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Received: 16 December 2015 . The spatial localization of ion channels at the cell surface is crucial for their functional role. Many
Accepted: 15 February 2016 - channels localize in lipid raft microdomains, which are enriched in cholesterol and sphingolipids.
Published: 02 March 2016 : Caveolae, specific lipid rafts which concentrate caveolins, harbor signaling molecules and their targets
. becoming signaling platforms crucial in cell physiology. However, the molecular mechanisms involved
in such spatial localization are under debate. Kv1.3 localizes in lipid rafts and participates in the
immunological response. We sought to elucidate the mechanisms of Kv1.3 surface targeting, which
govern leukocyte physiology. Kvl channels share a putative caveolin-binding domain located at the
intracellular N-terminal of the channel. This motif, lying close to the S1 transmembrane segment,
is situated near the T1 tetramerization domain and the determinants involved in the Kv(3 subunit
association. The highly hydrophobic domain (FQRQVWLLF) interacts with caveolin 1 targeting
Kv1.3 to caveolar rafts. However, subtle variations of this cluster, putative ancillary associations and
different structural conformations can impair the caveolin recognition, thereby altering channel’s
spatial localization. Our results identify a caveolin-binding domain in Kv1 channels and highlight the
mechanisms that govern the regulation of channel surface localization during cellular processes.

Subcellular localization of ion channels is essential for proper cell physiology. Lipid raft microdomains, which are
enriched with highly packed sphingolipids and cholesterol, have emerged as specific membrane platforms where
ion channels converge with signaling molecules, thereby regulating cellular responses'. In this context, caveolae,
specialized omega-shaped lipid raft microdomains, are abundant in differentiated cell lines such as adipocytes,
pneumocytes, endothelial and muscle cells*™. These structures participate in endocytosis, membrane compart-
mentalization, mechanosensing and mechanoprotection, cell signaling and lipotoxicity protection®. Therefore, it
is not surprising that an impaired caveolae expression results in extensive physiological dysfunctions®. Caveolae
are folded by structural proteins called caveolins (Cav), a protein family that is composed of three members of
18-24 KDa (Cavl, Cav2 and Cav3). Cav participates not only in caveolae biogenesis but also in protein-protein
and protein-lipid interactions evoking part of the caveolae properties and functions. The structural associations
of Cav during cell signaling are mediated via a Caveolin Scaffolding Domain (CSD) located at the N-terminus of
the protein, which interacts with putative Caveolin Binding Domains (CBD) located in target proteins. The CSD
of Cav1 and Cav3 recognize a canonical CBD consensus sequence OxPxxxxPxx®, with slight variations (where
® is an aromatic residue and x can be any amino acid)®.

K* channels play an essential role in many cellular functions in both excitable and nonexcitable cells. Voltage
dependent potassium channels (Kv) participate in controlling repolarization and resting membrane potential.
The mammalian Kv1 family (Shaker) comprises 8 members (Kv1.1-Kv1.8) which are involved in nerve and mus-
cle physiology®. Kv1.3, the third member of the Shaker family, is mainly expressed in the nervous and immune
systems!®!! and participates in multiple cellular functions such as the maintenance of the resting membrane
potential, immune cell activation, proliferation, cell volume control and apoptosis. Altered Kv1.3 expression
is associated with autoimmune diseases, such as multiple sclerosis, rheumatoid arthritis and diabetes!?, as well
as changes in sensory discrimination'. In leukocytes, Kv1.3 associates with Kv1.5, another Shaker isoform
that is crucial for myoblast proliferation'*-'6. Heteromeric channels present specific biophysical and pharma-
cological properties, as well as different cell surface expressions!. Although Kv1.3 and Kv1.5 share lipid raft
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Figure 1. Kv1.3, but not Kv1.5, targeted to lipid raft microdomains in a caveolin-dependent manner.
Sucrose-density gradients were performed with total lysates from HEK Cav- (A), HEK 293 (B,D) and HEK
Cavl (C,E) expressing Kv1.3YFP (A-C) and Kv1.5YFP (D,E). Clathrin and Flotillin were used as non-lipid raft
and lipid raft markers, respectively. Note that the overexpression of Cavl (HEK Cavl) partially targeted caveolin
to floating (enriched in lipid raft) and non-floating fractions. Colocalization of Kv1.3 (F_H and M-O) and Kv1.5
(J-L,P-R) with caveolin in whole HEK Cavl cells (F-L) and plasma membrane lawns (PML) (M-R). Green:
channel; Red: caveolin; Merge: colocalization in yellow. Bar scale 10 um. (I) Histogram of the colocalization (%)
between channel and caveolin. Closed bars, Kv1.3; open bars, Kv1.5. Data are the mean + SE of whole-cell (>15
cells) and PML (>35 cells). ***p < 0.001 vs Kv1.3 (Student’s t-test).

localization, membrane dynamics suggest distinct membrane microdomain targeting'*!¢-'%, In this context, dif-
ferential protein-protein interactions, which influence cell surface expression, have been suggested'”!8. In fact,
the Kv1.5-caveolin association is under debate!*?’. In this context, we have previously described the importance
of protein interactions influencing Kv1.5 lipid raft targeting and postulate that several partners could compete to
determine channel localization'®.

Here, we study the influence of Cav on the lipid raft targeting of Kv1 channels by analyzing the function of a
putative CBD motif conserved in the Shaker family. Both Kv1.3 and Kv1.5 target lipid rafts, but only Kv1.3 effi-
ciently interacted with Cav via the CBD where this association is essential for the channel localization in these
domains. Moreover, Kv1.3 behavior and activity was conditioned by the presence of Cavl. Therefore, the presence
of a CBD near the T1 of Kv1.3 has important functional consequences for Kv1.3 channel physiology.

