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Abstract: Kv1.5 channels are homotetramers of -pore subunits mainly present in human atrium and pulmonary vascula-
ture. Thus, Kv1.5 is a pharmacological target for cardiovascular diseases. Kv 1.3 assemblies with Kv 1.5 and modifies its 
gating and pharmacology. A further knowledge of -  interactions and pharmacology will lead a better design of new 
drugs. 
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 Most of us appreciate the importance of electricity at a 
young age. It powers many useful and entertaining man-
made devices: a light for seeing the world, a computer for 
searching the internet, or an omnipresent iPod for listening 
music. The concept that living organisms use electricity as a 
fundamental mechanism for signalling across membranes 
and between cells is less widely appreciated, even though 
scientists have been thinking about the biological roles of 
electricity since the late eighteenth century…In humans, 
electrical signals are used to complete a computation within 
the cerebral cortex, to secrete insulin after a meal, or to sig-
nal that a sperm has entered an egg and for embryogenesis to 
commence [1]. 

ION CHANNELS AS DRUG TARGETS 

 Ion channels are integral components of cellular signal-
ing pathways in almost all living cells. In fact, our ability to 
do exercise, to perceive colors and sounds, to process lan-
guage, and, more generally, to initiate muscle contraction 
depends on electrical messages produced as ion channels in 
cell membranes open and close [2]. Various ion channels 
mediate sensory transduction, electrical propagation over 
long distances, and synaptic transmission. In this review, we 
will focus on voltage-gated K+ channels (Kv) responsible of 
nerve and muscle excitability. Our basic understanding of 
these proteins maintains the framework and rigor established 
50 years ago by Hodgkin and Huxley [3], enriched by much 
new molecular information [4] and by insights gained from 
patch-clamp methods [5]. Potassium channels are membrane 
proteins that can be blocked by many different types of 
drugs, such as local anesthetics, antiarrhythmics, anticonvul-
sants, antihypertensive drugs, etc. Therefore, they represent 
the targets for these therapeutic agents, and their binding 
sites have been analyzed by studying the interactions of spe-
cific channel blockers and site-directed mutant ion channels 
[6-8].  
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 In the best case, drug targets would have several charac-
teristics: known biological function; robust assay systems for 
in vitro characterization and high-throughput screening; and 
finally, they have to be specifically modified by and accessi-
ble to small molecular weight compounds in vivo. Ion chan-
nels have many of these attributes and, thus, they can be 
viewed as suitable targets for small molecule drugs. If modu-
latory subunits ( ) alter the pharmacology of the Kv pore 
forming subunits ( ), the molecular targets of local anesthet-
ics and/or antiarrhythmic drugs will vary greatly depending 
on  subunit expression. Therefore, knowledge of the effects 
of regulatory  subunits present in the human myocardium is 
a key factor required for determining the characteristics of 
Kv as drug targets. However, target-based drug discovery 
programs require the identification, characterization and 
validation of molecular targets. An approach to these consid-
erations is to associate the gene that encodes the expression 
of such ion channels with a specific cellular process, disease 
indication, or mammalian model of disease. In fact, in-
volvement of a gene in an inherited disease provides direct 
evidence that a given protein is functionally important. Dur-
ing the last decades, there have been made enormous pro-
gress identifying mutations in ion channel genes that cause 
human and animal diseases that result from defects in ion 
channel function (channelopathies). 

VOLTAGE-GATED POTASSIUM CHANNELS 

 Potassium channels are tetramers of  pore-forming 
subunits. Recapitulation of the physiological features of the 
native K+ current frequently requires accessory -subunits. 
Most Kv  subunits assemble with -subunits giving rise to a 

4 4 complex. The first K+ channel to be identified came 
from the cloning of the Shaker gene of Drosophila which 
causes flies to shake when exposed to ether [9]. However, 
potassium channels are found in virtually all cells and can be 
divided in three main structural families depending on 
whether they possess six, four or two transmembrane do-
mains, the latter with two pores (Fig. (1)) [4,10-12]. Those 
belonging to the family of two transmembrane domains in-
clude the inwardly rectifying K+ channels. In the present 
review, we will examine the voltage-gated K+ channels that 
exhibit six transmembrane spanning domains (6Tm-1P). 
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Initially, four Drosophila subfamilies were described 
(Shaker, Shab, Shal and Shaw), to which the first cloned 
mammalian K+ channels were related [13]. In the mammal-
ian KvX.Y nomenclature, Kv reflects voltage-gated K+ 
channel, X represents the subfamily and Y the number of the 
gene within the subfamily. Assembly of four  subunits into 
a tetrameric structure is needed to create a functional K+ 
channel [14-16]. The activation of these channels leads to the 
genesis of different K+ currents (Fig. (2)). These Kv channels 
are closed at the resting membrane potential and open upon 
depolarization. Therefore, they are involved in the repolari-
zation of the action potential, and thus in the electrical excit-
ability of nerve and muscle fibers, including cardiac muscle. 
Mutation of gene encoding members of these K+ channel 
subfamilies lead to a number of human diseases, such as 
episodic ataxia, long QT syndrome and epilepsy. 

