obtained from images of cells expressing only KvBCFP or YFP
acquired with the acquisition settings mentioned above. From the obtained data, formulae
one and two were also calculated.

From the results obtained in all the conditions assessed, the oligomerization model
applied was previously described by Ponimaskin’s group, by which the values of the total
FRET efficiency, the basic subunit formation and the affinity constants are extracted
(Renner et al.,, 2012).

RESULTS

Kvf31.1 and Kvf32.1 are able to homo and heteroligomerise.

The majority of papers published related to the Kvf$ family has been focused on the
control that they exert on the regulated channels. Some others have been orientated on its
function as aldoketoreductases and the modulation of the a-subunits due to this ability.
Just few groups invested their time, by 90’s century, to address their investigations on the
putative oligomeric formation of Kvf3s. Two different papers saw the light specifying that
Kvf32, but not Kvf21, has the ability to form complexes. Kvf31 would be controlling the
channel activity only depending on its concentration and Kvf32, by trapping Kv{31 in those
complexes, could impair its function on the a-subunits (Xu and Li, 1997, Xu et al., 1998).
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By electron microscopy they also inferred a prevalent tetrameric composition of the Kvf32
complexes (van Huizen et al., 1999). Slightly later, other group defended the opposite:
both members can form complexes (Accili et al., 1997a).

The distinct location stablished for Kvi32 in the previous results leads to consider the
possible presence of this subunit in complexes at the plasma membrane. To test the
results obtained in yeast-two-hybrid, immunoprecipitation assays were performed in HEK
cells transfected with: Kvf32.1 - Kvf32.1, Kvf32.1 - Kvf31.1 or Kv81.1 - Kv31.1.

A Kv2.1CFP B KviR1.1CFP
KvR2.1 er321
SM SN+ IP+ SN- IP- SM SN+ IP+ IP
aGFP| N “ aGFP‘ ....
o-KviR2.1| M- - . aKvB21‘

C KvR1.1CFP
Kv31.1

SM SN+ IP+
a-GFP| ‘.

o-KvR1.1|

Figure 25. Not only Kvf32.1 but also Kv81.1 can form oligomers. A. Immunoprecipitation assay against Kv82.1CFP in the
presence of Kvf32.1 untagged. B. Immunoprecipitation assay against Kv21.1CFP in the presence of Kvf32.1 untagged. C.
Immunoprecipitation assay against Kv31.1GFP in the presence of Kvf31.1 untagged. Western blot using a-GFP antibody and
a-Kvf32.1 antibody. SM: starting material. SN+: supernatant of the precipitation. IP+: Inmunoprecipitation in the presence of
the antibody.

The detection of complexes was achieved implementing immunoprecipitation assays.
Surprisingly, not only for the conditions with Kvf32.1 cotransfection (figure 25A-B), but
also in those with Kvf31.1 subunit only, significant coimmunoprecipitation was detected
(figure 25C). Those homomeric structures could be formed by some mammal proteins that
were not present in the yeast-two-hybrid technique, explaining the different results
achieved. To solve this disjunctive, experiments of energy transference (figure 26A-D)
were performed. In order to apply the technique FRET acceptorphotobleaching, each pair
of proteins were tagged with CFP (figure 26A) or YFP (figure 26B) and used as donor and
acceptor fluorophores respectively. A portion of the positive colocalisation regions (figure
26C) were subject to the acceptor bleach (square on figure 26D). By analysing and
correcting the donor images captured, FRET transference values were obtained as well as
the FRET images.

The conditions CFP-YFP and Kv1.3CFP-Kv1.3YFP were used as a negative and positive
controls achieving values of 2,44% + 0,64 and 16,35% * 1,67% respectively (figure 26E).
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Figure 26. Kvf31.1 and Kvf32.1 have the ability for homo and heteroligomerizate. A. Representative image of a donor
transfection, B. Representative image of an acceptor transfection, C. Merge of channels A and B, yellow meaning
colocalisation. D. FRET image obtained on the relationship donor pre-bleach versus donor post-bleach after the acceptor
photobleaching. E. FRET efficiency quantification. ***, p<0.001 compared with the negative condition. ###, p<0.001
compared with the previous two conditions

The values obtained for the pairs Kvf32.1CFP/ Kvf32.1YFP and Kvf31.1CFP/ Kvf31.1YFP
were 13,44% + 1,04 and 14,93% * 0,84% respectively. Those are significantly different
from the negative condition ensuring the capability of Kv1.1 for forming complexes
without auxiliary subunits. When Kv{31.1CFP/ Kv{32.1YFP was analysed, the FRET values
achieved an 22,16% * 1,12 and it was significantly different from the two previous
conditions. FRET mesurements can present differences due to several different causes
such as the dipole moment or the molecular distance. Thereby, it is not inferable that this
significance is because that interaction presents more preference to be formed, but an
affinity issue cannot be discarded.

Affinity for homo and heteroligomerization are equal

In order to solve the affinity of those complexes, it was implemented the technique lux-
FRET. Designed by the Ponimaskin’s lab, and based in the FRET sensitized emission
technique, it can decipher the apparent FRET efficiency not only of the acceptor but also of
the donor. From those values, it is calculable a theoretical FRET efficiency, the
stoichiometry of the basic unit and the affinity constants (Wlodarczyk et al., 2008). Those
experiments were performed firstly in cell suspensions, transfected with different molar
ratio of the donor, and measured by a Fluorolog®.
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Considering the condition Kvf31.1CFP/ Kvf31.1YFP, the model in figure 27A shows the
possible interactions among those proteins. All FRET techniques are just able to detect the
complexes formed by the combination of Kvf$1.1CFP/ Kv{$1.1YFP (orange square in figure
27A). In the lux-FRET technique, the apparent FRET efficiency of the donor (EfD) is
reaching lower levels while increasing the donor molar fraction (continuous line in figure
27B). The case of the apparent FRET efficiency of the acceptor (EfA) is the opposite: the
higher the donor molar fraction, the bigger the levels of this value (lashed line in figure
27B). As

Regarding the Kvf31.1CFP/ Kv31.1YFP experiment, the percentage of FRET efficiency
value was 30,2%, and the basic unit would be a complex formed by two subunits
(N=1.933). For Kvf32.1CFP/ Kvf32.1YFP (figure 27C), the plot exhibits a similar pattern
(figure 27D). Calculations brought a 22,3% of FRET efficiency and also a basic unit of two
members (N=2,093).
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Figure 27. Kvf31.1/ Kvf21.1 and Kvf32.1/ Kvf32.1 complexes are exhibiting high FRET values and a basic unit of two proteins
complex. A. Schematic representation of possible interactions under a Kv31.1CFP/ Kv21.1YFP cotramsfection. B. Plot of EfD
(blue squares), EfD fitting (continuous line), EfA (green triangles), EfA fitting (lashed line) versus the donor molar ratio. C.
Schematic representation of possible interactions under a Kvf31.1CFP/ Kvf31.1YFP cotransfection. E. Plot of EfD (blue
squares), EfD fitting (continuous line), EfA (green triangles), EfA fitting (lashed line) versus the donor molar ratio.
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Once stablished the values for those two conditions, heteromultimeric compositions were
analysed: Kvf31.1CFP/ Kvf32.1YFP and its reverse Kvf32.1CFP/ Kvf31.1YFP. Considering
Kvf31.1CFP/ Kv32.1YFP (figure 28A), the plot presents a shift to the lower donor molar
ratios due to a slightly lower expression of Kv31.1CFP compared with Kv{32.1YFP (figure
28B). Howcever the calculations return us a FRET efficiency of 32,5% and a basic unit of
two proteins (N=1,88). On the other hand, Kv32.1CFP/ Kv21.1YFP exhibited a shift in the
opposite direction due to the same effect of different level expressions. It presents also a
value suggesting a basic unit of two (N=1,99) and a FRET of 30,4%.

A B .
£

= 30{

254\, ¢ ED
20 *e (D fitting
+

. * : 4 " 4; £
15 1 -
¢ ol -

(- b 4 - = EfAfiting
KvB1.1CFP  KvB2.1YFP 101 S
& = *| o™
-
-
0 4=

“ 0 02 0.4 086 08 1

SO

C D

, ‘5 !
40 ¢

30 = ¢ EMD
. P
25 4 - ———F D fling
@ -~ A EIA
20 1 -
+ 15 4 % "‘ - EA filng
L TN,

Kv32.1CFP Kv31.1YFP 10 4 "",* o ® :\\

54 - »
/ \n S D ue.
” 0 0.2 0.4 0.6 0.8 1

Figure 28. Kvf31.1/ Kvf32.1 complexes are exhibiting high FRET values and a basic unit of two proteins complex. A.
Schematic representation of possible interactions under a Kv31.1CFP/ Kvf32.1YFP cotransfection. B. Plot of EfD (blue
squares), EfD fitting (continuous line), EfA (green triangles), EfA fitting (lashed line) versus the donor molar ratio. C.
Schematic representation of possible interactions under a Kvf32.1CFP/ Kv31.1YFP cotransfection. E. Plot of EfD (blue
squares), EfD fitting (continuous line), EfA (green triangles), EfA fitting (lashed line) versus the donor molar ratio.

In order to confirm those results with the lux-FRET technique, but switching the
measurement equip, they were performed on a spectral microscope. To assess different
molar ratios of the same conditions, the transfection was slightly changed. The mixture of
both plasmids with the transfecting vector were done separately and applied on the same
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coverslip. Since the Lipofectamine® has an extraordinary rate of transfection, it is highly
probable that both will be introduced in a same cell (figure 29A) but exhibiting a different
donor/acceptor ratio (figure 29B). From one selected region of interest (ROI), the
Ponimaskin’s MATLab program calculate several different parameters plotting and
returning them to the investigator such as the acceptor intensity (figure 29C) or the EfA
(figure 29D) relativized by each photon counted. The measurement of the EfA and EfD for
each ROI was finally plotted against the donor molar fraction and the maximum projection
for both values was emitted in an image. Then, at a glance, different donor molar ratios are
exhibiting different EfA and EfD (figure 29E-F).

Figure 29. Representative image of a lux-FRET experiment on the spectral microscope. A. Representative image of different
cells expressing variable amounts of donor and acceptor, leading a non-uniform merge channel. B. Donor molar ratio image
of A pannel. C. Acceptor intensity by photon count image of ROIs in B. D. EfD by photon count image of ROIs in D. E. EfD
maximum projection image of pannel A. F EfA maximum projection image of pannel A.

The plots obtained for the four conditions are showing a similar pattern (figure 30) than
those obtained in the Fluorolog® previously. The calculations performed for the FRET
efficiency included two different variants: the first considering that the two lines are
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independent and the second that are dependent. Since the EfD and the EfA are tightly
dependent, we assume the second calculation as the proper one.

For the pair Kvf31.1CFP/ Kvf31.1YFP (figure 30A), the value obtained was 47.1%, while for
Kvf32.1CFP/ Kv32.1YFP is 41.4%. In the case of Kvf31.1CFP/ Kvf32.1YFP, this value
achieved a 44% while for Kvf32.1CFP/ Kvf31.1YFP it reaches the 51.6% being the highest
scored. The calculations for the basic unit of the complexes formed were 2.1, 2.09, 2.17
and 2.03 respectively, pointing a dimer as the basic subunit.
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Figure 30. Results obtained with a spectral microscope are similar to the Fluorolog® mesurements. A. Plot of a Kvi31.1CFP/
Kv81.1YFP EfD (blue crosses), EfD fitting (continuous blue line), EfA (red crosses), EfA fitting (red line) versus the donor
molar ratio. B. Plot of a Kvf32.1CFP/ Kvf32.1YFP EfD (blue crosses), EfD fitting (continuous blue line), EfA (red crosses), EfA
fitting (red line) versus the donor molar ratio. C. Plot of a Kv31.1CFP/ Kvf32.1YFP EfD (blue crosses), EfD fitting (continuous
blue line), EfA (red crosses), EfA fitting (red line) versus the donor molar ratio. D. Plot of a Kv32.1CFP/ Kv81.1YFP EfD (blue
crosses), EfD fitting (continuous blue line), EfA (red crosses), EfA fitting (red line) versus the donor molar ratio.

The affinity constant measurement is based in the model presented at figure 31A. As it
shows, the mixture between a donor and an acceptor presents the possibility of building
three different kinds of complexes. Those will be formed in a bigger or lower extend
depending on the affinity constants. This model was implemented for solving the affinity
between Kvf31.1/Kvf32.1 (figure 31B). However, this system requires the evaluation of
homomeric formations first. Posteriorly, the different affinity constants could be defined
by using the formula in figure 31C. Our obtained data on the previous experiments was
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concomitant with the plot on figure 31D. This was theoretically developed considering a
condition in which all three affinity constants in the model are equal. The absence of tilted
ends in our plots is due to the absence of differences in the affinity. Opposite to the data
presented by Ponimaskin’s laboratory, in which they could describe a different preference
for the 5-HT oligomerization among the different families, Kv31.1 and Kv{32.1 presents the
same affinity homo and heteroligomerize (Renner et al,, 2012).
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Figure 31. The Kvf31.1 and Kv82.1 can form homo and heteromeric complexes with the same affinity. A. Model of
interaction between donor and acceptor proteins. B. Model of Kvf31.1 and Kvf32.1 oligomerization. C. Formula implemented
in Ponimaskin’s laboratory MATLAB program to find the affinity constants model. D. Plot of the different parameters [DA],
[DD], [AA], [D], [A], fD and fA depending on the donor molar fraction when a model presents the same affinity for forming
the three different complexes. [DA], concentration of donor-acceptor complexes. [DD], concentration of donor-donor
complexes. [AA], concentration of acceptor-acceptor complexes. [D], donor concentration, [A], acceptor concentration. fD,
apparent donor efficiency. fA, apparent acceptor efficiency.

Kvf31.1 and Kvf32.1 form tetramers by dimer oligomerization

The basic unit for oligomerization was stablished in two members for all the conditions.
This result implies that there are two different possibilities for the complex dynamics. On
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one hand, Kvf3s can be forming dimers (figure 32A), but on the other hand, this dimers
could be oligomerizing to form tetrameric structures (figure 32B). The results are also
indicating that there are no trimeric compositions, showing that in case of the option B,
the tetrameric composition is due to a dimeric oligomerization.
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Figure 32. Scheme representing both putative options for KvR oligomerization. A. Kv3 could be forming dimers. B. Kvf3
could be forming dimeric and tetrameric structures by dimeric association. Purple balls mean Kvf$ subunits.

It was previously described that Kvf32.1 forms tetramers in the absence of the a-subunit.
To check the possible stoichiometry of Kvf31.1, and to confirm the result obtained by
atomic force microscopy several years ago, semi-denaturalising technique was
implemented to HEK cell transfected with Kvf31.1CFP and Kvf32.1CFP. In this process,
proteins are extracted without denaturalising agents and no boiling process is applied.
The samples were loaded in the classical SDS-gels to allowing the proteins to run
depending on their weight.
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Figure 33. Both Kvf31.1 and Kvf32.1 form dimeric and tetrameric structures. A. Semi-denaturalising western blot of YFP
transfected cells. B. Semi-denaturalising western blot of Kv1.3YFP transfected cells. C. Semi-denaturalising western blot of
Kv21.1YFP and Kvf32.1YFP transfected cells. Black arrow indicates monomeric forms. Green arrow indicates dimeric forms.
Red arrow indicates tetrameric forms.
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Monomeric structures were detected in all four conditions, but unlike YFP transfected
cells (figure 33A), dimeric and tetrameric were also inferred in Kv1.3YFP (figure 33B),
Kvf31.1YFP and Kvf32.1YFP lines. The channel, acting as a control for testing the technique,
presents a band between 75KDa and 100KDa concomitant with the sum of 58.5 KDa of
rKv1.3 and 27KDa of the YFP. It is detectable a tiny band surrounding the dimer weight
(171KDa) and a bigger one at the possible tetrameric molecular weight (342KDa).

The hKvf31.1 and mKvf32.1 molecular weight are 44 and 41 KDa respectively, so the
monomeric signal is placed around 71KDa and 68 KDa respectively (black arrow on figure
33(C). The dimeric forms are predicted to weight 142 and 136KDa, while the tetrameric
would weight 284KDa and 272 KDa. We can detect bands between 100 and 150KDa
(green arrow on figure 33C), as well as just right up the 250KDa (red arrow on figure 33C).
Confirming the lux-FRET prediction for the basic unit, no signal can be detected in a
possible trimeric composition (213 and 204KDa respectively). Taken together, the two
techniques are showing that both Kvf31.1 and Kvf32.1 can form tetramers by a dimeric
interaction (figure 32B).

Oligomeric compositions are also membrane-associated

Regarding the localisation of Kvf31.1 and Kvf32.1 at membrane microdomains such as lipid
raft, the possible polarised oligomerization was confronted. The data obtained and
showed in figure 26 was mainly from the Kv{3s occupying the intracellular space. In order
to isolate those proteins that trafficked to the plasma membrane, FRET
acceptorphotobleaching technique was applied to the plasma membrane loans
purification.

The CFP-YFP condition, used as a negative control, was measured in a whole cell
configuration due to its absence at the membrane (figure 33A-C). The positive control for
the FRET experiment was Kv1.3CFP-Kv1.3YFP, since the molecular conformation that
reaches the membrane is the tetramer (figure 33D-F). Kvf31.1CFP-Kvf31.1YFP (figure 33 G-
[) and Kvf32.1CFP-Kvf32.1YFP (figure 33]-L) are all present at the plasma membrane
purification as well as each pair exhibits a high colocalization (figure 33I,L). The analysis
of the FRET acceptorfotobleahing showed positive values for both conditions (figure 33M)
pointing out that they are trafficking to the plasma membrane in a multimeric
conformation.

From the previous results it is extractable that the affinity homo and heteromultimerise is
the same and they can occupy membrane localizations in a complex configuration. Since
Kvf32.1, but not Kvf31.1, traffics to lipid raft microdomains, under coexpression the
localisation of the complexes remained unknown. To decipher the question, low-buoyancy
membrane fractions purification was performed.
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Figure 34. Both Kvf31.1 and Kvf32.1 are complexed in the plasma membrane targets. A-C. CFP - YFP transfected cells were
used as negative controls. A. CFP. B. YFP. C. Merge, yellow means colocalisation. D-F. Kv1.3CFP-Kv1.3YFP plasma membrane
loans purification. D. Kv1.3CFP. E. Kv1.3YFP. C. Merge, yellow means colocalisation. G-1. Kv31.1CFP- Kv81.1YFP plasma
membrane loans purification. G. Kvf31.1CFP. H. Kvf21.1YFP. I. Merge, yellow means colocalisation. J-L. Kv{32.1CFP- KvR2.1YFP
plasma membrane loans purification. J. Kv32.1CFP. K Kvf32.1YFP. L. Merge, yellow means colocalisation. M. FRET efficiency
quantification. ***p<0.05, versus CFP-YFP condition.
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Figure 35. Kv31.1CFP shifts out Kvf32.1 from lipid raft domains. A: Western blotting of lipid raft fractions of Kv{31.1CFP. B:
Western blotting of lipid raft fractions of Kv22.1. C: Western blotting of lipid raft fractions of Kvf21.1 and Kv2.1CFP
cotransfection.

A described in the previous contribution, while Kv{31.1 is not present in those domains
(figure 35A), Kvf32.1 exhibits a partial localisation in lipid raft (figure 35B). When both
subunits are coexpressed, Kvf32.1 is no longer able to traffic to those microdomains (figure
35C). Thereby, Kvf31.1 is controlling Kvf32.1 membrane localization shifting out its
targeting.

DISCUSSION

The composition and stoichiometry of the a-B complex ultimately determine the kinetic
and gating of the potassium channels as well as their cell traffic and distribution (Pongs
and Schwarz, 2010). In this contribution we have applied several different techniques to
solve the question on Kvf3 oligomers that remained opened. We have demonstrated for the
first time that, indeed, both Kvf31.1 and Kvf32.1 can form complexes in intact cells.
Actually, they present a similarity of 85%, and the supposed regions involved in the
oligomerization are highly conserved for both. The homomeric composition for Kvf32 was
previously described using yeast-two-hybrid system as well as size exclusion
chromatography (Xu et al, 1998, van Huizen et al, 1999). Those complexes were also
observed by atomic force microscopy. Although Kvf31 was found not to present this ability,
other laboratories found that Kvf31.2 presented complex formation (Accili et al., 1997a).

One putative explanation for the negative yeast-two-hybrid result of Kvf31.1 was a
possible lower affinity for oligomerize or a protein-mediated complexation. However, we
have described that Kvf31.1 presents an innate capability of interaction. Due to those
results, that laboratory proposed a possible regulation of the a-subunits depending on
their oligomerization ability. Thereby, since only Kv{32 was already exhibiting tetrameric
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formation, upon its increased expression, homomeric complexes were supposed to
displace Kvf31 impairing its function (Xu and Li, 1997). However, our contribution shows
that Kvf32.1 and Kvf31.1 can form heteroligomers in the absence of the Kv channel and
without affinity differences compared with homoligomers. Thus, the governing force for
forming the different complex compositions is the concentration of both species.
Moreover, the Kv control will just depend on the expression level of every Kvf$ subunit.
Many other proteins exhibit oligomeric composition control depending on the amount of
each partner. For instance, ZIP1/ZIP2/ZIP3 are stablishing hetero and homodimers
depending in the expression level which is under control by different insults (Gong et al,,
1999, Croci et al,, 2003). Because it has been demonstrated that two different subunits can
govern one unique channel, by the fine-tuning Kvf3 concentrations, there is a putative
mosaic of derivative currents (Pongs and Schwarz, 2010).

This study is contributing also to the dynamic formation of Kvfi complexes. The
oligomerization could occur in several different ways. By lux-FRET technique it is
obtainable the basic subunit formation of the complexes (Renner et al., 2012). Combining
the information of the lux-FRET and the non-denaturalising results we have defined the
dynamic composition of Kvf3 oligomers. To achieve the tetrameric composition Kvf3s are
passing through two different steps: firstly the dimeric establishment and then a dimer
dimerization assembly to form the final configuration. Even it was observable by AFM and
EM some supposed trimeric structures, our results can only be fitted to this dynamism
(van Huizen et al,, 1999). Our finding is concomitant with the process that Kv channels
undergo to form a conducting entity (Hille, 2001).

On the previous contribution, we demonstrate a clear difference between Kvf31.1 and
Kvf32.1. Even both are exhibiting a membrane targeting, the microdomains occupied are
different. While Kvf31.1 is associated with the B-actin cytoskeleton, Kvf32.1 is partially
placed in lipid raft due to post-translational changes (Nakahira et al.,, 1998). The present
contribution demonstrates that in those particular domains, Kvf3s are already forming
complexes. They are classified as aldoketoreductases and cellular changes on the redox
state can be sensed (Kilfoil et al.,, 2013). The different distribution of the Kvf3 throughout
the cell surface could ensure the detection of the redox changes in different microdomains.
Moreover, the differential affinity for the cofactor NADPH determines some different
detection abilities among distinct environment (Tipparaju et al, 2007). As discussed
previously, the interaction of Kvf32 or Kvf$1.1 with several different other proteins such as
PKC or ZIP1/Z1P2 /ZIP3 drives to the idea that the localization of this subfamily can act as
a possible signalling platform (Gong et al., 1999). Since the combination of both proteins is
shifting the location, also the interactors of one or the other will be controlled directly by
their total amount in the cell. Thereby, it is tempting to speculate that upon different
insults or cell-cycle-dependent changes, Kvf3s protein expression would be regulated
enhancing a specific localization of them and their partners.
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ABSTRACT

Kv1.3 channel is involved in several different and highly relevant functions in nervous and
immune system. The absence of the proper fine-tunning of its function has been related to
some autoimmunitary diseases such as lupus eritromatous or psoriasis. The properties of
a channel current, such as Kv1.3, are the result of the different components of the
complete channelosome. Other Kv subunits as well as § modulators can modify the
response of Kv1.3. However, not only the current features but also the trafficking and cell
localisation can be controlled by those other proteins. Thus, the deep comprehension of
the role performed by Kvf3 subunits on Kv1.3 is necessary. On one hand it will allow us to
understand the physiology and pathophysiology of the Kv1.3-missfunction derived effects.
On the other hand, they are possible therapeutic targets in a future to influence the
channel. The present contribution characterise the electrophysiological functions of Kvf3s
on Kv1.3, as well as their role in its general turnover. Kvf31.1 enhances the C-type
inactivation, and both Kvf31.1 and Kvf32.1 control the membrane targeting in non-lipid raft
localisations by competing with caveolin. Kvf32 can counteract the PMA-mediated
internalisation of the channel, by impairing its ubiquitination. Thus, new controlling roles
are described for Kvf3s to Kv1.3 channelosome.
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INTRODUCTION

Voltage-gated potassium channels are involved in controlling repolarization and resting
membrane potential. Not only in excitable but also in non-excitable tissues are implicated
in important cellular functions (Hille, 2001). The mammalian Kv1 family (Shaker)
comprises 8 members (Kv1.1 - Kv1.8) which are controlling nerve and muscle physiology.
The third member, Kv1.3 is mainly expressed in central nervous system and immune
system cells (Gutman et al,, 2005).

In the immune system, Kv1.3 is the voltage gated potassium channel more expressed. The
effects on their physiology have been under intense investigation. Its presence in the
immunological synapse was determined and it is widely accepted that plays a central role
mediating the activation and proliferation transduction signal (Panyi et al., 2004, Cahalan
and Chandy, 2009). While Kv1.3 activation in T cells seems to be involved in proliferation,
channel inhibition would be related with apoptosis (Leonard et al.,, 1992, Szabo et al,,
1996). The dual role of Kv1.3 in lymphocyte physiology highlights the importance of a fine
activity regulation in the cell. Moreover, Kv1.3 alterations are related to automimmune
pathologies like multiple sclerosis, type-I diabetes and rheumatoid arthritis, among others
(Beeton and Chandy, 2005, Toldi et al., 2010, Nicolaou et al., 2010).

Ion channels subcellular localization is essential for their proper cell physiology (Martens
et al, 2004). Once they target the plasma membrane, different locations are possible since
it is not a homogeneous compartment (Brown and London, 1998). Lipid raft
microdomains, which are enriched with highly packed sphingolipids and cholesterol, are
likely to act as specific membrane platforms where several proteins, including ion
channels, converge with signaling molecules, thereby regulating cellular responses (Dart,
2010). Those subcellular domains have been directly related with the capability of T and B
cells for the activation. The BCR or the TCR-CD3 are relocated to them upon the presence
of an activated antigen presenting cell (Varshney et al, 2016). Kv1.3 has been also
detected in those domains colocalising with those receptors (Panyi et al., 2004). Moreover,
defective temporal and spatial Kv1.3 redistribution in the IS are related to abnormal T cell
physiology in systemic lupus erythematosus (Nicolaou et al., 2007).

Caveolae are specific omega-shaped lipid raft microdomains responsible for multiple cell
functions such as cell signaling, mechanosensing or lipotoxicity protection (Shvets et al.,
2014). Our laboratory has recently published the interaction between Kv1.3 and caveolin
and the molecular determinants governing this association. This protein presents the
capability of determining the localization of Kv1.3 at lipid raft microdomains (Perez-
Verdaguer et al, 2016a). Actually, it has been described in CD8* T cell subsets that
caveolin is the driving force for the polarization of the synapsis and the proper activation
response (Tomassian et al.,, 2011). Concomitantly, caveolin-1-deficient mice are more
susceptible to defective macrophage activity and inflammatory responses (Bucci et al,
2000, Medina et al., 2007).

Kvf accessory subunit family has been reported to be expressed in T cells presenting a
control in its level depending on different stimuli (Autieri et al., 1997). This regulation has
been detected also in macrophages where Kv1.3 channel is also expressed (Vicente et al,,
2005). While the electrophysiology properties of Kv1.3 in the presence of the Kvf3 family
were assessed some years ago, little is known about the possible alteration of the Kv1.3
cellular distribution when they are coexpressed (McCormack et al., 1999). Considering the
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new distribution of Kvf32 previously reported (contribution 1), and the oligomerization
process described (oligomerization 2), the putative traffic modulation on Kv1.3 was
analysed.

Thus, the present work stablishes the electrophysiological properties of Kv1.3 currents on
HEK cells, as well as the impairment of lipid raft microdomains targeting upon Kvf3
presence. Moreover, they are able to counteract the internalization of the channels by PKC
activation through PMA treatment. So, Kvf3 are fine tuning the localisation of Kv1.3
channel.

MATERIAL AND METHODS

Expression plasmids. rKv1.3 in pRcCMV was provided by T.C. Holmes (New York
University). It was subcloned into pEYFP-C1 and pECFP-C1 (Clontech) to preserve normal
channel behavior (Vicente et al, 2008). mKvf1.1 and mKvf32.1 were provided by M.M.
Tamkun (Colorado State University). mKvf31.1 and mKvp2.1 were subcloned into pEYFP-
N1 and pECFP-N1 (Clontech). All constructs were verified using automated DNA
sequencing.

Cell culture, transfections and pharmacological treatments. 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).

For confocal imaging and co-immunoprecipitation experiments cells were seeded (70-
80% of confluence), in 6-well dish containing poly-lysine-coated coverslips or 100mm
dish, respectively, 24h before transfection with selected cDNAs. Lipotransfectina®
(Attendbio Research) was used for transfection according to the supplier’s instructions.
The amount of transfected DNA was 4pg for a 100mm dish and 500ng for each well of a 6-
well dish (for coverslip use). Next, 4-6h after transfection, the mixture was removed from
the dishes and replaced with new fresh culture media. All the experiments were
performed 24 h after transfection.

For patch-clamp experiments, HEK-293 cells were plated in a 35-mm dish and transfected
with 300 ng of DNA using FuGene HD® according to the supplier’s instructions.

In some specific experiments, twenty-four hours HEK transfected cells were incubated
with 1uM PMA for 30min at 372C.

Electrophysiology. Transfected HEK-293 cells were accutased 24h after transfection and
re-plated on 35mm glass-bottom dishes coated with Matrigel (BD Biosciences). After 1-2h,
cells were extensively washed with whole-cell external recording solution, containing the
following (in mM): 150 NaCl, 5 KCl, 10 CaCl,, 2 MgCl,, 10 glucose, and 10 HEPES, pH 7.4).
Transfected HEK-293 cells were selected using an Olympus FV1000 confocal microscope
equipped with spectral detectors and SIM scanner. Whole-cell K* currents in HEK-293
were recorded at room temperature (RT) using an Axopatch 200B and an EPC-10 (HEKA),
respectively, and the appropriate software was used for data recording and analysis. lonic
currents were capacitance and series resistance compensated by 80-90%, sampled at 10

145



kHz (Digidata 1440; Molecular Devices), and filtered at 2.9 kHz. Patch electrodes of 2-4
M( were fabricated in a P-97 puller (Sutter Instruments Co.) from borosilicate glass (outer
diameter 1.2 mm and inner diameter 0.94 mm; Clark Electromedical Instruments Co.)
Electrodes for HEK cells were filled with a solution containing the following (in mM): 4
NaCl, 150 KCl, 1 MgCl,, 0.5 EGTA, 5 ATP(K), and 10 HEPES, pH 7.4. HEK cells were clamped
to a holding potential of -80 mV. To evoke voltage-gated currents, cells were stimulated
with 250 ms square pulses ranging from -80 to +80 mV in 10 mV steps. All recordings
were routinely subtracted for leak currents.

Protein extraction, co-immunoprecipitation and western blotting. Cells were washed twice
in cold PBS and lysed on ice with lysis buffer (5 mM HEPES, 150 mM NaCl, 1% Triton X-
100, pH 7.5) supplemented with 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin
and 1 mM phenylmethylsulfonyl fluoride as protease inhibitors. Cells were next scrapped
and transferred to a 1.5 ml 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 tube and protein
contents were determined by using the Bio-Rad Protein Assay (Bio-Rad).

For co-immunoprecipitation, 1000 pg of protein of each condition were separated and
brought up to a volume of 500 ml with Lysis Buffer for IPs (NaCl 150 mM, HEPES 50 mM,
Titron X-100 1%, pH 7.4), supplemented with protease inhibitors. Preclean was
performed with 40 ul of protein A sepharose beads (GE Healthcare), in an orbital 1 h at
42C. Next, each sample was incubated with a small chromatography column (BioRad Micro
spin Cromaotgraphy Columns), which contained 2.5 pg of anti-GFP antibody (Genescript)
previously crosslinked to protein A sepharose beads, for 2h at room temperature, with
continuous mixing in an orbital. Next, columns were centrifuged 30s at 1000g. The
supernatant (SN) was kept and stored at -202C. Columns were washed four times with
500ul of lysis buffer and centrifugations of 30sec at 1000 g. Finally, elution was performed
by incubation of the columns with 100ul of 0.2M glycine pH 2.5, and spun 30sec at 1000g.
The eluted proteins (IP) were prepared for western blot by adding 20pl of Loading Buffer
(5x) and 5pl of 1M Tris-HCI pH 10.

Irreversible crosslinking of the antibody to the sepharose beads was performed after one
hour of incubation at RT of the antibody with protein A sepharose beads, incubating the
beads with 500ul of dimethyl pimelimidate (DMP, from Pierce) for 30 min at RT. Next
columns, were washed four times with 500 pl of 1x TBS, four times with 500 pl of 0.2 M
glycine pH 2.5 and three times more with 1x TBS. Once these steps are performed, the
columns could be incubated with the protein lysates, in order to perform the
immunoprecipitation, following the protocol described before.

Protein samples (50pg), supernatants 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) and blocked in 0.2% Tween-20-PBS
supplemented with 5% dry milk, before immunoreaction. Filters were immunoblotted
with antibodies against Kv1.3 (1/500, Neuromab), Kvf$1.1 (1/1000, Neuromab), Kv{32.1
(1/1000, Neuromab), Clathrin (1/1000, BD Transduction) or Caveolin (1/1000, BD
transduction). Finally, filters were washed with 0.05% Tween 20 PBS and incubated with
horseradish peroxidase conjugated secondary antibodies (BioRad).
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Confocal microscopy and image analysis. For confocal image acquisition cells were seeded
on poly-lysine-coated coverslips, and 24h later were transfected. The next day, cells were
quickly washed twice, fixed with paraformaldehyde 4% for 10 min, washed three times for
5min with PBS-K+. Finally, coverslips were mounted on microscope slides (Acefesa) with
house Mowiol mounting media. Coverslips were let dry at RT at least one day before
imaging.

For membrane surface labelling, Wheat Germ Agglutinin-Texas Red (WGA) (from
Invitrogen) was used. Live cells (on ice) were quickly washed with PBS at 4°C and stained
with a dilution of WGA-TexasRed (1/1500) in DMEM supplemented with 30 mM Hepes for
15min at 4°C. Subsequently, cells were quickly washed twice and fixed with 4%
paraformaldehyde in PBS for 6 min. Next, cells were washed and mounted as described
before. In order to detect EEA1 marker, after fixation, cells were further permeabilized
with 0.1% Triton X-100 for 20min. After 60min incubation with blocking solution (10%
goat serum, 5% non-fat powdered milk and 0.05% Triton X-100) primary mouse anti-
EEA1 (1:500) antibody was added 2h at RT (BD Transduction Laboratories) in 10% goat
serum and 0.05% Triton X-100. Next, fixed cells were incubated with secondary goat anti-
mouse antibody conjugated with Cyanine 5, for 1 hour at room temperature and further
mounted as previously described.

All images were acquired with a Leica TCS SL laser scanning confocal spectral microscope
(Leica Microsystems), equipped with an Argon and Helium-Neon lasers. All experiments
were done with a 63x oil-immersion objective lens NA 1.32. All offline image analysis was
done using Image ] software. A pixel by pixel colocalization study by using JACoP (Just
Another Colocalization Plugin) was used. Manders split coefficients were further obtained
which are proportional to the amount of fluorescence of the colocalizing pixels in each
colour channel.

Lipid-raft isolation. Low density, Triton-insoluble complexes were isolated as previously
described (Martens et al. 2000) from HEK293 cells transiently transfected with the
specified combinations among Kv1.3YFP, Kvf31.1CFP and Kvf32.1. Cells were homogenised
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 (390.000g) for
20-22h at 4°C in a Beckman SW41 rotor. Gradient fractions (1ml) were collected from the
top and analysed by western blotting.

Ubiquitination assay. Cells were washed twice in cold PBS and frozen at -80°C for at least
one night. On ice, cells were lysed 20min on ice with 2mL of lysis buffer (50mM HEPES,
150mM NaCl, 1% Triton X-100, 10% Glicerol, pH 7.5) supplemented with 0.0125g NEM,
0.2mM MG132, 1mM EGTA 1mM EDTA, 20mM NaF, 1% NaOV, 2mM DTT, 1pg/ml
aprotinin, 1ug/ml leupeptin, 1pg/ml pepstatin and 1mM phenylmethylsulfonyl fluoride as
protease inhibitors. After scrapping the cells, they were centrifuge at 14.000gs for 15min.
Co-immunoprecipitation assay was performed as previously described.
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RESULTS
Kvjf3s in HEK cells modulate Kv1.3 differently than in Xenopus oocytes

The modulation exerted on the Kv1 family by the Kvf$ subunits has been studied focused
mainly in the electrophysiological changes generated. Modifications on them have been
successfully related, also, to their aldoketoreductase activity (Kilfoil et al, 2013).
Specifically considering Kv1.3, it was described that both Kvf32 and Kvf21 family were able
to increase the current of this channel. It was also stablished that, after a Xenopus oocyte
injection of both Kv1.3 and Kvf31, there was not a fast inactivation on this channel
(McCormack et al., 1999). However, it is widely accepted that some results can vary
depending on the cell line used to develop the experiments. Actually, it was described that
Xenopus oocytes expresses endogenous Kv channels (Blumenthal and Kaczmarek, 1994).