Results

Differential caveolin dependence of Kv1.3 and Kv1.5 lipid raft partitioning. Voltage-dependent
potassium channels (Kv) from the Kvl (Shaker) family share several structural features that govern channel
expression at the cell membrane. To analyze the microdomain targeting of Kv1 channels, three different HEK 293
cell lines exhibiting differential Cavl expression levels, named HEK Cav-, HEK 293 and HEK Cavl, were used
(Supplementary Fig. S1). Thus, Kv1.1-Kv1.5 channels were expressed in HEK Cav- and HEK Cavl cells. While
Kvl.1, Kv1.2 and Kv1.4 showed no relevant lipid raft localization, neither in the presence nor in the absence of
Cavl (Supplementary Fig. S$2), Kv1.3 and Kv1.5 partially targeted to raft microdomains (Fig. 1). The steady aug-
mentation of Cavl increased the targeting of Kv1.3 to floating fractions, which are enriched in lipid raft micro-
domains and identified by the presence of flotillin (Fig. 1A-C). Unlike Kv1.3, different Cav1 expression levels
did not alter Kv1.5 raft association (Fig. 1D,E). As we previously described'’, while Kv1.3 efficiently targets to
the membrane surface (Fig. 1F-H), Kv1.5 was mostly retained intracellularly. In this scenario the presence of
Cavl did not alter this behavior (Fig. 1J-L). In addition, the colocalization between Kv1.3 and Cavl was higher
than that of Kv1.5 (39.542.5% and 17.8 & 1.8%, respectively, p < 0.001, Fig. 1S). To gain further insight into the
plasma membrane targeting of Kv1.3 and Kv1.5 and their colocalization with Cavl, we isolated plasma membrane
lawns (PML) (Fig. IM-R). In these preparations, Kv1.3 also showed higher Cavl1 colocalization than did Kv1.5
(28.1 4 1.4% and 9.5 £ 1.4%, respectively, p < 0.001, Fig. 1S). These results suggest that Kv1.3 and Cavl share
spatial localizations at the membrane surface. To understand the extent to which this Kv1.3-Cavl relationship is
physiologically relevant, we analyzed lipid rafts of bone marrow-derived macrophages (BMDM) from Cav1 null
mice (Cavl~/~). Although Kv1.3 partially localized in low-buoyant fractions in macrophages from both wild-type
and Cavl~/~ animals, the amount of Kv1.3 in rafts was clearly lower in BMDM from Cav1l~'~ mice than in those
from wt (Supplementary Fig. S3).

Caveolin 1 associates with Kv1.3 altering channel membrane dynamics, stability and activity.
The Kv1.3 Cavl-dependent lipid raft localization suggested a putative interaction between Kv1.3 but not Kv1.5
and Cavl. Caveolin interacts with many different signaling proteins such as eNOS (endothelial nitric oxide syn-
thase), Src kinases or PKC, thereby recruiting them into caveolae platforms?'~2. To directly address this point, we
performed coimmunoprecipitation and Forster Resonance Energy Transfer (FRET) experiments. Low-buoyant
Cavl1 and flotillin-enriched fractions (see Fig. 1) were subjected to caveolin immunoprecipitation. Kv1.3, but not
Kv1.5, was coimmunoprecipitated with Cavl (Fig. 2A,B). Similar results were obtained from clathrin-enriched
non-raft fractions (data not shown). Furthermore, FRET results corroborated a molecular interaction between
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Figure 2. Molecular association of Kv1.3 with caveolin. HEK Cav1 cells were transfected with Kv1.3 (A)
and Kv1.5 (B) and, after lipid raft isolation, floating fractions were subjected to caveolin immunoprecipitation
(IP: Cav) in the presence (4) and the absence (—) of caveolin antibody. Blots were analyzed for the presence
of Kv1.3 (IB: Kv1.3), Kv1.5 (IB: Kv1.5) and Cav1 (IB: Cav). SM: starting material; SN: Supernatant; IP:
immunoprecipitate. (C) Representative FRET images of HEK Cav- cotranfected with Cav1l-Cerulean and
Kv1.3YFP (top panels) or Kv1.5YFP (bottom panels). Images from left to right show acceptor (Channel-YFP)
prebleach and postbleach and donor (Cav1-Cerulean) prebleach and postbleach images. Squares insets indicate
the bleached zone containing the quantified red limited areas. The line graphs at the right show changes in
donor (cyan) and acceptor (yellow) fluorescence after bleach (D) Histogram with the FRETeff quantification
(%) of YFP-Cer (negative control), Kv1.3YFP-Kv1.3Cer (positive control), and samples from (C). Data are the
mean £ SE (n > 35). *p < 0.05; **p < 0,01 vs YFP-Cer (Student’s t-test).

Kv1.3 and Cavl. Thus, when Kv1.3-YFP, but not Kv1.5-YFP, and Cav1-Cer were coexpressed the post-bleching
intensity of Cavl-Cer increased (Fig. 2C,D).

The caveolin 1 expression induces de novo formation of caveolae structures in caveolin-null cells, thereby
increasing the plasma membrane structuration*?*. Moreover, caveolae appear as rigid structures in which caveo-
lins show a reduced mobility*. Because Kv1.3 and Cav1 physically interact, the caveolae targeting and the mem-
brane dynamics of Kv1.3 were tested in HEK Cav- and HEK Cavl. Electron micrographs indicated that Kv1.3
was recruited into caveolae-like structures in the presence of Cav1 (Fig. 3A,B). Whether Kv1.3 membrane lateral
diffusion was altered in the presence of Cav1 was studied by fluorescence recovery after photobleaching (FRAP)
analysis (Fig. 3C-G). The Kv1.3YFP fluorescence recovery was monitored over time in HEK Cav- and HEK
Cavl, until a steady state was achieved (Fig. 3E). While the mobile fraction (0.56 & 0.04 vs 0.48 & 0.04, for HEK
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Figure 3. Caveolin expression induces aggregation and slows the lateral diffusion of Kv1.3.

(A,B) Electronic micrographs of PML from HEK Cav- (A) and HEK Cavl (B) expressing Kv1.3. Cavl and
Kv1.3 were immunolocalized with anti-Kv1.3 monoclonal and anti-caveolin polyclonal antibodies and a
mixture of 10nm and 15nm colloidal gold conjugated secondary antibodies tagging Kv1.3 and caveolin,
respectively. Bar Scale 500 nm. White arrows point at microtubules. White arrowhead highlights caveolae.
Black arrowhead points at caveolin outside caveolae like structures. (C-G) FRAP performed 24 h after
Kv1.3YFP transfection in HEK Cav- (C) and HEK Cavl (D). Representative images are before (prebleach),
during (bleach) and 24 or 38 s after bleach (postbleach). White circles highlight the bleached membrane. (E)
Fluorescence recovery. (F) Mobile fraction and (G) half live recovery (the mean + SE, n=10). (H,I) SPT
analysis of HEK Cav- and HEK Cavl expressing Kv1.3LoopBAD together with BirA for 24 h and tagged for
5min with Qdots-Streptavidin. (H) Qdots were classified as single or multiple units. Histogram displays
the relative abundance of both in HEK Cav- and HEK Cavl (the mean =+ SE, n > 15). (I) Single Qdots were
further classified according to its MSD shape as being free: Brownian movement (linear plot); confined:
region restricted movement (decreasing slope plot); or stationary: motionless (diffusion coefficient bellow
0.001 um?/s). Histogram displaying the diffusion coefficient of the different types of single Qdots. Closed
bars, HEK Cav-; open bars, HEK Cavl. Data are the mean + SE (n > 9). *p < 0.05, **p < 0.01 vs HEK Cav-
(Student’s t-test).
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Cav- and HEK Cavl, respectively, n = 10) was similar, the half-life recovery increased in HEK Cavl1 (21.77 £ 1.49
s and 28.87 = 2.49 s for HEK Cav- and HEK Cavl, respectively, p < 0.05, n= 10) (Fig. 3F), where a lower motion
of Kv1.3 in the presence of caveolin was observed. This could be explained not only by the major recruitment of
the channels in rigid structures, such as caveolae, but also by an increase of liquid-ordered domains structuring
the membrane. Therefore, the Kv1.3 membrane dynamics were also analyzed by single particle tracking (SPT)
using Qdots (Fig. 3H,I). Single Kv1.3 molecules at the cell surface were tagged with Qdots and monitored by total
internal reflection fluorescence (TIRF) imaging with a temporal resolution of 0.5 s (Supplementary video 1).
Qdots were classified according to their behavior in single or multiple units (Fig. 3H and Supplementary video 1).
The last were defined when more than one Qdot motion agroupated for more than 10 s, thereby suggesting
aggregated channels. While the abundance of multiple Qdots increased in HEK Cavl cells (11.15 & 2.24% vs
23.84 £ 3.26%, p < 0.05), single Qdots decreased (88.85 £ 2.24% vs 76.15 % 3.26%, p < 0.01), which suggests an
aggregated distribution of Kv1.3 channels in the presence of Cavl. Moreover, the trajectories of single Qdots were
analyzed by plotting the mean square displacement (MSD) against time?”. Three types of motion were observed:
(i) simple Brownian diffusion (free), (ii) confined diffusion (confined) and (iii) stationary diffusion (stationary)
(Fig. 31). In this context, the diffusion coefficient of free diffusing channels in the presence of Cavl decreased
(0.016 4 0.002 vs 0.010 £ 0.001 pm?/s for HEK Cav- and HEK Cavl, respectively, p < 0.05). Thus, SPT results
suggested both the aggregation of Kv1.3 and reduced channel mobility in the presence of caveolin.

Glucose transporter type 4 (Glut4) and insulin receptor (IR) are recruited in caveolae?, and Cavl partic-
ipates in Glut4 and IR stability. Thus, Cav1 depletion reduces Glut4 and IR protein abundance by their faster
degradation?. Therefore, we next studied whether Cavl1 association altered Kv1.3 stability. Time-course exper-
iments performed in Cav- and Cavl HEK cells demonstrated that, similar to Glut4 and IR, Kv1.3 persisted for
a longer period of time in the presence of Cavl (Fig. 4A,B). In this context, Cav1 can also affect channel activ-
ity’. Therefore, for these experiments, Cavl was reintroduced into HEK Cav- cells, and Kv1.3 electrophysiolog-
ical properties were analyzed. While the threshold of activation was similar, the presence of Cavl increased the
Kv1.3 current density (Fig. 4C,D). Slow C-type inactivation is a characteristic of Kv1.3. It involves conforma-
tional changes of the channel that result in closure of the external mouth of the pore with probable cooperativity
between subunits®. In this context, the Cavl interaction enhanced the C-type inactivation of Kv1.3. Thus, the
current at the end of a 5 s pulse (4-60 mV) was lower in the presence than in the absence of Cav1 (Fig. 5E,F).

Caveolin 1 interacts with Kv1.3 via a CBD signature located at the N-terminal of the channel.
The N-terminus of Kvl channels contains important signatures involving tetramerization and regulatory sub-
unit association. Although caveolin uses a CSD to interact with substrates via a CBD”#3!, this model has been
compromised by structural and bioinformatic analysis®. In this context, the N-terminus of Kv1.1-Kv1.5 contains
putative CBDs lying next to the first transmembrane segment (amino acids 166 to 174 in rKv1.3), right after the
T1 tetramerization domain and the Kv{3 subunit association signature (Supplementary Fig. S2G). This CBD is
represented by a ®xxxx®xxP consensus sequence, where @ is a hydrophobic residue. Our data indicates that
Kv1.3 and Kv1.5 localized significantly in rafts but only Kv1.3 directly interacted with Cavl. Therefore, we next
focused on whether the Kv1.3 CBD molecular determinant was involved in Cavl interaction. To do so, we per-
formed coimmunoprecipitation assays with different Kv1.3 mutants and Kv1.3-Kv1.5 chimerical channels (Figs 5
and 6). While Kv1.3ACt (no C-terminal domain) coimmunoprecipitated with Cavl, Kv1.3ANt (no N-terminal
domain) did not. In this scenario, to rule out the effect of an altered tetramer formation on traffic and subcellular
localization of the Kv1.3 truncated channels, we analyzed Kv1.3/Kv1.5 chimeras that preserved the full integrity
of the channel. Chimeras, containing the Kv1.3 N-terminal domain coimmunoprecipitated with Cavl1 to a greater
extent than did chimers that contained the N-terminus of Kv1.5 (Fig. 5B,C). To further understand this specific
Kv1.3 signature, the putative CBD of Kv1.3 and Kv1.5 was mutated. Thus, aromatic amino acids were substi-
tuted by alanine or glycine-generating CBD mutants (Kv1.3: ! FQRQVWLLF7* to *** AQRQVGLLA'74; Kv1.5:
BIEQRQVWLIF to 22AQRQVGLIA*). While the Kv1.3 mutant (Kv1.3CBD) showed a reduced lipid raft par-
titioning with no Cav1 dependency (Fig. 6A), the Kv1.5CBD showed no lipid raft targeting alterations (Fig. 6B).
Moreover, the Kv1.3CBD did not coimmunoprecipitate with Cavl, thereby highlighting the importance of the
CBD integrity for Kv1.3 interactions with Cavl (Fig. 6C).

We found no interactions between Kv1.5 and Cavl; however, by converting the putative Kv1.5 CBD to that of
Kv1.3 (Kv1.51239L), we observed a positive Cavl coimmunoprecipitation Fig. S4). Furthermore, evidence sug-
gests that Kv1.5 could interact indirectly with caveolins by the formation of supramolecular complexes, including
SAP973%34 SAP97 (synapse-associated protein 97) is a member of the membrane associated guanylate kinase
(MAGUK) family that also includes PSD95 (postsynaptic density protein 95). Therefore, we expressed Kv1.5 in
the presence and absence of PSD95 in HEK Cavl cells. In this scenario, Kv1.5 coimmunoprecipitated with Cavl,
only in the presence of PSD95 (Fig. S4). Therefore, our data suggest that, while the full integrity of the Kv1.3 CBD
is sufficient to interact with Cavl, Kv1.5 requires ancillary proteins.