Since our cellular model is HEK293, we moved to analyse the effect of Kvf3 proteins in this
mammal environment. Thus, our studies on the Kvf3 control of Kv1.3 started by
characterising the current control in HEK cells. Representative traces of the elicited
currents are presented for Kv1.3YFP (figure 1A), as well as the cotransfections of
Kv1.3YFP/ Kvf32.1CFP (figure 1B) and Kv1.3 YFP/ Kvf$1.1CFP (figure 1C). The current
density analysis showed that while Kvf32.1 (figure 1D black square) does not increase the
Kv1.3 current (figure 1D white rhombus), Kvf31.1 had this specific ability (figure 1D grey
triangle). When measured the current density at 50mV, this difference is statistically
relevant compared with Kv1.3 and Kv1.3/ Kvf32.1 (figure 1E). To detect possible
modifications on the Kv1.3 gating, currents were normalised by the highest value and it
was inferable that both Kvf31.1 and Kvf32.1 produce a depolarizing shift for the opening
voltage. Thereby, they both can enhance the channel opening at more negative voltage
values (figure 1F). Moreover, even Kvf31.1 does not exert the typical fast closing described;
it can increase the C-type inactivation for Kv1.3 (figure 1G). The obtainment of those
results that differ from the previous published studies, leaded us to implement other
techniques to ensure our results as well as reconsider other already-assumed Kvf3
capabilities on controlling Kv subunits.

Firstly, the association of the Kv1.3 channel with Kvf31.1 (figure 2A) and Kvf32.1 (figure
2B) subunits was checked by coimmunoprecipitation assays. Confocal microscopy
experiments were assumed to assert our previous electrophysiological data. The
evaluation of the Kv1.3 membrane proportion returned the same value for it alone (figure
2C-F) or coexpressed with Kvf31.1 (figure 2G-K). However, cotransfection with Kvf32.1
(figure 2L-P) leads to a decrease of this percentage (figure 2Q). This effect was not due to a
decrease on the total channel expression, since no significant differences on fluorescence
level were observed among conditions (figure 2R).

Thus, while electrophysiological recordings are exhibiting an increase of current with
Kv#31.1, this modulation is not observable by colocalization experiments. On the other
hand, Kvf32.1 is not exerting any depletion of the channel current, but microscopy results
revealed a diminution of Kv1.3 at cell surface. The combination of data from both figures is
just explainable by a higher amount of the Kv1.3 intracellular staining when it is
cotransfected with Kvf3 subunits. This pattern is detectable at the profile of Kv1.3 in the
presence of Kvf31.1 (figure 2K) or Kvf32.1 (figure 2P). Concomitantly, it was previously
described that Kvf3 can function as a chaperon interacting with the channel at early stages
of its pathway and allowing the proper folder (Pongs and Schwarz, 2010). However, our
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results demonstrated that just the Kvi31.1 is able to enhance the traffic to the plasma
membrane.
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Figure 1. Characterization of Kv1.3 electrophysiological properties in the presence of the Kvf§ :subunits. A-C. Voltage-
dependent K* currents elicited in HEK cells transfected with Kv1.3YFP, Kv1.3YFP/Kvf32.1CFP and Kv1.3YFP/Kv{31.1CFP. A:
Kv1.3YFP. B: Kv1.3YFP/ Kvf32.1CFP. C: Kv1.3YFP/Kvf31.1CFP. Cells were held at -80mV and pulse potentials were applied as
indicated. D: Current density vs voltage plot of outward K* currents. White rombos, Kv1.3YFP; black square, Kv1.3YFP+
Kv32.1CFP; grey triangle, Kv1.3YFP/ Kvf31.1CFP. Values are mean+SE (n=4-6 independent cells). E: Current density at
50mV. F: Steady-state activation of outward K* currents on Kv1.3YFP, Kv1.3YFP/Kv2.1CFP and Kv1.3YFP/Kvf31.1CFP.
White rombos, Kv1.3YFP; black square, Kv1.3YFP+ Kvf32.1CFP; grey triangle, Kv1.3YFP/ Kvf31.1CFP. Values are mean+SE

(n=4-6 independent cells). G: Percentage of C-type inactivation. *p<0.05 compared with Kv1.3YFP. #p<0.05 compared with
Kv1.3YFP/Kvf32.1CFP.
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Figure 2. A-B. Kvf31.1CFP and Kvf32.1CFP can form complexes with Kv1.3. A: Immunoprecipitation of Kv31.1CFP in the
presence of Kv1.3HA. B: Immunoprecipitation of Kv32.1CFP in the presence of Kv1.3HA. SM: staring material. SN+:
supernatant collected after immunoprecipitation in presence of antibody. SN-: supernatant collected after
immunoprecipitation in absence of antibody. I[P+: immunoprecipitation in the presence of antibody. IP-:
immunoprecipitation in the absence of antibody. C-R. Kv21.1CFP and Kvf32.1CFP increases the presence of Kv1.3YFP
intracellularly. C-F: Kv1.3YFP membrane colocalisation. C: Kv1.3YFP. D: membrane marker. E: merge of channels, turquoise
means colocalization. F: pixel-by-pixel analysis of ROI in E. G-K. Kv1.3YFP membrane colocalization in presence of
Kvf21.1CFP. G: Kv1.3YFP. H: Kvf31.1CFP. I: membrane marker. J: merge of channels, white means triple colocalization.
K:pixel-by-pixel analysis of ROI in J. L-P. Kv1.3YFP membrane colocalization in presence of Kv2.1CFP. L: Kv1.3YFP. M:
Kvf22.1CFP. N: membrane marker. O: merge channels, white means colocalization. P: pixel-by-pixel-analysis of ROI in 0. Q:
Quantification of membrane colocalization using Mander’s coefficiency. *p<0.05 compared with Kv1.3YFP. R: Intensity
quantification of Kv1.3YFP.
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Kvf3s undergo non-lipid raft Kv1.3 distribution

Several years ago it was described that Kv1.3 can traffic to lipid raft microdomains, which
in turn are closely related with the formation of immunological synapses (Vicente et al.,
2008, Tomassian et al., 2011). Considering the new ability previously described for
Kvf32.1, the relationship stablished with Kvf31.1 and the consequences on the final
localization of both proteins, the effect on Kv1.3 submembrane localization was analysed.

A Kv1.3 B Kv1.3/Kv31.1

C(-Citl bt &Clt|.—- T

avt.3| [

-- G-GFP | ——
a-Cav - e u‘Cav‘ —
D Kv1.3/KvR1.1/KvR2.1
C Kv1.3/KvR2.1 " =
1| m— kot 3|
akv.3| oGFP | (N
cckv2. 1| T aKvi2.1| &
a‘Cav‘ — g a—Cau[ - -

3

[ =

k=]

°

g k2 2 3

__E"O‘S" T en *kk

8 I

o | |

0..
) " M e
by G S O
€ €F €F Je_‘?g
£ <

Figure 3. Kv1.3 is decreased in lipid raft domains when coexpressed with Kvf31.1 and Kv2.1. A: Western blotting of lipid
raft fractions of Kv1.3YFP. B: Western blotting of lipid raft fractions of Kv1.3YFP/Kvf81.1CFP. C: Western blotting of lipid raft
fractions of Kv1.3YFP/Kvf32.1. D: Western blotting of lipid raft fractions of Kv1.3YFP/Kv31.1CFP/Kv{32.1 E. Quantification of
the flotability in all conditions relativized by the total amount of expression.

The association of Kvf3s, known also long ago, has never been demonstrated as a putative
modulator for this location. While Kv1.3 was present in those domains (figure 3A), the
cotransfection with Kvf31.1 (figure 3B) as well as Kvf32.1 (figure 3C) leaded to a decrease
in the detection of the channel in lipid raft. The coexpression of both subunits in a
proportion 1:1 exerted the same effect (figure 3D). The three conditions are significantly
different from the wild type expression (figure 3E). Considering that both Kvf3 have this
effect on the channel, the specific trafficking property of Kvf32.1 is unlikely to be involved.

The binding domain among o and {3 subunits was biochemically defined at the N-terminus
of Kvl channels, close to the tetramerization interacting domain for this family (T1).
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Specifically for Kv1.3, the Kvf3 Binding Domain (2BD) would be placed at the amino acids
among 135-151 positions in the protein sequence (orange square on figure 4) (Sewing et
al, 1996). Even though, the obtaining of the Kv1.2/ Kvf32.1 crystal structure allowed
MacKinnon'’s laboratory to localise the contact interface among M-70 to Y-80 amino acids
of the channel, corresponding to M-87 to Y-97 positions in Kv1.3 sequence (green square
on figure 4) (Long et al, 2005)'. Moreover, some studies have reported also possible
associations with some parts of the C-terminus (Sokolova et al,, 2003).

Our laboratory has recently published the interaction of Kv1.3 with caveolin, acting as a
driving force for placing the channel to lipid raft microdomains. We demonstrated that
there is a molecular determinant for this association placed in the N-terminus of the
channel, so called Caveolin Binding Domain (CBD). The CBD is formed by the amino acids
among the 166-174 protein positions (yellow square in figure 4) (Perez-Verdaguer et al,,
2016a). The BD defined from the crystal structure is 80 residues far the CBD. Regarding
the possible molecular volume of either Kvf3 or caveolin and the position of their
interacting sequences, it is likely to consider a possible competence for the N-terminus of
the channel. Thereby, when all three proteins are expressed together, a diminution of
Kv1.3 presence at the lipid raft microdomains could be a possible consequence .

10 20 30 40 50
MTVVPGDHLL EPEAAGGGGG DPPQGGCVSG GGCDRYEPLP PALPAAGEQD
60 70 80 90 100
CCGERVVINI SGLRFETQLK TLCQFPETLL GDPKRREIENENEEEENEN-FD
110 120 130
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160 170 180
EGFLREEERP LPRRDFQRQV WLLFEYPESS GPARGIAIVS VLVILISIVI
210 220 230 240 250
FCLETLPEFR DEKDYPASPS QDVFEAANNS TSGASSGASS FSDPFFVWET
260 270 280 290 300
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310 320 330 340 350
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Figure 4. Rat Kv1.3 aminoacid sequence. Kvf3 binding domain highlighted in orange; caveolin binding domain, in yellow;
transmembrane domains, in grey.

To address this question, as shown in figure 5, the immunoprecipitation of transfected
caveolin was addressed. As previously described, caveolin and Kv1.3 can form oligomers,
contrary to the negative interaction between caveolin and Kvf32.1 (figure 5 and first
contribution). Upon triple cotransfection, caveolin and Kv1.3 can interact but there are no
tripartite complexes: caveolin and Kv{32.1 cannot interact with the same channel. (IP+
third lane figure 5). Thereby, our results confirmed a stearic competence for the Kv
interacting region.
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Figure 5. Caveolin and Kvf32.1 compete for the interaction with Kv1.3. Immunoprecipitation assay against CaveolinCFP.
Western blot using a-GFP antibody, a-Kv1.3 and a- Kvf32.1 antibody. SM: starting material. IP+: Inmunoprecipitation in the
presence of the antibody. IP-: Immunoprecipitation in the absence of the antibody.

Kvf3s counteracts partially PMA-induced Kv1.3 internalization

The amount of Kv1.3 at the cell surface, where it develops its major functions, is controlled
not only by the trafficking but also trhough the recycling of the channel. Previous data
from the laboratory defined that under PMA treatment, the channel undergoes exit of the
lipid raft domains and internalization to endosomal particles. Summing up the results
concerning Kvf32.1, two hypotheses are plausible. On one hand, regarding the
internalization PMA-dependent of Kvf32.1, it is tempting to speculate that the endocytosis
of the channel would be exacerbated. On the other hand, since it is impairing the lipid raft
channel targeting, it is also possible that the PMA effect would be counteracted.

Kv1.3, mainly expressed at the cell surface, shows a low colocalization pattern (figure 6A-
C) with the early endosome marker (EEA-1). This is highly increased when the cells are
treated for 30 minutes with PMA (figure 60), exhibiting a dramatic intracellular punctuate
pattern (figure 6D-F). From previous results, we do know that Kvf32.1 increases the
colocalization with the marker after the same treatment (figure 60 and contribution 1).

Upon coexpression with Kvf32.1, Kv1.3 presents a similar colocalization with EEA-1 than
alone (figure 6G-]J). When PMA was added, the channel is also undergoing internalization
increasing this colocalization level (figure K-N). Even this phenomenon is significantly
higher than the condition without any treatment, the level achieved by the Kv1.3/Kvf32.1
in the presence of PMA is hardly lower than Kv1.3 alone. Actually, it is still detectable
some channel signal at the cell surface (figure 6K) upon coexpression and PMA.
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Figure 6. PMA-dependent internalization of Kv1.3 is partially impaired by Kvf2.1. A-C. Kv1.3 colocalization with early
endosomes marker (EEA-1). A: Kv1.3YFP. B: EEA-1 marker. C: merge channels, turquoise means colocalization. D-F:
Kv1.3YFP colocalization with EEA-1 after treating the cells with PMA. D: Kv1.3YFP. E: EEA-1 marker. F: merge channels,
turquoise means colocalization. G-J: Kv1.3 colocalization with early endosomes marker (EEA-1) in the presence of Kvf32.1. G:
Kv1.3YFP. H: KvB2.1CFP. I: EEA-1 marker. J: merge channels, white means triple colocalization. K-N: Kv1.3 colocalization
with early endosomes marker (EEA-1) in the presence of Kvf32.1 and PMA. K: Kv1.3YFP. L: Kv(32.1CFP. M: EEA-1 marker. N:
merge channels, white means triple colocalization. O: Quantification of colocalization with EEA-1 using Mander’s
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coefficiency. *p<0.05; ***p<0.001. P: Quantification of Kv1.3 colocalization with KvB2.1 in the absence and in the presence of
PMA. Q: Quantification of Kvf2.1 colocalization with Kv1.3 in the absence and in the presence of PMA.

Kvf32.1 is also changing its behaviour. While increasing the colocalisation level with EEA-1
after PMA treatment, this decreases when coexpressed with Kv1.3 (figure 60). Thereby,
both proteins are able to impair partially the internalization pattern under PMA
stimulation.

The analysis of the colocalization between Kv1.3 and Kvf32.1 revealed that, while there are
no relevant changes in Kvf32.1 (figure 6Q), Kv1.3 increase the colocalization with the
subunit under PMA treatment (figure 6P). Since Kv{32.1 main localization is the cytoplasm,
it is not surprising that an increase in internalization is accompanied with a higher
colocalization with a cytosolic protein.

Since both proteins are behaving differently when they are expressed alone or
accompanied, one possible explanation would be a partial dissociation of the complexes
under PMA treatment, and once separated, act as lonely proteins.

Kv32.1CFP/Kv1.3

SM IP+ IP- P+
PMA - + - = +
a-GFP
o-Kv1.3

Figure 7.. Kvf32.1/Kv1.3 complexes are not disrupted under PMA treatment. Immunoprecipitation assay against Kv(32.1CFP.
Western blot using o-GFP antibody and a-Kv1.3. SM: starting material. IP+: Immunoprecipitation in the presence of the
antibody. IP-: Immunoprecipitation in the absence of the antibody.

To analyse the interaction, immunoprecipitation of Kvf32.1 in the presence or the absence
of PMA was performed. As it is observable in figure 7, there were no changes in the
interaction between Kvf32.1 and Kv1.3 upon PMA treatment.

Other possible hypothesis considered was that Kvf32.1could be impairing partially the
process of Kv1.3 vesiculation. Previous results of the laboratory showed that PMA
endocytosis is mediated by the ubiquitination of the channel. The treatment of cells
expressing only Kv1.3 with this compound leaded to a massive detection of ubiquitinated
channel. The quantification revealed a high and significant increase (figure 84, C). This
raise was also detected for Kv1.3/Kvf32.1 cotransfection (figure 8B). However, upon
quantification of different experiments, this condition presents the tendency to be lower
than the Kv1.3 alone (figure 8C).
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Figure 8. Kvf32.1 slightly impairs the PMA-dependent ubiquitination of the channel. Immunoprecipitation of Kv1.3 in the
absence or the presence of Kvf32.1 and PMA. Immunoblot using a-GFP and a-Ubiquitin antibody. SMi: starting material. IP+:
immunoprecipitation in the presence of GFP antibody. Arrow indicates Kv1.3YFP.

DISCUSSION

The present work shows the regulation of Kvf31.1 and Kvf32.1 on Kv1.3 channel: from the
electrophysiological properties to the trafficking modulation. Previous studies revealed
that both Kvf31.1 and Kvf32.1 were exerting and enhancement on the current density
(McCormack et al.,, 1999). No additional features were determined for Kvf32.1 but a small
initial inactivation component on Kv1.3 current was observed upon coexpression with
Kvf31.1. The kinetic properties analysed in this contribution revealed that both subunits
are shifting the activation towards hyperpolarising voltages, similar to the effect on Kv1.5
(Heinemann et al., 1996). Moreover, Kvf31.1 exerts indeed an increased degree of C-type
inactivation. However, contrary to the previous investigations, just Kv31.1 was observed
to increase the current density of the channel (Shi et al., 1996, McCormack et al., 1999).
Previous controversies have been taking place due to the elected expression system.
Functional Kv1.5 properties were not properly stablished due to the use of L-cell line that
expresses Kvf32.1 endogenously (Uebele et al.,, 1996). Furthermore, it was published that
Xenopus oocytes synthesize KCNE peptides endogenously, which could have modulates the
Kv1.3 transfected (Anantharam et al., 2003). Competition among auxiliary subunits in
Xenopus oocytes cannot be, thus, discarded as a part of the obtained results.

Kv1.3 is a channel that presents a good traffic to the plasma membrane without any
auxiliary subunit help (Vicente et al.,, 2008). Recently our laboratory has published the
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export signals present in the sequence that encodes this behavior (Martinez-Marmol et al.,
2013). The present results suggest that Kvf31.1 could exhibit some additional signatures to
traffic to the plasma membrane in the additional N-terminus segment. Similarly, by
interacting with 14-3-3, SAC1 export from the ER is stimulated (Bajaj Pahuja et al., 2015).
On the other hand, the ability of Kvf31.1 to interact with the actin cytoskeleton could be
influencing the traffic of the channel (Nakahira et al., 1998). Kv{32.1 subunit is presenting a
slight but significant reduction in the Kv1.3 proportion at the plasma membrane. The
images obtained from the coexpression exhibit a higher staining in a Golgi-like
compartment. Since the interaction among the proteins is known to happen at the ER
compartment and enhance the mature glycosylation of other channels, it is tempting to
speculate that Kvf32.1 is mediating a slightly slower processing of the channel (Nagaya and
Papazian, 1997, Shi et al,, 1996). Similar to the combination with Shaker and Kv1.5, the
role exerted by Kvf32.1 is different than the kinetic modulation or the traffic enhancement
of its partners (Accili et al., 1997b).

The present work exhibited a new level of control on Kv1l channels. Both Kvf31.1 and
Kvf32.1 have the ability of impairing the Kv1.3 traffic to lipid raft microdomains. The
alteration on the proper subcellular localization of those has been related with some
diseases (Dart, 2010). It is the case of Kv1.3 and lupus eritomatoeus or the estrogen
receptor and Alzheimer disease. Misslocalization of both proteins has been detected in
both mentioned illnesses (Nicolaou et al., 2007, Canerina-Amaro et al., 2017). Thus, the
control on the traffic to lipid raft microdomains is highly relevant, and Kvf3s are a cellular
mechanism to reduce this presence. Since the interaction of Kvf3/Kv channels is taking
placed at the endoplasmic reticulum, the destiny of them it is decided early in the
secretory pathway.

Even the recent and unique characteristics of Kvf32.1, the molecular determinants
underlying this Kv1.3 misslocalization effect were shared with Kvf31.1. We have recently
published that the traffic of Kv1.3 to lipid raft microdomains is governed by caveolin. This
protein detects a highly hydrophobic sequence placed at the N-terminus of the channel
and enhances this specific localization (Perez-Verdaguer et al., 2016a). The principal Kv{3
interacting sequence is also located at this channel region. The results of this contribution
showed that Kvf3s were masking the CBD by interacting with their molecular determinant
on Kv1.3. Similarly, 14-3-3 is able to coat a specific motif in TASK1 and TASK3 which is
important for the COPI binding (Mathie et al., 2010). Moreover, in contribution 5, our
results define a hiding event on Kv1.3 export signals by KCNE4 (Sole et al.,, 2016).

Regarding the Kvf3 expression regulation by different insults, and considering the new role
stablished for them, one could speculate that Kvf3 presence can be translated as a
preventing signal. The activation stimuli on T-cells imply the opening of Kv1.3 placed at
lipid raft microdomains (Panyi et al.,, 2004, Varshney et al., 2016). The increase in the Kvf
expression would lead to localization of the newly synthesised channel out of those
domains. Thus, the signal could not be sustained due to the arrival of more Kv1.3. Since
there are no possible tripartite complexes, electrophysiological properties of Kv1.3 at lipid
raft would resemble to those obtained in presence of cholesterol (Hajdu et al., 2003).
However, Kvf3 effect is not a complete inhibiting signal of the activity, since the channel
will be present at the plasma membrane. Whether Kv1.3 can be recruited to those
submembrane regions upon new insults, it remains unknown.
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Finally, we have determined that Kvf3 is counteracting partially the PMA endocyting effect.
The control on the channels function can be exerted not only on the traffic to the
membrane, but also influencing the turnover. Actually, our group has recently published
an EGF-dependent modulation of the Kv1.3 endocytosis (Martinez-Marmol et al., 2016).
However, it is not the unique pathway to mediate the channel endocytosis. From previous
laboratory results, it is known that the PKC activation leads to an internalisation of the
channel, posterior to the exit from lipid raft microdomains. Lately, it has been published
that the human organic anionic transporter 1 can undergo ubiquitination dependent on
the activity of PKC (Xu et al,, 2016a). The effect on Kv1.3 is also due to the ubiquitination of
the channel at some lysines yet to be deciphered. Since the crystal structure is exhibiting a
close contact between Kvf3 and both N and C terminus, a masking event on the sequence
for the ubiquitination transference or the interaction with the ubiquitin ligase can be
hypothesised (Gulbis et al.,, 1999). Thus, Kvf3 could be impairing the excess of Kv1.3 at
lipid raft microdomains and diminishing the immunosuppression derived from PMA
treatment. Thereby, as we previously mentioned. It is tempting to speculate that Kvf3
family are protective proteins of the immune system health.
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ABSTRACT

Impairment of Kv1.3 expression at the cell membrane in leukocytes and sensory neuron
contributes to the pathophysiology of autoimmune diseases and sensory syndromes.
Molecular mechanisms underlying Kv1.3 channel trafficking to the plasma membrane
remain elusive. We report a novel non-canonical di-acidic signal (E483/484) at the C-

terminus of Kv1.3 essential for anterograde transport and surface expression. Notably,
homologous motifs are conserved in neuronal Kv1 and Shaker channels. Biochemical
analysis revealed interactions with the Sec24 subunit of the coat protein complex II.
Disruption of this complex retains the channel at the endoplasmic reticulum. A molecular
model of the Kv1.3-Sec24a complex suggests salt-bridges between the di-acidic E483 /484
motif in Kv1.3 and the di-basic R750/752 sequence in Sec24. These findings identify a
previously unrecognized motif of Kv channels essential for their expression on the cell
surface. Our results contribute to our understanding of how Kv1 channels target to the cell
membrane, and provide new therapeutic strategies for the treatment of pathological
conditions.
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Summary

Impairment of Kvl.3 expression at the cell membrane in leukocytes and sensory neuron contributes to the pathophysiology of
autoimmune diseases and sensory syndromes. Molecular mechanisms underlying Kv1.3 channel trafficking to the plasma membrane
remain elusive. We report a novel non-canonical di-acidic signal (E483/484) at the C-terminus of Kv1.3 essential for anterograde
transport and surface expression. Notably, homologous motifs are conserved in neuronal Kvl and Shaker channels. Biochemical
analysis revealed interactions with the Sec24 subunit of the coat protein complex I1. Disruption of this complex retains the channel at the
endoplasmic reticulum. A molecular model of the Kv1.3—-Sec24a complex suggests salt-bridges between the di-acidic E483/484 motif in
Kv1.3 and the di-basic R750/752 sequence in Sec24. These findings identify a previously unrecognized motif of Kv channels essential
for their expression on the cell surface. Our results contribute to our understanding of how Kv1 channels target to the cell membrane,

and provide new therapeutic strategies for the treatment of pathological conditions.

Key words: Forward-traffic motifs, Lymphocytes, Neurons, Plasma membrane, Voltage-dependent K* channels

Introduction

Voltage-dependent potassium channels (Kv) control the resting
membrane potential in mammalian cells (Hille, 2001). In this
context, the Kv1.3 channel participates in the activity of sensory
neurons and also controls the activation and proliferation of
leukocytes (Vicente et al., 2003; Rivera et al., 2005; Cahalan and
Chandy, 2009; Cavallin etal., 2010; Gazula et al., 2010). Therefore,
Kv1.3 is considered to be a fundamental pharmacological target
for diseases related to the nervous and immune systems
(Koeberle and Schlichter, 2010; Villalonga et al., 2010; Conforti,
2012).

Kv1.3 signaling relies on the number of channels at the cell
surface. Unlike other leukocytic channels, such as Kv1.5, Kv1.3
is very dynamic and is highly expressed on the cell surface,
similar to the neuronal Kv1.4 (Manganas and Trimmer, 2000;
Vicente et al., 2008). Many studies address the specific signatures
responsible for the intracellular retention and membrane targeting
of ion channels (Misonou and Trimmer, 2004). C-terminal
sequences are essential for the expression of functional Kv
channels. Human diseases such as juvenile epilepsy, Jervell and
Lange-Nielsen syndrome, Romano—Ward syndrome and episodic
ataxia are associated with mutations in the C-terminus of Kv7.2,
Kv7.1, Kvll.1 and Kvl.1, respectively (Curran et al., 1995;
Neyroud et al., 1997; Biervert et al., 1998; Manganas et al.,
2001a; Rea et al., 2002). Therefore, the molecular determinants
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responsible for the intracellular retention and surface expression
of Kv channels are of considerable importance.

The surface expression is determined by the balance between
ERR (endoplasmic reticulum retention) and FT (forward
trafficking) signals (Misonou and Trimmer, 2004). RxR (x
being any amino acid) signatures and similar highly positively
charged motifs are very powerful ERR elements. In contrast, a
VxxSL sequence is an efficient FT motif for the expression of Kv
channels at the cell membrane (Misonou and Trimmer, 2004; Zhu
et al., 2003). Analysis of Kv1.3 revealed that neither ERR nor FT
canonical signatures are present in the protein. Therefore, the
molecular determinants and the mechanisms responsible for
Kv1.3 cell surface targeting remain largely unknown. Because
deficient Kv1.3 expression has been associated with several
autoimmune diseases and an irregular sensory physiology (Rivera
et al., 2005; Nicolaou et al., 2007; Marks et al., 2009), the
identification of these signatures is essential.

In the present study, we aimed to characterize the molecular
determinants and cellular machinery responsible for Kv1.3 cell
surface targeting. We have identified a Y*°MVIEE** cluster at
the C-terminus of the channel that was responsible for efficient
Kv1.3 forward trafficking. This domain is highly conserved in
neuronal isoforms of the Kvl family. The di-acidic (E483/484)
motif within the Y*"*MVIEE** cluster was the main determinant
for Kv1.3 surface expression. This motif interacts with the coat



©
[}
c
Q2
o
w
)
O
—
o
[
c
p—
=
[®)
=

5682 Journal of Cell Science 126 (24)

protein complex II (COPII) to trigger ER-to-Golgi anterograde
transport to the plasma membrane. This study identifies a novel
signal in Kv channels that contributes to our understanding of the
mechanisms underlying ion channel trafficking and the ability of
cells to fine-tune cellular responses.

Results

The C-terminal domain is necessary for effective Kv1.3
membrane surface targeting

The location of Kv1.3 has important consequences for cellular
physiology (Panyi et al., 2004; Rivera et al., 2005). Unlike Kv1.5,
Kv1.3 efficiently targets to membranes (Vicente et al., 2008).
Kv1.3 was found to be at the plasma membrane (supplementary
material Fig. SIA-C), whereas Kvl.5 was predominantly
intracellular (supplementary material Fig. SIE-G). In addition,
Kv1.3 currents were twofold higher than those of Kvl1.5 under
similar conditions (supplementary material Fig. S1D.H). This
distribution is similar to that observed in other neuronal channels.
Thus, Kvl.l (supplementary material Fig. S2A-C) and Kvl.5
exhibited equivalent intracellular retention. In contrast, Kvl.4
(supplementary material Fig. S2D-F) and Kvl.3 exhibited
analogous plasma membrane-associated patterns.

Several molecular determinants influence the localization of
Kvl channels in mammalian neurons. An ERR signature is
present within the Kv1.1 pore, a FT motif (VxxSL) can be found
at the C-terminus of Kvl4. A P-loop sequence analysis
(supplementary material Fig. S2G) indicates that neither Kv1.3
nor Kvl1.5 contained the amino acids responsible for the
intracellular retention of Kv1.1 (A352, E353, S369 and Y379)
(Manganas et al., 2001b; Zhu et al., 2001). Furthermore, an
analysis of C-termini demonstrated that the Kv1.4 FT signature
(VO'KESL®*?)  was less functionally robust in Kvl.5

Channel Membrane Merge

Kv1.3

Kv1.3/CKv1.5

¥

Kv1.5
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(L**RRSL**) and absent in Kv1.3 (supplementary material
Fig. S2H) (Li et al., 2000; Zhu et al., 2003; Steele et al., 2007).

To identify the motifs involved in Kv1.3 trafficking, Kv1.3/
Kvl.5 chimeras were generated. Fig. | shows that a Kv1.3 with
the Kv1.5 N-terminal (Fig. 1E-H) targeted to the membrane in a
similar way to the Kvl.3 wild-type channels (Fig. 1A-D).
However, when the C-terminus of Kv1.3 was replaced by that
of Kv1.5 (Fig. 11-L), the channel was retained intracellularly in a
pattern similar to the Kvl.5 wild-type channel (Fig. IM-P).
These results indicated that the C-terminus of KvI.3 is
responsible for targeting Kvl.3 to the membrane. The
reciprocal chimeras did not exhibit greater Kvl.5 surface
expression, suggesting that the KvI1.3 element is not sufficient
for normal Kvl.5 membrane surface expression and that potent
ERR signatures must exist in Kv1.5.

To further study whether the Kv1.3 C-terminus was sufficient to
promote membrane targeting, we generated a Kv1.3 lacking the
complete C-terminus (93 residues). Unlike Kv1.3 (supplementary
material Fig. S3A,B), Kv1.3(F433X) mistargeted the membrane
surface and evoked no K' currents (supplementary material
Fig. S3C,D). In addition, whereas Kv1.3 was highly expressed
at the membrane and colocalized with the Golgi apparatus
(supplementary material Fig. S3E-G), Kv1.3(F433X) remained
at the ER (supplementary material Fig. S3H-J). Therefore, the
Kv1.3 C-terminus contains signals that are essential for the proper
delivery of the channels to the cell surface.

A di-acidic signature is sufficient to promote Kv1.3
localization at the cell membrane

To identify the Kvl.3 C-terminal signature responsible for
targeting, we generated step-wise truncated channel proteins. We
generated Kv1.3 channels lacking the final 34 (F492X), 39

A Distance B
=
w
5 Fig. 1. The C-terminus of Kv1.5 impairs Kv1.3
£ membrane surface targeting, Confocal images
o demonstrate the distinct cellular distributions of the
Kv1.3/Kvl.5 chimeras. Schematic diagrams of the
ja| channels are shown on the left. Kv1.3 is shown as
- blue transmembrane domains and black loops;
. Kv1.5 is shown as red transmembrane domains and
PC_J_ red loops. (A-D) Kv1.3 is robustly expressed at the
= membrane surface. (A,E,IM) Channel,
0 (B,F.JN) wheat germ agglutinin (WGA) staining of
the plasma membrane, (C,G,K,0) merged image
1|gn and (D,H,L,P) histogram showing the results of the
> “ | \'w_, pixel-by-pixel analysis of the section indicated by
2 |I." 1 ! the arrow in the merged image. (E-H) Kv1.3/
% ‘ x ! M NKv1.5 colocalizes with WGA. (I-L) Kv1.3/
- \ 7\ CKv1.5 shows little colocalization with WGA.

o

(M-P) Kv1.5 does not colocalize with WGA.
Unlike A-H. little colocalization between the

150 channels and WGA was observed in [-P. Although

2 | the Kv1.5 N-terminus did not mistarget the Kv1.3

0% H ,'|,ML‘ kﬁw channel to the surface, the C-terminal domain of

= f‘"'\“ ' { Kv1.5 impaired the plasma membrane expression
e A

of Kv1.3. In all panels: green, channel; red, WGA;
yellow, colocalization. Scale bars: 10 um.
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(M487X), 43 (E483X), 48 (E478X), 84 (E442X) and 93 (F433X,
the entire C-terminus) residues (Fig. 2A). The progressive
removal of residues from the Kvl.3 C-terminus yielded
proteins that gradually decreased in size and that displayed
altered glycosylation (Fig. 2B). Remarkably, the deletion of up to
39 residues at the far end of the C-terminus (wt, F492X and
M487X) led to two major bands on western blots corresponding
to mature glycosylated and immature non-glycosylated channels.
The further removal of four or more amino acids (E483X,
E478X, E442X and F433X) fully abolished channel
glycosylation.

Fig. 2G,H shows that F492X and M487X were localized at the
membrane. The distribution of M487X (Fig. 21) was similar to
that of the Kv1.3wt (see supplementary material Fig. STA-D). In
contrast, the deletion of four additional residues in the E483X
channel severely impaired the surface expression (Fig. 2E.F).
Kv1.3 mutants with further truncations (E478X and E442X)
exhibited similar properties (Fig. 2C,D). Analysis of the Kv1.3
proteins and the membrane marker overlay revealed that less than
40% of the E483X channels were at the membrane. This
membrane expression was similar to that observed for the Kv1.3
mutants with more severe truncations (Fig. 2J).

K" currents evoked by Kv1.3wt, F492X, E483X and F433X
channels substantiated these observations (Fig. 2K,M). Although
M487X currents were similar to those generated by KvI.3wt,
E483X currents were 85% lower than those evoked by the wt and
M487F channels. Furthermore, E483X-evoked currents were
similar to those obtained with F433X, which has no C-terminus
(Fig. 2K.M). The /-V plots and similar half-activation voltages
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(26.1x1.8, 25.1*+3.1, 32.2%=0.7, 2691*1.2 mV for Kvl.3,
F433X, E483X and M487X, respectively) demonstrated that the
deletion of the 43 amino acids at the C-terminus impaired Kv1.3
surface expression (Fig. 2L).

Yxx® motifs (¢ being hydrophobic residues) are responsible
in many proteins for endocytosis and/or transport in the early
secretory pathway (Lai and Jan, 2006; Schwegmann-Wessels
etal., 2004). Fig. 3A is a pictorial representation of the YMVIEE
motif, which may be a FT signal for Kv1.3. Interestingly,
although both the M487X and E483X mutants contain the YMVI
motif, M487X targeted to the cell surface, whereas E483X
remained intracellular. This suggests that the absence of E483/
484 in the E483X mutant is crucial for channel trafficking. To
further define the Kv1.3 FT signature, we performed an alanine-
scanning mutagenesis analysis of the YMVIEE cluster. No
single- or double-alanine mutants, with the exception of
those with an altered di-acidic E483E484 signature, exhibited
impaired channel-membrane colocalization (Fig. 3H). However,
the E483E484 to A483/484 substitution triggered intracellular
retention (Fig. 3B-D,H). Intriguingly, a variety of mutations from
VIEE to AAAA partially restored membrane expression (Fig. 3H).
Because di-isoleucin motifs increase the intracellular retention,
we generated a hydrophobic cluster by changing E483E484
to 1483/484. The YMVIII mutation had severe consequences,
and channels remained mostly intracellular, with the membrane
colocalization 80% lower than that of Kvl.3wt (Fig. 3E-H).
Although the Yxx® was preserved in KvI1.3(YMVIAA)
and KvI1.3(YMVII) no apparent colocalization with EEAI
(early endosome-associated protein 1) was found (not shown).

Fig. 2. Sequential Kv1.3 C-terminal domain truncation experiments
reveal an important signaling element for membrane targeting and
protein maturation. Kv1.3-YFP C-terminal truncations reveal an
amino acid motif between M487 and E483 that participates in the
anterograde transport, maturation and surface expression of Kvl1.3. This
motif has an important influence on cellular excitability. (A) A
schematic diagram of the Kv1.3 C-terminal truncations. Red shows the
position of the 86 transmembrane domain; the gradation from white to
black represents the steady loss of residues. (B) Western blot analysis
demonstrating that the progressive removal of amino acids reduces
protein size and maturation. (C-E,G.H) Confocal images demonstrate
that the sequential removal of residues split the channels into two
categories, E442X (C), E478X (D) and E483X (C) are retained
intracellularly in a pattern similar to F433X. which lacks the entire C-
terminal domain, whereas, similar to Kv1.3wt, F492X (G) and M487X
(H), which lack 34 and 39 aa, respectively, are targeted to the plasma
membrane. (F,I) Histograms of the pixel-by-pixel analysis of the section
indicated by the arrow in E (E483X) and H (M487X). Color code: green
in all panels, channel; red, membrane; colocalization in yellow. Scale
bars: 10 um. (J) Membrane surface expressions of the truncated mutants.
Pixel-by-pixel intensities from the confocal images were analyzed using
Imagel software. They were then compared with the relative intensity of
the Kv1.3wt channel at the plasma membrane using a WGA overlay.
Values are the means = s.e.m. of at least 20 cells. (K-M) Sequential

removal of residues from the Kv1.3 C-terminus severely impairs K
currents. (K) Representative traces. (L) Current-voltage dependence
(pA/pF) of truncated mutants. (M) Current density (nA/pF). The cells
were held at —60 mV, and currents were elicited by a single
depolarizing pulse of 250 msecond duration to +70 mV (K and M) or
similar depolarizing pulses in 10 mV steps (L). Values are the means =
s.e.m. of at least 10 cells. #**P<0.001 versus Kv1.3wt (Student’s f-test).
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Fig. 3. Site-directed mutagenesis studies on the YY*MVIEE* motif. (A) Schematic diagram of the Kv1.3 C-terminal domain. The residues in green did not

confer any harmful stops. In contrast, the amino acids in red conferred severe truncations. The S6 transmembrane domain is represented as a gray barrel.