Discussion

Evidence demonstrates that Kv1.3 targets specific membrane localizations*>?¢, and location displacements entail
pathological consequences®. Our study highlights the main mechanism of Kv1.3 channel membrane surface
partitioning. We report here that, among Kv1 (Shaker) channels, only Kv1.3 and Kv1.5 targeted significantly
to lipid rafts. However, while the Kv1.5 floatability was independent of the caveolin expression, Kv1.3 lipid raft
targeting increased in a caveolin dose-dependent manner. This is of physiological relevance because this was
confirmed in BMDM from Cav1~/~ mice. Furthermore, caveolin-channel colocalization was higher with Kv1.3
than with Kv1.5. Finally, we have clearly identified a CBD that is located at the N-terminal domain of Kv1.3 and is
the responsible element for Cav1 interaction and lipid raft localization of the channel. Because lipid raft targeting
has been proposed as a mechanism for ion channel regulation!*, our results contribute to this expanding field.
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Figure 4. Caveolin 1 stabilized Kv1.3 and modulated current density and inactivation. HEK Cav- and

HEK Cavl cells were transfected with Kv1.3YFP. (A) Time course experiments were performed extracting
proteins 3, 6, 12, 24 and 48 hours after transfection. (A) Representative experiment is shown. Total protein
extracts were separated by SDS-PAGE and immunoblotted using Kv1.3, 3-actin, and caveolin antibodies. Kv1.3
expression values were corrected by 3-actin levels and normalized with the maximum. (@) HEK Cav- cells; (O)
HEK Cavl cells. (B) Results are the mean £ SE of two independent experiments. (C-E) HEK Cav- cells were
transfected with Kv1.3 in the absence (HEK Cav-) or the presence (HEK Cav- +Cavl) of Cavl. (C) K* currents
were elicited by 250 ms voltage sweeps ranging from —60mV to +-80mV in 10mV increments. (D) Current
density-voltage relationship of HEK Cav- (O) and HEK Cav- +Cavl (@) cells (mean & SE of n= 15 and 9
cells, respectively). (E,F) C-type inactivation. (E) Representative traces evoked by a 5 s pulse from —60mV to
+60mV. (F) Remaining current density (%) at the end of the pulse shown as the mean =+ SE of six cells both in
the HEK Cav- (Cavl -) and the HEK Cav- +Cavl (Cavl+). *p < 0.05 vs Cav- (Student’s t-test).

Kv1.3 redistribution within the plasma membrane is critical for lymphocyte physiology*’. Upon activation, T
cells spatially reorganize membrane proteins to form the immunological synapse (IS), where lipid rafts accumu-
late and recruit TCR (T-cell receptor), CD3 (cluster of differentiation protein 3) and Kv1.3'. Caveolin is crucial
for the IS reorganization of CD8 T cells®. Thus, the Kv1.3-caveolin interaction described here could partici-
pate in the recruitment of Kv1.3 into the IS orchestrated by caveolin. Moreover, the cell membrane composition
and lipid raft integrity regulates Kv1.3 activity*’. This is in agreement with the functional consequences that are
observed when Kv1.3 rearranges into the IS*!. Similarly, Kv1.3 activity was altered in the presence of caveolin.
Caveolins also regulate the activity of other channels such as Nav1.5*2. In addition, caveolin 3 also coimmuno-
precipitates with cardiac Kv11.1%4% however, a direct interaction between caveolins and channels is not a unique
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Figure 5. The N-terminal domain of Kv1.3 is essential for the interaction with caveolin. Total protein lysates
of HEK Cav1 obtained 24 h after transfection with the indicated channel (tagged with YFP) were subjected

to immunoprecipitation against caveolin. Samples separated by SDS-PAGE and immunoblotted (IB) against
GFP (channel) and caveolin antibodies. (A) Schematic diagrams of Kv1.3 truncated channels and Kv1.3-Kv1.5
chimeras. Kv1.3 domains: white barrels and black lines. Kv1.5 domains: gray barrels and gray lines. (B) Starting
materials. Top panel, filters were immunobloted against GFP (Channels). Bottom panel, filters were probed
against Cav to demonstrate Cav immunoprecipitation. (C) Immunoprecipitates. No immunoprecipitation was
observed in the absence of antibody (IP-).
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Figure 6. The CBD at the N-terminal domain is responsible for the targeting of Kv1.3 to lipid raft and the
association with Cavl. Lipid raft isolations performed in HEK Cav- (left panels) and HEK Cav1 (right panels)
cells expressing Kv1.3CBD (A) and the Kv1.5CBD (B) mutant channels (" FQRQVWLLF7* to AQRQVGLLA
and 2?FQRQVWLIF* to AQRQVGLIA, respectively). (C) HEK Cavl expressing either Kv1.3 or Kv1.3CBD
were subjected to immunoprecipitation against caveolin (IP: Cavl) in the presence (4) and the absence (—)
of caveolin antibody. Samples were separated by SDS-PAGE and immunoblotted against Kv1.3 (IB:Kv1.3) and
caveolin (IB:Caveolin) SM: starting material; SN: Supernatant; IP: immunoprecipitate.

way to target channels to raft domains. In this context, our Kv1.5 data are in the same line of evidence as that
described for Kv1.4. The location of Kv1.4 in caveolar domains is uncertain, but the presence of PSD95 increases
the targeting to rafts microdomains*. Conversely, the raft localization of Kv2.1 and Kv4.2 seems independent of
the presence of auxiliary scaffolding proteins such as caveolins or PDZ-containing proteins*. In this scenario,
much work must be conducted to decipher different partnership associations, thereby conforming specific cell
channelosomes, which allows for the spatial localization of channels and the regulation of physiological response.
Evidence suggests an increasing number of ion channels, mostly cardiac, are in caveolar rafts*’. However, our
results confirmed, for the first time, that Kv1.3 lipid raft targeting occurs via a direct interaction wherein caveolin
recruits the channel inside caveolae structures, thereby restricting the channel’s lateral diffusion. The molecular
determinant of Kv1.3 that is involved in such interaction is a CBD located at the N-terminus of the channel in
close proximity to the T1 tetramerization domain and the Kv{3 subunit interaction signature. Although other Kv1
members share similar motifs, none displayed a caveolin-dependent behavior or major lipid raft targeting. Our
results demonstrated that few, single point differences within the CBD signature and/or impaired CBD accessibil-
ity due to bulky intracellular domains, may impair this interaction. Interestingly, coimmunoprecipitation studies
using chimeric Kv1.3/Kv1.5 and Kv1.5(I239L) mutant channels suggest both. Thus, while Kv1.5Nt, containing a
CBD motif, was not enough for Kv1.5-Cavl coimmunoprecipitation, a fairly positive association was observed
when the bulky C-terminal of Kv1.5 was substituted by the C-terminal of Kv1.3. In addition, the introduction of
a di-leucine motif, within the CBD of Kv1.5 (Kv1.5 1239L), triggered Cav1l co-immunoprecipitation. Our data
suggest that the balance of other interacting motifs within Kv1.5 could mask the CBD accessibility and/or effec-
tiveness'®, which is similar to what has been previously reported for other forward trafficking signals, such as
VxxSL or YMVIEE*#. In this sense, Kv1.2, containing the same CBD of Kv1.3, lacks strong trafficking signals
and exhibits endoplasmic reticulum retention®. Unlike Kv1.3 that colocalizes with caveolin in Golgi'’, Kv1.2 and
caveolin do not share intracellular compartments what would impair the association. However, Kv1.2 cell surface
is promoted by PSD95 and Kvf3 subunits®.. It is tempting to speculate that different structural tertiary configu-
rations of bulky domains could condition protein-protein interactions with MAGUK proteins, such as PSD95
or SAP97, that interact differently with Kv channels®”-*°. This could be explained by supramolecular complexes
formed by Kv1.5, Cavl and SAP97, which further supports our Kv1.5 and PSD95 data in HEK Cavl cells***>%.
In summary, our results help to elucidate the mechanisms that target Kv1 channels to specific surface microdo-
mains that participate in fine-tuning the cellular responses. Unlike other neuronal Kv1 channels, Kv1.3 interacts
with caveolin through a CBD placed at the N-terminal domain of the channel adjacent to the first transmembrane
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segment and in close proximity to the T1 domain and the Kv{3 binding site. This association targets Kv1.3 to cave-
olar structures that regulate both the channel membrane dynamics and activity.

Methods

Expression plasmids and site-directed mutagenesis. Rat Kv1.3 in pRcCMV was provided by T.C.
Holmes (University of California, Irvine, CA). Rat Kv1.1 and Kv1.4 in pPGEM?7 and human Kv1.5 in pBK con-
structs were subcloned into pEYFP-C1 and pECerulean-C1 (Clontech). Kv1.3/Kv1.5 chimeras were generated
in the pEYFP-rKv1.3 and pEYFP-hKv1.5 channels by inserting BglIT and EcoRI sites in the N- and C-terminal
domains of the channels. Mutants were generated using the QuikChange site-directed mutagenesis kits
(Stratagene). LoopBAD (BAD, Biotin acceptor domain) sequence was inserted in the first extracellular loop of
pEYFP-Kv1.3 within a preexisting Nrul site for rKvl.3LoopBAD construct. E. coli Biotin ligase containing con-
struct pBtac_BirA was used as previously described. Rat Cav 1 into pECerulean-C1 was provided from J.R.
Martens (University of Florida Medical School). Cavl was inserted into pcDNA3 by digestion of Cav-pECerulean
(HindIII-BamHI). Constructs were verified by sequencing.

Cell culture, transient transfections and raft isolation. HEK 293 cells were grown in DMEM con-
taining 10% FBS and 100 U/ml penicillin/streptomycin (Gibco). Transient transfection was performed using
MetafecteneTM Pro (Biontex) at nearly 80% confluence. Murine bone marrow derived macrophages were iso-
lated, as previously described®. All of the experiments and surgical protocols were performed in accordance
with the guidelines approved by the ethical committee of the Universitat de Barcelona following the European
Community Council Directive 86/609 EEC.

Low density, Triton-insoluble complexes were isolated, as previously described'®?. Cells were homogenized in
1 ml of 1% Triton X-100, and sucrose was added to a final concentration of 40%. A 5-30% linear sucrose gradient
was layered on top and further centrifuged (39,000 rpm) for 20-22h at 4°C in a Beckman SW41 rotor. Gradient
fractions (1 ml) were collected from the top and analyzed by Western blot.

Protein extraction, co-immunoprecipitation 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 1 pg/ml of aprotinin, 1 pg/ml of leupeptin, 1 ug/ml of pepstatin and 1 mM of phenyl-
methylsulfonyl fluoride to inhibit proteases. Homogenates were centrifuged at 16,000 x g for 15min, and the
protein content was measured using the Bio-Rad Protein Assay.

For immunoprecipitation, samples were precleared with 30 pl of protein A-Sepharose beads for 2h at 4°C with
gentle mixing as part of the co-immunoprecipitation procedures. The beads were then removed by centrifugation
at 1,000 x g for 30 s at 4°C. Samples were incubated overnight with the anti-caveolin antibody (4 ng/ug protein)
at 4°C with gentle agitation. Thirty microliters of protein A-Sepharose were added to each sample and incubated
for 4h at 4°C. The beads were removed by centrifugation at 1,000 x g for 30 s at 4 °C, washed four times in NHG,
and resuspended in 100 ul of Laemmli SDS buffer.

Protein samples (50 ug), raft fractions (50 ul) and immunoprecipitates were boiled in Laemmli SDS loading
buffer and separated by 10% SDS-PAGE. Next, samples were transferred to PVDF membranes (Immobilon-P,
Millipore) and blocked with 5% dry milk-supplemented 0.05% Tween 20 PBS. The filters were then immunob-
lotted with specific antibodies: anti-GFP (1/1,000, Roche), anti-caveolin (1/2,500, BD Biosciences), anti-Kv1.3
(1/500, Neuromab), anti-clathrin (1/1,000, BD Biosciences), anti-flotillin (1/1,000, BD Biosciences). Finally, fil-
ters were washed with 0.05% Tween 20 PBS and incubated with horseradish peroxidase conjugated secondary
antibodies (BioRad).

Immunocytochemistry, plasma membrane lawns (PML) and transmission electron micros-
copy. HEK cells seeded on poly-D-lysine-treated coverslips were used 24 h after transfection (Metafectene
Pro). Cells were washed in PBS (phosphate-buffered saline without K*) and fixed with 4% paraformaldehyde for
10 min at room temperature (RT). To detect Cav 1, cells were permeabilized using 0.1% Triton X-100 for 10 min.
After a 60 min in blocking solution (10% goat serum (Gibco), 5% non-fat dry milk, PBS), cells were treated with
rabbit anti-caveolin (1/100, BD Biosciences) antibody in 10% goat serum, 0.05% Triton X-100 and again incu-
bated for 1h. After 3 washes, preparations were incubated for 45 min with Alexa-Fluor-555 conjugated antibody
(1:500; Molecular Probes), washed and mounted in Mowiol (Calbiochem). All procedures were performed at RT.