The YMVIEE cluster is indicated by the red box. (B-D) Confocal images demonstrating an impaired surface expression conferred by the substitution of E483/434
to Ala (YMVIAA). (E-G) Changes to 1483/484 (YMVIII) almost abolished membrane targeting. Green, channel; red, WGA; merge, colocalization in yellow.
Scale bars: 10 pm. (H) Membrane surface expression of mutated channels. Pixel-by-pixel intensities from the confocal images were analyzed using Imagel
software. Next, the results were compared with the relative intensity of the Kv1.3—YFP wt at the plasma membrane using a WGA overlay. Values are the means *
s.eam. of at least 20 cells. Although ~50% of the YMVIAA mutant channels were expressed at the plasma membrane, YMVIII inhibited more than 70% of
the surface expression. (1J) Ala-scanning mutagenesis and lle replacement of Glu at the YMVIEE motif impair K™ currents. (I) Representative traces. (J) Current
voltage dependence (pA/pF) of mutants. (K) Current density (nA/pF). The cells were held at —60 mV, and currents were elicited by a single depolarizing
pulse of 250 msecond duration to +70 mV (LK) or similar depolarizing pulses in 10 mV steps (J). Values are the means * s.e.m. of at least 10 cells. *P<(.05,
##4P<0.001 versus Kv1.3wt (Student’s r-test). Mutations are indicated in red.

As expected, E483/484 mutations generated reduced K~ currents C-terminal  domains. Supplementary —material Fig. S4
(Fig. 31LK), The [~V plots and similar half-activation voltages demonstrates that Kv1.1, Kv1.2 and Kv1.3 (neuronal channels)
(26.1%£1.8, 242.£22, 288%23, 320%x04 mV for Kvl.3, were in close proximity. Then, the distances enlarged
YMVAAAA, YMVIAA and YMVIII, respectively) demonstrated (Kv1.5<Kvl.4=Kvl.6<Shaker=Kv1.7<Kvl.8). The proximity
that the di-acidic E483/484 within the YMVIEE cluster at between Kvl1.7 and Shaker channels is supported by Kvl.7

the C-terminus of Kvl.3 is a previously unrecognized FT members from lizard (Anolis carolinensis) and a primitive
signal that 1s responsible for channel trafficking to the cell coelacanth fish (Latimeria chalumnae) included in the Shaker
surface. cluster. Curiously, fish Kv1.7 members (Tetraodon nigroviridis,

Because Kv1.3 is important in sensory neurons (Rivera et al., Gasterosteus aculeatus and Takifugu rubripes) are within the
2005; Cavallin et al., 2010; Gazula et al., 2010) and leukocyte Kv1.8 cluster. Our data showed that most neuronal channels shared
physiology (Vicente et al., 2003; Cahalan and Chandy, 2009) we structural domains at the C-terminus (supplementary material
analyzed the di-acidic E483/484 in neurons and lymphocytes. Rat Table S1). Therefore, we searched for YMVIEE motifs in Kv1 and
embryo hippocampal neurons and Jurkat T-lymphocytes were Shaker subfamilies (Swiss-Prot, http://www.uniprot.org/). Similar

transfected with Kvl.3wt and Kv1.3(1483/484). Whereas YMVIEE signatures were present in neuronal Kvl1.1 (YMEIEE),
Kvl.3wt targeted to membranes and axons in neurons Kv1.2 (YMEIQE) and Kv1.4 (YLEMEE) (supplementary material
(Fig. 4A—C), Kv1.3 (1483/484) missed the axonal targeting and Fig. S4B-E). Shakers exhibit a structurally homologous MDLDD
remained intracellular (Fig. 4D-F). Similarly, Kv1.3(1483/484) consensus (supplementary material Fig. S4F). Notably, Kv1.5, a
impaired the membrane surface expression in human T- cardiac close relative of Kvl.1-Kv1.3, does not have the cluster,
lymphocytes (Fig. 4G,H). These observations further support suggesting that this motif is restricted to neuronal Kvl (supple-
that the E483/484 motif is essential for the delivery of the mentary material Table S1).

channels to the cell surface in neurons and lymphocytes. We analyzed Shaker and Kvl.1 channels to evaluate whether

the di-acidic signature represents a general FT motif. Although
Di-acidic signatures are present in neuronal Kv1 and Shaker wt (D532/533) partially targeted to the membrane
Shaker channels (Fig. 5A-D), the mutant 1532/533 showed a 60% reduction in
Is the YMVIEE motif conserved within the Kvl and Shaker membrane surface colocalization (Fig. SE-H). Concomitantly,
channels? We constructed a phylogenetic tree by comparing their the Shaker mutant 1532/533 exhibited K currents 50% lower
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Kv1.3 Tubulin

Merge

WT

E4BJI4B4

mutant
]483/484

G H
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Fig. 4. The di-acidic E483/484 motif is important for axonal targeting
and lymphocyte membrane surface expression. Hippocampal neurons from
E17 rat embryos and Jurkat T-cells were cultured and transfected with
Kvl1.3wt (E483/484) and Kv1.3 mutant (E483/4841). (A-C) Kv1.3 wt targeted
to axons. (A) Kv1.3 E483/484. (B) Neuron-specific class I1l-tubulin staining.
(C) Merged image. (D-F) Kv1.3 (1483/484) mistargeted neuronal axons.
(D) Kv1.3 mutant (1483/484). (E) Neuron-specific class [1I-tubulin.

(F) merged image. Insets show enlarged views of the boxed regions. Scale
bars: 10 tm. (G.H) The Kv1.3 mutant (1483/484) did not reach any
membrane surface in human Jurkat T-lymphocytes. (G) Jurkat cell expressing
Kv1.3 (E483/484). (H) Jurkat cell expressing Kv1.3 (1483/484). Scale bars:
5 um. DAPI staining (in blue) was performed to highlight nuclei.

than Shaker wt (not shown). However, a P506 in the Kv1.4 pore,
absent in Kv1.1 (A352), acts as a membrane surface expression
motif (Manganas et al., 2001b). Unlike Kv1.4 (see supplementary
material Fig. 82), Kv1.l was intracellularly retained (Fig. 51-L).
However, the Kv1.1(A352P) mutation triggered a twofold
increase in  plasma membrane expression (Fig. SM-P).
Noteworthy, the additional mutation of the di-acidic motif in
the A352P mutant (A352P/E¥¥%°1) increased the channel
retention by 50% (Fig. 50-Q) and prevented the plasma
membrane expression. In this vein, although the Kv1.2 channel
also distributes intracellularly (Manganas and Trimmer, 2000),
when we replaced the YMEIQE motif of Kv1.2 with YMVIEE,
the Kv1.2(YMVIEE) mutant membrane targeting rose twofold
(not shown). Collectively, these findings indicate that the newly
identified di-acidic signature is a FT motif in mammalian
neuronal Kvl.1, Kv1.2 and Shaker channels.

COPII-dependent mechanism of Kv1.3 anterograde
transport

The secretory pathway of ion channels is uncertain. Whereas
CFTR and hERG channels use COPIlI-coated vesicles to exit the
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ER, Kv4.2 exits independently of COPII (Wang et al., 2004;
Hasdemir et al., 2005; Delisle et al., 2009). We, therefore,
questioned whether COPII was involved in Kv1.3 anterograde
transport.

COPII vesicles include Sec23/Sec24 and Secl3/Sec31
heterodimers and Sarl (Zanetti et al., 2012). Transfected
Kvl.3wt cells were treated with brefeldin A for 24 hours,
which resulted in Kv1.3 ER retention (Fig. 6A—F). Furthermore,
inhibiting Sec13 recruitment by H89 increased Kvl1.3 intracellular
retention (Fig. 6G,H). The role of COPII was further supported by
using the Sarl(H79G), which is a GTP-locked mutant that is a
dominant negative and prevents the forward delivery of cargo
proteins to the Golgi (Ward et al., 2001). Sarl(H79G) and Kv1.3
colocalized intracellularly (Fig. 61-K) and were retained at the ER
(Fig. 6L-0). Therefore, a COPII-dependent mechanism mediated
the delivery of Kv1.3 to the cell surface.

We mnext analyzed association between COPII and the FT
signature of the Kvl.3 C-terminus. Kvl.3wt showed little
colocalization with Sec24D in cells co-transfected with both
proteins (Fig. 7A-C). Similarly, the Kv1.3(E483X) mutant
showed almost no colocalization with endogenous COPII
vesicles (Fig. 7H-J). However, Sarl(H79G) triggered a notable
Kv1.3-Sec24D-Sarl(H79G) intracellular colocalization (Fig. 7D—
G). Furthermore, the presence of Sarl(H79G) increased the
amount of Kv1.3 co-immunoprecipitated with Sec24D only
when the Kv1.3 C-terminus was not disrupted (Fig. 7H). Sec24D
did not significantly associate with E483X in the presence of
Sarl(H79G), as revealed by the absence of Forster resonance
energy transfer (FRET). However, Sarl(H79G) expression
triggered FRET between KvI3wt and Sec24D. Therefore,
alterations of the di-acidic E483/484 motif impairs molecular
interactions between the channel and Sec24D (Fig. 71).

To further understand the Kv1.3-Sec24 interaction at the
molecular level, we used molecular modeling techniques. The
transmembrane domain and the majority of the Kv1.3 N-terminus
were homology modeled by using the Kv1.2 channel (PDB code
2R9R). The C-terminal domain shared significant similarity
(~58%) with the nucleotide-binding domain of the reticulocyte-
binding protein Py235 (3HGF) and the zinc-binding domain from
neural zinc finger factor-1 (1PXE). Therefore, we used these
proteins for building a molecular model of the Kv1.3 C-terminal
region. The i-Tasser online server estimated a normalized Z-score
of 0.92. Supplementary material Fig. SSA-C shows the side, top
and bottom views of the full-length Kv1.3 model. In all three
views, the YMVIEE cluster (depicted in red) in the C-terminus
was accessible for protein—protein interactions. Fig. 8A-D shows
a detailed view of the Kv1.3 C-terminal domain. The YMVIEE
motif is a surface-exposed loop between two short alpha helices
(Fig. 8A.B). Remarkably, the location of the E483/484 sequence
suggested that this signature could easily establish saline bonds
(Fig. 8B) with proteins such as Sec24. We next analyzed the
docking of the Sec24a protein (PDB code 3EGD) to the Kv1.3 C-
terminus in the model (Fig. 8C-E). Notably, Sec24a binds to
vesicular stomatitis virus glycoprotein (VSVG). VSVG contains
a characteristic YTDIEM cluster that is similar to the YMVIEE
motif in Kv1.3. The main difference is that instead of the DxE
signature in VSVG there is a VXE sequence in Kv1.3. Thus, the
Asp is replaced by a hydrophobic residue. This change does not
impact the interactions that are possible with either protein. As
depicted in the model, 1482 in Kv1.3 interacts with L498, L808
and V748 in Sec24a. In contrast, E483 in Kv1.3 establishes saline
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bonds with R752 and Y437 in Sec24a (Fig. 8D). The complex is
further stabilized by the interactions of V497 and E484 in Kv1.3
with L773 and R750 in Sec24a, respectively (Fig. 8D). Note that
the DxE signature that is responsible for Sec24a binding is
replaced by the di-acidic E483/484 motif in the Kvl.3 C-
terminus. Supporting this idea, 1483/484 mutations in the di-
acidic motif (YMVIII) fully disrupted the formation of saline
bonds and prevented the binding of Sec24a to Kv1.3 (Fig. 8E).
However, additional conformational changes should not be
discounted.
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Discussion

Kvl.3-mediated signaling is determined by the channel
abundance at the cell surface. Thus, appropriate cellular
trafficking and localization are crucial for the physiological
roles of the Kv1.3 channels in sensory neurons and leukocytes.
Alterations in these patterns are associated with autoimmune

diseases and uregular axonal targeting (Rivera et al., 2005;
Nicolaou et al., 2007; Steele et al., 2007; Toth et al., 2009).

Cumulative evidence suggests that the C-terminus of Kv channels
plays crucial roles in their functionality as it contains domains
implicated in protein trafficking to the cell surface, as well as ER
retention (Curran et al., 1995; Neyroud et al., 1997; Biervert et al.,
1998; Manganas et al., 2001a; Rea et al., 2002). Therefore,
uncovering these signals is pivotal for understanding the
molecular mechanisms underlying channel trafficking and
surface expression in physiological and pathophysiological
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Fig. 5. Analysis of di-acidic elements in Shaker and Kvl.1

channels. (A—H) Shaker H4 wt D532/533 was mutated to 1532/533
and membrane surface expression studied. (A-D) Shaker wt
(D532/533) partially targeted to plasma membrane. (E-H) The
1532/533 mutation impaired Shaker plasma membrane expression
by 60% (*P<<0.05 versus wt, Student’s 7-test). (I-T) The di-acidic
B E458/459 motif contributed to the Kvl.1 surface expression.
(I-L) Kv1.1 wt was retained intracellularly. (M—P) Kv1.1(A352P)

N increased plasma membrane localization (**P<<0.01 versus

| Kvl.lwt, Student’s /~test), (Q-T) the triple mutant Kv1.1(A352P,
E458/4591) restored the intracellular retention back to that of
Kvl.l wt (*#P<0.01 versus A352P, Student’s #-test).
(D,H,L,P.T) Channel and WGA histograms. Pixel-by-pixel

B intensities from the confocal images were analyzed using Imagel

software. They were then compared with the relative intensity of

the wt channels at the plasma membrane using the WGA overlay.

channel; red, membrane WGA;

d panels. Scale bars: 10 um.

Color code: green in all panels,
yellow, colocalization in merge

conditions. Furthermore, this knowledge is fundamental for the
development of therapeutic approaches to treat human diseases
caused by dysfunctional channel expression.

The most salient contribution of this study 1s the identification
of the Y*’MVIEE"™ motif as a molecular determinant of the
anterograde transport and membrane targeting of Kv1.3 channels.
In particular, the di-acidic E483/484 signature within this motif is
crucial for forward channel trafficking, as evidenced by the loss
of channel transport to the cell surface upon its deletion or
mutation. Analysis of the underlying mechanism involved in
trafficking reveals that Kv1.3 traffics to the cell surface by a
COPII-dependent pathway through interaction with Sec24. In
fact, Kv1.3 traffics efficiently through the Golgi apparatus en
route to the cell surface (Vicente et al., 2008). A molecular model
of the Kvl.3—Sec24 complex suggests salt bridges between the
E483/484 di-acidic signature at the Y*’MVIEE" motif of the
channel and a di-basic R750/752 signature in Sec24. Taken
together, these findings unveil a novel trafficking signal in the
Kv1.3 C-terminus that appears to underlie the high expression of
this channel in the plasma membrane.

Notably, this mechanism appears conserved because this
signature is also present in neuronal Kvl and Shaker
subfamilies. However, unlike Kvl1.3, the presence of this di-
acidic motif in neuronal Kvl channels does not suffice to
efficiently trigger their surface expression as these channels
display a significant ER location. This lower trafficking
efficiency in Kvl.1 and Shaker, as compared with Kv1.3, arises



[4)]
]
=
Q0
3]
(7]
©
O
—
o
©
=
o
=)
]
=

COPII-dependent Kv1.3 surface expression 5687

Kv1.3 ER Merge
. .

Sar1(H79G)

Kv1.3

- Brefeldin A
H89 (2h)

H89 (24h)

+ Brefeldin A

Kv1.3

Merge

Kv1.3 Sar1 HTQG) ER Merge

Fig. 6. Interfering with the COPII machinery impairs Kv1.3 trafficking
and membrane surface targeting. (A-F) HEK-293 cells transiently
transfected with Kv1.3-YFP and pDsRed-ER were treated in the absence (—)
or the presence (+) of 10 pg/ml brefeldrin A. (A-C) Kv1.3 did not colocalize
with ER. (D-F) The presence of brefeldrin A triggered protein retention in the
ER. Green, Kv1.3; red, pDsRed-ER; merge, yellow colocalization in merged
panels. (G.H) The presence of 100 pug/ml H89 for 2 hours did not modify
Kv1.3 membrane expression, but treatment for 24 hours resulted in the
intracellular retention of the channel. (I-O) Expression of the constitutively
active Sarl(H79G) dominant-negative GTPase also triggers the retention of
Kv1.3 in the ER. (I-K) Kv1.3 and Sar1(H79G) colocalize. (1) Kv1.3 in green,
(J) Sarl(H79G) in red, (K) colocalization in yellow. Note that the top cell

marked with an asterisk co-expresses both proteins. The bottom cells, which
do not express Sarl(H79G), target the Kv1.3 channels to the membrane.
(L-O) The presence of Sarl(H79G) confines Kv1.3 at the ER. (L) Kv1.3 in
green, (M) Sarl(H79G) in blue, (N) pDsRed-ER in red, (O) merged image,
with white indicating triple colocalization. Scale bars: 10 um.

most probably from a balance between this FT element and ERR
motifs coexisting in their structures. Indeed, positive and
negative FT elements have been characterized in several Kvl

channels. Whereas the A352 residue within the Kvl.l1 pore
inhibits trafficking (Manganas et al., 2001b; Zhu et al., 2001), an

equivalent P505 in Kvl.4 favors surface expression (Li et al.,
2000; Manganas et al., 2001b; Zhu et al., 2001). The A352P
substitution in Kvl.l causes enhanced currents and surface
expression compared with wild-type KvIl.l (Manganas et al.,
2001b). However, these elements are not sufficient for the
targeting of Kv1.4 to the cell membrane. In fact, the surface
expression of Kv1.4(YLEMII) mutant did not apparently change
(not shown). Therefore, the Kvl.4 requires the crucial
contribution of the VxxSL signature in the channel C-terminus
(Li et al., 2000; Zhu et al., 2003). This FT motif is absent in
Kv1.3. Kv1.3 contains several dibasic ERR elements, including
RxR (R‘%MRKS R'YINR'™ and R'mlRlzu) in the N-terminus,
KKxx (K>'’KIF°*) in the C-terminus, and P*™ in the P-loop.
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However, mutation or deletion of these putative signals gave rise
to inconclusive results and our data indicated that the Kv1.3 C-
terminus must contain new and potent molecular FT determinants
that act as signals for anterograde transport. This tenet was
supported by the findings that Kv1.3(F433X) and the KvI.3/
Kv1.5 C-terminal chimera were not trafficked to the cell surface,
suggesting that there are no FT sequences in the N-terminus or
that inhibitory elements, such as the previously mentioned
dibasic residues in this domain, act as dominant signals in the
absence of the Kv1.3 C-terminus. Thus, the channel abundance at
the cell surface is determined by the balance and strength of FT
and ERR signals present in intracellular domains of the channels
(Misonou and Trimmer, 2004).

A question that emerges is how this newly identified atypical
di-acidic trafficking motif interacts with Sec24 to drive channel
export from the ER to the plasma membrane. To address this
question we modeled the complex formed by the Kvl.3 C-
terminus and Sec24. In the absence of an atomic structure for the
C-terminus of Kv1.3, we created a model that fulfilled all the
structure—function available information and that was compatible
with the reported density map at 23 A-resolution of the Shaker
channel (Sokolova et al.,, 2001; Sokolova et al., 2003).
Thereafter, this model was docked into the atomic structure of
the Sec24 protein, and energy minimized to have a picture of the
complex. Although models have to be interpreted with caution,
they represent very useful and testable tools for understanding
molecular events. The proposed molecular model of the Kvl.3
channel suggests that its C-terminal domain can accommodate
the four consecutive short alpha helices holding a water-exposed
loop containing the YMVIEE motif, which is involved in Sec24
binding. Furthermore, the model highlights that the di-acidic
motif forms salt bridges with two basic amino acids in the Sec24
protein and the hydrophobic residues contribute to stabilize the
interaction of the complex. Notably, it has been uported that
three consecutive hydrophobic residues (VMIP™) at the C-
terminus of the GABA-1 transporter are responsible for exporting
the protein from the endoplasmic reticulum-Golgi intermediate
compartment (ERGC) (Farhan et al., 2008). Mutations in this
motif are predicted to disrupt or destabilize the protein complex
inhibiting COPII assembly and channel trafficking. Thus, the
YYPMVI*¥? motif in Kv1.3 is also a hydrophobic domain that
may play a similar role. In addition, the E483/484 di-acidic
signature following this motif probably compensates for the
absence of a canonical DXE and stabilizes the protein—protein
interactions of Kv1.3 with its interacting partners, such as Sec24.
In support of this tenet, clusters of acidic residues (e.g.
ELETEEEE or EEEEDSE) act as post-Golgi surface-promoting
signals in Kir channels without an obvious consensus sequence
(Ma et al., 2002).

The identification of the molecular determinants responsible
for normal channel function is essential for understanding their
roles in health and disease. For example, in cystic fibrosis (CF)
the CF transmembrane conductance regulator (CFTR) F508
mutant is misprocessed and intracellularly retained (Kartner et al.,
1992). The forward trafficking of CFTR from the ER to the Golgi
apparatus is dependent on COPII coat assembly in mammalian
cells (Wang et al., 2004; Tsigelny et al., 2005). COPII proteins
mediate the anterograde transport of cargo proteins to the cell
membrane through the recognition of certain di-leucine and di-
acidic motifs (Zanetti et al., 2012). For instance, the transport of
the CFTR channel to the plasma membrane depends on a DxD
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Fig. 7. Kv1.3 colocalizes with Sec24D in the presence of Sar1(H79G) and interacts with COPII as long as the di-acidic E483/484 motif is intact.
(A-C) Kv1.3-CFP and Sec24D-YFP showed limited colocalization. (D-G) The presence of Sarl(H79G) triggered Kv1.3 ER-retention and colocalization
with Sec24D. (A.D) Kv1.3, (B.E) Sec24D, (F) Sarl(H79G), (C,G) merged images. White indicates triple colocalization. (H-J) Kv1.3-YFP(E483X), which lacks
the di-acidic E483/484 motif, barely colocalizes with endogenous COPIL (H) Kv1.3(E483X), (I) COPIL, (J) merged image. Insets, Enlarged views of COPII
vesicles marked with the arrowheads. Scale bars: 10 um. (K,L) Kv1.3 interacts with COPII via the C-terminal domain. (K) HEK cells were transiently
transfected with Kv1.3-HA, Kv1.3(F433X)-HA and Sec24D-YFP in the presence (+) or the absence (—) of Sarl(H79G). Cell extracts were
immunoprecipitated against YFP (Sec24D). Filters were blotted against HA (Kv1.3) and YFP (Sec24D). Sarl(H79G) expression notably increases the
abundance of Kv1.3wt, but not Kv1.3(F433X), which co-immunoprecipitated with Sec24D-YFP. SM, starting material: SN, supernatant; [P, immunoprecipitate;
+, presence of anti-GFP antibody; —, absence of anti-GFP antibody. (L) FRET experiments demonstrating the molecular interactions between Kv1.3-CFP
and Sec24D-YFP in the presence of Sarl(H79G). Histogram shows the FRET efficiency of different combinations. Negative controls, cells expressing CFP and
YFP; positive controls, cells expressing Kv1.3-CFP and Kv1.3-YFP. The E483X—CFP mutant shows no FRET with Sec24D-YFP indicating that no physical

interactions take place in the absence of the E483/484 motif. *P<<0.05; **P<<0.01 versus CFP or YFP (n=10, Student’s t-test).

signature in the C-terminus of the protein (Wang et al., 2004).
This DxD signature and other neighboring residues accelerate ER
export. These signals have also been identified in the vesicular
stomatitis virus glycoprotein (VSVG) (Nishimura and Balch,
1997). The YTDIEM motif present in the VSVG is similar to that
in the CFTR channel (YKDAD) (Sevier et al., 2000; Wang et al.,
2004). Similarly, a congenital hyperinsulinism disease is caused
by the E282K mutation of a DxE trafficking motif in the inward
rectifying potassium channel Kir6.2 (Sivaprasadarao et al., 2007).
This mutation disrupts a DxE motif and prevents the channel
from assembling into COPII through complexing with Sec24.
Lack of formation of this complex results in the retention of the
protein in the ER and in a decrease in the number of Kir6.2
channels at the cell surface, which accounts for the disease
phenotype (Sivaprasadarao et al., 2007; Taneja et al., 2009).

In summary, we reported the identification of a previously
unrecognized FT protein motif (YMVIEE) in the C-terminus of
Kvl.3, which is highly homologous in most neuronal KvIl and
Shaker subfamilies. This domain is essential for COPII-mediated
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anterograde transport and the expression of the channel into the
plasma membrane. Accordingly, alteration of the integrity of this
novel molecular determinant of Kvl.3 trafficking gives rise to
impaired channel expression, which may give rise to disease. The
functioning of ion channels depends on both the activity control
and the regulation of their abundance at the cell surface. Therefore,
our data will help to understand pathologies associated to Kv1.3
such as autoimmune diseases, sensory neuron physiology, insulin
resistance, obesity, hypertension and cancer. Thus, identifying the
molecular determinants of Kv1.3 channel trafficking are of
considerable interest and can aid to our understanding of channel
function under physiological and pathological conditions.
Furthermore, our findings point to Kvl.3 trafficking as a
pharmacological target for drug development.

Materials and Methods

Expression pl ids and site-directed mut esis

Rat Kv1.3 in pReCMV was provided by T.C. Holmes (New York University, NY).
Rat Kv1.1 and Kv1.4 in pGEM7 and human Kv1.5 in pBK constructs were from
M. M. Tamkun (Colorado State University, CO). Channels were subcloned into
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Fig. 8. Molecular dynamics simulation of the Kv1.3 C-terminal
domain. (A—C) Molecular model of the Kv1.3 C-terminal domain. (A) A
model of one Kv1.3 monomer is shown to highlight the surface-exposed loop
structure. S1-S6 transmembrane domains (in cyan) and K ions (in purple)
are depicted for reference. The condensed C-terminal domain (in red),
which contains four short alpha helices, is located on the side of the N-
terminus (in cyan). (B) A detailed view of the surface-exposed YMVIEE loop
structure. (C) Molecular recognition of the Kv1.3 C-terminus and the
Sec24a subunits of COPIIL. The YMVIEE loop structure is circled in green.
(D,E) Two views of the Kv1.3 C-terminus bound to Sec24d. Docking
simulation identified potential sites of interaction between Sec24a and the
YMVIEE motif of Kv1.3. Saline and hydrogen bonds are formed between
E483/484 in Kv1.3 and R752, R750 and Y437 in Sec24a. These bonds are
depicted by the green dashed lines. (D) YMVIEE in the Kv1.3 wt channels.
(E) YMVIII in the Kv1.3 mutant channel illustrates the absence of
interactions.

PEYFP-C1 and pECFP-C1 (Clontech). Constructs were verified by sequencing.
The rKv1.3, externally tagged with HA between S3 and S4, was from D. B. Amold
(University of Southern California, CA). The pEYFP-Sec24D and the HA-
Sarl(H79G) were from T. H. Ward (The London School of Hygiene and Tropical
Medicine, UK) and R. Pepperkok (EMBL, Heidelberg, Germany), respectively.
All Kv1.3 mutants and Kv1.3/Kvl.5 chimeras were generated in the pEYFP-
Kvl.3, Kvl.3HA and pEYFP-Kv1.5 channels. Golgi (pECFP-Golgi) and ER
(pDsRed-ER) markers were from Clontech. The Shaker H4 channel in pQBI25-
fC3 was used for this study. All Shaker constructs, including the one referred to as
‘wild type’, contained a deletion of residues 6-46 to remove fast inactivation
(Hoshi et al., 1990).

Kv1.3-Kv1.5 chimeras were generated by inserting Bg/ll and EcoRlI sites in the
N- and C-terminal domains of the channels, respectively. Select restriction sites,
truncations and single and multiple Kvl.1, Kv1.3 and Shaker mutants were
generated using the QuikChange and QuikChange multi-site-directed mutagenesis
kits (Stratagene). All mutations were verified using automated DNA sequencing.

Cell culture and transient transfections

HEK-293 cells were grown in DMEM containing 10% FBS and 100 U/ml
penicillin and streptomycin. For the confocal analyses, cells cultured in the same
medium were plated on poly-lysine-coated coverslips. Transient transfection was
performed using MetafecteneTM Pro (Biontex) at nearly 80% confluency. Jurkat
T-lymphocytes were cultured in RPMI culture medium, containing 10% FBS and
supplemented with 10 U/ml penicillin and streptomycin and 2 mM L-glutamine.
Transient transfection was performed by electroporation (Bio-Rad). Twenty-four
hours after transfection, cells were washed in phosphate-buffered saline (PBS;
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without K'), fixed with 4% paraformaldehyde in PBS for 10 minutes and mounted
with Aqua Poly/Mount (Polysciences). In some experiments, Kvl.3-transfected
cells were treated with 10 pg/ml brefeldin A (an inhibitor of a GTP-GDP
exchange enzyme that impairs the release of ADP-ribosylating factor and COPII
from the Golgi apparatus) and 100 pg/ml H89 (a selective protein kinase A
inhibitor that prevents the recruitment of COPII to the ER export sites through
Secl3-mediated mechanisms).

Dissociated and explant cultures of neurons

The hippocampus of E17 rat embryos was dissected out to obtain primary neuronal
cultures. All animal experiments were performed according to approved
guidelines. After trypsin-EDTA (0.05% trypsin, 0.53 mM EDTA, 12 minutes;
Invitrogen) and DNasel (100 U/ml, 10 minutes; Roche Diagnostics) treatments,
tissue was dissociated by gentle stirring. 50,000 cells were cultured for 3 days onto
poly-L-lysine-coated dishes in neurobasal medium containing L-glutamine,
penicillin and streptomycin and B27 supplement (Invitrogen). Thirty-six hours
after plating, neurons were transfected with pEYFP-Kv1.3 or pEYFP-
Kv1.3YMVIIl using Lipofectamine 2000 (Invitrogen). Hippocampal neurons
were immunostained with an antibody against neuron-specific class 11l B-tubulin
(clone TUJ-13 1:4000; Sigma), followed by Alexa Fluor 568 secondary antibody
(1:500; Molecular Probes) were processed as above.

Protein extr: precipitation and western blot analysis
Cells, washed in cold PBS, were lysed on ice with NHG solution (1% Triton X-
100, 10% glycerol, 50 mmol/l HEPES pH 7.2, 150 mmol/l NaCl) supplemented
with | pg/ml aprotinin, 1 ug/ml leupeptin, 1 pg/ml pepstatin and | mM
phenylmethylsulfonyl fluoride to inhibit proteases. Homogenates were
centrifuged at 16,000 g for 15 minutes, and the protein content was measured
using the Bio-Rad Protein Assay.

The samples were precleared with 30 ul of protein-G-Sepharose beads for
2 hours at 4°C with gentle mixing as part of the co-immunoprecipitation
procedures. The beads were then removed by centrifugation at 1000 g for
30 seconds at 4°C. Samples were incubated overnight with the desired antibody
(4 ng/pg protein) at 4°C with gentle agitation. Thirty microliters of protein-G
Sepharose were then added to cach sample and they were incubated for 4 hours at
4°C. The beads were removed by centrifugation at 1000 g for 30 seconds at 4°C,
washed four times in NHG, and resuspended in 80 pl SDS sample buffer,

Protein samples (50 pg) and immunoprecipitates were boiled in Laemmli SDS
loading buffer and separated by 10% SDS-PAGE. Next, the samples were
transferred to nitrocellulose membranes (Immobilon-P, Millipore) and blocked in
5% dry milk supplemented with 0.05% Tween 20 in PBS before the
immunoreaction. The filters were then immunoblotted with antibodies against
HA (1/200, Sigma) and GFP (1/1000, Roche).

Confocal microscopy and FRET
Staining with wheat germ agglutinin (WGA-Texas Red™; Invitrogen) to label the
plasma membrane was performed under non-permeabilized conditions. Cells were
washed with PBS and stained for 30 minutes at 4°C. Next, cells were washed and
fixed with 4% paraformaldehyde in PBS for 10 minutes. To detect the COPII
protein, cells were further permeabilized using 0.1% Triton X-100 for 10 minutes.
After a 60 minute incubation with a blocking solution (10% goat serum, 5% non-fat
dry milk, PBS), the cells were treated with an anti-COPII polyclonal antibody (1:250;
ABR) in 10% goat serum, 0.05% Triton X-100 and again incubated for 1 hour. Then,
the cells were further incubated for 45 minutes with an Alexa-Fluor-555 antibody
(1:500; Molecular probes). All experiments were performed at room temperature.
The acceptor photobleaching technique was applied to measure the Forster
resonance energy transfer (FRET). Fluorescent proteins from fixed cells were
excited with the 458 nm or the 514 nm lines using low excitation intensities. Next,
475-495 nm bandpass and >530 nm longpass emission filters were applied. The
YFP protein in half of each cell was bleached using maximum laser power. We
obtained ~80% of acceptor intensity bleaching. After photobleaching, images of
the donors and acceptors were taken. The FRET efficiency was calculated using
the equation [(Fcrpafier=Ferpberore/Forpberore] X 100, where  Foppaner was the
fluorescence of the donor after bleaching and Fegpherore Was the fluorescence
before bleaching. The loss of fluorescence as a result of the scans was corrected by
measuring the CFP intensity in the unbleached part of the cell. FRET values were
expressed as the mean and standard error of more than 15 cells for each group.
Cells were examined with a 63x oil immersion objective on a Leica TCS SL laser
scanning confocal microscope. All offline image analyses were performed using a
Leica confocal microscope, ImagelJ software and Sigmaplot.

Electrophysiology

Whole-cell currents were recorded using the patch-clamp technique in the whole-
cell configuration with a HEKA EPCI0 amplifier (HEKA Elektronik).
PatchMaster software (HEKA) was used for data acquisition. A stimulation
frequency of 50 kHz and a filter at 10 kHz was used. The capacitance and series
resistance compensation were optimized. In most experiments, we obtained an
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80% compensation of the effective access resistance. Micropipettes were made
from borosilicate glass capillaries (Harvard Apparatus) using a P-97 puller (Sutter
Instrument) and fire polished. Pipettes had a resistance of 2-4 MQ when filled
with a solution containing (in mM): 120 KCl, 1 CaCl,, 2 MgCl,, 10 HEPES,
10 EGTA, 20 D-glucose (pH 7.3 and 280 mOsm/l). The extracellular solution
contained (in mM): 120 NaCl. 5.4 KCI, 2 CaCl,, 1 MgCl,, 10 HEPES and 25 D-
glucose (pH 7.4 and 310 mOsm/l). Cells were clamped at a holding potential of
=60 mV. To evoke voltage-gated currents, all cells were stimulated with 250-
msecond square pulses ranging from —60 to +70 mV in 10 mV steps. The peak
amplitude (pA) was normalized using the capacitance values (pF). Data analysis
was performed using FitMaster (HEKA) and Sigma Plot 10.0 software (Systat
Software). All recordings were performed at room temperature.

Kv1.3 channel modeling

The protein was modeled using high-resolution templates of remote or close
homologs available from the Protein Data Bank (http://www.rcsb.org/pdb). The
transmembrane domain and the N-terminus (except the first 49 amino acids) were
modeled with the Kv1.2 potassium channel (PDB code 2R9R). The C-terminus and
the remaining 49 amino acids from the N-terminus were modeled with 3HGF
(nucleotide binding domain of the reticulocyte binding protein Py235) and 1PXE
(zinc-binding domain from neural zinc finger factor-1) codes, respectively. This
procedure has been outlined on the i-Tasser online server (http://zhanglab.ccmb.
med.umich.edu/I-TASSER/). We then performed multiple sequence alignment
using CLUSTALW (Thompson et al., 1994) from the European Bioinformatics
Institute site (http://www.ebi.ac.uk). The homology modeling was performed using
the Swiss-Model Protein Modeling Server (Schwede et al., 2003) on the EXPASy
Molecular Biology website (http:/kr.expasy.org/) under the Project Mode.
Structure visualization and modifications were made using Yasara v11.6.16
(Krieger et al., 2002) and DeepView v4 (Guex and Peitsch, 1997). The orientation
and optimization of the side chains were carried out in two steps. First, the residues
showing van der Waals clashes were selected and fitted with the *Quick and Dirty”
algorithm (DeepView). Second, the models were energy minimized. This process
involved an initial short steepest descent minimization to remove bumps. Next, we
performed a simulated annealing minimization. In this procedure, the simulation
cell was slowly cooled towards 0K by downscaling the atom velocities. The entire
system was subject to an equilibration process before the molecular dynamics
simulation. The equilibration consisted of an initial minimization of the fixed
backbone atoms. Next, the restrained carbon alpha atoms were minimized and a
short molecular dynamics (10 pseconds) minimization was performed. The goal of
the latter step was to reduce the initial incorrect contacts and to fill the empty
cavities. Finally, under periodic boundary conditions in the three coordinate
directions, the full system was simulated at 310°K for 0.5 nseconds. All dynamic
simulations were performed using Yasara (Krieger et al., 2002) with the force field
AMBERO3 (Duan et al., 2003). The cut-off used for long-range interactions was
set at 10 A.

The resulting model was used to test for docking with the Sec24a structure
(Mancias and Goldberg, 2008). This structure was extracted from the mammalian
COPII-coat protein complex Sec23a/Sec24a/Sec22 bound to the transport signal
sequence of the vesicular stomatitis virus glycoprotein (PDB code 3EGD)
(Mancias and Goldberg, 2008). A local docking procedure was accomplished using
AutoDock 4 (Morris et al., 2008). In this procedure, a total of 100 flexible docking
runs were set and clustered around the YMVIEE motif in the C-terminus of the
Kv1.3 channel. The binding energy of the docked complexes was obtained by
calculating the energy between the channel and the transport protein at infinite
distance and then subtracting the energy of the whole complex. The energy in each
cluster was stored, analyzed, and applied to select the most likely orientation of the
interacting proteins. The energy of the model and the docking complexes were
tested using FoldX (Guerois et al., 2002; Schymkowitz et al., 2005) on the CRG
site:  http://foldx.crg.es. The force field of FoldX allowed us to evaluate
the properties of the structure. Such parameters as the atomic contact map,
the accessibility of the atoms and residues, the backbone dihedral angles. the
hydrogen bonds and the electrostatic networks of the protein were assessed. In
addition, the model was evaluated using PROCHECK to show the residues in the
allowed regions of the Ramachandran plots (Laskowski et al., 1996). The final
molecular graphic representations were created using PyMOL v1 4.1 (http:/www.
pymol.org/).
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SUPLEMENTAL FIGURES

Channel Membrane Merge
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Fig. S1. Kv1.3 and KvL.5 exhibit distinct cellular distributions and evoke different current intensities. HEK-293 cells were transiently
transfected with either Kv1.3-YFP (A-D) or Kv1.5-YFP (E-H). (A-C) Kv1.3 is robustly expressed at the membrane surface. (A) Kv1.3, (B)
WGA and (C) merge panels show colocalization (yellow). (E-G) Kv1.5 is mainly retained intracellularly. (E) Kv1.5, (F) WGA and (G) merge
panel. Green, channels; red, WGA. Bars represent 10 pm. (D and H) Representative traces of K™ currents from Kv1.3 (D) and Kv1.5 cells (H).
The cells were held at =60 mV, and currents were elicited by depolarizing pulses in 10 mV steps (250 ms duration) from -60 to +70 mV.
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Channel Membrane Merge

Kv1.1

Kv1.4

@

Fig. S2. Kv1.1 and Kv1.4 exhibit distinct cellular distributions and have different trafficking motifs.
(A-F) HEK-293 cells were transiently transfected with either Kv1.1-YFP (A-C) or Kv1.4-YFP (D-F). (A-
C) Kvl.1 shows notable intracellular retention. (A) Kv1.1, (B) WGA and (C) merge panel. (D-F) Kvl.4 is
efficiently targeted to the membrane surface. (D) Kvl.4, (F) WGA and (G) merge panels show
colocalization (yellow). Green, channels; red, WGA. Bars represent 10 pm. (G) Detailed sequence
analysis of the P-loop in several Kvl channels. Dots represent identical residues. Characters in red
represent elements identified as ERR motifs in Kvl1.1. (H) C-terminus sequence analysis of several Kvl
channels. Dots represent identical residues. Characters in red represent elements identified as FT signals.
Dashes indicate amino acid gaps.
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Kv1.3

Kv1.3 F433X [

Membrane

F433X

Fig. S3. The C-terminus of Kv1.3 is essential for anterograde transport and channel membrane
surface targeting. Confocal images demonstrating that the deletion of the Kv1.3-YFP C-terminus
(Kv1.3F433X) causes retention in the ER. Representative diagrams of the Kv1.3 channels are shown on
the left. (A and B) Kv1.3 was mostly targeted to the membrane surface and generated important K’
currents. (A) Kv1.3 colocalizes with WGA. (B) K' currents. (C and D) The F433X truncation, which
generates a channel with no C-terminal domain, was mainly retained intracellular and evoked minimal
currents. (C) F433X shows limited colocalization with WGA. (D) F433X currents are almost abolished.
(E-J) Kv1.3wt and F433X are localized in distinct cellular patterns. (E-G) The Kv1.3wt is targeted to the
membrane and colocalizes with the Golgi apparatus. (E) Channel and WGA colocalization, (F) channel
and pDsRed-ER colocalization and (G) channel and pECFP-Golgi colocalization. (H-J) F433X showed
little membrane colocalization and remained in the ER. (H) Channel and WGA colocalization, (I) channel
and pDsRed-ER colocalization and (J) channel and pECFP-Golgi colocalization. Color code: Green in all
panels, channel; Red, membrane (A, C, E and H), ER (F and I) and Golgi (G and J); Yellow shows
colocalization. Bars represent 10 pum.
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Fig. S4. Phylogenetic tree and sequence analysis of C-terminal domain of Kvl and Shaker channels. The sequences for Kv potassium
channels and Shaker families were retrieved in fasta format from UniProt (http://www.uniprot.org/) knowledgebase (UniProtKB) using the field
gene name (GN) implemented in the advanced search. A wide set of channels belonging to different species were selected, although discarding
redundant sequences. The C-terminus were extracted from the whole sequences and used to generate the phylogenetic tree. The program JalView
v2.6.1 (Waterhouse et al., 2009) was used to edit and display the protein sequences. The automatic multiple sequence alignment of C-terms was
made with ClustalW (Thompson et al., 1994) using default parameters implemented in the Web Service of JalView. ClustalW alignments were
manually examined and found to be highly accurate. Thus, no manual adjustments were made except for the elimination of proteins that appeared
to be truncated or otherwise incorrectly annotated. Phylogenetic analyses were performed in MEGA4 v4.0.1 (Tamura et al., 2007), using the
Neighbor-Joining method (Saitou and Nei, 1987) and 1,000 bootstrap replicates for each analysis (Felsenstein, 1996). (A) Philogenetic tree.
Color code: Kv1.1, dark green; Kv1.2, brown; Kv1.3, dark blue; Kv1.4, purple: Kv1.5, orange; Kv1.6, light green; Kv1.7, light blue; Kv1.8, red;
black, Shaker. (B) Kv1.3 C~terminal YMVIEE motif ClustalW alignment. Note that all Kv1.3 members conserved the YMVIEE motif in red as a
consensus. (C-F) Only channel subfamilies that presented a motif similar to that observed in Kv1.3 (YMVIEE) are shown. (C) Kvl.1
(YMEIEE). (D) Kv1.2 (YMEIQE). (E) Kv1.4 (YLEMEE). (F) Shaker (MDLDD). Only the four amino acids before and after the motif are
shown for simplicity. In all cases the conserved motif is highlighted in red. (B-F) The UniProt number is provided for all sequences at the right.
AILME, Ailuropoda melanoleuca; ANOCA, Anolis carolinensis; ANOGA, Anopheles gambiae; APMEL, Apis mellifera; BOVIN, Bos
Taurus; CALIA, Callithrix jacchus, CANFA, Canis familiaris; CAVPO, Cavia porcellus; CHICK, Gallus gallus; DANRE, Danio rerio;
DICLA, Dicentrarchus labrax; DROAN, Drosophila ananassae: DROGR, Drosophila grimshawi; DROME. Drosophila melanogaster; DROPS;
Drosophila pseudoobscura; DROVI, Drosophila virilis; DROWI, Drosophila willistoni; DROY A, Drosophila yakuba; GASAC, Gasterosteus
aculeatus; GORGO, Gorilla gorilla; HORSE, Equus caballus, HUMAN, Homo sapiens; LATCH, Latimeria chalumnae; LOXAF, Loxodonta
Africana; MACMU, Macaca mulatia; MELGA, Meleagris gallopave, MONDO, Monodelphis domestica, MOUSE, Mus musculus; MUSPF,
Mustela putorius furo; MYOLU, Myotis lucifugus; NOMLE, Nomascus leucogenys; ONCMY, Oncorhvnchus mykiss; ORENI, Oreochromis
niloticus; ORNAN, Ornithorhynchus anatinus, ORYLA; Oryzias latipes, OTOGA, Otolemur garnettii, P1G, Sus scrofa. PONAB, Pongo abelii;
RABIT, Oryctolagus cuniculus, RAT; Rattus norvegicus; SARHA, Sarcophilus harrisii; SPETR, Spermophilus tridecemlineatus; TAEGU,
Taeniopygia guttata; TAKRU, Takifugu rubripes; TETNG, Tetraodon nigroviridis, TRICA, Tribolium castaneum; XENLA, Xenopus laevis;
XENTR, Xenopus tropicalis.

side view top view bottom view

Fig. S5. Molecular model of the Kv1.3 channel. The four monomers of the tetrameric channel are shown in different colors (orange, yellow,
blue and grey). However, the C-terminal domain of the blue monomer is shown in red to visualize the surface-exposed loop structure. (A) Side
view, (B) top view, (C) bottom view. K" ions are depicted in purple for reference.
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The C-terminal domain of Kv1.3 regulates functional
interactions with the KCNE4 subunit

Laura Solé12*, Sara R. Roig?*, Albert Vallejo-Gracial, Antonio Serrano-Albarras?,
Ramoén Martinez-Marmol!3, Michael M. Tamkun? and Antonio Felipel.

1 Molecular Physiology Laboratory, Departament de Bioqui'mica i Biologia Molecular, Institut de Biomedicina
(IBUB), Universitat de Barcelona. Barcelona, Spain
2Department of Biomedical Sciences, Colorado State University. Fort Collins, USA.
3Clem Jones Centre for Ageing Dementia Research, Queensland Brain Institute, The University of Queensland.
Brisbane, Australia.

ABSTRACT

Impairment of Kv1.3 expression at the cell membrane in leukocytes and sensory neuron
contributes to the pathophysiology of autoimmune diseases and sensory syndromes.
Molecular mechanisms underlying Kv1.3 channel trafficking to the plasma membrane
remain elusive. We report a novel non-canonical di-acidic signal (E483/484) at the C-

terminus of Kv1.3 essential for anterograde transport and surface expression. Notably,
homologous motifs are conserved in neuronal Kv1 and Shaker channels. Biochemical
analysis revealed interactions with the Sec24 subunit of the coat protein complex II.
Disruption of this complex retains the channel at the endoplasmic reticulum. A molecular
model of the Kv1.3-Sec24a complex suggests salt-bridges between the di-acidic E483 /484
motif in Kv1.3 and the di-basic R750/752 sequence in Sec24. These findings identify a
previously unrecognized motif of Kv channels essential for their expression on the cell
surface. Our results contribute to our understanding of how Kv1 channels target to the cell
membrane, and provide new therapeutic strategies for the treatment of pathological
conditions.
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RESEARCH ARTICLE

The C-terminal domain of Kv1.3 regulates functional interactions

with the KCNE4 subunit

Laura Solé'-2* Sara R. Roig’*, Albert Vallejo-Gracia', Antonio Serrano-Albarras’, Ramén Martinez-Marmol®3,

Michael M. Tamkun? and Antonio Felipe’#

ABSTRACT

The voltage-dependent K* channel Kv1.3 (also known as KCNA3),
which plays crucial roles in leukocytes, physically interacts with
KCNE4. This interaction inhibits the K* currents because the channel
is retained within intracellular compartments. Thus, KCNE subunits
are regulators of K* channels in the immune system. Although the
canonical interactions of KCNE subunits with Kv7 channels are under
intensive investigation, the molecular determinants governing the
important Kv1.3— KCNE4 association in the immune system are
unknown. Our results suggest that the tertiary structure of the
C-terminal domain of Kv1.3 is necessary and sufficient for such an
interaction. However, this element is apparently not involved in
modulating Kv1.3 gating. Furthermore, the KCNE4-dependent
intracellular retention of the channel, which negatively affects the
activity of Kv1.3, is mediated by two independent and additive
mechanisms. First, KCNE4 masks the YMVIEE signature at the
C-terminus of Kv1.3, which is crucial for the surface targeting of the
channel. Second, we identify a potent endoplasmic reticulum
retention motif in KCNE4 that further limits cell surface expression.
Our results define specific molecular determinants that play crucial
roles in the physiological function of Kv1.3 in leukocytes.

KEY WORDS: Potassium channels, Trafficking, Channelosome,
Intracellular retention

INTRODUCTION

Voltage-dependent K™ (Kv) channels are crucial for the cardiac
action potential and propagation of the nerve impulse. In addition,
Kv channels play important roles in many cellular processes such as
maintenance of the resting membrane potential, regulation of cell
volume and proliferation (Hille, 2001). Kv currents present
substantial variability and functional versatility in tissues, which
is achieved by heterooligomerization and by post-translational
modifications that regulate their activity. The Kv1.3 channel (also
known as KCNA3), which plays important roles in the immune
system response, is not an exception. Kv1.3 controls leukocyte
physiology by modulating the membrane potential and driving force
for Ca®" entry through Ca®" releasc-activated Ca®” channels
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Molecular, Institut de Biomedicina (IBUB), Universitat de Barcelona, Avda.
Diagonal 643, Barcelona 08028, Spain. “Department of Biomedical Sciences,
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*Author for correspondence (afelipe@ub.edu)
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(Icgac). Indeed, pharmacological blockade of Kvl1.3 inhibits the
immune response in vivo, and aberrant surface expression of Kv1.3
is linked to the development of autoimmune diseases (Chandy et al.,
2004). For example, T-effector memory cells from patients with
multiple sclerosis and other autoimmune dysfunctions present an
elevated number of Kv1.3 channels at the cell membrane (Varga
etal., 2010). In addition, systemic lupus erythematosus cells display
an abnormal surface distribution of channels (Nicolaou et al., 2007).
By contrast, immunosuppression can be related to an impairment of
the cell surface expression of Kv1.3 (Villalonga et al., 2010). In
summary, the pharmacological regulation of Kv1.3 activity and
localization is of enormous clinical interest.

Kv1.3 heterooligomeric associations also modulate physiological
responses by governing both the number and the spatial distribution
of surface channels (Vicente et al., 2008). Assembly with Kv1.5
(also known as KCNAS) modulates channel behavior, and
heterotetrameric channels with different stoichiometries might
form in mononuclear phagocytes, such as macrophages and
dendritic cells, thereby fine-tuning cellular responses (Felipe
et al., 2010). In addition, co-assembly with accessory subunits,
such as Kvp (also known as KCNAB) or KCNE subunits, generates
further functional diversity that affects both channel gating kinetics
and trafficking (Sole et al., 2009; Vicente et al., 2005). In this
context, KCNE4 efficiently regulates Kv1.3 activity by promoting
its retention within the endoplasmic reticulum (ER), thereby
impairing its surface expression (Sole et al., 2009). Specifically,
KCNE4, which is present in the immune system, might act as a very
powerful dominant-negative regulatory subunit of Kv1.3 channels
in leukocytes (Sole and Felipe, 2010). Although the T1 domain of
the channel, located at the N-terminus, is the molecular determinant
involved in the interaction with Kvf subunits (Gulbis et al., 2000),
nothing is known about the domains involved in this
physiologically relevant Kv1.3-KCNE4 association, which, by
controlling channel surface expression, could have an enormous
influence on the immunological response.

KCNE subunits are single-transmembrane-domain proteins that
canonically associate with Kv7 channels (McCrossan and Abbott,
2004). KCNE4 is the most divergent member of the KCNE family
(KCNEI-KCNES) and plays a dominant-negative role for
numerous K channels, such as Kv7.1 (KCNQI), Kvl.1
(KCNAT), Kvl.3, Kv4.2 (KCND2) and K¢,l.1 (KCNMATI)
(McCrossan and Abbott, 2004). Although residues from the S6
domain of Kv7.1 are necessary for KCNE4-dependent inhibition of
channel gating, the physical association itself involves the Kv7.1
channel C-terminus (Vanoye et al., 2009). Structural features are
quite different among different K* channel families, and
surprisingly, no studies have addressed the interactions of KCNE4
with other K" channels. Because KCNE4 exerts important
influences over Kvl1.3 that could modulate the immune response
(Sole et al., 2009), we aimed to decipher the molecular determinants
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in Kv1.3 that are involved in the association with KCNE4. Our data
suggest that the tertiary topology of the C-terminal domain of Kv1.3
is the structural element responsible for the interaction with
KCNE4. Although this domain is sufficient to transfer the
physical association capability to other Kv channels, such as
Kv1.5, it is not involved in the control of the Kv1.3 gating. A major
consequence of this association is the decrease in functional
channels at the surface owing to massive intracellular retention. In
this context, we demonstrate that KCNE4 masks the recently
identified forward di-acidic trafficking motif at the C-terminus of
Kv1.3, thereby impairing the plasma membrane targeting. In
addition, an ER retention motif'in KCNE4 further participates in the
intracellular retention of the Kv1.3-KCNE4 complex, which, in
turn, can alter the immunological response.

RESULTS

Kv1.3 and KCNE4 associate in CY15 dendritic cells

Kvl.3 and KCNE4 are present in leukocytes, and KCNE4
modulates the surface expression of the functional complex at the
plasma membrane (Sole et al, 2009). Therefore, we first

investigated whether a functional heterooligomeric complex is
present in immune system cells. Leukocytes, which express a
limited repertoire of K™ channels, exhibit important differences
among cell lineages. Therefore, we analyzed the voltage-dependent
K™ currents in both Jurkat T-cells and CY15 dendritic cells
(Fig. 1A-D). Depolarizing pulses elicited K" currents that
resembled those from Kv1.3 channels in Jurkat T-cells and CY15
cells (Fig. 1A.B), although both cell types slightly differed in the
slow C-type inactivation. To elucidate whether these macroscopic
currents were indeed conducted by Kvl.3, biophysical and
pharmacological properties, such as the cumulative inactivation
and the inhibition by margatoxin (MgTx), were analyzed.
Cumulative inactivation was obtained by applying a train of 15
depolarizing voltage steps of 250 ms from —80 to +60 mV once
every second (Fig. 1C,D). We found that K* currents were sensitive
to MgTx in both cell lines (Fig. 1E). Thus K" currents in T-
lymphocytes and dendritic cells are indeed mostly conducted by
Kv1.3. However, Kv currents in CY 15 dendritic cells showed less
cumulative inactivation than in T-lymphocytes (344+2% and 66+
8%, meants.e.m., respectively). In addition, 1 and 10 nM MgTx
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Fig. 1. Kv1.3 and KCNE4 form functional channels in leukocytes. Endoge
lymphocytes and mouse CY15 dendritic cells. Endogenous voltage-dependen

nous expression of Kv1.3 and KCNE4 was analyzed in human Jurkat T-
t K* currents were elicited in Jurkat (A) and CY15 cells (B). Cells were held at

—60 mV, and pulse potentials were applied as indicated. Cumulative inactivation of K* currents was elicited in Jurkat (C) and CY15 cells (D) by a train of 15
depolarizing 250 ms pulses ranging from —80 mV to +60 mV once every 1 s. (E) K* currents elicited in Jurkat (left axis) and CY15 cells (right axis) at the peak

current density (+80 mV) in the presence or the absence of 1 and 10 nM MgTx.
the meants.e.m. (n=6-8 cells/group). (F) Steady-state activation of outward K*
cells; white circles, CY15 cells. Values are shown as the meants.e.m. (n=4-6

Black bars, Jurkat T-cells; white bars, CY 15 dendritic cells. Values are shown as
currents. Gray circles, HEK-293 cells transfected with Kv1.3; black circles, Jurkat
independent cells). (G) Protein expression of Kv1.3, Kv1.5 and KCNE4 in

leukocytes as determined by western blotting. HEK-293 cells were used as a negative control. Notably, although Jurkat and CY 15 dendritic cells express both
Kv1.3 and KCNE4, the abundance of KCNE4 and Kv1.5 is much lower in T-cells and was barely detected. (H) Representative confocal images of Kv1.3 and
KCNE4 in Jurkat T-lymphocytes and CY 15 dendritic cells. Scale bars: 10 um. (I) KCNE4 co-immunoprecipitates with Kv1.3 in dendritic cells. Western blots from
Kv1.3 and KCNE4 co-immunoprecipitation. Lysates were immunoprecipitated for Kv1.3 (IP: Kv1.3). Upper panel: Kv1.3 immunoblot (IB: Kv1.3). Lower panel:
KCNE4 immunoblot (IB: KCNE4). SM, starting material (input); IP+, immunoprecipitation in the presence of the anti-Kv1.3 antibody; IP—, immunoprecipitation in

the absence of the anti-Kv1.3 antibody; SN+, supernatant from the IP+; SN—,

supernatant from the IP—.
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respectively) more potently than in CY 15 cells (17+8% and 49+7%,
respectively). Steady-state activation indicated that whereas Jurkat
T-cells displayed a similar Vj, 5 (voltage for half maximal activation)
to HEK-293 cells transfected with Kv1.3 (—=11.9+1.9 and —15.1=
2.3 mV, meants.c.m., respectively), the half-activation voltage
shifted to depolarizing potentials in CY15 cells (0.20+£3.3 mV)
(Fig. 1F). Other mononuclear phagocytes, such as macrophages,
exhibit similar biophysical and pharmacological alterations owing
to the presence of heterotetrameric Kv1.3-Kv1.5 channels
(Villalonga et al., 2007). Indeed, unlike Jurkat T-lymphocytes,
but similar to human dendritic cells (Zsiros et al., 2009), mouse
CY15 cells express Kv1.5 (Fig. 1G). Furthermore, although Jurkat
and CY 15 cells both had substantial levels of Kv1.3, the amount of
KCNE4 was much higher in dendritic cells (Fig. 1G). Further
immunocytochemistry studies showed that Kv1.3 and KCNE4
colocalized in Jurkat T-cells to a lesser extent. Furthermore, unlike
in T-cells, Kv1.3 was mostly retained intracellularly in CY15 cells
(Fig. 1H). Our results suggest that, unlike in Jurkat cells, when the
expression of KCNE4 is abundant in dendritic cells, Kv1.3 remains
mostly intracellularly, further supporting observations from
HEK-293 cells and Raw 264.7 macrophages (Sole et al., 2009).
To gain insight regarding whether a Kvl.3—-KCNE4 association
might participate in this phenotype, we performed co-
immunoprecipitation studies that demonstrated, for the first time,
that Kv1.3 and KCNE4 interact in CY15 dendritic cells (Fig. 11).

Our data indicate that Kvl.3 and KCNE4 form oligomeric
channels in leukocytes. This association alters the channel behavior,
thereby leading to physiological consequences. To explore the
molecular determinants involved in the Kv1.3-KCNE4 interaction,
we further validated and extended our results in HEK-293 cells
(Fig. 2). As previously reported (Sole et al., 2009), KCNE4 inhibits
Kv1.3 currents when expressed in HEK-293 cells, and this is
associated with an intracellular retention of the channel. Although
Kv1.3 was efficiently targeted to the membrane surface, KCNE4,
similar to Kvl.5, exhibited a marked intracellular phenotype
(Fig. 2A-C). As mentioned above, the presence of KCNE4
caused the intracellular retention of Kv1.3 (Fig. 2D). However,
although Kv1.5 and KCNE4 shared an intracellular location, their
colocalization was clearly minor (Fig. 2E). Kv1.5 and KCNE4 are
present in macrophages and dendritic cells, and whether these two
subunits associate is an open debate. Grunnet et al. (2003) have
demonstrated that KCNE4 does not modulate Kv1.5, whereas
Abbott and co-workers (Crump et al., 2016) found a Kvl.5-
KCNE4 association relevant to heart physiology. To elucidate this
issue, we elicited voltage-dependent K* currents in HEK-293 cells
transfected with Kv1.3 and Kv1.5 in the presence or the absence of
KCNE4 (Fig. 2F-1). In line with what we and others previously
found (Grunnet et al., 2003), the presence of KCNE4 inhibited
Kv1.3 but did not modulate Kv1.5 (Fig. 2J). To further explore any
putative association, we assessed fluorescence resonance energy
transfer (FRET) for Kv1.3 and Kvl.5 with KCNE4 in HEK-293
cells under the same conditions (Fig. 2K). Our results show that
although Kv1.3 and KCNE4 triggered significant positive values,
indicating a molecular association, the co-expression of Kv1.5 and
KCNE4 produced no significant energy transfer, further supporting
the electrophysiological (Fig. 2H,I) and confocal (Fig. 2E) studies.
Our results indicate that, in our conditions, as in similar previous
observations in oocytes (Grunnet et al., 2003), there is no
association between KCNE4 and Kvl.5 in HEK-293 cells. This
was further confirmed by co-immunoprecipitation experiments (see
below).
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Fig. 2. Kv1.3, but not Kv1.5, associates with KCNE4 in HEK-293 cells.
KCNE4 modulates Kv1.3 trafficking and activity. HEK-293 cells were
transfected with Kv1.3-YFP or Kv1.5-YFP in the presence or absence of
KCNE4—-CFP. Confocal images of (A) Kv1.3-YFP, (B) Kv1.5-YFP and

(C) KCNE4-CFP. (D) HEK-293 cells co-transfected with Kv1.3 and KCNE4.
(E) Kv1.5 and KCNE4. Color code: green, channels; red, KCNE4; yellow in
merge panels shows colocalization. Scale bars: 10 ym. Voltage-dependent K*
currents were elicited in HEK-293 cells transfected with Kv1.3 (F,G) and Kv1.5
(H.1) in the absence (F,H) or the presence (G.|) of KCNE4. Cells were held at
—80 mV, and pulse potentials were applied as indicated. (J) Current density
versus voltage plot of outward K* currents. White circles, Kv1.3; black circles,
Kv1.3+KCNE4; light gray circles, Kv1.5; dark gray circles, Kv1.5+KCNE4.
Values are shown as the meants.e.m. (n=6—10 independent cells).

(K) Molecular association of Kv1.3 and Kv1.5 with KCNE4 as measured by
FRET efficiency (%). HEK-293 cells were transfected with Kv1.3—YFP and
Kv1.5-YFP in the presence of KCNE4—-CFP. YFP—CFP and Kv1.3-YFP or
Kv1.3—CFP were used as negative and positive controls, respectively. Values
are shown as the meants.e.m. (n>25 independent cells). **P<0.01;
**P<0.001 (Student’s i-test).

The C-terminus of Kv1.3 is required for KCNE4 association

Our data show that KCNE4 controls the channel behavior of Kv1.3
but not of Kv1.5. However, the structural motifs involved in this
association are completely unknown. We first checked whether the
intracellular N- and C-terminal domains of Kv1.3 are involved in
the KCNE4 association. To that end, we constructed mutant
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channels lacking the N-terminus (Kv1.3AN) or the C-terminus
(KvI.3AC) of Kvl.3 (Fig. STA,B). Because KCNE4 alters the
cellular distribution of Kv1.3 in HEK-293 (Fig. 2D) and dendritic
cells (Fig. 1H), we wondered whether the trafficking of Kv1.3
mutants was altered in the presence of KCNE4. Unlike wild-type
Kvl.3 (Kvl.3 wt; Fig. 2A), Kv1.3AN and KvI1.3AC showed a
markedly intracellular distribution (Fig. S1A,B) in the absence of
KCNE4. Whereas KCNE4 triggered an important intracellular
retention of Kv1.3 wt (Fig. 3A—C), the distribution of Kv1.3AN
(Fig. 3D-F) and Kv1.3AC (Fig. 3G-I) was not apparently altered.
However, an extensive pixel-by-pixel analysis illustrated that,
although there was not a significant decrease in the colocalization of
KvI.3AN versus Kvl1.3 wt with KCNE4, KvI.3AC-KCNE4
colocalization decreased by ~26% (£<0.001 versus Kv1.3, n=25)
(Fig. 3J). To further decipher which Kv1.3 domain was involved in
the KCNE4 association, co-immunoprecipitation experiments were
performed in HEK-293 cells co-transfected with KCNE4 in the
presence of Kv1.3, Kv1.3AN and KvI1.3AC (Fig. 3K,L). KCNE4

Channel KCNE4

Kv1.3

Kv1.3AN

co-immunoprecipitated with Kv1.3 (Fig. 3K, bottom panel) and
with Kvl1.3AN (Fig. 3L, bottom panel) but not with Kv1.3AC
(Fig. 3L, bottom panel). These results suggest that the C-terminal
domain of Kv1.3 is required for interaction with KCNE4.

The removal of important intracellular domains, such as the N-
and C-termini, triggers major structural changes and impairs the
trafficking of Kv1.3 (Martinez-Marmol et al., 2013). Therefore, we
further analyzed the involvement of the Kv 1.3 C-terminal domain in
the KCNE4 interaction by using chimeric Kv1.3—Kv1.5 channels.
We used Kv1.5 because this channel, which is also expressed in
macrophages and dendritic cells, is not associated with KCNE4
(Grunnet etal., 2003; Vicente etal., 2006; Zsiros et al., 2009, and see
Fig. 2). Chimeric channels were obtained by replacing the N- and C-
terminal domains of Kv 1.5 with those of Kv1.3 (Kv1.3NKv1.5 and
Kv1.3CKv1.5, respectively) and vice versa. We first studied the
cellular distribution of the chimeras (Fig. S1C-F). Similar to Kv1.3
wt (Fig. 4A-C), the targeting of the Kv1.3NKv1.5 chimera to the
plasma membrane was impaired by the presence of KCNE4

Fig. 3. KCNE4 associates with the Kv1.3
C-terminal domain. HEK-293 cells were
transfected with Kv1.3-YFP channels and
KCNE4. (A-l) Confocal images from HEK-293
cells transfected with wt and mutant Kv1.3-YFP
channels and KCNE4-CFP. (A,D,G) Kv1.3-YFP,
Kv1.3AN-YFP and Kv1.3AC-YFP channels in
green. (B,E,H) Cellular distribution of KCNE4—
CFP in red. (C,F,l) Merged images show
colocalization in yellow. Scale bars: 10 pm. Note
that in all cases, Kv1.3 is mostly intracellular.
Representative cartoons of different Kv1.3
channels are shown at the left of their respective
images. The red dotted ellipse highlights the
deleted domain. (J) Histogram representing the
relative colocalization between Kv1.3 channels
and KCNE4. Results in arbitrary units (A.U.) are
the meants.e.m. of a pixel-by-pixel analysis on
2540 cells. ***P<0.001 vs Kv1.3 (Student’s
t-test). (K,L) Representative western blots from
Kv1.3-YFP, Kv1.3AN-YFP and Kv1.3AC-YFP
co-immunoprecipitation. (K) Kv1.3-YFP
immunoprecipitation against GFP (IP: Kv1.3).
Upper panel: GFP immunoblot (IB: Kv1.3). Lower
panel: KCNE4—HA immunoblot (IB: KCNE4),
Kv1.3-=YFP and KCNE4—HA are indicated with
arrows. (L) Immunoprecipitation against GFP for
Kv1.3AN-YFP (left side) and Kv1.3AC-YFP
(right side). The top panel corresponds to the
immunoblotting against GFP (I1B: Kv1.3), in which
Kv1.3AN-YFP and Kv1.3AC-YFP are indicated
by arrows. The bottom panel represents
immunoblotting against KCNE4—HA

(IB: KCNE4). KCNE4-HA is indicated with an
arrow. SM, starting material (input); IP+,
immunoprecipitation in the presence of the anti-
GFP antibody; IP—, immunoprecipitation in the
absence of the anti-GFP antibody; SN+,
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Fig. 4. The C-terminus of Kv1.3, but not Kv1.5, is necessary and sufficient for the association with KCNE4. Confocal images from HEK-293 cells
transfected with Kv1.3-YFP (A-C), Kv1.3NKv1.5-YFP (D-F) and Kv1.3CKv1.5-YFP (G-l) in the presence of KCNE4—CFP. All Kv1.3 channels presented an
intracellular distribution, but the colocalization of Kv1.3CKv1.5 with KCNE4—CFP is 40% lower than that with Kv1.3 or Kv1.3NKv1.5. HEK-293 cells were also
transfected with Kv1.5-YFP (J-L), Kv1.5NKv1.3 (M—0) and Kv1.5CKv1.3 (P-R) in the presence of KCNE4. Although all Kv1.5 channels were distributed
intracellularly, notable colocalization was only observed between KCNE4 and Kv1.5CKv1.3. Cartoons on top of panels represent chimeric channels with the
N- and C-terminal domains, and six transmembrane domains (boxes). Blue, Kv1.3 domains; green, Kv1.5 domains. Color code in confocal images: green,
channels; red, KCNE4; yellow, colocalization in merge panels. Scale bars: 10 pm. (S) Histogram representing the relative colocalization between Kv1.3 and Kv1.5
channels and chimeras and KCNE4. Results are meants.e.m. (n=25-30 independent cells). Black columns representKv1.3 and Kv1.3—-Kv1.5 chimeras (1.3N1.5
and 1.3C1.5). White columns represent Kv1.5 and Kv1.5-Kv1.3 chimeras (1.5N1.3 and 1.5C1.3). ***P<0.001 (Student's t-test). (T) Western blots for Kv1.3-YFP
and Kv1.5-YFP with KCNE4—HA co-immunoprecipitation. Left panels: Kv1.3—YFP immunoprecipitation against GFP (IP: GFP). Right panels: Kv1.5-YFP
immunoprecipitation against GFP (IP: GFP). Upper panels: Kv1.3-YFP and Kv1.5-YFP immunocblots (IB: GFP). Lower panels: KCNE4—HA immunoblots

(IB: KCNE4). YFP channels and KCNE4—HA are marked with arrows. (U) Western blots for Kv1.3—Kv1.5-YFP and Kv1.5-Kv1.3-YFP chimeras with KCNE4-HA
co-immunoprecipitation. Left panels: immunoprecipitation against GFP of Kv1.3NKv1.5-YFP and Kv1.3CKv1.5-YFP (IP: GFP). Right panels:
immunoprecipitation against GFP for Kv1.5NKv1.3—YFP and Kv1.5CKv1.3-YFP (IP: GFP). Top panels correspond to the immunablotting against Kv1.3 and
Kv1.5 chimeras (IB: GFP), where channels are denoted by an arrow. Bottom panels correspond to the immunoblotting against KCNE4—HA (I1B: KCNE4).
KCNE4-HA is marked with an arrow, and co-immunoprecipitates with Kv1.3NKv1.5-YFP and Kv1.5CKv1.3—-YFP. SM, starting material (input); IP+,
immunoprecipitation in the presence of the anti-GFP antibody; IP—, immunoprecipitation in the absence of the anti-GFP antibody; SN+, supernatant from the I[P+;
SN-, supernatant from the IP—. Note that the anti-GFP antibody used recognizes YFP.

(Fig. 4D-F). KCNE4 and Kv1.3CKv1.5 both showed intracellular To further address the role of the Kv1.3 C-terminus in the

retention, but their distribution patterns were different (Fig. 4G-I). A
pixel-by-pixel analysis (Fig. 4S) showed that Kvl1.3CKvl.5
colocalization with KCNE4 was reduced by more than 50%
compared to Kv1.3 wt (P<0.001, Student’s t-test, n=30).
Although the C-terminus of Kv1.3 is required for the KCNE4
interaction, we next wanted to know whether this domain was
sufficient for the association with the regulatory subunit. We
generated Kv1.5 chimeras where the N- or C-terminus was replaced
with the corresponding domain from Kv1.3 (Kvl.5NKvl.3 and
Kv1.5CKv1.3, respectively). Kv1.5 and both the Kv1.5-Kvl.3
chimeras presented a low level of cell surface targeting both with

and without KCNE4 (Fig. 4J-R; Fig. S1EJF, respectively).
However, Kv1.5CKvl.3 showed higher colocalization with

KCNE4 than KvI.5NKv1.3 or Kvl.5 wt (P<0.001 vs Kvl.5
+KCNE4, n=30) (Fig. 4S). This higher colocalization suggests that
the C-terminus of Kv1.3 is both necessary and sufficient for the
interaction with KCNE4.
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interaction with KCNE4, we performed co-immunoprecipitation
experiments. Unlike Kv1.3 (Fig. 4T, left panels), Kv1.5 did not co-
immunoprecipitate with KCNE4 (Fig. 4T, right panels). Although
KvI1.3NKv1.5 co-immunoprecipitated with KCNE4, no significant
co-immunoprecipitation of Kv1.3CKv1.5 with KCNE4 was
observed (Fig. 4U, left panels). Furthermore, KCNE4 co-
immunoprecipitated with Kv1.5CKv1.3 but not with either
KvI.5NKv1.3 or Kvl.5 (Fig. 4T,U, right panels). Thus, both the
intracellular localization and the immunoprecipitation results
support a role for the C-terminal domain of Kvl1.3 in the
association with KCNE4.

The C-terminal domain of Kv1.3 is not involved in modulating
the Kv1.3 current density

Evidence collected during almost two decades suggests that
structural domains implicated in the canonical interactions of Kv7
channels with KCNE peptides are not related to the modulation of
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gating, although this area is still under intensive investigation (Liin
et al., 2015; Wrobel et al., 2012). Because Kv1.3 is structurally
different from Kv7 channels, we investigated whether the C-
terminus-based association between Kv1.3 and KCNE4 modulated
the channel current density. To that end, we performed patch-clamp
experiments using HEK-293 cells transfected with Kv1.3, Kv1.5
and the Kv1.3-Kv1.5 chimeras in the presence and the absence of
KCNE4 (Fig. S2). KCNE4 inhibited Kv1.3 and Kv1.3NKvl.5
currents by ~50%. However, as previously described (Grunnet
et al., 2003), K" currents from Kv1.5 were not affected (see also
Fig. 2J-1). Similarly, the Kv1.3CKv1.5 chimera and the other Kv1.5
constructs containing Kv1.3 intracellular domains (Kv1.5NKv1.3
and Kv1.5CKvl.3) were also not inhibited by the presence of
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KCNE4. Considering that Kv1.5CKv1.3 efficiently co-
immunoprecipitated with KCNE4 (Fig. 4U), our data suggest that
the C-terminal domain of the Kvl.3 physically interacts with
KCNE4 but does not cause an alteration of the current density.
Therefore, similar to Kv7 channels, additional research is required
to fully understand the mechanism underlying channel modulation.

The structural conformation of the Kv1.3 C-terminal domain
is responsible for the association with KCNE4

To gain further insights about the C-terminal Kv1.3 motif
implicated in the KCNE4 interaction, we generated Kvl.3
mutants with stop codons sequentially introduced (Fig. 5).
Fig. 5A shows a schematic representation of the truncated Kv1.3
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Fig. 5. The structure of the Kv1.3 C-terminal domain mediates the association with KCNE4. HEK-293 cells were transfected with Kv1.3 wt, various Kv1.3
truncated mutants and KCNE4. (A) Scheme representing Kv1.3 wt and the different C-terminus truncation mutants. Bars indicate the N-terminus in white (Nt), the
S1-56 transmembrane domains in black and the C-terminal domain in gray (Ct). (B) Schematic diagram of the Kv1.3 C-terminal domain highlighting some
important forward trafficking signatures and the distal PDZ motif. The residues in black indicate the truncations. A unique change (A to S) between human and
rodents is indicated in gray. The S6 transmembrane domain is represented as a gray barrel. The HRETE, ExExE, YMVIEE and the PDZ motifs are indicated by
gray boxes. The SwissProt number, as well as the number of residues in the C-terminus, for rat, mouse and humans is also indicated. (C) Cell lysates.
Immunoprecipitation of Kv1.3-YFP C-terminus mutants with anti-GFP antibody. Top panels show the immunoblot against GFP (Kv1.3). Bottom panels show the
immunoblot against KCNE4 (arrow). (D) Co-immunoprecipitation (Co-IP). Cell lysates (as in C) were immunoprecipitated with anti-GFP antibody (IP Kv1.3) and
immunoblotted against Kv1.3 (IB: Kv1.3, top panel) and KCNE4 (IP: KCNE4, bottom panel). Note that the anti-GFP antibody used recognizes YFP. (E) Plot of the
remaining number of C-terminal residues in the Kv1.3 C-terminus truncated mutants versus the co-immunoprecipitation of KCNE4. Values (meants.e.m., n=4)
are calculated as the logarithm (log) of co-immunoprecipitation in arbitrary units (AU) standardized to the maximum level (scored as 1) of the co-
immunoprecipitation of KCNE4 with Kv1.3 wt from D. Values followed a notable linear correlation (r?=0.8175) which yielded a statistical significant (P=0.0133)

Pearson’s coefficient (0.9041).
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channels. Fig. 5B shows the C-terminus of Kv1.3, highlighting the
mutations and the main forward trafficking and associative motifs.
As previously described (Martinez-Marmol et al., 2013), the
progressive removal of residues from the Kvl1.3 C-terminus
yielded proteins that gradually decreased in size and that
displayed  altered  glycosylation  (Fig. 5C.D).  Co-
immunoprecipitation analysis of the channels in the presence of
KCNE4 demonstrated that the association of KCNE4 with Kv1.3
decreased concomitantly with increasingly severe truncations of the
C-terminal domain (Fig. 5C,D). Our results indicate that no specific
region of the Kvl.3 C-terminus is involved in the KCNE4
interaction. Instead, the shorter the C-terminus, the greater the
reduction in KCNE4 co-immunoprecipitation that was observed
(Fig. 5E). The correlation was notable (>=0.8175), yielding a
Pearson coefficient of 0.9041, which is statistically significant
(P=0.0133). Therefore, our data suggest that rather than a specific
motif, the conformational tertiary structure of the Kv1.3 C-terminal
domain is responsible for the KCNE4 association.