PML preparations were obtained via osmotic shock with minor modifications?. Briefly, cells were cooled
on ice for 5min and washed twice in PBS. Next, cells were incubated for 5min in 1/3 KHMgE (70 mM KCl,
30mM HEPES, 5 mM MgCl2, 3mM EGTA, pH 7.5) and gently washed with non-diluted KHMGE to induce the
hypotonic shock. Busted cells were removed from the coverslip by pipetting up and down. After two washes with
KHMgE buffer only membrane sheets remained attached. PML were fixed with fresh 4% paraformaldehyde for
10 min at room temperature and mounted in Mowiol mounting media.

For transmission electron microscopy, PML were treated as performed for immunocytochemistry, but
visualized with different secondary antibodies. Kv1.3 was recognized by a mouse anti-Kv1.3 antibody (1/20,
Neuromab). Goat anti-mouse and anti-rabbit secondary antibodies, conjugated to 10nm and 15nm gold parti-
cles, recognized Kv1.3 and Cavl, respectively. Briefly, processed samples were further fixed with 2.5% glutaralde-
hyde in PBS for 30 min at RT. Next, samples were subjected to freeze-drying, washed and cryoprotected with 10%
methanol. Samples were then cryofixed using slam-freezing (BAF-060, Bal-Tec) for 90 min at —90°C and 10-7
mbar pressure. Replicas were obtained by rotationally (136 rpm) evaporating 1 nm platinum through electron
cannon (at an angle of 23°). This was reinforced by evaporating 10 nm carbon (at an angle of 75°). Replicas were
separated from the sample using 30% fluorhydric acid. Finally, samples were washed and mounted over Formvar
coated grilles.
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Foster resonance energy transfer (FRET). FRET was performed in the acceptor photobleaching con-
figuration. Samples were imaged with a Leica SP2 confocal microscope. Images were acquired before and after
YFP bleach using 63 x oil immersion objective at zoom 4. Excitation was via the 458 and 514 nm lines of the Ar
laser, and 473-495 and 535-583 bandpass emission filters were used. FRET efficiency (FRETeft) was calculated
using the equation:

[(Fpafter — Fpbefore)/Fpbefore] x 100

where, Fpafter: donor fluorescence (Cerulean) after and Fbefore before acceptor (YFP) bleach. Analysis was
performed using Image].

Fluorescence recovery after photobleaching (FRAP) and Single particle tracking (SPT).
Experiments were performed as previously described*®**%. For FRAP experiments, an Olympus FV1000 micro-
scope was used. Briefly, YFP was bleached during 250 ms with a 515nm line Ar laser at 30% and was fluorescence
monitored before and after bleach with a PLAPO 60x NA 1:1,40 oil objective at zoom 4 acquiring every 1.108 s.
Acquisition was performed with the 515nm Ar laser line at 1% and a 525-560 nm bandpass emission filter.

SPT analysis was performed as previously described*. Briefly, cells co-expressing Kvl.3LoopBAD and BirA
for 24h were incubated for 5min at RT with 0.1 nM Streptavidin Qdots655 (Invitrogen, Oregon) in 1% BSA
HIS (146 mM NaCl, 4.7 mM KCl, 2.5mM CaCl, x 2H,0, 0.6mM MgSO, x 7H,0, 0.15mM NaH,PO, x 2H,0,
0.1 mM ascorbic acid, 8 mM Glucose, 20 mM HEPES, pH 7.4) and washed five times with HIS at RT. Cells were
imaged in the following hour at 37°C in a 5% CO, atmosphere. Imaging was performed with Nikon Eclipse Ti
PerfectFocus equipped TIRF (Total internal reflection fluorescence) microscope with a 100xPlanApoTIRF, 1.49
NA, oil objective. YEP was excited with 488 nm line Ar laser at 2% and Qdots with 561 nm laser at 20%. Emission
was collected through a Sutter Lambda 10-3 filter wheel and recorded with an Andor iXon EMCCD DUD897
camera. For TIRF acquisition, the incident angle was 63.3°. Imaging acquisition was approximately 10 MHz.
Videos were processed using Volocity (PerkinElmer Software). SPT was performed manually. The tracks were
then analyzed using Sigmaplot to obtain mean square displacement (MSD) and the Diffusion Coefficient.

Electrophysiology. Patch-clamp whole-cell configuration experiments were performed, as performed in®.
To evoke voltage-gated currents, cells were stimulated with 250 ms square pulses ranging from —60 to +80mV
in 10mV steps. C-type inactivation was studied by applying a long pulse of 5 s at +-60 mV. 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 RT.