Structural motifs responsible for the KCNE4-mediated Kv1.3
ER retention

The binding of KCNE4 to Kv1.3 triggers massive ER retention that,
in turn, downregulates cell surface expression (Sole et al., 2009).
Our data indicate that KCNE4 interacts with Kv1.3 through the
structural conformation of its C-terminal domain. This region
contains several forward trafficking elements, including the potent
YMVIEE motif (Fig. 5B), which is crucial in the COPII-dependent
forward trafficking of Kv1.3 to the cell surface (Martinez-Marmol
et al., 2013). Therefore, we wondered whether the KCNE4
interaction impairs these events. In fact, KCNE4 hindered the
interaction of Sec24D, an element of the COPII machinery, with
Kv1.3 (Fig. 6). In the presence of Sarl(H79G), which leads to the
retention of the channel in the ER due to constitutively active
GTPase activity, Kv1.3 co-immunoprecipitated with Sec24D.
KCNE4, which also causes localization of Kv1.3 to the ER,
impeded this association (Fig. 6A.B). To further analyze this
mechanism, we performed FRET experiments addressing the
potential interaction between Kvl.3 and Sec24D (Fig. 6C-G).
Kv1.3 colocalized with KCNE4 and Sec24D in discrete locations.
Staining for the three proteins identified two ( positive and negative)
FRET region of interest (ROI) populations, increasing the
variability of the results (Fig. 6G). However, clevated levels of
KCNE4 correlated with negative FRET values for Kv1.3 and
Sec24D in discrete ROIs (Fig. 6H). This indicates that the Kv1.3—
Sec24D interaction decreased when KCNE4 was abundant. Our
results suggest that KCNE4 and Sec24 competed for the association
with Kv1.3, further supporting the idea that the C-terminal domain
of the channel is involved in that interaction.

To gain insights into whether the KCNE4 masking of the
YMVIEE motif at the C-terminal domain of Kv1.3 was entirely
responsible for the observed ER retention, we analyzed the
intracellular localization of a KvI1.3 mutant, in which residues
E483 and E484 had both been replaced with I (hereafter referred to
as E*¥484) and  which exhibits poor cell membrane targeting
due to an impaired association with COPII (Martinez-Marmol et al.,
2013). KCNE4 was co-expressed with Kvl.3 wt and Kvl.3
(E*3484]) channels (Fig. 7). Whereas KCNE4 retained the Kv1.3
wtintracellularly (Fig. 7A—G), KCNE4 did not alter the intracellular
expression pattern of Kv1.3 (E**¥4#%4]) (Fig. 7H-N). However, the
surface expression analysis indicated that KCNE4 triggered a
stronger ER retention of both Kv1.3 and Kv1.3 (E*¥#%4[) channels
than upon mutating the Kvl.3 forward trafficking motif alone

(Fig. 70). Therefore, other ER retention motifs (ERRMs) within
KCNE4 might be involved in preventing forward trafficking of
Kvl.3. Basic clements, such as RxR and KKxx, are important
ERRMs (Gao et al., 2014; Zerangue et al., 1999), and KCNE4 does
contain a positively charged signature (K''"SKRREKKSS'!?)
within its C-terminal domain (Fig. 8A). Thus, we investigated
whether this motif further enhances ER retention of the Kv1.3—
KCNE4 channelosome. We mutated several basic residues of the
ERRM signature to alanine residues in order to disrupt putative
canonical and recurrent signals (Fig. 8A). When expressed alone,
the KCNE4 (KSAAREAKSS) mutant [denoted KCNE4(ERRM)]
showed twice the cell surface targeting observed with the wt
KCNE4 (Fig. 8B-G,P). In addition, when Kv1.3 was co-expressed
with KCNE4(ERRM), the channel reached the membrane more
efficiently than with KCNE4 wt (Fig. 8H-0). These data are
summarized in Fig. 8P. Thus, it appears that KCNE4 retains the
Kvl1.3 channelosome within the cell by two independent, but
complementary, mechanisms: (1) through a KCNE4 interaction
with the C-terminus of Kv1.3, which hinders the di-acidic forward
trafficking signature, and (2) by providing potent ERRMs to the
complex.

DISCUSSION

KCNE4 is a regulatory subunit that modulates the cell surface
abundance and the spatial localization of Kv1.3 channels. Both
proteins are present in leukocytes and form heterooligomeric channels
(Sole and Felipe, 2010; Sole et al., 2009, 2013). In the present work,
we analyzed the molecular determinants in Kv 1.3 that participate in the
Kv1.3-KCNE4 interaction. Our data suggest that the tertiary structural
conformation of the C-terminal domain of Kv1.3 is responsible for the
association with KCNE4. However, other domains, which are yet to be
characterized, are responsible for the gating modulation. Furthermore,
we also demonstrated that two independent, but complementary,
mechanisms collectively participate in the intracellular retention of the
Kv1.3-KCNE4 channelosome. Overall, our results shed light onto the
mechanisms that control Kv1.3 surface expression, which is closely
linked to immune cell activation. In addition, our data illustrate how
differing tissue-specific oligomeric associations configure both
functional and trafficking heterogeneity.

Regulatory subunits, such as KCNE and Kvf subunits, modulate
Kv subcellular distribution (Kanda and Abbott, 2012; Roura-Ferrer
et al., 2010; Shi et al., 1996). For instance, Kvp2.1 (also known as
KCAB?2) stabilizes Kv1 channels at the cell surface (Shi et al.,
1996), and KCNEI participates in the Kv7.1 plasma membrane
location (Kanda and Abbott, 2012; Roura-Ferrer et al., 2010). In
contrast, KCNE4 impairs Kv1.3 surface targeting, triggering
dramatic consequences for the channel function (Sole et al.,
2009). Kv1.3 is crucial for the immune response, and an alteration in
its membrane abundance can be responsible for both physiological
changes and pathological conditions. For instance, the number of
Kvl1.3 channels increases during T-lymphocyte activation (Varga
et al., 2010). Similarly, macrophages elevate Kv1.3 at the plasma
membrane during activation and proliferation (Vicente et al., 2003).
Furthermore, Kv1.3 channels are targeted to raft microdomains
under specific insults (Vicente et al., 2008). However, exacerbated
surface expression or altered spatial localization is related to
autoimmune diseases (Chandy et al., 2004; Nicolaou et al., 2007;
Varga et al., 2010). In contrast, immunosuppression decreases
Kvl.3, triggering similar effects to those of channel blockers
(Chandy et al., 2004; Villalonga et al., 2010). Therefore, the control
of functional Kv1.3 channels at the cell surface is crucial for
appropriate cell responses. In addition, KCNE4 expression is tightly

201

<]
v
=
R
U
v
©
o
Y=
(o)
©
(=
o
3
O
—_



Journal of Cell Science (2016) 129, 4265-4277 doi:10.1242/jcs.191650

A

Cell lysates ColP
Kv1.3 Kv1.3
Is(;géi g‘”éz et Sec24 Sec24 Sec24
Sar1(H79G) Kg:;E4 Ké;Ed Sar1(H79G) KCNE4 KCNE4
+ - + - + -
IP: Sec24 pra— —
e
SEC24 | s IB: Sec24
IP: Sec24 C—
Kvi.3 ‘ . IB: Kv1.3
IP: Sec24
KCNE4

0]

[+
o

FRET efficiency (%)

s i
o (3] o (3,

Sec24-YFP

@

Kv1.3-CFP F& FE LGP LG
¥ R ~

T

s

T

1

*
0.5
0

Negative Positive
FRET

KCNE4 expression
in ROI (AU)

Fig. 6. KCNE4 interacts with the C-terminal domain of Kv1.3, thereby impairing the association with the COPII anterograde trafficking mechanism.
HEK-293 cells were transfected with Kv1.3 in the presence or the absence of KCNE4, Sec24D-YFP and Sar1(H79G)-HA. (A,B) Co-immunoprecipitation of
Kv1.3 and Sec24D in the presence or the absence of KCNE4. (A) Expression of Sec24D, Kv1.3 and KCNE4 in starting materials (cell lysates). (B) Co-
immunoprecipitations. Samples were immunoprecipitated (+IP) against Sec24D-YFP and immunoblotted (I1B) against GFP (Sec24D), Kv1.3 and KCNE4. Sar1
(H79G) and KCNE4 expression led to the retention of Kv1.3 in the ER. Note that KCNE4 notably impaired the association between Kv1.3 and Sec24D. In addition,
KCNE4 showed a slight co-immunoprecipitation with Sec24. Note that the anti-GFP antibody used recognizes YFP. (C—H) Molecular interaction between Kv1.3
and Sec24D in the presence or the absence of KCNE4. (C—F) A representative FRET experiment for Kv1.3 and Sec24D in the presence of KCNE4. (C) Sec24D—-
YFP (red) in the acceptor panel. (D) Kv1.3—CFP (green) in the donor panel. (E) Colocalization is shown in yellow. (F) Magnification of the boxed area in E. Circles
highlight some ROls. Scale bar: 10 pm. (G) FRET efficiency of the Kv1.3—Sec24D interaction in the presence or the absence of Sar1(H79G) and KCNE4. YFP
and CFP, and Kv1.3—CFP and Kv1.3—YFP pairs were used as negative and positive controls, respectively. Note that although FRET values between Kv1.3 and
Sec24D were positive, the presence of KCNE4 triggered a larger variability. (H) Relative KCNE4 expression in arbitrary units (AU) in FRET-positive or FRET-

negative ROIs. Considering the FRET between Kv1.3 and Sec24D, two types of ROI were observed. When ROl triggered clearly positive FRET, KCNE4
expression was low. However, in ROIs with no relevant FRET values, KCNE4 expression was higher. Values are shown as the meanzs.e.m. of n>30 cells.

*P<0.05; **P<0.01; ***P<0.001 (Student’s t-test).

regulated in leukocytes (Sole et al., 2013). In this scenario, the
association with KCNE4, by controlling the number and spatial
localization of surface Kv1.3, would be essential. Kvl.3 is
considered a multi-pharmacological target because channel
alterations are present in the onset of numerous pathologies,
including sensory discrimination, autoimmune disecases, type II
diabetes, obesity and cancer (Perez-Verdaguer et al., 2016b).
Considering the variety of functions in which Kvl1.3 participates
(i.e. activation, proliferation and apoptosis), it is tempting to speculate
that this diversity is achieved by a variety of complementary subunit
associations that govern channel localization and function.

Our present data suggest that it is the folded structural
conformation of the Kvl.3 C-terminus, rather than specific
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signatures, that is important for the KCNE4 association. Although
KCNE peptides bind to Kv7 isoforms through interactions with the
C-terminal domain (Wrobel et al., 2012; Zheng et al., 2010),
nothing was known previously about their association with other Kv
channels. Structural elements are quite different among Kv families
(Hille, 2001). For example, the Kv7 family as well as the EAG
superfamily contain tetramerization domains at their C-termini
(Hausammann and Grutter, 2013; Jenke et al., 2003; Schwake et al.,
2006), whereas Kv1-Kv6 channels contain their tetramerization
domains, named T1, at the N-terminus (Li et al., 1992). The T1
domain and nearby structures participate in associations with Kvf
subunits and caveolin (Gulbis et al., 2000; Perez-Verdaguer et al.,
2016a). However, the C-terminus of Kv1 channels does contain
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Fig. 7. The KCNE4 interaction further aggravated the intracellular
retention of the Kv1.3(E*#%¥84|) mutant. HEK-293 cells were transfected with
Kv1.3wt, Kv1.3(E*®3%%4]) and KCNE4. Membrane surface labeling was
performed using WGA as described in the Materials and Methods. (A-G)
Representative confocal images of Kv1.3 wt in the absence (A-C) or the
presence (D-G) of KCNE4. (H-N) Representative confocal images of Kv1.3
(E*83484)) in the absence (H-J) or the presence (K—N) of KCNE4. (A,D,H,K)
Kv1.3 channels in green. (E,L) KCNE4 in red. (B,F,|,M) WGA membrane
staining in blue. (C,G,J,N) Color code in merged panels: Kv1.3 channels and
KCNE4 colocalization, yellow; channels and membrane, cyan; triple
colocalization, white. Scale bars: 10 pm. (O) Kv1.3 membrane surface
expression in arbitrary units (AU) in a pixel-by-pixel analysis. Values are shown
as the meants.e.m. of n>25 cells. *P<0.05; **P<0.01; ***P<0.001 (Student's
t-test).

important elements for their trafficking and localization. A PDZ
domain, which interacts with PSD proteins, such as PSD95 or SAP-
97, is positioned at the very distal part of the channel (Szilagyi et al.,
2013; Tiffany et al., 2000). In addition, forward trafficking motifs,
such as VxxSL, HRETE or YMVIEE, are also located within this
intracellular region (Li et al., 2000; Martinez-Marmol et al., 2013;
Zhu et al., 2007). However, there was little information about the
interactions of this C-terminal domain with ancillary partners
(Misonou and Trimmer, 2004). The COPII machinery is responsible
fora di-acidic interaction within the C-terminal domain of the Kv1.3
channel (Martinez-Marmol et al., 2013; Spear et al., 2015). Our new
data suggest that the interaction between KCNE4 and the Kv1.3 C-
terminal domain masks this motif and triggers a marked ER
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retention, which impairs membrane targeting. Furthermore, this
association does not function alone, as the strong intracellular
phenotype is further ensured by a strong ERRM in KCNE4.

KCNE peptides control the surface abundance of Kv7 channels.
Whereas KCNEI increases the Kv7.1 membrane staining, KCNE4,
similar to our observations for Kvl.3, reduces Kv7.l surface
expression and lipid raft localization (Roura-Ferrer et al., 2010). The
balance between forward trafficking and ER retention signals is
crucial for the membrane targeting and function (Misonou and
Trimmer, 2004). In two-pore-domain background K" channels (K;p
channels), the influence of protein—protein interactions on sorting
decisions is crucial. The adaptor protein 14-3-3 interacts with
TASK-1 and TASK-3 (also known as KCNK3 and KCNK9,
respectively) to mask a retention signal in the C-terminus of the
channels, which is important for the COPI binding (Mathie et al.,
2010). In fact, 14-3-3 promotes plasma membrane expression of
several ion channels, such as Cav2.2 (also known as CACNA1B)
(Liu et al., 2015). The effect of KCNE4 would be the opposite; by
interacting with the C-terminus of Kvl.3, the ancillary peptide
would hide a di-acidic forward trafficking motif important for
COPII anterograde traffic. By contrast, the adaptor protein p11 (also
known as protein S100-A10), which interacts with TASK-1, carries
a di-lysine retention signal that retains the channel at the ER (Mathie
et al., 2010). KCNE4 association also provides a strong ERRM to
Kv1.3. Unlike TASK channels, the KCNE4 mechanism can be
considered to be redundant and effective. Several forward
trafficking signals have been identified in the C-terminal domain
of Kv1.3. Thus, the HRETE motif, its alternative EXEXE extension
and the YMVIEE cluster containing a di-acid motif promote
anterograde transport through the COPII-mediated early secretory
pathway (Martinez-Marmol et al., 2013; Spear et al., 2015).
However, the interaction of KCNE4 with the fully folded C-
terminal domain fine-tunes cell surface expression by both masking
forward trafficking signals and providing an ER retention signal.

Furthermore, our results suggest that motifs involved in the
association are not responsible for the gating control, as KCNE
regulatory subunits can bind to channels without modifying their
kinetics (McCrossan and Abbott, 2004; Wrobel et al., 2012). In this
context, KCNE4, although it associates with Kv7.4 (also known as
KCNQ4), does not modulate the channel activity. However, the
transfer of the S6 domain from Kv7.1 to Kv7.4 leads to inhibition,
whereas transferring the S6 domain from Kv7.4 to Kv7.1 prevents
inhibition by KCNE4 (Vanoye et al., 2009). This effect is due to a
dipeptide domain (KT, amino acids 326-327) preceding the S6
segment. Neither Kv1.3 nor Kvl.5 contains such an element.
Although Kvl.1-Kv1.6 channels possess a lysine residue in this
position, this residue cannot support the KCNE4 modulation because
it is specific for only Kv1.3 and Kv1.1 (Grunnet et al., 2003; Sole
et al., 2009). The C-terminus and S5-S6 domains of Kv7.1 are
required for modulation by KCNEI and KCNE3 (Melman et al.,
2004). Evidence supports the idea that the C-terminus of Kv7.1 acts
by anchoring and correctly positioning the regulatory subunit
(Manderfield et al., 2009; Vanoye et al., 2009). Furthermore,
multiple interactions have been described between the KCNE and
the gating machinery of Kv7.1, such as residues S1, S4, S5 and S6
(Chouabe et al., 2000; Franqueza et al., 1999; Melman et al., 2004;
Nakajo and Kubo, 2007; Panaghie et al., 2006; Xu et al., 2008). Our
data indicate that, similar to the Kv7.1-KCNE interaction, the C-
terminus of Kv1.3 plays a role in anchoring KCNE4 to the complex,
but that additional interactions modulate channel gating.

Our results are physiologically relevant because KCNE4 and
Kvl.3 associate in antigen-presenting cells. Kv1.3 channels
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Fig. 8. The disruption of the ERRM of KCNE4 only partially counteracted the intracellular retention of Kv1.3. HEK-293 cells were transfected with Kv1.3—
YFP, KCNE4—CFP and the KCNE4(ERRM)-CFP mutant. (A) Cartoon illustrating the ERRM in the C-terminal domain of KCNE4. Positive residues (R and K} in
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cases, the channel reached the surface better in the presence of KCNE4(ERRM). Scale bars: 10 um. (P) Pixel-by-pixel analysis of the relative membrane
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meants.e.m. (n>25 cells). *P<0.05; **P<0.01; ***P<0.001 (Student's t-test).

participate in the immune response and, through a variable KCNE4
interaction, dendritic cells and macrophages might be able to
precisely modulate their cell physiology. This work highlights some
of the mechanisms by which interacting proteins might govern the
mntracellular trafficking and surface abundance of ion channels
involved in the immune response.

MATERIALS AND METHODS

Expression plasmids, chimeric channels and site-directed
mutagenesis

Rat (r)Kv1.3 in pRecCMV was provided by Todd C. Holmes (New York
University, NY). Mouse (m)KCNE4 in pSGEM was from Michael
Sanguinetti (University of Utah, Salt Lake City, UT). piRES-EGFP-
hKCNE4-HA was obtained from Alfred L. George (Northwestern
University Feinberg School of Medicine, Chicago, IL). Human (h)Kv1.5
has been extensively analyzed in our laboratory. rkKv1.3 and hKv1.5 were
subcloned into pEYFP-C1 and pECFP-C1 (Clontech) to preserve normal
channel behavior, mKCNE4 was introduced in pECFP-N1 (Clontech).
rKvl.3-YFP, mKCNE4-CFP and hKCNE4-HA constructs were
previously described (Sole et al., 2009). Kv1.3-CFP, Kvl.5-YFP,
Kv1.3-Kv1.5 chimeras and Kv1.3 mutants and truncations have been
analyzed previously (Martinez-Marmol et al., 2013). KvlI.3-YFP and

KCNE4-CFP mutants were generated using the QuikChange and
QuikChange multi-site-directed kits (Stratagene). All
constructs and mutants were verified using automated DNA sequencing.
The pEYFP-Sec24D and the HA-Sarl (H79G) were from Theresa H. Ward
(The London School of Hygiene & Tropical Medicine, London, UK) and
Rainer Pepperkok (EMBL, Heidelberg, Germany), respectively.

mutagenesis

Cell culture

HEK-293 cells, Jurkat human T-lymphocytes and CY 15 mouse dendritic
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) and
RPMI culture medium, respectively (LONZA), supplemented with 10%
fetal bovine serum (FBS), 10,000 U/ml penicillin, 100 pg/ml streptomycin
and 2 mM L-glutamine (GIBCO).

For patch-clamp experiments, trypsinized HEK-293 cells from a
confluent 100-mm dish were electroporated with 1 pg of DNA using a
Bio-Rad Genepulser Xcell (Bio-Rad) with a 0.2-cm-gap cuvette and a single
110 Vand 25 ms pulse. Transfected cells were then plated on a 50-mm dish.

For confocal imaging and co-immunoprecipitation experiments, cells
were seeded (70-80% confluence). in six-well dishes containing poly-
lysine-coated coverslips or in 100-mm dishes, respectively, 24 h before
transfection with selected cDNAs. Metafectene PRO (Biontex) was used for
transfection according to the supplier’s instructions. The amount of
transfected DNA was 500 ng per well of a six-well dish and 4 pg for a
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100-mm dish. Next, 4-6 h after transfection, the mixture was removed from
the dishes and replaced with fresh culture medium. All the experiments were
performed 24 h after transfection.

Electrophysiology

Transfected HEK-293 cells were trypsinized 24 h after electroporation and
re-plated on 35-mm glass-bottom dishes coated with Matrigel (BD
Biosciences). After 2-4 h, cells were extensively washed with whole-cell
external recording solution, containing the following (in mM): 150 NaCl, 5
KCI, 10 CaCl,, 2 MgCl,, 10 glucose and 10 HEPES, pH 7.4. Transfected
HEK-293 cells were selected using an Olympus FV1000 confocal
microscope equipped with spectral detectors and SIM scanner. Whole-cell
K" currents in HEK-293, Jurkat and CY15 cells were recorded at room
temperature using an Axopatch 200B and an EPC-10 (HEKA), respectively,
and the appropriate software was used for data recording and analysis. lonic
currents were capacitance- and series-resistance-compensated by 80-90%,
sampled at 10 kHz (Digidata 1440; Molecular Devices) and filtered at
2.9 kHz. Patch electrodes of 2-4 MQ were fabricated in a P-97 puller (Sutter
Instruments Co.) from borosilicate glass (outer diameter 1.2 mm and inner
diameter 0.94 mm: Clark Electromedical Instruments Co.). Electrodes for
HEK-293 cells were filled with a solution containing the following (in mM):
4 NaCl, 150 KCI, 1 MgCls, 0.5 EGTA, 5 ATP(K) and 10 HEPES, pH 7.4.
HEK-293 cells were clamped to a holding potential of —80 mV. Electrodes
for CY15 and Jurkat cells were filled with a solution containing the
following (in mM): 84 K-aspartate, 36 KCI, 10 KH,PO,, 6 K,;ATP, 5
HEPES, 5 EGTA, 3 MgCl,, pH 7.2. The extracellular solution contained (in
mM): 136 NaCl, 4 KC1, 1.8 CaCl,, 1 MgCl2, 10 HEPES and 10 D-glucose,
pH 7.4. CY15 and Jurkat cells were clamped to a holding potential of
—00 mV. To evoke voltage-gated currents, all cells were stimulated with
250-ms square pulses ranging from —80 to +80 mV in 10 mV steps. The
normalized G/G,,, versus the voltage curve was fitted using Boltzmann's
equation: G/Ga=1/(1+exp(Vy s—V7k)), where V5 is the voltage at which
the current is half-activated, and £ is the slope factor of the activation curve.
Cumulative inactivation of K" currents was elicited in Jurkat and CY 15 cells
by a train of 15 depolarizing 250-ms pulses from —80 mV to +60 mV once
every 1 s. All recordings were routinely subtracted for leak currents.

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, 150 mM NaCl, pH 7.2)
supplemented with 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin
and 1 mM phenylmethylsulfonyl fluoride as protease inhibitors.
Homogenates were centrifuged at 12,000 g for 10min, and the
supernatant was collected. Protein content was determined using the Bio-
Rad Protein Assay (Bio-Rad).

For co-immunoprecipitation, 1 mg of protein was brought up to 500 ul of
lysis buffer for immunoprecipitation (in NaCl 150 mM, HEPES 50 mM,
Titron X-100 1%, pH 7.4, supplemented with protease inhibitors). Samples
were precleared with 50 pl of protein-G—Sepharose beads for 2 h at 4°C with
gentle mixing. Next, each sample was incubated in a small chromatography
column (BioRad Micro Bio-Spin Chromatography Columns), which
contained 2.5ug of the desired antibody previously crosslinked to
protein-A or -G-Sepharose beads, for 1 h at room temperature with gentle
mixing. Columns were centrifuged for 30 s at 1000 g. The supernatant was
kept and stored at —20°C. Columns were washed four times with 500 pl of
lysis buffer and centrifugations of 30 s at 1000 g. Finally, for elution, the
columns were incubated with 100 pl of 0.2 M glycine pH 2.5 and spun for
30 s at 1000 g. The eluted proteins were prepared by adding 20 ul of SDS
Laemmli SDS loading buffer (5x) and 5 pl of 1 M Tris-HCI pH 10, and the
preparations were boiled and separated on 10% SDS-PAGE gels. Next, they
were transferred to nitrocellulose membranes (Immobilon-P; Millipore) and
blocked in 0.05% Tween-20 in PBS supplemented with 5% dried milk
before immunoreaction. Filters were immunoblotted with antibodies against
HA (1:1000, cat. no. H 6908; Sigma), GFP (1:1000, cat. no. 11 814 460 001;
Roche), Kv1.3 (1:200, cat. no. 75-009; NeuroMab), Kv1.5 (1:500, cat. no.
APC-004; Alomone) and KCNE4 (1:500, cat. no. 18289-1-AP;
Proteintech). Anti-B-actin antibody was used as a loading control
(1:50,000, cat. no. A5441; Sigma).

Irreversible crosslinking of the antibody to the Sepharose beads was
performed after an incubation of the antibody with protein-A or -G—
Sepharose beads for | h at room temperature. The beads were then incubated
with 500 pl of 5.2 mg/ml of dimethyl pimelimidate (Pierce) for 30 min at
room temperature by gentle mixing. The beads were then washed four times
with 500 pl of 1< TBS, four times with 500 pl of 0.2 M glycine pH 2.5 and
three times more with 1% TBS. Once these steps were performed, the
columns were incubated with the protein lysates in order to perform the
immunoprecipitation as described above.

Immunocytochemistry

Jurkat and CY15 cells were cultured on 20x20 mm poly-lysine-coated
glass coverslips for up to 24 h. Cells were fixed in methanol (-20°C) for
15 min at room temperature, washed twice in PBS without K* (denoted
PBS-K*, wash buffer) for 5min to rehydrate cells, and blocked and
permeabilized for 1 h with blocking buffer (PBS-K"™ containing 0.05%
Triton X-100, 5% non-fat milk, 10% bovine serum albumin). Cells were
subsequently incubated with rabbit anti-KCNE4 (1:100, cat. no. 18289-1-AP;
Proteintech) for 2 h, and unbound antibody was removed with wash buffer.
Coverslips were exposed to Cy3-conjugated goat anti-rabbit-IgG secondary
antibody (1:200, Molecular Probes) for 1h. After washing to remove
unbound secondary antibody, CY15 cells were blocked again for 1 h in
blocking buffer. CY15 cells were incubated with anti-Kv1.3 (1:50, cat. no.
75-009; NeuroMab) at 4°C overnight, washed, and then exposed to Cy5-
conjugated goat anti-mouse-IgG (1:200, Molecular Probes) for 1 h. After
removing unbound secondary antibody. coverslips were mounted with
Mowiol (Calbiochem) and examined with a confocal laser-scanning
fluorescent microscope.

Confocal microscopy and image analysis

For confocal image acquisition, cells were seeded on poly-lysine-coated
coverslips and transfected 24 h later. The next day, cells were quickly
washed twice, fixed with 10% paraformaldehyde for 10 min, and washed
three times for 5 min with PBS-K". Finally, coverslips were mounted on
microscope slides (Acefesa) with Mowiol. Preparations were dried at room
temperature before imaging.

For membrane surface labeling under non-permeabilized conditions,
wheat germ agglutinin conjugated to Texas Red (WGA-Texas Red",
Invitrogen) was used. Live cells (on ice) were quickly washed with PBS at
4°C and stained with a dilution of WGA-TexasRed (1:1500) in DMEM
supplemented with 30 mM HEPES for 15 min at 4°C. Cells were washed
twice and fixed with 4% paraformaldehyde in PBS for 10 min. Next, cells
were washed and mounted as described above.

The fluorescence resonance energy transfer (FRET) was achieved by an
acceptor photobleaching technique and was measured in discrete ROls.
Fluorescent proteins from fixed cells were excited with the 458 nm or the
514 nm lines using low excitation intensities. Next, 475- to 495-nm
bandpass and >530-nm longpass emission filters were applied. The YFP
was bleached using maximum laser power. We obtained ~80% of acceptor
intensity bleaching. After photobleaching, images of the donors and
acceptors were taken. The FRET efficiency was calculated using the
equation [(Feppasier—Fcrpbetore)/ Forppetore] 100, where Feppasier was the
fluorescence of the donor after bleaching and F g pyerore Was the fluorescence
before bleaching. The loss of fluorescence as a result of the scans was
corrected by measuring the CFP intensity in an unbleached part of the cell.

All images were acquired with a Leica TCS SL laser-scanning confocal
spectral microscope (Leica Microsystems), equipped with argon and
helium-neon lasers. All the experiments were performed with a 63 oil-
immersion objective lens, NA 1.32. All offline image analysis was
performed using Image J and SigmaPlot software. A pixel-by-pixel
colocalization analysis was performed using JACoP (Just Another
Colocalization Plugin). Manders split coefficients, which are proportional
to the amount of fluorescence of the colocalizing pixels in each color
channel, were obtained. Thus, although the spatial resolution of the light
microscope is limited by the wavelength of the light (less than 200 nm), our
data were exhaustively corroborated by the rest of the above-mentioned
techniques such as FRET, co-immunoprecipitation and electrophysiological
recording.
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Fig. S1. Intracellular distributions of Kvi.3 mutants, Kvi.3/Kvl.5 and Kvi.5/Kvl.3
chimeras used in this study. HEK-293 cells were transfected with YFP-tagged mutants
and chimeras. (A, B) In the Kv1.3 truncated channels, the lack of the C- and N-terminal
domains is indicated with red dots. (C-F) Kv1.3 domains are colored in blue. Kvl.5
domains are shown in green. The left panels present schematic cartoons. The right
panels show representative confocal images illustrating the intracellular distribution.

Bars represent 10 pm.
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Fig. S2. The C-terminal domain of Kvli.3 is necessary but not sufficient for the KCNE4-
dependent inhibition of Kvi.3 currents. HEK-293 cells were transfected with Kv1.3,
Kv1.5, various Kv1.3 and Kv1.5 chimeras and KCNE4. Cells were held at -80 mV, and
currents were elicited by a 200 ms depolarizing pulse to +60 mV. Relative KCNE4
inhibition was calculated based on the channel current in the absence vs. the presence of
KCNE4. Note that currents were inhibited by approximately 50% only when the
integrity of Kv1.3 was mostly preserved (Kvl1.3 and KvI1.3NKvl.5). In contrast,
although the Kv1.5CKv1.3 co-immunoprecipitated and co-localized with KCNE4 (see
previous Fig. 4), the currents were not affected. Values are shown as the mean+SE of
>10 cells.
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Competence for KCNE4 C-terminus: molecular determinants of
a multiprotein binding site

Roig SRY, Solé L2*, Sastre D!, Tamkun MM?2, Felipe At

1Molecular Physiology Laboratory, Departament de Bioquimica i Biomedicina Molecular, Institut de
Biomedicina (IBUB), Universitat de Barcelona. Barcelona, Spain

2Department of Biomedical Sciences, Colorado State University. Fort Collins, USA.

ABSTRACT

Kv1.3 is one of the leukocyte channels more expressed. Actions such as proliferation,
activation and apoptosis are highly different in nature but all modulated by this channel.
The fine tunning of its electrophyisiological features, traffic and subcellular function are,

thus, crucial. Over expression of Kv1.3 has been linked to some autoimmune diseases such
as lupus eritromatous or multiple sclerosis. KCNE subunits are promiscuous, single-
spanning proteins that are expressed in immune system. Concretely KCNE4, is a member
that exerts a dominant-negative function on the channel. The deeper knowledge of its
function on Kv1.3 is extremely relevant. We previously described the channel molecular
determinants implicated in the interaction, and the mechanism behind the KCNE4
impairment of Kv1.3 traffic. In the present work, we moved forward. We stablish the
subunit specific region that mediates the interaction with the channel. This revealed to be
a platform domain in which Kv1.3, Caz*/Calmodulin and KCNE itself competes for a
complex formation. Moreover, this domain is impairing the traffic of the entity and,
together with the retaining motif previously described, is generating the typical KCNE4
subcellular distribution. Each described feature are conditioning the final distribution and
behavious or the Kv1.3 channel.
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INTRODUCTION

Kv channels are key role proteins on maintaining the resting membrane potential and the
repolarization process at excitable cells. However, several other functions have been
linked to them, such as control of the cell-cycle progression, adhesion or cell volume. From
the firstly-described Shaker family, eight isoforms were identified in mammals. Kv1.3, the
third member, is mainly expressed in nervous and immune system (Hille, 2001). Actually,
leukocytes present a limited repertoire of potassium channels and Kv1.3 is widely accept
to be involved in highly important functions (Panyi, 2005). Activation in some of those
cells implies the translocation of this channel to the immunological synapse where it
would maintain the driving force for a sustained calcium signalling (Panyi et al., 2004).
However, posterior studies related this specific entity with the apoptosis program (Bock et
al., 2003, Szabo et al., 2008). Thus, this channel requires a refined control to enhance the
proper cellular responses.

Several auxiliary subunits have been discovered to modulate highly diverse aspects on
potassium currents characteristics. Electrophysiology, traffic, subcellular localization or
lipid raft positioning are some changed features of the channelosomes. KCNE family is a
promiscuous, small, single-spanning protein group within the auxiliary members
described to accompany potassium channels (Pongs and Schwarz, 2010). Each member
presented different tissue distribution, but all of them are found at immune system.
Moreover, their level expression is modified depending on the cellular inputs, highlighting
the importance of this family in macrophages, T and B cells (Sole et al., 2013). For instance,
upon proliferation stimuli, KCNE1 increases while KCNE2 and KCNE4 diminishes (Sole
and Felipe, 2010).

Our laboratory has extensively worked on KCNE4 peptide. This specific member is known
to generate mainly dominant-negative functions on regulated Kv channels. For instance,
upon coexpression with Kv1.1, Kv1.3, Kv2.1 and Kv7.1 this subunit generates a dramatic
decrease of final potassium currents (Grunnet et al.,, 2003, Grunnet et al., 2002, David et al.,,
2015). The deepest knowledge of the KCNE4 abilities is about its combination with Kv7.1.
This protein exerts inhibition of the current without altering the surface expression of the
channel (Grunnet et al., 2002, Grunnet et al., 2005). Moreover, it enhances the absence of
Kv7.1 at lipid raft microdomains (Roura-Ferrer et al., 2010). Further studies demonstrated
that functional interactions between KCNE4 and Kv7.1 required the presence of
Calmodulin. Actually, through a tetraleucine domain placed at the juxtamembrane C-
terminus of the auxiliary subunit, KCNE4 can interact with Ca2*/Calmodulin (Ciampa et al.,
2011).

As previously mentioned, this KCNE member is also present at immune system, and
studies from our group demonstrated a tight regulation through different insults. At some
immune cell types, Kv1.3 is playing a central role in several processes. To understand the
modulation of this channel by KCNE4 several studies were developed in our laboratory
(Grunnet et al,, 2003). Thus, it is inhibiting Kv1.3 by impairing its surface expression, lipid
raft localization and modifying some electrophysiological properties (Sole et al., 2009).
Moreover, at the previous contribution, we defined which are the specific molecular
mechanisms involved in KCNE4 effects. Furthermore, the interacting interface of the
channel with the auxiliary subunit was also defined (Sole et al., 2016). Actually, studies
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developed about KCNE-Kv complexes have been focused mainly in determining the
molecular interaction domains at the channel. Some oriented to the KCNE domain
implicated, pointed out that it exists more than one interface of contact (Gage and Kobertz,
2004, Manderfield et al, 2009). However, other studies considered just one domain
involved: or the C-terminal acting as an anchor or a transmembrane contact (Melman et
al,, 2004, Melman et al., 2002).

This present study moves towards to exactly understand the KCNE4 molecular
determinants involved in the Kv1.3 channelosome formation. Moreover, we also describe
the previous dimerization of the subunit in the absence of the channel exactly at the same
domain. Finally, we infer a competition among those two proteins and calmodulin just in
the presence of calcium. Considering the importance of this secondary messenger at the
immune system where those proteins are expressed, this investigation is highly relevant
and the starting point for further and necessary research.

MATERIALS AND METHODS

Expression plasmids and site-directed mutagenesis. rKv1.3 in pRcCMV was provided by T.C.
Holmes (New York University). It was subcloned into pEYFP-C1 and pECFP-C1 (Clontech)
to preserve normal channel behavior (Vicente et al, 2008). KCNE4-CFP, KCNE4-HA,
KCNE2-CFP and KCNE2-HA constructs were previously described in Solé et al 2008 (Sole
et al., 2009). Kv1.3-Kv1.5 chimeras and Kv1.3 mutants were described in Martinez-
Marmo,l 2010 (Martinez-Marmol 2010). CaMYFP was obtained from Alvaro Villarroel
(Universidad Pais Vasco-CSIC). The endoplasmic reticulum (pDsRed-ER) marker was
obtained from Clontech. HA-Sar1H79G was provided by R. Pepperkok (EMBL).

Nrul and Mlul sites were introduced to mKCNE4CFP and hKCNE2CFP to remove their
transmembrane and C-terminus. Next, transmembrane and C-terminal domains of KCNE2
and KCNE4 were obtained by PCR and subcloned to the respective plasmid, generating
KCNE(4-2-4)-CFP (transmembrane domain of KCNE4 replaced for the KCNE2 one),
KCNE(2-4-2)-CFP (transmembrane domain of KCNE2 replaced for the KCNE4 one),
KCNE(4-4-2)-CFP (C-terminal domain of KCNE4 replaced for the KCNE2 one), and
KCNE(2-2-4)-CFP (C-terminal domain of KCNE2 replaced for the KCNE4 one) chimeras.

HA-hKCNE4 C-terminal mutants were obtained by single site-directed mutagenesis
(Stratagene), introducing stop codons at the positions Ser 68, Tyr 73, Val 96, Val 125, Val
140, Ser 151.

Mutants Primers used for mutagenesis

HA-KCNE4_S68_stop F: 5’- GGGAGAAGAAGTCCTGACTCCTGCTGCTGTAC -3’
R: 5’- GTACAGCAGCAGGAGTCAGGACTTCTTCTCCC -3’

HA-KCNE4_Y73_stop F: 5’- GCCTCCTGCTGCTGTAGAAAGACGAGGAGCG -3’
R: 5’- CGCTCCTCGTCTTTCTACAGCAGCAGGAGGC -3’

HA-KCNE4_V96_stop F: 5’- CGGGCCTGAGGTCGTAGCAGGTGCCCCTGATG -3’
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R: 5’- CATCAGGGGCACCTGCTACGACCTCAGGCCCG -3’

HA-KCNE4_V125_stop | F: 5’- CCATGGAAGGGGACAGCTAGAGCTCCGAGTCCTC -3’
R: 5’- GAGGACTCGGAGCTCTAGCTGTCCCCTTCCATGG -3’

HA-KCNE4_V140_stop | F5’- GCACCTCACCATTTAGGAGGAGGGGGCAGACGATG -3’
R: 5’- CATCGTCTGCCCCCTCCTCCTAAATGGTGAGGTGC -3’

HA-KCNE4_S151 stop | F: 5’- GAGCTGGAGGAGACCTAGGAGACGCCCCTCAACG -3’
R: 5’- CGCTTGAGGGGCGTCTCCTAGGTCTCCTCCAGCTC -3’

The leucines from the tetra-leucine motif of KCNE4-CFP (Leu 69-72) were mutated to
alanines by single-site directed mutagenesis, generating KCNE4(L69-72)-CFP (primers
used: F: 5’-GAGAAGAAGTCCAGCGCTGCGGCGGCGTACAAAGACGAGGAG-3’ and R:
5’CTCCTCGTCTTTGTACGCCGCCGCAGCGCTGGACTTCTTCTC-3").

The tetraleucine motif of KCNE4 was transferred to KCNE2CFP, by a two sequential single-
site directed mutagenesis reactions. First, Asp 81, Pro 82 and Tyr 83 were mutated to a Ser
and two Leu, respectively (KCNE2-LL-CFP). Next, His 84 and GIn 85 were mutated to two
more Leu (KCNE2-LLLL-CFP). The primers used were:

F1:5’- CAAGAGACGGGAACACTCCAGTTCCTTATACCACCAGTACAGTACATTGTAG-3’,
R1: 5’- CTACAATGTACTGGTGGTATAAGGAACTGGAGTGTTCCCGTCTCTTG -3/,
F2:5- GAACACTCCAGTTCCTTATTACTCCTGTACATTGTAGAGGACTGGC-3’

R2:5’- GCCAGTCCTCTACAATGTACAGGAGTAATAAGGAACTGGAGTGTTC-3".

All constructs were verified by sequenciation.

Cell culture. 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).

For patch-clamp experiments trypsinized cells from a confluent 100-mm dish were
electroporated with 1 pg of DNA using a Bio-Rad Genepulser Xcell (Bio-Rad) with a 0.2-
cmgap cuvette and a single 110 V / 25 ms pulse. Transfected cells were then plated on a 50
mm dish.

For confocal imaging and co-immunoprecipitation experiments cells were seeded (70/80
% of confluence), in 6-well dish containing poly-lysine-coated coverslips or 100 mm dish,
respectively, 24 h before transfection with selected cDNAs. Metafectene PRO (Biontex)
was used for transfection according to the supplier’s instructions. The amount of
transfected DNA was 4 ug for a 100 mm dish and 500 ng for each well of a 6-well dish (for
coverslip use). Next, 4-6 h after transfection, the mixture was removed from the dishes
and replaced with new fresh culture media. All the experiments were performed 24 h after
transfection.
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Electrophysiology experiments. Transfected HEK-293 cells were trypsinized 24 h after
electroporation and re-plated on 35 mm glass-bottom dishes coated with Matrixgel (BD
Biosciences). After 2-4 h, cells were extensively washed with whole-cell external recording
solution, containing (in mM) 150 NaCl, 5 KCI, 10 CaCl2, 2 MgCl2, 10 glucose, and 10 HEPES,
pH 7.4. Transfected HEK-293 cells were chosen by using an Olympus FV1000 confocal
microscope equipped with spectral detectors and SIM scanner. Whole-cell K+ currents
were recorded at room temperature (RT) using an Axopatch 200B amplifier (Molecular
Devices).

Ionic currents were capacitance and series resistance compensated by 80-90%, sampled
at 10 kHz (Digidata 1440; Molecular Devices), and filtered at 2 kHz. All recordings were
performed with series resistance <5 M) and series resistance compensation of at least
80%. 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
made of borosilicate glass capillaries with filament (Sutter Instruments) using a Flaming-
Brown (P-87) micropipette puller (Sutter Instruments) and fire polished. Pipettes had a
resistance of 1.5-3 M{) when filled with a solution containing (in mM): 4 NaCl, 150 KCI, 1
MgCl2, 0.5 EGTA, 5 ATP(K), and 10 HEPES, pH 7.4. 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 current

Protein extraction, co-immunoprecipitation and western blotting. Cells were washed twice
in cold PBS and lysed on ice with lysis buffer (5 mM HEPES, 150 mM NaCl, 1% Triton X-
100, pH 7.5) supplemented with 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin
and 1 mM phenylmethylsulfonyl fluoride as protease inhibitors. Cells were next scrapped
and transferred to a 1.5 ml 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 tube and protein
contents were determined by using the Bio-Rad Protein Assay (Bio-Rad).

For co-immunoprecipitation, 1000 pg of protein of each condition were separated and
brought up to a volume of 500 ml with Lysis Buffer for IPs (NaCl 150 mM, HEPES 50 mM,
Titron X-100 1%, pH 7.4), supplemented with protease inhibitors. Preclean was
performed with 40 ul of protein A sepharose beads (GE Healthcare), in an orbital 1 h at
4°C. Next, each sample was incubated with a small chromatography column (BioRad Micro
spin Cromaotgraphy Columns), which contained 2.5 pg of anti-GFP antibody (Genescript)
previously crosslinked to protein A sepharose beads, for 2h at room temperature, with
continuous mixing in an orbital. Next, columns were centrifuged 30s at 1000g. The
supernatant (SN) was kept and stored at -202C. Columns were washed four times with
500ul of lysis buffer and centrifugations of 30sec at 1000 g. Finally, elution was performed
by incubation of the columns with 100ul of 0.2M glycine pH 2.5, and spun 30sec at 1000g.
The eluted proteins (IP) were prepared for western blot by adding 20pl of Loading Buffer
(5x) and 5pl of 1M Tris-HCI pH 10.

Irreversible crosslinking of the antibody to the sepharose beads was performed after one
hour of incubation at RT of the antibody with protein A sepharose beads, incubating the
beads with 500ul of dimethyl pimelimidate (DMP, from Pierce) for 30 min at RT. Next
columns, were washed four times with 500 pl of 1x TBS, four times with 500 pl of 0.2 M
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glycine pH 2.5 and three times more with 1x TBS. Once these steps are performed, the
columns could be incubated with the protein lysates, in order to perform the
immunoprecipitation, following the protocol described before.

In the experiments performed in presence of calcium or calcium chelators, the lysis buffer
(extraction and IP) was further supplemented with 2 mM CaCl2, or 2 mM EGTA plus 2 mM
EDTA, respectively.

Protein samples (50pug), supernatants 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) and blocked in 0.2% Tween-20-PBS
supplemented with 5% dry milk, before immunoreaction. Filters were immunoblotted
with antibodies against Kv1.3 (1/500, Neuromab), HA (1/1000, Sigma), KCNE4 (1/800,
Proteintech), GFP (1/1000, Roche) or Calmodulin (1/600, Millipore). Finally, filters were
washed with 0.05% Tween 20 PBS and incubated with horseradish peroxidase conjugated
secondary antibodies (BioRad).

DMP crosslinking protocol. Twenty-four hours transfected HEK cells were washed twice in
cold PBS and lysed on ice with a lysis buffer that contains: 50mM boric acid, 100mM of
potassium acetate, 2mM of magnesium clorur, 1mM of EGTA and 1% of triton at pH: 8,5.
Half of protein was incubate with 5mM of DMP for one hour, while the other remained as
a control. The reaction was stopped by adding 1mL of tris buffer 0,5M at pH: 6,8. Protein
samples (50ug) were boiled in Laemmli SDS loading buffer and separated on 7% SDS-
PAGE.

Kv1.3-KCNE4 complex modeling. Kv1.3 was modeled using high-resolution templates of
remote or close homologs available from the Protein Data Bank
(http://www.rcsb.org/pdb). The transmembrane domain and the N-terminus (except the
first 49 amino acids) were modeled with the Kv1.2 potassium channel (PDB code 2R9R).
The C-terminus and the remaining 49 amino acids from the N-terminus were modeled
with 3HGF (nucleotide binding domain of the reticulocyte binding protein Py235) and
1PXE (zinc-binding domain from neural zinc finger factor-1) codes, respectively
(Martinez-Marmol et al. 2013).

KCNE4 was modeled using high-resolution templates of homologs available from the
Protein Data Bank (http://www.rcsb.org/pdb). The N-terminus, transmembrane domain
and the proximal C-terminus (residues 1-98) were modeled with the KCNE1 (PDB code
2K21). The distal C-terminus (residues 99-170) were modeled with 3HTC, the best scored
model (C-score [-5,2]= -3,96 y 0,29+0,09 (TM-score), 12,2+4,4A (RMSD)) from i-Tasser
modeling server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). Then, multiple
sequence alignment was performed using CLUSTALW (Thompson et al., 1994) from the
European Bioinformatics Institute site (http://www.ebi.ac.uk). The homology modeling
was performed using the Swiss-Model Protein Modeling Server (Schwede et al. 2003) on
the ExPASy Molecular Biology website (http://kr.expasy.org/) under the Project Mode.
Structure visualization and modifications were made using Yasara v11.6.16 (Krieger et al.
2002) and DeepView v4 (Guex and Peitsch 1997). The orientation and optimization of the
side chains were carried out in two steps. First, the residues showing van der Waals
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clashes were selected and fitted with the “Quick and Dirty” algorithm (DeepView). Second,
the models were energy minimized (Yasara). Briefly, this process involved an initial short
steepest descent minimization to remove bumps, followed by a simulated annealing
minimization. In this procedure, the simulation cell was slowly cooled towards 0K by
downscaling the atom velocities. The entire system was subjected to an equilibration
process before the molecular dynamics simulation. The equilibration consisted of an initial
minimization of the fixed backbone atoms. Next, the restrained carbon alpha atoms were
minimized and a short molecular dynamics (10 ps) minimization was performed. The goal
of the latter step was to reduce the initial incorrect contacts and to fill the empty cavities.
Finally, under periodic boundary conditions in the three coordinate directions, the full
system was simulated at 3109K for 0.5 ns. All dynamic simulations were performed using
Yasara (Krieger et al., 2002) with the force field AMBERO3 (Duan et al. 2003). The cutoff
used for long-range interactions was set at 10 A. In addition, the model was evaluated
using PROCHECK to show the residues in the allowed regions of the Ramachandran plots
(Laskowsky et al. 1996). The final molecular graphic representations were created using
PyMOL v1.4.1 (http://pymorl.org/).

The resulting models were used to search for plausible docking interactions between
Kv1.3 and Kcne4. The docking process was set in a three-step procedure: (i) Docking the
Nterminus and the transmembrane domains of KCNE4. The docking model available for
KCNE1-Kv7.1 complex in the open state (Kang et al 2008) was used as template to align
the transmembrane regions of Kcne4 (fragment 1-62) on Kv1.3. This docking locates both
proteins in the membrane context and restricts the possible conformations of their
cytosolic domains. (ii) Docking the interacting regions. To accomplish the docking of the
cytosolic regions between Kv1.3 and Kcne4, we isolated the C-terminus of Kv1.3 (region
439-525) as well as the putative interacting region of Kcne4 (amino acids 63 to 81,
containing the leucines 69-72). The fragments were sent to GRAMM  server
(http://vakser.bioinformatics.ku.edu/resources/gramm/grammx/), for protein-protein
docking. The docking solutions were filtered by interaction energy and by
complementarity /compatibility with the transmembrane regions. The binding energy of
the docked complexes was obtained by calculating the energy between the C-terminus of
Kv1.3 and the KCNE4 fragment at infinite distance and then subtracting the energy of the
whole complex. The energy in each cluster was stored, analyzed, and applied to select the
most likely orientation of the interacting proteins. The energy of the model and the
docking complexes were tested using FoldX (Guerois et al. 2002; Schymkowitz et al. 2005)
on the CRG site: http://foldx.crg.es. The force field of FoldX allowed us to evaluate the
properties of the structure. Such parameters as the atomic contact map, the accessibility of
the atoms and residues, the backbone dihedral angles, the hydrogen bonds and the
electrostatic networks of the protein were assessed. (iii) Connection of the KCNE4
domains. The best docking solution of the step (ii) was merged with the complex obtained
in step (i). Finally the distal Cterminus of KCNE4 (fragment 82-170) was joined to obtain
the full Kv1.3-KCNE4 complex.

Confocal microscopy and image analysis. For confocal image acquisition cells were seeded
on poly-lysine-coated coverslips, and 24h later were transfected. The next day, cells were
quickly washed twice, fixed with paraformaldehyde 4% for 10 min, washed three times for
5min with PBS-K+. Finally, coverslips were mounted on microscope slides (Acefesa) with
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house Mowiol mounting media. Coverslips were let dry at RT at least one day before
imaging.

For membrane surface labelling, Wheat Germ Agglutinin-Texas Red (WGA) (from
Invitrogen) was used. Live cells (on ice) were quickly washed with PBS at 4°C and stained
with a dilution of WGA-TexasRed (1/1500) in DMEM supplemented with 30 mM Hepes for
15min at 4°C. Subsequently, cells were quickly washed twice and fixed with 4%
paraformaldehyde in PBS for 6 min. Next, cells were washed and mounted as described
before.

The Fluorescence Resonance Energy Transfer (FRET) via acceptor photobleaching
technique was measured in discrete ROI (Region of Interest). Fluorescent proteins from
fixed cells were excited with the 458 nm or the 514 nm lines using low excitation
intensities. Next, 475 to 495 nm bandpass and >530 nm longpass emission filters were
applied. The YFP protein was bleached using maximum laser power. We obtained
approximately 80% of acceptor intensity bleaching. Posteriorly, images of the donors and
acceptors were taken. The FRET efficiency was calculated using the equation [(Fcppafter —
Fcrpbetore) / Ferpbefore] *100, where Fcrpater Was the fluorescence of the donor after bleaching
and Fcrpberore Was the fluorescence before bleaching. The loss of fluorescence as a result of
the scans was corrected by measuring the CFP intensity in the unbleached part of the cell.

All images were acquired with a Leica TCS SL laser scanning confocal spectral microscope
(Leica Microsystems), equipped with an Argon and Helium-Neon lasers. All experiments
were done with a 63x oil-immersion objective lens NA 1.32. All offline image analysis was
done using Image ] software. A pixel by pixel colocalization study by using JACoP (Just
Another Colocalization Plugin) was used. Manders split coefficients were further obtained
which are proportional to the amount of fluorescence of the colocalizing pixels in each
colour channel.

RESULTS

C-terminus of KCNE4 is involved in Kv1.3 association

KCNE4 is a dominant negative peptide that exerts a reduction on Kv1.3 presence at the cell
surface (Sole et al., 2009). Two mechanisms are promoting this effect: the masking of
Kv1.3 export signal and the transferring of a retention motif to the channelosome (Sole et
al, 2016). This subunit interacts with the channel through the C-terminal domain of the
conducting protein. However, none is known about the part of KCNE4 implicated in this
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Figure 1. Scheme of the KCNE4-KCNE2 chimeras. KCNE4 domains are coloured in orange, while KCNE2 is coloured in blue.
B. Anti-CFP

In order to explore this specific issue, quimeric proteins were developed using KCNE4 and
KCNEZ2, the latter as a non-interacting peptide (Sole et al., 2009). It was initially explored
the possibility that the interaction could rely on the same part than with the KCNQ family.
Thus, the C-terminal domain of KCNE2 was transferred to KCNE4 leading the chimera
KCNE(4-4-2), and the reverse peptide was also generated so called KCNE(2-2-4) (figure 1)
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Figure 2. Membrane localization of chimeric KCNE proteins with WGA overlay. Confocal images from HEK-293 transfected
cells. A-D: KCNE4 mainly presented intracellular distribution. A: KCNE4CFP. B: membrane marker. C: merged image. D:
histogram of the pixel by pixel analysis of the section indicated by the arrow in D. E-H: KCNE2 shows better co-localization
with the membrane marker. E: KCNE2CFP. F: membrane marker. G: merged image, pink highlights partial co-localization. H:
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pixel by pixel analysis of the section indicated by the arrow in G. I-L: KCNE(4-4-2) also shows intracellular distribution. I:
KCNE(4-4-2)CFP. J: membrane marker. K: merged image. L: pixel by pixel analysis of the section indicated by the arrow in K.
M-P: KCNE(2-2-4) remains intracellular. M: KCNE(2-2-4)CFP. N: membrane marker. O: merged image. P: pixel by pixel

analysis of the section indicated by the arrow in O. Q: Quantification of the membrane expression of KCNE4, KCNE2, KCNE (4-
4-2) and KCNE(2-2-4). Data was compared with the relative intensity of KCNE4 at the plasma membrane (determined by co-
localization with the membrane marker). Values are the mean * of 20-27 cells. ***, p<0.001 vs KCNE2 and KCNE4 (Student’s
t-test). Scale bars: 10 pm.

Firstly, KCNE proteins and chimeras were expressed in HEK cells and non-deleterous
phenotype was detectable. In figure 2 there are representative images of the distribution
for KCNE4 (A-D), KCNE2 (E-H). KCNE(4-4-2) (I-K) and KCNE(2-2-4) (M-P). Similar to
KCNE4 (figure 2A-D) distribution, and contrary to KCNE2 (figure 1E-H), both KCNE(4-4-2)
and KCNE(2-2-4) exhibit an intracellular distribution (figure 2Q).

To decipher the implication of this domain in the final complex formation,
immunoprecipitations of those newly-generated proteins were performed in the presence
of Kv1.3 (figure 2). KCNE4, as well as KCNE(2-2-4), showed a coimmunoprecipitation band
corresponding to the channel, while KCNE2 and KCNE(4-4-2) do not. Thereby, it is only
detectable Kv1.3 where the C-terminal of KCNE4 is present.
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Figure 3. Immunoprecipitation of the C-terminus KCNE2KCNE4CFP chimeras in the presence of HA-Kv1.3. Anti-CFP was
used to immunoprecipitate KCNEsCFP peptides. Top panel: Immunoblot against Kv1.3. Bottom panel: immunoblot against
CFP. SM: starting material, IP+: immunoprecipitated in presence of CFP antibody, IP-: immunoprecipitated in absence of CFP
antibody. H: Sham-transfected HEK.293 cells.

The membrane targeting of Kv1.3 upon the presence of each peptide was analysed. KCNE4
(figure 4E-I) generates a massive retention of the channel (figure 4A-D), while KCNE2 do
not modify its traffic (figure 4J-N). Those results are similar to the previously published
(Sole et al, 2009). Although the KCNE(4-4-2) exerts an intracellular retention of the
channel (figure 40-S), a higher degree of the Kv1.3 at the plasma membrane was observed.
Moreover, there is a decrease in the colocalization between both proteins when compared
with Kv1.3-KCNE4 results (figure 4Y-Z). On the other hand, KCNE(2-2-4) generates a
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dramatic impairment of the Kv1.3 traffic to the plasma membrane (figure 4T-W) and both
proteins increased the colocalization reaching similar levels to those resumed for Kv1.3-

KCNE4 (figure 4Y-Z).
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Figure 4. Distribution of Kv1.3 in the presence of chimeric KCNE proteins. Confocal images from transfected HEK-293 cells.
A-D: Kv1.3 targeted to membrane surface. A: Kv1.3YFP, B: WGA, C: merged image, D: pixel by pixel analysis of the section
indicated by the arrow in D. E-I: Kv1.3 and KCNE4 co-localized intracellular. E: Kv1.3 YFP. F..KCNE4CFP. G: membrane
marker. H: merged image, yellow means co-localization with Kv1.3 and KCNE4 and white triple colocalization with
membrane marker. I: pixel by pixel analysis of the section indicated by the arrow in H. J-N: KCNE2 and Kv1.3 co-localized at
the plasma membrane. J: Kv1.3YFP. K: KCNE2CFP. L: membrane marker. M: merged image. N: pixel by pixel analysis of the
section indicated by the arrow in M. O-S: KCNE(4-4-2) and Kv1.3 did not share the same distribution, although both partially
localized intracellularly. O: Kv1.3YFP. P: KCNE(4-4-2)CFP. Q: membrane marker. R: merged image. S: pixel by pixel analysis
of the section indicated by the arrow in R. T-X: KCNE(2-2-4) mainly co-localized intracellularly with Kv1.3. T: Kv1.3YFP. U:
KCNE(2-2-4)CFP. V: membrane marker. W: merged image. X: pixel by pixel analysis of the section indicated by the arrow in
W. Y: Quantification of the relative amount of Kv1.3 that co-localizes with KCNE (left graph), and the amount of KCNE that
co-localizes with Kv1.3 (right graph). Z: Quantification of membrane expression of Kv1.3 under different conditions (left
graph), and the relative membrane expression of the KCNE peptides (right graph). Values are the mean # of 24-35 cells. *,
p<0.05; **,p< 0.01; *** p<0.001 (Student’s t-test). Scale bars: 10 um.

Considering our previous data, the interaction domain could not coincide with the specific
region that exerts the electrophysiological modulation. Patch-clamp studies of the channel
and the different chimeras were carried out and representative traces are showed in
figure 5: Kv1.3 (A), Kv1.3-KCNE4(B), Kv1.3-KCNE2(C), Kv1.3-KCNE(4-4-2) (D), KCNE(2-2-
4) (E). Only KCNE4 modulated Kv1.3 (2545.15+241.37 pA/pF, n=21 vs 1368.01+277.32
pA/pF, n=12, in the absence and the presence of KCNE4, respectively, ** p<0.01, Student’s
t-test). KCNE2, KCNE4-4-2 and KCNE2-2-4 showed similar values to Kv1.3
(2993.92+435.89 pA/pFa, n=9; 2408.75+786.37 pA/pFa, n=11; 2540.96+410.61, n=10,
respectively), which suggests that while KCNE2-2-4 associated with the channel, did not
inhibit its current (figure 5G).
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Figure 5. Representative traces from transfected HEK-293 cells with: A: Kv1.3, B: Kv1.3+KCNE4, C: Kv1.3+KCNE2, D:
Kv1.3+KCNE(4-4-2) and E: Kv1.3+KCNE(2-2-4). F: Pulse protocol. Cells were voltage 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. G:
Current densities. **, p< 0.01, (Student’s t-test).

Summing up, the C-terminal domain is implicated in the channelosome formation; even it
is not able to exert gating changes. Moreover, a partial interaction is happening between
KCNE(4-4-2) and the channel, since it is partially imposing KCNE4 effects. Since some
residues in the transmembrane segment of KCNE1 and KCNE3 were determined to exert
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gating modulation on Kv7.1. chimeras shifting the transmembrane domain were designed
(Melman et al., 2002, Melman et al,, 2001). Thus, KCNE(2-4-2) presents both soluble
domains of KCNE2 with KCNE4 transmembrane segment, and KCN(4-2-4) it is the reverse
chimera.

Upon coexpression with the channel, pull-downed KCNE4 and KCNE(4-2-4) were
accompanied by Kv1.3. However, KCNE2 did not drag the channel. The chimera KCNE(2-4-
2), which transmembrane segment comes from KCNE4, presented a
coimmunoprecipitation faint band of channel. Thus, it is clear that also some residues of
this part can enhance the channelosome formation (figure 6).
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minor determinants in the interaction with Kv1.3. Immunoprecipation
against CFP of transfected HEK-293 cells with Kv1.3HA and KCNE4CFP,
KCNE2CFP, KCNE(2-4-2)CFP or KCNE(4-2-4).. Schemes of the diferent
chimeras are also shown. KCNE4 domains are colored in orange, while
KCNE2 domains are colored in blue. Top panel: immunoblot against
Kv1.3. Bottom  panel: immunoblot  against  CFP. [P+:
immunoprecipitation in presence of anti-CFP antibody.

I Figure 6. Some residues at the KCNE4 transmembrane motif also act as

SN

Mapping the C-terminus of KCNE4

KCNE4 C-terminus is the longest and diverse within the KCNE family. Once we determined
that is in this region where the main interacting ability is placed, the exact location of this
domain was explored. To assess this question, sequentially cropped C-terminal mutants
were designed at different positions (figure 7A).

Immunoprecipitation assays were performed pulling-down Kv1.3CFP and
coimmunoprecipitation presence was observed for: KCNE4, KCNE_S151STOP,
KCNE_V140STOP, KCNE_V125STOP and KCNE_V96STOP. At longer exposures of the
western blot membranes, KCNE_Y73STOP can be also detected. However, KCNE_S68STOP
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lost the ability to form complexes. Thus, among the amino acids of those latter positions
the major interacting interface is located (figure 7B).

Between serine-68 and tyrosine-73, there is a tetraleucine motif (69-72) that could be the
responsible signature for this associating capability. Therefore, we mutated these four
residues to alanines (KCNE4(L69-72A)CFP). In addition, two or four leucines were
incorporated into the KCNE2 C-terminus at the homologous position (KCNE2-LL-CFP and

KCNE2-LLLL-CFP, respectively) (figure 8A)
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Figure 7. KCNE4 C-terminal domain mutants. A: Scheme from the KCNE4 C-terminus Stop codon mutants, indicating the
amino acid which has been replaced for a stop codon, and its position. Mutants were performed by single-site directed
mutagenesis from HAhKCNE4. B: Coimmunoprecipitation of KCNE4 Cterminus Stop mutants. Left panel: starting materials
from transiently transfected HEK-293 cells lysates. Right panel: Immunoprecipitated samples. Top panel: immunoblot
against HA. Bottom panel: immunoblot against CFP. SM: starting material. IP: immunoprecipitation.
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Figure 8. Role of a tetra-leucine motif in KCNE4 C-terminal domain A: Proximal sequence of the C-terminus of KCNE4,
KCNE2, KCNE4(L69-72A), KCNE2LL and KCNE2LLLL peptides. The tetra-leucine motif is depicted in green. Mutations are
highlighted in red. The green underlined amino acids represent the homologous region of the tetra-leucine motif. B: The
tetraleucine motif is involved in KCNE4-Kv1.3 interaction. Immunoprecipitation of KC(NECFP mutants and Kv1.3HA, against
CFP. Top panel: immunoblot against CFP. Bottom panel: immunoblot against Kv1.3. SM: Starting material. IP+:
Immunoprecipitated in presence of CFP antibody. IP-: Immunoprecipitated in absence of CFP antibody

Immunoprecipitation experiments against CFP were performed in transfected cells with
all the mutants and Kv1.3. The channel effectively coimmunoprecitated with KCNE4CFP,
but in the case of KCNE4(L6972A)CFP the level of coimmunoprecipitation decreased (Fig.
8B). On the other hand, while KCNE2 is a non-interacting protein for Kv1.3, the presence
of two leucines (KCNE2LLCFP) led to the association of the two proteins. Moreover, when
the complete signal was transferred to this subunit, the level of co-immunoprecipitation
triggered a notable increase. These experiments confirmed that the tetra-leucine motif of
KCNE4 is playing a central role for anchoring to the channel. Furthermore, this domain is
sufficient to transfer this capability to other KCNE members.
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Figure 9. Molecular modeling of the Kv1.3-KCNE4 complex. A: Modeling of Kv1.3. Each subunit of the tetramer is
differentially colored (cyan, pink, green and yellow). The C-terminus of the yellow subunit is colored in red. B: Molecular
modeling of KCNE4 (blue). An enlargementof the tetra-leucine motif in the proximal KCNE4 C-terminus is shown. C: Docking
of the Kv1.3-KCNE4 complex. Two models are equally possible, regarding the configuration of Kv1.3 and KCNE4 C-terminus.
Model A involves amino acids from 474 to 484 of Kv1.3 and Leucines 69 and 72 of KCNE4. Model B involves residues 490 to
500 of Kv1.3 and Leucines 69, and 72 of KCNE4.

Implementing as a template the structural model of Sanders and collaborators of Kv7.1-
KCNE1 complex (Kang et al. 2008), and considering our previous results, we used
molecular dynamics modelling in order to obtain a putative model of the Kv1.3-KCNE4
complex (figure 9). KCNE4 (in blue) lies in a cleft between two Kv1.3 subunits, near S1 of
one subunit and the S6 helix from another one, similar to the interaction described for the
Kv7.1-KCNE1 open state. Thereby, it points out the possibility of interacting through the
transmembrane domain of the auxiliary subunit.

But the more relevant part of this modelling considering our research, is regarding the
position of the C-terminus of KCNE4. After an extensive docking analysis, we suggest two
possible conformations. The first model considered (Model A) involves a hydrophobic
pocket formed by L474, S477, M480, V481, 1482, E484. Amino acids from 480 to 484 are a
portion of the exhibiting motif previously described (Martinez-Marmol et al., 2013). The
L69 and L72 coming from KCNE4 sequence seem to be the two principal aminoacids
playing the main role in the interaction. Thereby, the tetraleucine motif would exert the
masking effect on the export of the channel. In the second model (Model B), the residues
implicated are F492-G500 of Kv1.3 and L69, L70 and perhaps L72 of KCNE4.

Oligomerization capability of KCNE4 resides also at tetraleucine motif

Few studies are relating the leucine rich domains with the capability to form
homoligomers. For instance, upon activation of the toll-like receptors, their leucine-rich
domains allow the dimerization (Berglund et al., 2015). Since there is a high similarity
with the previous domain, implicated in the interaction with Kv1.3, we decided to check
the possibility of oligomer formation.

Two different techniques were implemented to assess the answer. Comimunoprecipitation
assay in HEK cells transfected with KCNE4CFP and KCNE4HA was assumed. Pull-down of
KCNE4CFP leaded to the detection of a partner complexed: KCNE4HA (figure 10A).
Moreover, FRET technique was performed for the pair KCNE4CFP/KCNE4YFP (figure 10B-
D). CFP/YFP and Kv1.3CFP/Kv1.3YFP were used as positive and negative controls of the
technique. KCNE1CFP/KCNE1YFP was also included as a negative condition of the specific
experiment. It was previously described that this subunit is not forming any complex
when expressed alone. Positive FRET values were obtained for both Kv1.3 and KCNE4
condition, while KCNE1 was not statistically distinguishable from the negative control
(figure 10E). Thereby, KCNE4, different from other KCNE peptides, has the capability of
forming oligomers.
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Figure 10. KCNE4 is able to form homoligomers. A. Immunoprecipitation assay against KCNE4CFP in the presence of
KCNE4HA. Top panel: Immunoblot against CFP. Bottom panel: immunoblot against HA. SM: starting material. SN+:
supernatant of the precipitation in the presence of antibody. SN-: supernatant of the precipitation in the absence of antibody.
IP+: Immunoprecipitation in the presence of the antibody. IP-: Immunoprecipitation in the absence of the antibody. B-E.:
Homoligomerization detected by FRET acceptorphotobleaching technique. B: Representative image of a donor transfection.
C: Representative image of an acceptor transfection. D: FRET image obtained on the relationship donor pre-bleach versus
donor post-bleach after the acceptor photobleaching. E: FRET efficiency quantification. Values are the mean of 20-30 cells.
**% p<0.001 compared with the negative conditions (Student’s t-test).

The possible stoichiometry of this protein is completely unknown since no other KCNE
member has been demonstrated to form complexes. Moreover, as mentioned before,
KCNE1 oligomerization was discarded some years ago by bleaching-steps technique
(Nakajo et al., 2010). To approach to the answer, DMP crosslinking and western blot
analysis was performed. This compound generates covalent bounds with proteins that are
not exceeding the 9,2A distance. Thereby, it allows a current protein extraction, boiling
and loading in gels to perform typical western blot of HEK cells transfected with the
condition of interest. Complexes can then be identified by weight without taking into
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account other variables. Mock, CFP, Kv1.3CFP and KCNE4CFP conditions were transfected,
and after the protein extraction, a portion was treated with DMP. Mock and CFP were used
as negative controls. In Kv1.3CFP lines it is detectable that, upon DMP treatment, the
monomer weight decreases, while the tetramer increases (figure 11 red arrows).
Similarly, KCNE4 monomer molecular weight presents a lower signal when exposed at
DMP, and a band pattern appears at dimerization predicted level (figure 11 yellow
arrows). No further bands were obtained in this last condition. Thereby, KCNE4 is forming,
most probably dimers when oligomerisation occurs.

o-GFP

Figure 11. Dimerization of KCNE4 as the major macromolecular conformation. Protein extraction non-treated (-DMP) and
treated (+DMP) with this crosslinker. Immunoblot against CFP. Lower yellow arrow, KCNE4 monomer molecular weight.
Lower red arrow, Kv1.3 monomer molecular weight. Upper yellow arrow, KCNE4 dimer molecular weight. Upper red arrow,
Kv1.3 tetramer molecular weight.

Immunoprecipitation assays were performed. While HA-tagged KCNE4 is forming
complexes with KCNE4CFP, the mutant KCNE4(L69-72A)CFP exhibits a strong decrease in
this ability (figure 12A arrow). It is detectable a small portion of KCNE4(L69-72A)HA,
pointing to other possible interfaces involved, but the major interacting domain is the
tetraleucine motif. FRET acceptorphotobleaching technique was implemented to confirm
the previous results (figure 12B). CFP/YFP and Kv1.3CFP/Kv1.3YFP were used as negative
and positive controls respectively. Even reaching significantly positive values, the
condition KCNE4(L69-72A)CFP/KCNE4YFP presents a reduction of around 40% of FRET
efficiency. Similar to the determinants involved in the interaction with the channel, the
induction of this capacity by transferring this domain was tested. Thus, upon coexpression
on HEK cells, immunoprecipitation of KCNE4CFP, KCNE4(L69-72A)CFP, KCNE2 and
KCNE2ZLLLL were performed in the presence of KCNE4HA. Compared with KCNE4 wild
type and the tetraleucine motif, a completely negative interaction is observed for the
combination with KCNE2. Upon transference of this signal to KCNE2, the capacity of
forming complexes with KCNE4 is detectable (figure 12C arrow).
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Figure 12. KCNE4 oligomerization ability is placed at the tetraleucine domain and it is transferable. A. Immunoprecipitation
assay against KCNE4CFP and KCNE4(L69-72A)CFP in the presence of KCNE4(L69-72)AHA. Top panel: Immunoblot against
CFP. Bottom panel: immunoblot against HA. SM: starting material. IP+: Inmunoprecipitation in the presence of the antibody.
IP-: Immunoprecipitation in the absence of the antibody. Arrow indicates KCNE4HA band. B. FRET efficiency quantification.
Values are the mean of 20-30 cells. ***, p<0.001 compared with negative condition or KCNE4 wild type (Student’s t-test). A.
Immunoprecipitation assay against KCNE4CFP, KCNE4(L69-72A)CFP, KCNE2 and KCNE2LLLLCFP in the presence of
KCNE4HA. Top panel: Immunoblot against CFP. Bottom panel: immunoblot against HA. SM: starting material. IP+:
Immunoprecipitation in the presence of the antibody. Arrow indicates KCNE4HA band.

KCNE4 is, thus, able to form oligomers, probably dimers, using the same interface
described for calmodulin and Kv1.3 interaction. Thus, the complex could be impaired upon
the presence of those two partners (figure 13A). To analyse this hypothesis, FRET
efficiency levels between KCNE4CFP and KCNE4YFP were analysed, when transfected
without or with untagged calmodulin and Kv1.3. CFP/YFP and Kv1.3CFP/Kv1.3YFP were
used as negative and positive controls (figure 13B). Compared with the transfection of just
KCNE4, the presence of calmodulin and Kv1.3 is impairing partially the formation of those
complexes or disrupting the already-formed oligomers. However, the efficacy to influence
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on the interaction is different. While calmodulin was transfected in a ratio 1:1 with KCNE4
to produce a significant effect, Kv1.3 was in a 1:3 relation. Thus, although both proteins
can exert a similar disruption, the efficiency is higher for Kv1.3.
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Figure 13. Calmodulin and Kv1.3 presence impair the dimerization process of KCNE4. A. Schematic representation of the
possible competence with the dimer KCNE4CFP/KCNE4YFP. B. FRET efficiency quantification of KCNE4CFP/KCNE4YFP in
the presence of untagged calmodulin and Kv1.3. Values are the mean of 20-30 cells. *** p<0.001 compared with the
negative control. #, p<0.05. ##, p<0.01 compared with solely KCNE4CFP/KCNEYFP (Student’s t-test).

Calmodulin controls COPII-dependent KCNE4 traffic through the tetraleucine motif

Calmodulin is a highly studied transmitter of the calcium signalling in the cell physiology.
Upon an increase in this specific ion, calmodulin is interacting with four of its ions and
changing dramatically the conformation. Moreover, several proteins has been determined
to interact and response to calcium-calmodulin complexes. Considering ion channels
physiology it is known to enhance the traffic of Kv7 channels by interacting at a specific
domain of their N-terminus (Liu and Devaux, 2014). Thereby, the traffic of KCNE4 was
investigated coexpressed with exogenous calmodulin.