References
1. Dart, C. Lipid microdomains and the regulation of ion channel function. J Physiol 588, 3169-3178 (2010).
2. Pilch, P. E & Liu, L. Fat caves: caveolae, lipid trafficking and lipid metabolism in adipocytes. Trends Endocrinol Metab 22, 318-324
(2011).
. Roth, D. M. & Patel, H. H. Role of caveolae in cardiac protection. Pediatr Cardiol 32, 329-333 (2011).
. Shaul, P. W. & Anderson, R. G. Role of plasmalemmal caveolae in signal transduction. Am J Physiol 275, L843-851 (1998).
5. Shvets, E., Ludwig, A. & Nichols, B. J. News from the caves: update on the structure and function of caveolae. Curr Opin Cell Biol 29,
99-106 (2014).
6. Cohen, A. W,, Hnasko, R., Schubert, W. & Lisanti, M. P. Role of caveolae and caveolins in health and disease. Physiol Rev 84,
1341-1379 (2004).
7. Williams, T. M. & Lisanti, M. P. The caveolin proteins. Genome Biol 5, 214 (2004).
8. Couet, ], Li, S., Okamoto, T., Ikezu, T. & Lisanti, M. P. Identification of peptide and protein ligands for the caveolin-scaffolding
domain. Implications for the interaction of caveolin with caveolae-associated proteins. J Biol Chem 272, 6525-6533 (1997).
9. Hille, B. Ion channels of excitable membranes (Sinauer, Sunderland, Mass. [Great Britain], 2001).
10. Cahalan, M. D. & Chandy, K. G. The functional network of ion channels in T lymphocytes. Immunol Rev 231, 59-87 (2009).
11. Veh, R. W. et al. Inmunohistochemical localization of five members of the Kv1 channel subunits: contrasting subcellular locations
and neuron-specific co-localizations in rat brain. Eur ] Neurosci 7, 2189-2205 (1995).
12. Varga, Z., Hajdu, P. & Panyi, G. Ion channels in T lymphocytes: an update on facts, mechanisms and therapeutic targeting in
autoimmune diseases. Immunol Lett 130, 19-25 (2010).
13. Fadool, D. A. et al. Kv1.3 channel gene-targeted deletion produces “Super-Smeller Mice” with altered glomeruli, interacting
scaffolding proteins, and biophysics. Neuron 41, 389-404 (2004).
14. Vicente, R. et al. Association of Kv1.5 and Kv1.3 contributes to the major voltage-dependent K+ channel in macrophages. J Biol
Chem 281, 37675-37685 (2006).
15. Villalonga, N. et al. Cell cycle-dependent expression of Kv1.5 is involved in myoblast proliferation. Biochim Biophys Acta 1783,
728-736 (2008).
16. Felipe, A., Soler, C. & Comes, N. Kv1.5 in the immune system: the good, the bad, or the ugly? Front Physiol 1, 152 (2010).
17. Vicente, R. et al. Kv1.5 association modifies Kv1.3 traffic and membrane localization. J Biol Chem 283, 87568764 (2008).
18. Martinez-Marmol, R. et al. Multiple Kv1.5 targeting to membrane surface microdomains. J Cell Physiol 217, 667-673 (2008).
19. Eldstrom, J., Van Wagoner, D. R, Moore, E. D. & Fedida, D. Localization of Kv1.5 channels in rat and canine myocyte sarcolemma.
FEBS Lett 580, 6039-6046 (2006).
20. Martens, J. R., Sakamoto, N., Sullivan, S. A., Grobaski, T. D. & Tamkun, M. M. Isoform-specific localization of voltage-gated K+
channels to distinct lipid raft populations. Targeting of Kv1.5 to caveolae. ] Biol Chem 276, 8409-8414 (2001).
21. Couet, J., Sargiacomo, M. & Lisanti, M. P. Interaction of a receptor tyrosine kinase, EGF-R, with caveolins. Caveolin binding
negatively regulates tyrosine and serine/threonine kinase activities. ] Biol Chem 272, 30429-30438 (1997).
22. Labrecque, L. et al. Regulation of vascular endothelial growth factor receptor-2 activity by caveolin-1 and plasma membrane
cholesterol. Mol Biol Cell 14, 334-347 (2003).
23. Trane, A. E. et al. Deciphering the binding of caveolin-1 to client protein endothelial nitric-oxide synthase (eNOS): scaffolding
subdomain identification, interaction modeling, and biological significance. J Biol Chem 289, 13273-13283 (2014).
24. Fra, A. M., Williamson, E., Simons, K. & Parton, R. G. De novo formation of caveolae in lymphocytes by expression of VIP21-
caveolin. Proc Natl Acad Sci USA 92, 8655-8659 (1995).

B

SCIENTIFIC REPORTS | 6:22453 | DOI: 10.1038/srep22453 10



www.nature.com/scientificreports/

25.
26.
27.

28.
29.

30.
31.
32.
33.
34.
35.

36.
37.

38.
39.
40.
41.
42.
43.
44.

45.
. Tamkun, M. M., O’'Connell, K., M. & Rolig, A. S. A cytoskeletal-based perimeter fence selectively corrals a sub-population of cell

47.
48.
49.
50.
51.
52.
53.
54.
55.

56.

Hnasko, R. & Lisanti, M. P. The biology of caveolae: lessons from caveolin knockout mice and implications for human disease. Mol
Interv 3, 445-464 (2003).

Thomsen, P., Roepstorff, K., Stahlhut, M. & van Deurs, B. Caveolae are highly immobile plasma membrane microdomains, which
are not involved in constitutive endocytic trafficking. Mol Biol Cell 13, 238-250 (2002).

Kusumi, A., Sako, Y. & Yamamoto, M. Confined lateral diffusion of membrane receptors as studied by single particle tracking
(nanovid microscopy). Effects of calcium-induced differentiation in cultured epithelial cells. Biophys J 65, 2021-2040 (1993).
Stralfors, P. Caveolins and caveolae, roles in insulin signalling and diabetes. Adv Exp Med Biol 729, 111-126 (2012).
Gonzalez-Munoz, E. et al. Caveolin-1 loss of function accelerates glucose transporter 4 and insulin receptor degradation in 3T3-L1
adipocytes. Endocrinology 150, 3493-3502 (2009).

Panyi, G., Sheng, Z. & Deutsch, C. C-type inactivation of a voltage-gated K* channel occurs by a cooperative mechanism. Biophys |
69, 896-903 (1995).

Garcia-Cardena, G. et al. Dissecting the interaction between nitric oxide synthase (NOS) and caveolin. Functional significance of
the nos caveolin binding domain in vivo. ] Biol Chem 272, 25437-25440 (1997).

Collins, B. M., Davis, M. J., Hancock, J. F. & Parton, R. G. Structure-based reassessment of the caveolin signaling model: do caveolae
regulate signaling through caveolin-protein interactions? Dev Cell 23, 11-20 (2012).

Folco, E. ], Liu, G. X. & Koren, G. Caveolin-3 and SAP97 form a scaffolding protein complex that regulates the voltage-gated
potassium channel Kv1.5. Am ] Physiol Heart Circ Physiol 287, H681-690 (2004).

Murata, M. et al. SAP97 interacts with Kv1.5 in heterologous expression systems. Am ] Physiol Heart Circ Physiol 281, H2575-2584
(2001).

Panyi, G. et al. Kv1.3 potassium channels are localized in the immunological synapse formed between cytotoxic and target cells. Proc
Natl Acad Sci USA 101, 1285-1290 (2004).

Szabo, I, Adams, C. & Gulbins, E. Ion channels and membrane rafts in apoptosis. Pflugers Arch 448, 304-312 (2004).

Nicolaou, S. A. et al. Altered dynamics of Kv1.3 channel compartmentalization in the immunological synapse in systemic lupus
erythematosus. ] Immunol 179, 346-356 (2007).

Martens, J. R., O’Connell, K. & Tamkun, M. Targeting of ion channels to membrane microdomains: localization of KV channels to
lipid rafts. Trends Pharmacol Sci 25, 16-21 (2004).