Upon coexpression of calmodulin-YFP and KCNE4, two different cell populations were
identified. Compared with the KCNE4 solely expressed (figure 14A-C), some were
presenting the typical KCNE4 ER pattern (figure 14H-K), but some others exhibit
membrane staining (figure 14D-G). All the images were obtained using the same
parameters of laser intensity and photo-multiplication. Thus, a study of both calmodulin
and KCNE4 intensities were calculated and plotted against the localization of KCNE4 at the
endoplasmic reticulum. As shown in figure 13L, the higher the ratio KCNE4/Calmodulin;
the lower the colocalization of KCNE4 and ER marker (figure 14L). Thus, calmodulin
presence is directly proportional to ER exit by KCNE4. Concomitantly with figure 13, the
ratio 1:1 among those two proteins is the possible threshold for the disruption.
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Figure 14. KCNE4 ER colocalization in the presence or the absence of calmodulin. A-C. KCNE4 colocalization with ER
marker. A: KCNE4. B: ER marker. C: merge of channels, purple means colocalization. D-K: Two populations can be found
upon cotransfection with calmodulin. D: KCNE4 distribution type 1. E: Calmodulin. F: ER marker. G: merge of channels, white
means triple colocalization. H: KCNE4 distribution type 2. I: Calmodulin. J: ER marker. K: merge of channels. Purple means
colocalization between KCNE4 and ER marker. Yellow means colocalization between KCNE4 and calmodulin. White or soft
pink means triple colocalization. L: ER colocalization of KCNE4 plotted against the KCNE4/Calmodulin ratio. Potential
regression curve is fitting with the data. Formula and R? calculation are specified. Values were obtained from 20-30cells.

Scale bars: 10 pm.

In the previous contribution it was described a highly positive domain that retains KCNE4
at the endoplasmic reticulum. To further confirm the implication of the tetraleucine motif
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in the KCNE4 traffic, membrane colocalization analysis of the mutant KCNE4(L69-72A)CFP
was analyzed and compared with KCNE4ERRM. Compared with the typical ER retention
pattern of KCNE4 (figure 15A-C) both KCNE4(L69-72A)CFP (figure 15D-F) and
KCNE4(ERRM) (figure 15G-I) present a higher colocalization signal at the cell surface. We
decided to mutate both signals in a unique protein in order to dissect if the signals were
impairing different traffic ways. This new peptide, so called KCNE4(RM&L), was neither
present in the ER compartment but at the cell surface. Quantification of this traffic showed
that all three mutants are significantly more present at the plasma membrane than KCNE4
wild type (figure 15Y). Even the tendency to exit the ER compartment is bigger for
KCNE4(RM&L), the membrane staining is not statistically different. Thereby, KCNE
retention motif and tetraleucine domain are driving the exit through the same mechanism.
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Figure 15. KCNE4 peptides traffic to the plasma membrane through a COPIl-dependent mechanism. A-C. KCNE4
colocalization with membrane marker. A: KCNE4. B: membrane marker. C: merge of channels. D-F: KCNE4(L69-724)
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increases its colocalization with the membrane marker. D: KCNE4(L69-72A). E: membrane marker. F: merge of channels. G-
[: KCNE4(ERRM) presents higher colocalization with the membrane marker. G: KCNE4(ERRM). H: membrane marker. I:
merge of channels. J-L: KCNE4(RM&L) exhibits the highest membrane colocalization. J: KCNE4(RM&L). K: membrane
marker. L: merge of channels. M-0. KCNE4 colocalization with membrane marker in the presence of Sar1-H79G. M: KCNE4.
N: membrane marker. O: merge of channels. P-R: KCNE4(L69-72A) impairment of its colocalization with the membrane
marker in the presence of Sar1-H79G. P: KCNE4(L69-72A). Q: membrane marker. R: merge of channels. S-U: KCNE4(ERRM)
shows a fewer colocalization with the membrane marker in the presence of Sar1-H79G. S: KCNE4(ERRM). T: membrane
marker. U: merge of channels. W-Y: KCNE4(RM&L) exhibits a lower membrane colocalization in the presence of Sar1-H79G.
W: KCNE4(RM&L). X: membrane marker. Y: merge of channels. Purple means colocalization. Y: Quantification of membrane
colocalization using Mander’s coefficient. **, p<0,01; *** p<0.001 compared with KCNE4 wild type. ##, p<0.01 compared
with KCNE4(L69-72A), KCNE4(ERRM) and KCNE4(RM&L) for each condition. Values were obtained from 20-30cells. Scale
bars: 10 pm.

To ensure which is the pathway that KCNE4 uses to traffic to the plasma membrane, Sar1-
H79G was cotransfected with each peptide. This is an inactive mutant of the conventional
secretory pathway. Thus, when it is coexpressed, COPIl dependent ER-export traffic is
impaired. KCNE4(L69-72A)CFP (figure 14P-R), KCNE4 (ERRM) (figure 14S-U) and
KCNE4(RM&L) (figure 14V-X) switched back to the KCNE4 typical pattern. Moreover wild
type protein was not affected by the presence of Sar1-H79G (figure 14M-0). Quantification
of the three mutants revealed a significant reduction in membrane colocalization
comparable to KCNE4 levels. Thereby, both signals are involved in the impairment of the
KCNE4 traffic, while in its sequence it presents the ability for exiting by COPII dependent
pathway.

The tetraleucine motif can interact with Calmodulin and Kv1.3 as well as controls the
subcellular localization of KCNE4. Since all mutant proteins present an enhanced traffic to
the plasma membrane and the pathway involved is the same used by Kv1.3, the effect on
the complete channelosome of these sequence alterations was investigated. Moreover,
previous results from our laboratory suggest that some KCNE-Kv combinations can traffic
to the plasma membrane using unconventional routes, while separately KCNE peptide
travel through the conventional one. Thereby, the possible pathway for the
channelosomes upon coexpression was also assessed.

Coexpression of KCNE4 and the mutants with Kv1.3 leaded to different effects on the
channel. KCNE4 is impairing its distribution at the plasma membrane (figure 15A-D) as
previously published by our laboratory (Sole et al., 2009). As described in the contribution
2, KCNE4 ERRM is able to rescue partially the traffic of the channel to the cell surface
(figure 15I-L). Similarly but in a major extend, KCNE4(L69-72A) allows a higher
membrane targeting of the channel (figure 15E-H). Since this mutant presents a partially
impaired interaction, the behavior observed could be due to solely Kv1.3. However, when
we analyzed the presence at the cell surface of KCNE4(L69-72A) in the presence or in the
absence of Kv1.3 (figure 14Y and figure 15GG), this mutant significantly traffics more to
the plasma membrane when Kv1.3 is present. Thus, it is likely to consider that effects are
due to a non-masking Kv1.3 export signal event rather than a dissociation phenomenon.
This conclusion is supported by the model A of the molecular dynamics, which places the
interface interaction with the tetraleucine motif at the YMVIEE signal. The presence of
both mutations in the same protein achieves the highest values of Kv1.3 presence at the
cell surface. The absence of the retention motif and the tetraleucine domain stops the
massive impairment of Kv1.3 (figure 15M-0).
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Figure 16. Kv1.3 targets the plasma membrane upon coexpression with KCNE4 mutants through COPII-dependent
mechanism. A-D: Kv1.3 and KCNE4 membrane targeting. A: Kv1.3. B: KCNE4. C: membrane marker. D: merge of channels. E-
H: Kv1.3 and KCNE4(L69-72A) are trafficking better to the plasma membrane. E: Kv1.3. F: KCNE4(L69-72A). G: membrane
marker. H: merge of channels. I-L: Kv1.3 and KCNE4(ERRM) also target higher the membrane. I: Kv1.3. ]: KCNE4(ERRM). K:
membrane marker. L: merge of channels. M-P: Kv1.3 and KCNE4(RM&L) similar distribution to the other mutants. M: Kv1.3.
N: KCNE4(RM&L). O: membrane marker. P: merge of channels. Q-T: Kv1.3 and KCNE4 membrane targeting in the presence
of Sar1-H79G. Q: Kv1.3. R: KCNE4. S: membrane marker. T: merge of channels. U-X: Kv1.3 and KCNE4(L69-72A) impair their
traffic in the presence of Sar1-H79G. U: Kv1.3. V: KCNE4(L69-72A). W: membrane marker. X: merge of channels. Y-BB: Kv1.3
and KCNE4(ERRM) decrease the membrane staining upon Sarl-H79G coexpression. Y: Kv1.3. Z: KCNE4(ERRM). AA:
membrane marker. BB: merge of channels. CC-FF: Kv1.3 and KCNE4(RM&L) diminution of traffic in the presence of Sarl-
H79G. CC: Kv1.3. DD: KCNE4(RM&L). EE: membrane marker. FF: merge of channels. Yellow means colocalization between
Kv1.3 and KCNE4. Purple, colocalization between KCNE4 and the membrane marker. Aquamarine, colocalization between
Kv1.3 and the membrane marker. White, triple colocalization. GG: Quantification of Kv1.3 membrane colocalization using
Mander’s coefficient. HH: Quantification of KCNE4 membrane colocalization using Mander’s coefficient.**, p<0,01; ***, p<
0,001 compared with KCNE4 wild type. ##, p<0,01; ###, p<0,001 compared with KCNE4(L69-72A), KCNE4(ERRM) and
KCNE4(RM&L) for each condition. Values were obtained from 20-30cells. Scale bars: 10 pm.
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Excepting KCNE4 (figure 15Q-T), the coexpression of Sar1-H79G generates a retention at
the ER on KCNE4(L69-72) (figure 15U-X), KCNE4(ERRM) (figure 15Y-BB) and
KCNE4(RM&L) (figure 15CC-FF) . Levels of surface expression are significantly different
from those obtained without the Sar1-H79G in each condition. Moreover, they are similar
to KCNE4 wild type condition. Thus, channelosomes that do not present or the retention
or the tetraleucine motif, are exiting the ER compartment through the conventional
secretory pathway (figure 14GG).

The analysis of the KCNE4 peptides behavior revealed some supporting information. As
mentioned before, the absence of the tetraleucine motif and the coexpression with Kv1.3
generates a higher membrane targeting of KCNE4(L69-72A). However, KCNE4(ERRM)
kept the same distribution. Both mutations in the same peptide do not lead to a
significantly different cell surface expression than the tetraleucine motif (figure 15HH).
Thereby, upon coexpression with the channel, the masking effect on the export signal
seems to have a deeper effect than the retention motif. However, both control the exit
from the ER avoiding the COPII mechanism.

Tango of KCNE4, Kv1.3 and Calmodulin

The role of KCNE4 on Kv1.3 is to exert dominant-negative effects of its membrane
functions, while calmodulin can generate an enhancement of KCNE4 traffic. Both
Calmodulin and Kv1.3 require KCNE4 tetraleucine motif intact, since the interaction
domain is shared. Thereby, it could be inferred a putative competence for this domain
leading an impossible tripartite complex. On the other hand, since the transmembrane
domain can interact also with Kv1.3, channelosome formation with the three peptides
could also be contemplated.
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Figure 16. Kv1.3 and KCNE4 coimmunoprecipated with CaM. Immunoprecipitation against CFP of HEK-293 cells transfected
with the indicated proteins (+), in the presence of 2 mM Ca2+ and 2 mM EDTA plus 2 mM EGTA. Top panel: Immunoblot
against CaM. Center panel: Immunoblot against: Kv1.3. Bottom panel: immunoblot against KCNE4.
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To solve this question, immunoprecipitation assays of calmodulinYFP were performed in
the presence of KCNE4, Kv1.3 or both proteins. All the conditions were split in two in
order to incubate them with calcium or EDTA/EGTA mixture. Thus, the calcium-
dependence of an interaction can be observed.

As previously described, Calmodulin can interact with KCNE4 in the presence of calcium,
but not EDTA/EGTA (Ciampa et al., 2011). Surprisingly, Kv1.3 can be also detected in
those specific conditions associated with calmodulin. However, upon triple coexpression,
neither KCNE4 nor Kv1.3 is detectable coimmunoprecipitating (figure 16). Thereby, a
competence phenomenon for KCNE4 tetraleucine domain is taking place once all three
proteins are expressed together.

DISCUSSION

The present work describes intensively the KCNE4 domain implicated in the interaction
with Kv1.3. A tetraleucine motif at the juxtamembrane domain of KCNE4 C-terminus is
mediating the complex. Few evidences are known in the interacting interface of the KCNE
family. It was described that KCNE1 transmembrane domain is involved in the interaction,
while the C-terminal was modulating the properties of Kv7.1 (Tapper and George, 2000) .
Posteriorly, exactly the opposite data was defended by another group. While the
cytoplasmic domain is anchoring the channel, the transmembrane is modulating the
electrophysiological signature (Melman et al,, 2001). Further research leaded to a bipartite
theory: both C-terminus and transmembrane domains were mediating the interaction. For
modulation, the KCNE transmembrane sequence is either active or passive in basal
activation. In the case of KCNE3, the transmembrane domain is active and overrides the C-
terminus. Conversely, the KCNE1 transmembrane domain is passive and reveals a C-
terminal modulation of K7.1 (Gage and Kobertz, 2004). Within this scenario, KCNE4-Kv1.3
combination resembles to KCNE3: a cytoplasmic domain involved in the anchoring, while
it is not modulating the channel features. The tetraleucine motif was shown not only to be
necessary but sufficient to transfer the ability of forming complexes. However, no current
modifications are derived from the entire domain. Contrarily, other studies focused on
KCNE4 pointed out that modulation of Kv7.1 currents needs the C-terminal domain, even
it is not sufficient (Manderfield et al., 2009). Thereby, Kv1.3 and Kv7.1 do not share the
same KCNE4 regulating mechanisms.

Dileucine motifs have been identified as mediators in functions as promoting the
endocytosis, protein-protein interactions or basolateral trafficking (Govers et al., 1998, Xu
et al,, 2016b, Wang et al,, 2007, de la Fuente-Ortega et al., 2015). Few are known relating
those domains to dimerization capability. Leucine enriched domains has been implicated
as mediators in the physiology of the Toll-like receptors enhancing the oligomerization
state upon stimulation (Berglund et al,, 2015). However, those domains mainly imply a
leucine residue every three other amino acids (Afzal et al., 2013). As presented in this
work, the tetraleucine signal is the main part of the protein able to generate those dimers,
and it is sufficient to transfer this capability. Moreover, we have demonstrated that they
are acting as trafficking impairments. The mutation of this signal, as well as the previous
analysed retention signal, allows KCNE4 to target the plasma membrane (Sole et al., 2016).
Several publications have related the traffic of other proteins with those specific residues.
Contrarily to our results, the mutation to alanine of a dileucine motif in the organic soluble
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transporter impairs its membrane localization (Xu et al, 2016b). However, other
publications pointed out an opposite role. For instance, acid sensing ion channels present
a double dileucine motif (LLDLL) and when mutated, those enhance their the presence at
the plasma membrane (Wu et al, 2016). Moreover, the mutation of a dileucine
determinant at the carboxyl terminal sequence of the LHf3 subunit generates an increased
trafficking and exocytosis (Jablonka-Shariff and Boime, 2011). Our results showed that the
masking of this specific signal, thus, enhances its traffic to the plasma membrane.
Calmodulin, upon calcium stimuli, can interact with KCNE4 specifically at this domain
(Ciampa et al., 2011). Concomitantly, when both proteins are coexpressed, Calmodulin
partially impairs the dimerization and promotes KCNE4 export through COPII mechanism.
Thereby, it is likely to speculate that this implicates a masking of the leucine motif. Similar
mechanism was proposed for E-cadherin endocytosis. A dileucine motif in the
juxtamembrane cytoplasmic domain is required for E-cadherin endocytosis. When
mutated, this protein can no longer be internalized. An interactor, p-120, is able to interact
and mask this signal and thus reducing the endocytosis (Miyashita and Ozawa, 2007).
Thereby, KCNE4 final targeting can be controlled by calcium stimulus. Furthermore, the
previous data show that KCNE4 sequence presents specific signals to traffic to the plasma
membrane through COPII mechanism. Even the glycosylation modification was described
for those proteins, the specific trafficking mechanism was not previously dissected
(Malaby and Kobertz, 2013). However, the balance of exiting and staying signals is highly
displaced to the retention ones. Considering that some authors defend that the assembly
of KCNE and Kv channels can happen at the cell surface, calmodulin could be controlling
the already-synthesized channels by trafficking KCNE4 (Vanoye et al., 2010).

The channelosome formation with Kv1.3 generates a massive retention of the channel at
the ER compartment (Sole et al., 2009). As described in the previous contribution, this is
due to two different mechanisms: the masking of the YMVIEE signal of the channel and the
addition of retention signals coming from KCNE4 (Sole et al,, 2016). The absence of the
tetraleucine motif generates also an increased presence of Kv1.3 at the plasma membrane.
Even the interaction driving force is absent; at a cellular level they remained together
through the transmembrane domain. Changes in KCNE4(L69-72A) distribution upon
coexpression with Kv1.3 revealed this association. If we consider the first model proposed
in the molecular dynamics data, the absence on the tetraleucine motif would leave the
YMVIEE signal not covered and thus generating the recognition by Sec24. Thereby, our
data is pointing that the tetraleucine motif is the responsible of the export signal covering.
Thus, both tetraleucine motif and the retention signal are involved in controlling the exit
of the channelosome through the COPII-dependent mechanism. As shown in the first
contribution, it is the mechanism used by Kv1.3 to reach the cell membrane (Martinez-
Marmol et al., 2013).

Finally, we demonstrate that Kv1.3, KCNE4 and Calmodulin are in a tight relationship.
However, no tripartite complexes are able to be formed. Contrary to Kv7.1, Kv1.3 does not
need calmodulin to interact with KCNE4 (Ciampa et al., 2011). Considering Kv1.3 and
Calmodulin, although previous investigations described a negative interaction, we have
shown a possible complex formed by those two proteins (Fanger et al., 1999). Actually,
previous studies revisited the effect of calcium on Kv1.3 current and a dependent
reduction of Kv1.3 current in megacariocytes and also COS-7 transfected cells was
observed (Martinez-Pinna et al. 2012). However, further studies need to be performed to
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discard a tripartite complex mediated by an associated kinase (for instance CaMKII)
(Chang et al,, 2001). Taking all results in consideration, the present work is highly relevant
regarding the importance of all three proteins at the immune system. Further research is
imperative to understand the regulation of all three entities and the role of each on the
physiology of their partners.
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ABSTRACT

Voltage-gated potassium channels are key proteins in highly different processes of the
cellular physiology. Kv1.3 has been described to be a player in activation and proliferation
of T-cells, as well as in apoptosis. The in vivo constitution of those proteins is not as solely

conducting entities but as channelosomes coupling auxiliary subunits. Several different

families have been described to modulate Kv channels. They can alter from the
electrophysiology to the traffic or the subcellular localization, controlling the final
function. KCNE4 is a Kv1.3 regulator with a dominant-negative effect by impairing its
traffic to the plasma membrane. Kvf32.1, also a channel partner, determines the specific
submembrane fractions presence. Moreover, Kvf32.1 can partially counteract the PMA-
dependent endocytosis of Kv1.3. Both can exert changes in the electrophysiological
properties of this specific channel. All three proteins share the expression in similar
tissues. Therefore, the present work analysed the possibility of tripartite complexes and
their putative effects on the final channel physiology. They can build macromolecular
conducting entities that behave highly similar to KCNE4-Kv1.3 complexes. However,
electrophysiology recordings exhibit slight differences due to the presence of Kvf32.1. This
work represents a step further to comprehend the possible channelosome combinations in
native cells.
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INTRODUCTION

Kv channels are highly important proteins involved in several different cellular functions.
In vivo studies showed that rarely are acting as solely conducting entities, but as
multiprotein complexes. The partners of a channelosome are known as B or auxiliary
subunits. From their discovery, a wide range of modifications induced by those peptides
has been published. Electrophysiology modulations have been extensively studied in
multicomplexes, but distribution, traffic and turnover are also affected features (Hille,
2001).

Mainly, studies are focused in the combination of Kv channels and a unique B-subunit.
However, in vivo systems contain a vast number of auxiliary subunits. Therefore,
complexes formed by a Kv channel and more than one modulator are physiologically
relevant. Regarding KCNEs subfamily, some publications deciphered that, indeed,
tripartite complexes were possible to be formed. Thus, from mouse brain Kv12.2 was
isolated forming channelosomes with KCNE1 and KCNE3 (Clancy et al., 2009). Moreover,
all members of the KCNE family have been reported to modulate channels integrated by
Kv7.1-KCNE1 forming tripartite complexes (Lundquist et al, 2005, Wu et al.,, 2006).
Considering the Kvf3 family, few studies were designed to decipher the effects of a Kvf3
mixture on the channel. For instance, intermediate modulation was detected on Kv1.2
upon the presence of Kv31.2 and Kv32 (Accili et al., 1997a).

Considering channelosomes formed by three different auxiliary families, it was published
that KCNE4 requires calmodulin to interact and alter Kv7.1 (Ciampa et al, 2011).
Previously, it was also described the possible complex formation among KChIP, DPPX and
Kv4.2 building the combination to generate an I, current in neurons (Seikel and Trimmer,
2009). Moreover, the Iks complex can interact with Yotiao forming a tripartite
channelosome (Abbott, 2016a). However, there is not massive research regarding this
topic. The present work addressed the possible complex formation among Kv1.3, Kv[32.1
and KCNE4. All three entities are expressed in similar tissues but there is not available
information about their putative tripartite interaction (Vicente et al., 2005, Sole et al,,
2009, Abbott, 2016b, Downen et al, 1999). Thereby, channelosome formation,
electrophysiology consequences and traffic analysis of this specific combination were
addressed. KCNE4 dominance was observed for the trafficc but partial Kvf2.1
electrophysiological features were also identified. Studies that consider an atmosphere
closer to in vivo systems are highly relevant to understand the variety of functions of a
voltage-gated potassium channel such as Kv1.3.

MATERIALS AND METHODS

Expression plasmids and site-directed mutagenesis. rKv1.3 in pRcCMV was provided by T.C.
Holmes (New York University). It was subcloned into pEYFP-C1 and pECFP-C1 (Clontech)
to preserve normal channel behaviour (Vicente et al., 2008). KCNE4CFP was previously
described (Sole et al.,, 2009). mKvf2.1 was provided by M.M. Tamkun (Colorado State
University). mKvB2.1 was subcloned into pEYFP-N1 and pECFP-N1 (Clontech). All
constructs were verified using automated DNA sequencing.
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Cell culture, transfections and pharmacological treatments. 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). Dendritic
cells were cultured on RPMI (LONZA) containing 10% fetal bovine serum (FBS)
supplemented with penicillin (10.000U/ml) and streptomycin (100ug/ml) (GIBCO).

For confocal imaging and co-immunoprecipitation experiments cells were seeded (70-
80% of confluence), in 6-well dish containing poly-lysine-coated coverslips or 100mm
dish, respectively, 24h before transfection with selected cDNAs. Lipotransfectina®
(Attendbio Research) was used for transfection according to the supplier’s instructions.
The amount of transfected DNA was 4pg for a 100mm dish and 500ng for each well of a 6-
well dish (for coverslip use). Next, 4-6h after transfection, the mixture was removed from
the dishes and replaced with new fresh culture media. All the experiments were
performed 24 h after transfection.

For patch-clamp experiments, HEK-293 cells were plated in a 35-mm dish and transfected
with 300 ng of DNA using FuGene HD® according to the supplier’s instructions.

Electrophysiology. Transfected HEK-293 cells were accutased 24h after transfection and
re-plated on 35mm glass-bottom dishes coated with Matrigel (BD Biosciences). After 1-2h,
cells were extensively washed with whole-cell external recording solution, containing the
following (in mM): 150 NaCl, 5 KCl, 10 CaCly, 2 MgCl,, 10 glucose, and 10 HEPES, pH 7.4).
Transfected HEK-293 cells were selected using an Olympus FV1000 confocal microscope
equipped with spectral detectors and SIM scanner. Whole-cell K+ currents in HEK-293
were recorded at room temperature (RT) using an Axopatch 200B and an EPC-10 (HEKA),
respectively, and the appropriate software was used for data recording and analysis. lonic
currents were capacitance and series resistance compensated by 80-90%, sampled at 10
kHz (Digidata 1440; Molecular Devices), and filtered at 2.9 kHz. Patch electrodes of 2-4
MQ were fabricated in a P-97 puller (Sutter Instruments Co.) from borosilicate glass (outer
diameter 1.2 mm and inner diameter 0.94 mm; Clark Electromedical Instruments Co.)
Electrodes for HEK cells were filled with a solution containing the following (in mM): 4
NaCl, 150 KCl, 1 MgCl,, 0.5 EGTA, 5 ATP(K), and 10 HEPES, pH 7.4. HEK cells were clamped
to a holding potential of -80 mV. To evoke voltage-gated currents, cells were stimulated
with 250 ms square pulses ranging from -80 to +80 mV in 10 mV steps. All recordings
were routinely subtracted for leak currents.

Protein extraction, co-immunoprecipitation and western blotting. Cells were washed twice
in cold PBS and lysed on ice with lysis buffer (5 mM HEPES, 150 mM NacCl, 1% Triton X-
100, pH 7.5) supplemented with 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin
and 1 mM phenylmethylsulfonyl fluoride as protease inhibitors. Cells were next scrapped
and transferred to a 1.5 ml 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 tube and protein
contents were determined by using the Bio-Rad Protein Assay (Bio-Rad).

For co-immunoprecipitation, 1000 pg of protein of each condition were separated and
brought up to a volume of 500 ml with Lysis Buffer for IPs (NaCl 150 mM, HEPES 50 mM,
Titron X-100 1%, pH 7.4), supplemented with protease inhibitors. Preclean was
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performed with 40 pl of protein A sepharose beads (GE Healthcare), in an orbital 1 h at
4°C. Next, each sample was incubated with a small chromatography column (BioRad Micro
spin Cromaotgraphy Columns), which contained 2.5 pg of anti-GFP antibody (Genescript)
previously crosslinked to protein A sepharose beads, for 2h at room temperature, with
continuous mixing in an orbital. Next, columns were centrifuged 30s at 1000g. The
supernatant (SN) was kept and stored at -202C. Columns were washed four times with
500ul of lysis buffer and centrifugations of 30sec at 1000 g. Finally, elution was performed
by incubation of the columns with 100pl of 0.2M glycine pH 2.5, and spun 30sec at 1000g.
The eluted proteins (IP) were prepared for western blot by adding 20pl of Loading Buffer
(5x) and 5pl of 1M Tris-HCI pH 10.

Irreversible crosslinking of the antibody to the sepharose beads was performed after one
hour of incubation at RT of the antibody with protein A sepharose beads, incubating the
beads with 500ul of dimethyl pimelimidate (DMP, from Pierce) for 30 min at RT. Next
columns, were washed four times with 500 pl of 1x TBS, four times with 500 pl of 0.2 M
glycine pH 2.5 and three times more with 1x TBS. Once these steps are performed, the
columns could be incubated with the protein lysates, in order to perform the
immunoprecipitation, following the protocol described before.

Protein samples (50ug), supernatants 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) and blocked in 0.2% Tween-20-PBS
supplemented with 5% dry milk, before immunoreaction. Filters were immunoblotted
with antibodies against Kv1.3 (1/500, Neuromab), Kvf32.1 (1/1000, Neuromab) or GFP
(1/500, Roche). Finally, filters were washed with 0.05% Tween 20 PBS and incubated with
horseradish peroxidase conjugated secondary antibodies (BioRad).

Confocal microscopy and image analysis. For confocal image acquisition cells were seeded
on poly-lysine-coated coverslips, and 24h later were transfected. The next day, cells were
quickly washed twice, fixed with paraformaldehyde 4% for 10 min, washed three times for
5min with PBS-K+. Finally, coverslips were mounted on microscope slides (Acefesa) with
house Mowiol mounting media. Coverslips were let dry at RT at least one day before
imaging.

For membrane surface labelling, Wheat Germ Agglutinin-Texas Red (WGA) (from
Invitrogen) was used. Live cells (on ice) were quickly washed with PBS at 4°C and stained
with a dilution of WGA-TexasRed (1/1500) in DMEM supplemented with 30 mM Hepes for
15min at 4°C. Subsequently, cells were quickly washed twice and fixed with 4%
paraformaldehyde in PBS for 6 min. Next, cells were washed and mounted as described
before. In order to detect Kv1.3 (1/100, Neuromab), KCNE4 (1/100, Proteintech), Kvf3s
(1/100) after fixation, cells were further permeabilized with 0.1% Triton X-100 for 20min.
After 60min incubation with blocking solution (10% goat serum, 5% non-fat powdered
milk and 0.05% Triton X-100) primary antibodies were added O/N at 42C in 10% goat
serum and 0.05% Triton X-100. Next day, after washing the cells, they were incubated
with secondary goat anti-mouse or goat anti-rabbit antibody conjugated with Cyanine 5,
for 2 hours at room temperature and further mounted as previously described.
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The Fluorescence Resonance Energy Transfer (FRET) via acceptor photobleaching
technique was measured in discrete ROI (Region of Interest). Fluorescent proteins from
fixed cells were excited with the 458 nm or the 514 nm lines using low excitation
intensities. Next, 475 to 495 nm bandpass and >530 nm longpass emission filters were
applied. The YFP protein was bleached using maximum laser power. We obtained
approximately 80% of acceptor intensity bleaching. After photobleaching, images of the
donors and acceptors were taken. The FRET efficiency was calculated using the equation
[(Fcrpafter — Fcrpbefore) /Ferpbefore] 100, where Fcrpater was the fluorescence of the donor after
bleaching and Fcrpherore Was the fluorescence before bleaching. The loss of fluorescence as a
result of the scans was corrected by measuring the CFP intensity in the unbleached part of
the cell.

All images were acquired with a Leica TCS SL laser scanning confocal spectral microscope
(Leica Microsystems), equipped with an Argon and Helium-Neon lasers. All experiments
were done with a 63x oil-immersion objective lens NA 1.32. All offline image analysis was
done using Image ] software. A pixel by pixel colocalization study by using JACoP (Just
Another Colocalization Plugin) was used. Manders split coefficients were further obtained
which are proportional to the amount of fluorescence of the colocalizing pixels in each
colour channel.

RESULTS

KCNE4, Kvf32.1 and Kv1.3 can form tripartite channelosomes

Kv1.3 is mainly expressed at nervous and immune system. At the latter tissue, the channel
is playing high important roles in several cellular functions (Panyi, 2005). Moreover, the
dysfunction of Kv1.3 has been related to autoimmune diseases (Beeton and Chandy, 2005,
Beeton et al.,, 2011). In dendritic cells, we have previously described that express both
Kv1.3 and KCNE4 (Sole et al., 2016). At figure 1A, not only Kv1.3 and KCNE4 are detectable
in those cells, but also Kvf32.1. Immunofluorescence for detecting Kv1.3, KCNE4 and Kvf3s
exhibit the expected pattern. Kv1.3 is mainly intracellular, similar to KCNE4, and Kvf3s
antibody revealed a cytosolic staining (figure 1B).
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Figure 1. Kv1.3, KCNE4 and Kvf3s are expressed at dendritic cells. A. Inmunoblot detection of all three proteins at dendritic
protein extraction. B. Inmunofluorescence of dendritic cells to detect the channel, KCNE4 and KvRs.
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Since the expression of all three proteins share some locations, the possibility of forming
tripartite complexes is plausible. Due to the already-mentioned importance of the channel
in some functions, the fine-tunning of Kv1.3 can determine the final cellular decision. In
order to ensure the presence of the three entities at the same channelosome, a previously
described chimera was used (Solé, 2013). KCNE4 is attached to Kv1.3 through a flexible
linker and the YFP protein (figure 2A). Immunoprecipitation assay in the presence of
Kv1.3 was performed as a positive control, and coimmunoprecipitation was detected.
Upon coexpression with Kvf32.1, the pull-down of the chimera was accompanied by the
auxiliary subunit (figure 2B).
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Figure 2. Tripartite complexes are formed by Kv1.3, KCNE4 and Kvf32.1. A. Scheme of KCNE4linkKv1.3YFP chimera. B.
Coimmunoprecipitation of the chimera in the presence of Kv1.3 (left) and Kv2.1 (right). Top panel: Immunoblot against
CFP. Bottom panel: immunoblot against Kv1.3 (left) or Kvf32.1 (right). SM: starting material. SN+: supernatant of the
precipitation in the presence of antibody. SN-: supernatant of the precipitation in the absence of antibody. IP+:
Immunoprecipitation in the presence of the antibody. IP-: Immunoprecipitation in the absence of the antibody. C. FRET
efficiency quantification. Values are the mean of 20-30 cells. **, p<0.01; *** p<0.001 compared with the negative control
(Student’s t-test).

FRET experiments were performed to support the previous data. CFP/YFP and
Kv1.3CFP/Kv1.3YFP were used as negative and positive conditions. Concomitant with
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previous published data, significant values were obtained for Kv1.3CFP/Kvf32.1YFP and
Kv1.3CFP/KCNE4YFP. Similar to the immunoprecipitation assay and as a specific control
for the chimera, a condition was addressed cotransfecting Kv1.3CFP. We obtained positive
FRET values for KCNE4linkKv1.3YFP in the presence of Kv1.3CFP and also Kv{32.1CFP.
Thereby, tripartite channelosomes can be built. Moreover, the complex is formed even in
the absence of the linker. Significant FRET values were obtained for the condition
Kv1.3HA, KCNE4CFP and Kvf32.1YFP. Since upon Kvf32.1YFP and KCNE4CFP coexpression,
the measurement was negative, the channelosome formation is due to the presence of
Kv1.3 (figure 2C).
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Figure 3. KCNE4 is dominant on Kv1.3 traffic upon coexpression with Kv2.1. A-C: Kv1.3 membrane targeting. A: Kv1.3. B:
Membrane marker. C: merge. D-F: Cellular distribution of Kvf32.1. D: Kvf32.1. E: Membrane marker. F: merge of channels. G-J:
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Kv1.3 distribution in the presence of Kvf32.1. G: Kv1.3. H: Kv2.1. I: Membrane marker. J: merge of channels. K-M: Chimera
KCNE4linkKv1.3 traffic. K: KCNE4linkKv1.3YFP. L: Membrane marker. M: merge of channels. N-Q: Cellular distribution of
KCNE4linkKv1.3 in the presence of Kvf32.1. N: KCNE4link Kv1.3. O: Kv22.1. P: Membrane marker. Q: merge of channels. R:
Quantification of channel membrane colocalization using Mander’s coefficient. S: Quantification of Kvf32.1 membrane
colocalization using Mander’s coefficient *, p<0.05; ***, p<0.001 compared with Kv1.3 in the absence of Kv32.1. ###,
p<0.001 compared with Kv2.1 in the presence of Kv1.3 (Student’s T-test). Values were obtained from 20-30cells. Scale
bars: 10 pm.

KCNE4 dominant-negative entity of tripartite channelosomes

Once the possibility of forming channelosomes was confirmed, effects on the traffic were
analysed. Concomitantly, to ensure the stoichiometry of the complexes,
KCNE4linkKv1.3YFP was used to describe the effects. While Kv1.3 alone presents a high
staining at the plasma membrane (figure 3A-C); Kvf32.1 exhibits an intracellular location
(figure 3D-F). As previously demonstrated, coexpression of both proteins does not
increase the membrane targeting of the channel, but promotes the channel intracellular
detection (figure 3G-]J). KCNE4linkKv1.3YFP exhibits a highly retained pattern similar to
the coexpression of KCNE4 and Kv1.3, concomitant with former data (Solé L, 2013) (figure
3K-M). Coexpression of Kvf32.1 with this chimera does not counteract the KCNE4
dominant negative effect on the channel (figure 3N-Q). Thus, the presence of the KCNE
member impairs any effect of Kv32.1 on the traffic (figure 3R). Considering Kvf32.1
distribution, its membrane staining is increased upon the presence of Kv1.3. However, the
presence of KCNE4 at the channelosome, impairing Kv1.3 surface targeting, weaken the
improved presence of Kvf32.1 at the cell surface (figure 3S). Summing up, KCNE4 is
masking Kvf32.1 modulation on the channel by imposing its effect. Dose-effect need to be
performed to identify the stoichiometry required to force KCNE4 volition.

Regarding the electrophysiological properties of the channel, both proteins have been
described to alter some features. While KCNE4 reduces the current density and the
cumulative inactivation; previous data on this dissertation showed that Kvf32.1 generates
an activation shift towards more negative values. Electrophysiological recordings were
obtained for Kv1.3 (figure 4A), Kv1.3 and Kvf32.1 (figure 4B), Kv1.3 and KCNE4 (figure 4C)
and finally Kv1.3, Kvf32.1 and KCNE4 (figure 4D).

The measurement of the current density (figure 4E) showed that, different to Kv1.3 and
Kv1.3-Kvf32.1 combination (rhombus and square in figure 4E), KCNE4 generates a great
impairment of the channel current (triangle in figure 4E). Moreover, Kvf32.1 coexpression
does not counteract this effect (cross in figure 4E). However, previous contributions in this
dissertation demonstrated that Kvf32.1 promotes an earlier activation of the channel.
Concomitantly, Kv1.3 current is significantly higher measured at -20mV when Kvf32.1 is
coexpressed. This effect was not observed for the KCNE4 condition. However, even the
tripartite formation does not reach the Kv1.3- Kvf32.1 level at -20mV, there is more
current in the presence than in the absence of Kvf32.1 (figure 4F). However, when it is
measured at 50mV, those conditions in which KCNE4 is cotransfected exhibit a dramatic
decrease of total current density (figure 4G).

Concomitant with the traffic data, Kvf32.1 does not exert counteract KCNE4 effect on the
Kv1.3. However, those channelosomes which succeed on reaching the cell surface present
partially the activation feature typical from Kvf32.1.
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Figure 4. Characterization of Kv1.3-KCNE4- Kvf32.1 channelosome electrophysiological properties. A-C. Voltage-dependent
K* currents elicited in HEK cells transfected with Kv1.3YFP, Kv1.3YFP/Kvf32.1CFP, Kv1.3YFP/KCNE4CFP and
Kv1.3HA/KCNE4YFP/Kv32.1CFP. A: Kv1.3YFP. B: Kv1.3YFP/ Kvf2.1CFP. C: Kv1.3YFP/KCNE4CFP. D:
Kv1.3HA/KCNE4YFP/Kv32.1CFP. Cells were held at -80mV and pulse potentials were applied as indicated. E: Current
density vs voltage plot of outward K+ currents. White rhombus, Kv1.3YFP; black square, Kv1.3YFP/Kvf32.1CFP; grey triangle,
Kv1.3YFP/ KCNE4CFP; black cross, Kv1.3HA/KCNE4YFP/Kv32.1CFP. Values are mean+SE (n=4-6 independent cells). F:
Current density at -20mV. F: Current density at 50mV. ***p<0.001 compared with Kv1.3YFP. ##p<0.01; ###p<0.001
compared with Kv1.3YFP/KvR2.1CFP. $ p<0.05 compared with Kv1.3CFP/KCNE4YFP (Student’s T-test).
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DISCUSSION

Kv1.3 channel is expressed in several tissues but mainly in nervous and immune system.
Several different publications have related this specific voltage-gated potassium channel
with a wide variety of functions. Upon T-cell activation, it is present at the immunological
synapse enforcing the signalling pathway (Panyi et al.,, 2004, Toth et al., 2009). Actually,
improper relocation of the channel has been related with lupus erythematosus (Nicolaou
et al.,, 2007). It was also described that it is involved in proliferation of leukocytes (Beeton
and Chandy, 2005). Further publications located the molecular determinants involved in
this function (Jimenez-Perez et al.,, 2016). However, other studies pointed Kv1.3 as a key
protein in apoptosis, not only involving those channels present at the cell surface, but also
the mitochondrial partition (Bock et al., 2003, Szabo et al., 2008). Thus, Kv1.3 regulation
can determine some highly diverse cellular consequences.

Concomitant with our results on dendritic cells, previous studies pointed out that both
KCNE4 and Kvf32.1 are, indeed, sharing tissue expression with Kv1.3: they are located in
brain and immune system (Abbott, 2016a, Pongs and Schwarz, 2010). In some immune
system cells, their level exhibited a regulation upon different insults (Sole et al., 2009, Sole
and Felipe, 2010, Vicente et al., 2005, Autieri et al., 1997). Thereby, the formation and
functional consequence of a channelosome formed by those three entities was a relevant
issue. We initially demonstrated that a tripartite complex was possible. Actually, both
proteins are interacting with different parts of the channel (Pongs and Schwarz, 2010, Sole
et al,, 2016). Moreover, we observed that there is not a direct association between Kv{32.1
and KCNE4. Contrary to KCNE4, calmodulin and Kv7.1, Kv1.3 is the central entity that
possesses the ability to interact with the $-subunits (Ciampa et al., 2011).

The present study concluded that KCNE4 acts as a dominant subunit on the channel
distribution and the current density, when coexpressed with Kvf32.1. Similarly, KCNE4
was previously described to perform its negative functions on Kv7.1 even upon KCNE1
cotransfection. Thus, the Ixs current was dramatically affected by the presence of this
entity (Lundquist et al., 2005). However, a partial opening at more negative values was
observed, modulation previously described of Kv32.1 on Kv1.3. Thus, final currents are
the result of non-equal mixture of features transferred from both proteins. Whether these
multiprotein complexes can include more actors, is an opened question. The scenario
considered is a step further to conceive the natural channelosomes, but farther research
needs to be performed in this direction.
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4. SUMMARY

Voltage-gated potassium channels are proteins that allow the flux of potassium ions across
the plasma membrane in response to a voltage stimulus. Those proteins were initially
described in nervous system as the repolarization entities posterior to a depolarization.
However, several different roles have been discovered to be enhanced, mediated or
influenced by those entities. Cell cycle progression, homeostasis, proliferation or
activation and apoptosis program are some of those functions.

Kv1.3 is the third member of the first family of voltage-gated potassium channels in
humans. This specific entity is mainly expressed in nervous and immune system. It has
been associated with the repolarization of neurons, the activation and proliferation of
leukocytes and apoptosis. Moreover, its dysfunctionality has been related to some
autoimmune disease. The fine-tunning of the channel is highly relevant to control the final
cell decision. The subunits that accompany the channel were classically named as 8-
subunits. Several different families have been described to modulate some channel
features. Kvf3 family are cytoplasmic proteins that can enhance the traffic to the plasma
membrane and promote a switch towards negative voltages of the channel activation.
However, few are known about alternative locations and Kv1.3 modulation. KCNE family
are single spanning proteins highly promiscuous that modulate several different Kva-
subunits. Depending on the KCNE subtype, the effect on the channels can present different
natures. This dissertation is focused on KCNE4 member, a peptide which generally
negatively regulates Kv channels.

This thesis described the positioning of Kvf32.1, but not Kvf31.1, in specific regions of the
plasma membrane: lipid raft microdomains. Those are considered as signalling platforms
at the plasma membrane highly relevant for several cellular processes. The possible
mechanism that drives Kvf32.1 is the palmitoylation of its amino acidic sequence; even
other causes are not discarded. Proliferation signals are enhancing this localization while
PMA treatment generates the opposite effect. This protein, as well as its partner Kvf31.1,
can form homo and heteroligomers. Their affinity and stoichiometry was addressed.
Furthermore, multiprotein complexes were detected at membrane associated
environments. Traffic and electrophysiological consequences on the channel were
analysed upon coexpression with those subunits. Kv1.3 was removed from lipid raft
microdomains and Kvf3s prevented partially its PMA-dependent internalization.

The molecular determinants involved in the Kv1.3 traffic to the plasma membrane were
localised at the C-terminal domain. Previous results from the laboratory determined that
KCNE4 is impairing the traffic of the channel. This thesis deciphered the molecular
mechanisms involved in this effect concluding a bipartite system: (i) the masking of Kv1.3
export signal and (ii) the transference of a retention signal to the channelosome.
Moreover, the specific domains of Kv1.3 and KCNE4 implicated in their interaction were
mapped and pointed out to the C-terminal regions of both peptides. KCNE4 was also found
to form oligomers and present several signals for its retention at the endoplasmic
reticulum.

Finally, the combination of both subunits (Kv$2.1 and KCNE4) with the channel revealed a
dominance of KCNE4 effects, but an electrophysiological function of Kv32.1 on Kv1.3 kept
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preserved. Thus, the present thesis brought light to the comprehension of Kv1.3
channelosome.
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5. GENERAL DISCUSSION

Voltage-gated potassium channels were initially described to mediate a highly relevant
role in excitable cells: the repolarization. Posterior to a depolarization stimulus of a
neuron, the opening of those entities enables the recuperation of the resting voltage at the
membrane. Even their voltage-dependent nature, several other functions have been
reported also in non-excitable cells. Secretion, cell volume, homeostasis, proliferation,
activation or apoptosis are mediated by Kv channels (Hille, 2001).

It is widely accepted that voltage-gated potassium channels are rarely acting as solely
entities, but as multiprotein complexes (Gutman et al., 2005). Auxiliary subunits are
accompanying the channel and regulating their properties. From one unique conducting
protein, a wide range of final current and cell distribution can be obtained by the
combination of those modulators (Pongs and Schwarz, 2010). Firstly, Kvf family was
identified. They are soluble proteins, attached to the N-terminus of the channels and
depending on the subtype can exert fast-inactivation or increased membrane targeting
(Scott et al., 1994, Li et al.,, 2006). From this starting point, several other families were
discovered. Their protein nature is divers: KCNEs are single-spanning transmembrane
proteins as well as DPPX, while KChIP and KchAP are soluble. Other molecules, not
classified as auxiliary subunits can also interfere in the channels physiology such as
Calmodulin, PKC and PKA (Pongs and Schwarz, 2010).

This dissertation is focused in the Kv1.3 channelosome. This a-subunit is mainly expressed
in nervous and immune system (Gutman et al, 2005). Previous research on leukocyte
physiology demonstrated that Kv1.3 is playing a major role in activation, proliferation and
apoptosis (Szabo et al, 2008, Panyi et al, 2004). Those three processes have been
considered as opposite cellular decisions by some authors. Thus, the involvement of a
unique protein in such diverse functions could imply a different company for each cellular
moment (Li et al.,, 2006). The present thesis aimed to bring light to the modulation roles in
the Kv1.3 channel by two auxiliary subunits: Kvf32.1 and KCNE4.

Firstly, innate features of KvB2.1 were analysed in the absence of the channel. The
comprehension of its natural behaviour paves the way to understand their final function.
We detected Kvf32.1, but not Kvf1.1, in lipid raft microdomains. These specific platforms
are involved in exocytosis, internalization, migration or proliferation (Sonnino and
Prinetti, 2013). It is widely accepted that they are also overcoming the distance between
proteins involved in the same signaling pathway (Sonnino and Prinetti, 2013, Patel et al,,
2008). Apart from Kv channels, Kvf2.1 has been described to interact with other proteins.
For instance, EB-1 transport Kvf2.1 to axonal environments independently from Kv
channels (Gu et al, 2006). Moreover, they dissociates after a phosphorylation CDK-
dependent (Vacher et al.,, 2011, Vacher and Trimmer, 2011). However, CDK is not the
unique kinase that interacts with Kvf32.1, but also different subtypes of PKC as well as
ZIP1, ZIP2 and ZIP3 proteins (Gong et al, 1999, Croci et al, 2003, Liu et al, 2003).
Thereby, it is tempting to speculate that Kv32.1 presence at lipid raft can drive all its
interactors at those locations.

We have described that Kv2.1 is palmitoylated and this modification is the major driving
force for lipid raft targeting. Palmitoylation of soluble proteins has been proposed as a
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membrane targeting mechanism (Chamberlain et al.,, 2013, Smotrys and Linder, 2004).
SNAP-25, a SNARE protein, develops its major role at the cell surface mediating the fusion
of adjacent membranes. However, it does not present any transmembrane domain. A
palmitoylation modification allows it to occupy this specific location (Greaves et al., 2010).
Moreover, H-Ras and N-Ras are the example further studied of cytosolic proteins that
target the plasma membrane. It was demonstrated that they are trafficking by the
conventional secretory pathway once they are palmitoylated (Linder and Deschenes,
2007). However, there is a substantial difference with Kv32.1. While those proteins are
known to develop specific functions membrane-dependent, which is the role of Kv32.1 at
lipid raft microdomains?

Since Kvf32.1 was described and its high expression in brain channelosomes was observed,
vast efforts were invested to decipher its specific functions. Compared with its family
relatives, Kvf32.1 does not present the ball-and-chain domain able to close open state
channels (Rhodes et al, 1996). It was observed that the combination with concrete
channels enhance their expression at the plasma membrane upon interaction early in the
secretory pathway (Nagaya and Papazian, 1997, Shi et al., 1996). This effect was extensive
to channels as Kv4.3, TRPV1 and TREK1 (Yang et al, 2001, Bavassano et al., 2013,
Kisselbach et al., 2012). However, the knock out mice for this protein do not revealed a
dramatic phenotype compared with the trafficking importance previously given to this
subunit (McCormack et al., 2002). Posteriorly, it was described that some patients lacking
KvB2.1 were presenting abnormal electroencephalogram or infantile epilepsy (Heilstedt et
al., 2001). This latter phenotype could be explained by the initially proposed chaperone
role. Thus, functions of Kv32.1 are still controversial and several contributions discussed
the existence of a yet-not-discovered role of this protein (McCormack et al., 2002, Connor
etal, 2005).

From a natural selection point of view, the lipidic modification and traffic to a concrete
subcellular domain need to have a specific reason behind. Kv[32.1 was classified within the
AKR family, and the reduction ability was tested. Compared with other members it is a
slow enzyme to complete the entire turnover, but its rate for the hydride transfer is fast
enough to consider it as a sensor of the redox state in the cell (Tipparaju et al., 2008, Xie et
al, 2011). The data published determined that Kv32.1 in physiological conditions would
be interacting with NADPH (Kilfoil et al., 2013). However, conditions leading to a decrease
in the concentration of NADPH and an increase in NAD (e.g. hypoxia and oxidative stress)
may result in changes in the Kvf-nucleotide complex (Coppock et al.,, 2001, Ishii et al,,
2013). Thus, it is tempting to speculate that the particular localization of Kvf32.1 is due to
the necessity of a redox sensor at lipid raft microdomains. Actually, a it has been reported
the presence of redox signalling platforms at lipid raft microdomains (Jin et al,, 2011). For
instance, eNOS and NADPH oxidase (NOX) have been located at lipid raft microdomains
(Patel and Insel, 2009). Mechanistic studies have revealed that interleukin-8 (IL-8)
sequentially regulates the assembly of NOX in lipid rafts in neutrophils and prepares the
oxidant response to bacterial peptides. This generates the production of O, in the
extracellular media, provoking the respiratory burst (Guichard et al., 2005). Both enzymes
would generate a decrease in the local amount of NADPH which could be sensed by
KvB2.1. Whether the sensing is transmitted to their interactors need to be further
investigated as a hypothesis for Kv32.1 alternative functions.
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It was also described for Kv[32.1 that it is able of catalysing oxPAC, an specific component
of mmLDL. The production of 0XxPAC can be linked to the exposition of those particles to
oxidant environments. It has been proved that oxPAC can enhance the generation of ROS
in neutrophils as well as the release of active granule enzymes lysozyme and beta-
glucuronidase (Kopprasch et al.,, 1998). Moreover, they can be detected by CD36 scavenger
receptor and PAFR (platelet-activating factor receptor) on macrophages provoking the
activation of cytokine gene transcription (Rios et al.,, 2012). However, in order to generate
those effects, CD36 and PAFR need to be emplaced at the same lipid raft microdomain
(Rios et al., 2013). Previous results from our laboratory exhibited that Kv32.1 expression
is under specific regulation in macrophages: while M-CSF and LPS generates an increase at
24h after treatment, TNF-a do not modify the levels (Vicente et al., 2005). Concomitantly,
KvB2.1 increases its lipid raft presence when the proliferation was induced in HEK-293
cells. Thereby, upon determined stimulus, Kv32.1 expression is increased and translocated
to those microdomains. Thus, the close proximity to the reception platform of oxLDL
allows us to consider Kv32.1 location as a detoxification enzyme. Actually, the prolongated
exposure to oxLDL generates an inhibition of cholesterol-dependent plasma membrane
platforms (Brameshuber et al,, 2016). Kv32.1-dependent oxLDL reduction would act as a
lipid raft integrity protector. Moreover, PMA-treatment generated exactly the opposite
consequence to activation on KvfB2.1. Whether both stimuli mediate these effects by
increasing the palmitoylation of Kvf2.1 remains unknown. Moreover, the presence of
PSD95 counteracts the PMA-dependent endocytosis without interacting with KvB2.1. A
possible masking of PKC domains need to be further analysed.

The present thesis determined that, contrary to previous data, Kv31.1 is also able to form
complexes (Xu and Li, 1997). Since the techniques implemented were different in nature, a
weaker affinity between Kvf31.1 could be the explanation. However, we determine that the
affinity of forming homoligomers of Kv32.1 and Kvf31.1 and heteroligomers is the same.
This allows inferring that the control of the members in each complex is exclusively dose-
dependent (Xu et al., 1998). The same behaviour was described for KvB1.2 and Kvf32
modulation of Kv1.2 (Accili et al, 1997a). Similar to Kvf32.1, Kv1.1 is building a
tetrameric structures through dimeric oligomerization (van Huizen et al.,, 1999). Those
multiprotein structures are localized also at the membrane. However, Kvf1.1 diminishes
the Kvf32.1 lipid raft distribution. Thus, Kvf31.1 could be negatively affecting the putative
functions of Kvf32.1 at those microdomains.

Previous reported effects of Kvf3s on Kv1.3 channel showed an increased amount of
current (McCormack et al., 1999). However, our results exhibited a different scenario.
KvB1.1, but not Kvf32.1 generates a higher current density. This controversy can be due to
different cellular models used. Xenopus oocytes exhibit some endogenous auxiliary
subunits that could interfere in the result (Anantharam et al., 2003). However, HEK 293
cells are expressing neither channels nor modulators. We detected an increase in channel
intracellular staining concomitant with the chaperon effect and the early interaction in the
secretory pathway (Nagaya and Papazian, 1997, Shi et al, 1996). However, further
experiments have to be assessed to clearly demonstrate this effect.

Recently, our laboratory has published the caveolin government on Kv1.3 lipid raft
distribution. Both proteins interact through a Caveolin Binding Domain (CBD) at the N-
terminus of the channel (Perez-Verdaguer et al., 2016a). Other groups demonstrated that
caveolin is the responsible for the TCR-induced synaptic membrane raft polarity in CD8* T-
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lymphocytes (Tomassian et al.,, 2011) It was also described that Kv1.3 is located at the
immunological synapse formation at CD8+ T-lymphocytes stimulating the activation
pathway (Panyi et al., 2004, Cahalan and Chandy, 2009). Moreover, the spatial position of
Kv1.3 is essential for its proper function (Nicolaou et al., 2007). We have showed that
KvB2.1 and Kvf31.1 impaired the channel lipid raft targeting by a competence with
caveolin. Within this scenario, Kvfs could be buffering the arrival to lipid raft of newly-
synthesized channels. Concomitantly, some publications show an upregulated expression
of those proteins upon activation stimuli (Autieri et al., 1997). Different to KCNE4, Kvf3s
allow the channel to reach the membrane but avoiding those specific domains (Sole et al,,
2009). Thus, they generate a milder effect on the total current. New approaches to
decipher whether Kvf3s are a terminator signal of Kv1.3 are highly interesting and
necessary. Whether those channels can be laterally recruited upon new activation inputs
remain also unknown.

Our laboratory has recently published the PMA-dependent endocytosis of the channel.
Clathrin-coated pits mediate internalization after a lipid raft exit. This effect is due to
ubiquitination of some residues. A similar route has been also described for other proteins
such as dopamine receptor D3, GABAB or the human organic anionic transporter (Zhang
et al,, 2016, Lahaie et al,, 2016, Xu et al,, 2016a). We have demonstrated that Kvf2.1 is
capable to counteract partially the PMA effect on the channel internalization. Although not
statistically relevant, a milder ubiquitination signal of the channel was detected, instead of
blocking the ubiquitin ligase binding domain as described for other proteins (Wiener et al.,
2012, Perez et al,, 2015). Summing up, Kvf32.1 is regulating the amount of channel at lipid
raft microdomains and counteracting partially the immunosuppression derived from the
PMA treatment. Thereby, Kv2.1 is smoothing different effects on Kv1.3 physiology.

Among Kv1 family, Kv1.3 reaches the plasma membrane in a higher extend. The balance
between export and retention signals is defining the final targeting of the channels (Ma
and Jan, 2002). Originally, it was described that a motif containing DXE and surrounding
tyrosines were enabling the vesicular stomatitits glycoprotein to export from the ER
(Sevier et al.,, 2000). Regarding ion channels, studies of the trafficking of the Kir family
revealed an ER export signal, FCYENE, in Kir2.1 (Stockklausner et al., 2001). Mutations of
this motif greatly reduced the steady-state surface density. Moreover, Kir3.1 is retained at
the ER if it is expressed alone. However, heteroligomers with Kir3.2 or Kir3.4 efficiently
exits the ER due to the presence of this exportation signal (Ma et al., 2002). Considering
Kv1 channels, molecular determinants for the export and retention has been partially
mapped. At the C-terminus of Kv1.4, VXXSL motif is promoting the exit from ER
compartment. The absence of this specific sequence on Kv1.3 allowed us to search for
another putative motif (Li et al., 2000). A C-terminal S6 motif, HRETE, was described to
enhance the traffic of both Kv1.2 and Kv1.4 (Zhu et al., 2007). Even Kv1.3 also present this
motif, the loss of its traffic appeared even when this domain was kept. Thereby, even a
motif can promote a specific behaviour, it is the total combination that will determined the
final distribution. We demonstrated that the signature YMVIEE was the main molecular
determinant responsible for Kv1.3 export. This signature is highly conserved among Kv1
channels, but Kv1.5. Previously, Kv1.1 was demonstrated to present a retention motif in
the pore sequence. The mutation of Kv1.1A352P leaded the channel to increase the traffic
to the plasma membrane (Manganas et al.,, 2001). Upon mutating YMVIEE to the Kv1.1-
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A352P, the original intracellular pattern was obtained. We thus demonstrated that
YMVIEE is indeed an export signature in the balance of the channel trafficking.

We described that YMVIEE signature is recognized by Sec24D, the sorting entity of COPII
dependent mechanism (Barlowe, 2003). Similarly, KAT1 potassium channel presents
positive FRET values with Sec24 in specific regions of the ER: the ER exit sites. Moreover,
CFTR protein presents a diacidic motif that interacts with Sec24 in order to exit the ER
domain (Wang et al., 2004a). Sec24 presents different cargo sorting sites: A, B and C
(Wendeler et al.,, 2007). The previously mentioned vesicular stomatitits virus glycoprotein
exits the ER because it is identified by the B-site of Sec24a and Sec24b (Mancias and
Goldberg, 2008). Further reports suggested that the B-site generally interacts with diacidic
domains and that binding requires a glutamate at the final position (Mossessova et al,,
2003). However, for the Kirl.1 and CFTR channels, an ExD and DxD motif was found to
function as an ER export signal (Heusser and Schwappach, 2005, Wang et al., 2004a). This
may be explained by more than one binding site for diacidic ER export motifs. Thus, our
results showed that Sec24D recognises the YMVIEE signal, probably not trough the B-site,
and Kv1.3 travels through the conventional secretory pathway.

KCNE4 was described to impair Kv1.3 current dramatically (Grunnet et al., 2003). Our
laboratory pointed out that KCNE4 modify electrophysiology features decreasing the
current density, slowing the activation, accelerating inactivation and increasing
cumulative inactivation. Moreover, it generates a massive ER retention and lipid raft
impairment (Sole et al,, 2009). Both proteins are expressed in the immune system cells.
Kv1.3 have a central role in the activation, proliferation and apoptosis of the leukocytes
(Beeton and Chandy, 2005). KCNE4 expression is modulated by different insults in diverse
immune cells (Sole et al., 2013). Our contribution showed that the final current on Jurkat
T-cells and dendritic cells presented differences, and also the pattern of margatoxin dose-
responses. Even both cell types express KCNE4, dendritic cells in a major extent. The
immunocytochemistry corroborates that the more KCNE4 the higher the retention pattern
of Kv1.3 and, moreover, they coimmunoprecipitate. To study the molecular determinants
for the interaction, chimeras with Kv1.5 were used as negative controls. While other
groups reported an interaction, our FRET results demonstrated that no direct physical
association is held between Kv1.5 and KCNE4 (Crump et al.,, 2016). We found that the
major interacting domain in Kv1.3 with KCNE4 is placed at the C-terminal. Similarly, they
are implicated in KCNE1 and Kv7.1 combination (Haitin et al, 2009). There is not a
specific region of Kv1.3 but the complete C-terminus of the channel. The entire
conformation would be detected by KCNE4.

The final function of a channelosome is the reflection of the principal channels and the 8-
subunits accompanying (Pongs and Schwarz, 2010). Masking events are molecular
mechanisms published to control Kv channels features in some specific combinations. Our
previous contributions showed a masking of caveolin signals by Kv@ subunits, thus
controlling a non-lipid raft distribution. SAP97 blocks the RXR ER retention signal of
NMDA rectors (Hong et al., 2015). Similarly, the interaction of B-subunits to the linker I-II
of Cav2.2 channel impairs its proteasomal degradation enhancing the membrane targeting
(Waithe et al,, 2011). Moreover, 3 auxiliary subunits mask the retention RRR signal of
Nav1.8 channel promoting the exit of ER (Zhang et al., 2008). KChIP1, KChIP2 and KChIP3
generate an exit from the ER of KV4.2 channels (Shibata et al., 2003). Similarly to the
examples, KCNE4 is masking the export signal of Kv1.3 for exit the ER, but it is not the
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unique mechanism (Sole et al., 2016). The transference to the channelosome of retention
signals is the second mechanism involved. The signals balance is then displaced to the
retention motifs. Considering that Kv1.3 is trafficking efficiently to the plasma membrane,
an inhibiting subunit is highly relevant. Kv1.3 is involved in the progression of many
autoimmune diseases such as multiple sclerosis, diabetes mellitus, arthritis rheumatoid,
etc. In fact, a specific overexpression and hyperactivity of Kv1.3 in T effector memory cells
has been described as a possible cause of these diseases (Wulff et al., 2003, Rangaraju et
al,, 2009, Varga et al., 2010, Toldi et al., 2016, Perez-Verdaguer et al., 2016b). Moreover, it
has been demonstrated the immunotherapeutic effect of the selective Kv1.3 deletion on
Kv1.3 knock-out mice, which are resistant to experimental autoimmune encephalomyelitis
(EAE) (Gocke et al., 2012). Therefore, it is tempting to speculate that KCNE4 enhancement
could counteract the overexpression of Kv1.3 and thus providing new therapeutic
approaches. To decipher each detail of this interaction is highly appropriate as well as the
research to find an activator of KCNE4 expression

The interaction domain of KCNE4 with Kv1.3 was also determined and located at the C-
terminus. Regarding KCNE proteins, it was proposed that this is the anchoring part of
KCNE members to Kv7.1 (Melman et al., 2001). Concretely, KCNE4 interaction site with
Kv7.1 was also published pointing to the C-terminal domain (Manderfield et al., 2009).
However, other groups proposed also the transmembrane domain as the principal
interaction domain (Tapper and George, 2000). We have described the specific signature
for the interaction: a tetraleucin motif. However, our results showed that no changes in
gating are exerted by the C-terminal. Other regions of the KCNE peptide need to be
involved to generate the electrophysiological effects. Thus, considering the bipartite model
proposed by Gage and Kobertz, KCNE4 could resemble the KCNE3 peptide: it would
present an active transmembrane domain (Gage and Kobertz, 2004). KCNE4 does not have
the amino acids described for KCNE3 nor KCNE1 at the transmembrane segment. Thereby,
further researcher need to be performed in this direction to decipher the specific
molecular determinants for the electrophysiological modulations.

To further decipher the molecular interactions between Kv1.3 and KCNE4 we performed
molecular dynamics following a Kv7.1-KCNE1 structural model proposed by Kang et al
(Kang et al. 2008). In our model, KCNE4 sits in a cleft between two adjacent Kv1.3
subunits. Some amino acids from the transmembrane domain of KCNE4 are in close
proximity with some amino acids from the S1 and S6 Kv1.3 domains, similar to what has
been described for the Kv7.1-KCNE1 complex. In addition, the tetra-leucine motif of
KCNE4 may interact with several amino acids within a hydrophobic pocket of Kv1.3. It is
interesting that one of the models correspond to the amino acids from the forward
trafficking signal of Kv1.3 previously described in the dissertation (Martinez-Marmol et al.,
2013). Thereby, it supports the masking effect of KCNE4 on Kv1.3.

The tetraleucine is the responsible signature of KCNE4 to interact with Kv1.3. Previous
results described that it is also a Ca?*/Calmodulin binding domain (Ciampa et al.,, 2011).
Moreover, oligomerization of KCNE4 is mediated through this domain. Thus, a specific
tetrad of amino acids becomes a protein interacting platform.

Leucine motifs have been studied and related to several functions such as endocytosis or
protein-protein interactions (Govers et al,, 1998, Xu et al,, 2016b). Few studies determined
that leucine can mediate oligomerization. However, publications were mainly considering
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the leucine-reach domains: repeated spaced leucines (Afzal et al, 2013). We have
demonstrated that it mediates the oligomerization and it is sufficient to transfer the
ability. The absence of this domain in other KCNE members allows us to hypothesize that
they can not form oligomers. Indeed, another group published that KCNE1 is a monomer
entity within the cell (Nakajo et al., 2010). Through the non-denaturalising technique we
could suppose that the major form is a dimer. Unpublished results of our laboratory, using
bleaching steps technique, support this result. Multiprotein complexes have been
published for other B-subunits. For instance, KChIP1, KChIP2.1 and KChIP2.2 can homo
and heteroligomerize (Lin et al,, 2004). Kv3 subunits form tetramers with similar affinity
among the subtypes, as previously discussed. Moreover, DPPX exists primarily as
homodimers even heterodimers are also possible. This transmembrane auxiliary subunit
is speculated to interact with Kv4 as an already-formed dimer (Strop et al, 2004).
Contrary, we demonstrated that the cotransfection of calmodulin and Kv1.3 leads to a
partial impairment of the dimerization. Thereby, depending on the company, KCNE4
would be interacting with Ca?*/Calmodulin, Kv1.3 or other KCNE4. Considering the
dramatic effect on Kv1.3 traffic, the formation of the dimer could be understood as a
threshold of blockage. Until Kv1.3 does not reach a proper concentration, KCNE4 would be
not impairing its traffic.

KCNE4 coexpression with calmodulin leads to an increase of its cell surface targeting.
Calmodulin, by its calcium binding ability, has been related to several different functions.
For instance, its interaction with Rab3 limited the number of exocytotic events in MDCK
cell (Coppola et al., 1999). However, it has been also demonstrated that it mediates the
endosome fusion Ca?*- dependent (Colombo et al, 1997). Regarding the Kv physiology,
Kv7 members generally interact with calmodulin. Depending on calcium stimulus,
calmodulin enhances the Kv7.2 exit from the ER and controls the expression at the plasma
membrane (Etxeberria et al., 2008, Alaimo et al., 2009). Moreover, some epilepsy-causing
mutations in Kv7.2 are affecting the specific interaction site for calmodulin (Ambrosino et
al, 2015). Nonetheless, the molecular intricacies involved in this function remain
unknown. Since, Calmodulin binding site is the tetraleucin motif, a masking event for the
enhanced traffic was considered.

Several publications have related dileucine motifs with change in traffic patterns. Opposite
to our results, hyperpolarization-activated cyclic nucleotide-gated 1 (HCN1) channels
present a leucine-based ER export signal that traffic them to the plasma membrane of the
inner segment in photoreceptors (Pan et al., 2015). At the carboxy-terminal domain of
Shal channels there is a dileucine rich domain that enhances its traffic to dendritic
membrane (Rivera et al., 2003). Moreover, Kv7.1 and CLC-2 channels traffic to basolateral
membranes due to the presence of a dileucine motif in their sequence (de la Fuente-Ortega
et al,, 2015, Jespersen et al., 2004). Actually, specific Sec24 isoforms has been determined
to enable the exit from the ER compartment detecting a dileucine motif in their cargo
proteins (Wendeler et al,, 2007). However, the same signature has been implicated to
impair the export of other proteins. Acid sensing ion channels present a double dileucine
motif (LLDLL) that impairs its presence at the plasma membrane (Wu et al., 2016). For the
G protein-coupled inwardly-rectifying potassium channels, the ER retention is defined by
the presence of a dileucine motif (Diaz-Bello et al., 2013). Moreover, disruption of this
signature in LHf subunit generates an increased trafficking and exocytosis (Jablonka-
Shariff and Boime, 2011). Concomitantly, our results showed that the tetraleucine motif is
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impairing the traffic of KCNE4. The level of impairment is similar to the one described for
the ER retention motif mutant. However, both proteins exhibited wild type membrane
colocalization levels upon coexpression of Sarl. Taking together, these results imply that
KCNE4 possess the necessary export signals to travel through COPII-dependent
mechanism. However, the retention motifs are important enough to maintain it at
endoplasmic reticulum. Upon disappearance of those motifs in KCNE4(ERRM) and
KCNE4(L69-72A), the cell surface presence increased. The absence of summative or
synergy effects in KCNE4(RM&L) could be due to that both impaired exactly the same
route. Even redundant for trafficking, dileucine motif can form dimers, while not the
retention signal. In KCNE4 sequence, just after the tetraleucin motif, there is a sequence
YKDEE. This signal is highly similar to the diacidic signal in Kv1.3 (Martinez-Marmol et al,,
2013). Thereby, the dimerization through tetraleucine-mediated could be masking this
export signal. KCNE4(ERRM) and KCNE4(L69-72A) would be preventing the export by
different mechanisms.

The complex formed by KCNE4-Kv1.3, if trafficking to the plasma membrane, it is also
through a COPII-dependent mechanism. Even the absence of the major interacting
interface in KCNE4(L69-72A), both proteins can still traffic together, at least partially.
KCNE4(ERRM) was able to rescue partially the traffic of Kv1.3 to the plasma membrane as
well as KCNE4(L69-72A). Thus, these results confirms the balance retention/export
signals that govern ion channels trafficking (Barlowe, 2003). Considering the molecular
model presented, the absence of the tetraleucine domain would leave the YMVIEE signal
freer for interacting with Sec24. The total compute of retention/export signals would
incorporate the YMVIEE previously masked. Since the traffic improvement is higher
without tetraleucine than the ER retention motif, YMVIEE is a stronger motif in the
balance. As previously commented, to decipher the specific intricacies of the complex
Kv1.3 - KCNE4 is highly relevant considering the implication of the channel in the
pathophysiology of some human autoimmune diseases (Perez-Verdaguer et al.,, 2016b).

We have also demonstrated that Kv1.3, KCNE4 and calmodulin can not form tripartite
structures. It is exactly the opposite scenario that in Kv7.1 physiology. KCNE4 inhibition of
Kv7.1 requires the interaction with Ca2*/ calmodulin. However, the interaction between
KCNE4 and Kv7.1 is not completely lost (Ciampa et al., 2011). Thus, other regions of
contact are involved in the interaction Kv7.1-KCNE4. A dipeptide motif close to the S6
domain was determined as an important anchoring site in Kv7.1 where the KCNE4 C-
terminus can interact (Vanoye et al., 2009, Manderfield et al., 2009). In the case of Kv1.3,
the molecular determinants of the interaction are exactly the same. Thus, the complex
formation is mutually exclusive. Final complexes will present Kv1.3-KCNE, KCNE4-
Calmodulin or Kv1.3-calmodulin. Actually, we have also determined that Kv1.3 can
associate with calmodulin and KCNE4 disrupts its association. It is not known yet the role
of calmodulin on Kv1.3. It was proposed that Kv1.3 was inhibited by internal calcium in
lymphoblasts. Kv1.3 currents were reduced in a Ca?*- dependent manner by inhibiting
calmodulin. The authors proposed that the inhibition may imply more than one
mechanism, and they demonstrated a biochemical association with CaM kinase II (Chang
et al, 2001). However, other authors did not find Kv1.3-calmodulin association (Fanger et
al,, 1999). Other groups defend that a calcium-dependent reduction of Kv1.3 inactivation is
taking place in megakaryocytes and heterologous system (Martinez-Pinna et al., 2012).
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Our results support a possible interaction. However it is not disposable that it is not direct
but mediated by other proteins as CaM kinase IL

Several different auxiliary subunits have been described to modulate Kv channels.
Moreover, most of them are sharing the expression at the same tissues. Thus, in in vivo
systems, a recently-formed channel would be sharing space with the diversity of
expressed auxiliary subunits. Thereby, the final characteristics of a specific channelosome
will be defined by its partners. For instance, Kv4.2 channels recapitulate the voltage-
dependent inactivation kinetics of A-type potassium channels when it is coexpressed with
DPPX and KChIP proteins (Amarillo et al., 2008). This specific type of current can present
some minor electrophysiological differences. These are due to different channelosomes,
and the precise composition of channel and auxiliary subunits underlie tissue and regional
variability of those currents (Jerng et al., 2005). It was determined that the [Ks complex,
responsible of the slower delayed rectifier current, it is formed by Kv7.1, KCNE1 and the
AKAP Yotiao (Kurokawa et al., 2004). Concomitantly, we detected Kv1.3-KCNE4-Kv[32.1
presence in dendritic cells and heterologous system showed a trimeric composition. The
analysis of the electrophysiological features revealed a dominant KCNE4 effect on the
current density. Actually, it was previously described that KCNE4 was exerting a dominant
negative effect on Kv7.1-KCNE1 current (Manderfield and George, 2008). Similarly, KCNE2
exerts a decrease in IKs activity when coexpressed (Wu et al, 2006). However, in our
experiments, higher currents were obtained at more negative potentials compared with
Kv1.3-KCNE4. Thus, Kvf3 partial modulation can be inferred. Thereby, Kv1.3 final currents
exhibit a mixture non-equivalent of the effects of both proteins. Our traffic results support
the dominance of KCNE4. There is not a rescued Kv1.3 membrane staining by Kv{32.1.
Similarly, SAP97 effects are dominant on Kv4.2 traffic generating its clustering at the
plasma membrane even in the company of KChIP or DPP-6. Furthermore, the presence of
SAP97 enables CaM kinase II phosphorylation of the channel (El-Haou et al, 2009).
Opposite to the other KChIPs1-3, KChIP4 is able to negatively affect the trafficking effects
of DPPX-S on Kv4.2 channels (Seikel and Trimmer, 2009). Thereby, a specific combination
of a-subunits, 3 partners, modulators, kinases and stimulus will finally define the current,
traffic and function of a channelosome.
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6. CONCLUSIONS

1. KvfB2.1 is located at lipid raft microdomains because undergoes posttraductional
palmitoylation modification. Proliferation stimuli enhance this location while PMA
treatment mediates the endocytosis of the protein. This PMA effect is counteracted
by PSD95. Both Kv1.1 and KvB2.1 form homo and heterotetramers with the same
affinity located also at membrane associated regions.

2. Kvp1.1, but not Kvf2.1, increase the Kv1.3 current, and both generates a left shift
in the activation curve. They impair the channel lipid raft targeting and partially
counteract the PMA-dependent endocytosis.

3. Kv1.3 presents a highly conserved diacidic export signal at the C-terminus. The
interaction with KCNE4 is placed at this cytoplasmic domain causing a massive
impairment of the Kv1.3 traffic. This phenotype is induced by masking of the
diacidic export signal and transferring retention motifs present on KCNE4
sequence.

4. KCNE4 tetraleucine motif, placed at the C-terminus, is governing the association
with Kv1.3. Moreover, it regulates KCNE4 traffic; enhances the dimerization of the
subunit and associates with Calmodulin. The competence for the interacting
interface defines the impossibility to form trimeric complexes.

5. The formation of Kv1.3 channelosomes with Kv32.1 and KCNE4 is possible. KCNE4

exerts a dominant effect on Kv1.3 traffic and current density even in the presence
of Kvp2.1.
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