Tomassian, T. et al. Caveolin-1 orchestrates TCR synaptic polarity, signal specificity, and function in CD8 T cells. J Immunol 187,
2993-3002 (2011).

Bock, J., Szabo, I., Gamper, N., Adams, C. & Gulbins, E. Ceramide inhibits the potassium channel Kv1.3 by the formation of
membrane platforms. Biochem Biophys Res Commun 305, 890-897 (2003).

Toth, A., Szilagyi, O., Krasznai, Z., Panyi, G. & Hajdu, P. Functional consequences of Kv1.3 ion channel rearrangement into the
immunological synapse. Immunol Lett 125, 15-21 (2009).

Palygin, O. A., Pettus, J. M. & Shibata, E. F. Regulation of caveolar cardiac sodium current by a single Gsalpha histidine residue. Am
J Physiol Heart Circ Physiol 294, H1693-1699 (2008).

Balijepalli, R. C. et al. Kv11.1 (ERG1) K* channels localize in cholesterol and sphingolipid enriched membranes and are modulated
by membrane cholesterol. Channels (Austin) 1, 263-272 (2007).

Hedley, P. L. et al. The role of CAV3 in long-QT syndrome: clinical and functional assessment of a caveolin-3/Kv11.1 double
heterozygote versus caveolin-3 single heterozygote. Circ Cardiovasc Genet 6, 452-461 (2013).

Wong, W. & Schlichter, L. C. Differential recruitment of Kv1.4 and Kv4.2 to lipid rafts by PSD-95. ] Biol Chem 279, 444-452 (2004).

surface Kv2.1 channels. J Cell Sci 120, 2413-2423 (2007).

Maguy, A., Hebert, T. E. & Nattel, S. Involvement of lipid rafts and caveolae in cardiac ion channel function. Cardiovasc Res 69,
798-807 (2006).

Li, D., Takimoto, K. & Levitan, E. S. Surface expression of Kvl channels is governed by a C-terminal motif. ] Biol Chem 275,
11597-11602 (2000).

Martinez-Marmol, R. ef al. A non-canonical di-acidic signal at the C-terminus of Kv1.3 determines anterograde trafficking and
surface expression. J Cell Sci 126, 5681-5691 (2013).

Manganas, L. N. & Trimmer, J. S. Subunit composition determines Kv1 potassium channel surface expression. J Biol Chem 275,
29685-29693 (2000).

Tiffany, A. M. et al. PSD-95 and SAP97 exhibit distinct mechanisms for regulating K(+) channel surface expression and clustering.
J Cell Biol 148, 147-158 (2000).

Doczi, M. A., Damon, D. H. & Morielli, A. D. A C-terminal PDZ binding domain modulates the function and localization of Kv1.3
channels. Exp Cell Res 317, 2333-2341 (2011).

Eldstrom, J., Doerksen, K. W,, Steele, D. E. & Fedida, D. N-terminal PDZ-binding domain in Kv1 potassium channels. FEBS Lett 531,
529-537 (2002).

Weigel, A. V., Tamkun, M. M. & Krapf, D. Anomalous diffusion of kv2.1 channels observed by single molecule tracking in live cells.
Conf Proc IEEE Eng Med Biol Soc 2010, 3005-3008 (2010).

Vicente, R. et al. Differential voltage-dependent K+ channel responses during proliferation and activation in macrophages. J Biol
Chem 278, 46307-46320 (2003).

Deutsch, E. et al. Kv2.1 cell surface clusters are insertion platforms for ion channel delivery to the plasma membrane. Mol Biol Cell
23,2917-2929 (2012).

Acknowledgements

Supported by the Ministerio de Economia y Competitividad (MINECO, Spain) grants (BFU2014-54928-R and
CSD2008-00005). MPV and JC hold fellowships from the MINECO and the Fundacion Tatiana Pérez de Guzmén
el Bueno, respectively. NC and RMM were supported by the Juan de la Cierva program (MINECO). Authors
thank Dr. C. Lépez-Iglesias (CCiTUB, Universitat de Barcelona) for her help in electronic microscopy, Dr. C. Dart
(University of Liverpool) for the kind gift of the HEK Cavl cell line and Dr. A. Pol (Universitat de Barcelona) for
the Cavl~/~ mice. The English editorial assistance of the American Journal Experts is also acknowledged.

Author Contributions
M.PV, J.C, RM.M., M.C. and N.C. performed the experiments. M.P.V,, M.C., M.M.T. and A.F. designed the
experiments. A.E directed the study. All authors participated in writing the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

SCIENTIFIC REPORTS | 6:22453 | DOI: 10.1038/srep22453 11


http://www.nature.com/srep

www.nature.com/scientificreports/

How to cite this article: Pérez-Verdaguer, M. et al. Caveolin interaction governs Kv1.3 lipid raft targeting. Sci.
Rep. 6, 22453; doi: 10.1038/srep22453 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

ol oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:22453 | DOI: 10.1038/srep22453 12


http://creativecommons.org/licenses/by/4.0/

	Caveolin interaction governs Kv1.3 lipid raft targeting

	Results

	Differential caveolin dependence of Kv1.3 and Kv1.5 lipid raft partitioning. 
	Caveolin 1 associates with Kv1.3 altering channel membrane dynamics, stability and activity. 
	Caveolin 1 interacts with Kv1.3 via a CBD signature located at the N-terminal of the channel. 

	Discussion

	Methods

	Expression plasmids and site-directed mutagenesis. 
	Cell culture, transient transfections and raft isolation. 
	Protein extraction, co-immunoprecipitation and western blot analysis. 
	Immunocytochemistry, plasma membrane lawns (PML) and transmission electron microscopy. 
	Föster resonance energy transfer (FRET). 
	Fluorescence recovery after photobleaching (FRAP) and Single particle tracking (SPT). 
	Electrophysiology. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Kv1.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Molecular association of Kv1.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Caveolin expression induces aggregation and slows the lateral diffusion of Kv1.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Caveolin 1 stabilized Kv1.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The N-terminal domain of Kv1.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ The CBD at the N-terminal domain is responsible for the targeting of Kv1.



 
    
       
          application/pdf
          
             
                Caveolin interaction governs Kv1.3 lipid raft targeting
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22453
            
         
          
             
                Mireia Pérez-Verdaguer
                Jesusa Capera
                Ramón Martínez-Mármol
                Marta Camps
                Núria Comes
                Michael M. Tamkun
                Antonio Felipe
            
         
          doi:10.1038/srep22453
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep22453
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep22453
            
         
      
       
          
          
          
             
                doi:10.1038/srep22453
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22453
            
         
          
          
      
       
       
          True
      
   