 6Tm-1P K+ channels are made up of pore-forming  
subunits that may associate with a number of different types 
of  subunits. To date, twelve different subfamilies of Kv 
channel  subunits have been described (Kv1-12) [16,17]. 
The  subunit of the Kv channels corresponds to a single 
domain of the Na+ or Ca2+ channels and four such subunits 
form the functional K+ channel pore. Each  subunit consists 
of six transmembrane spanning segments (S1 to S6), which 
are highly conserved, with intracellular N and C termini of 
variable length. The S4 segment shows high homology with 
those from voltage-gated Na+ channel: it is amphipathic, 
having a positive charged amino acid at every third position. 
Like in Na+ channels, the S4 segment is involved in the volt-
age-dependent activation of Kv channels, and the N-terminus 
is involved in the voltage-dependent inactivation. The linker 
between S5 and S6 segments dips back into the membrane 
and participates in the formation of the channel pore. It is 

called H5 region or P loop in K+ channels (a more detailed 
description of the Kv structure is depicted below). A great 
variety of Kv channels has been described, far more than was 
originally anticipated. Part of this diversity is the conse-
quence of the existence of different genes, which encode 
different Kv channels. However, other factors such as alter-
native splicing, the formation of heteroligomeric channels 
and their association with different types of  subunits, also 
contribute to this diversity. 

Activation 

 Different reports have revealed that the S1-S4 region acts 
as the voltage sensor of Kv channels [18]. The S4 segment 
(which presents seven positively charged residues) is the 
major component of the voltage sensor for gating, although 
negative charges in S1, S2 and S3 also contribute to this 
process. S3 is actually formed by two helices referred to as 
S3a and S3b. In all of the crystal structures determined, S3b 
forms with S4 a helix-turn-helix structure called the voltage-
sensor paddle (Fig. (3)) [19]. Depolarization of the mem-
brane causes a physical (outward) movement of S4, which 
then induces further conformational changes that open the 
channel pore and permit selective K+ permeation. This 
movement has been monitored electrically as the gating cur-
rent [20], or by means of fluorescence [21]. The available 
structures of activated voltage sensors represent a remarkable 
advance and, when considered in the context of other bio-
physical studies, constrain our thinking about the mechanism 
of voltage sensing. The voltage sensor is surrounded by a 
lipid environment and different approaches had led to the 
hypothesis that membrane phospholipids affect the gating of 
the channel [22-24]. It has been proposed that Kv channels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Schematic Figure representing the three main groups of K+ 
channels according to their structure: 2STM/1P, 4STM/2P and 
6STM/1P channels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Original records obtained after transfection of cDNA en-
coding Kv1.5, Kv4.3, HERG and KvLQT1+minK in Ltk

- cells (for 
Kv1.5 channels) and in CHO cells (for the other three types of 
channels). Holding potential was maintained in all cases at -80 mV. 
Cells transfected with cDNA encoding the expression of Kv1.5 or 
Kv4.3 channels were pulsed every 10 s from -80 and +60 mV. 
Cells transfected with cDNA encoding the expression of HERG 
and KvLQT1+minK were pulsed every 30 s from -80 and +60 mV. 
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may interact with several species of phospholipids and that 
enzymatic removal of their phospho-head creates an energy 
barrier for the positively charged voltage sensor to move 
through the initial gating step and also raises the energy bar-
rier for the downstream step [23].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. (3). Views of the Kv1.2– 2 subunit complex. (A) Stereoview 
of a ribbon representation from the side, with the extracellular solu-
tion above and the intracellular solution below. Four subunits of the 
channel (including the T1 domain, voltage sensor, and pore) are 
colored uniquely. Each subunit of the  subunit tetramer is colored 
according to the channel subunit it contacts. The NADP+ cofactor 
bound to each  subunit is drawn as black sticks. TM indicates the 
integral membrane component of the complex. (B) Stereoview of a 
single subunit of the channel and  subunit viewed from the side. 
Labels correspond to transmembrane helices (S1 to S6); the Pro-
Val-Pro sequence in S6 (PVP); and the N (N) and C (C) termini of 
the Kv1.2 and  subunits. The position of the N terminus of the  
subunit, which is located on the side furthest away from the viewer, 
is indicated by an arrow. (C) Stereoview of a ribbon representation 
viewed from the extracellular side of the pore. Four subunits are 
colored uniquely. From Long et al. (2007) with permission. 

Inactivation 

 Upon depolarization, Kv channels activate more or less 
rapidly, rising maximum peak amplitude before the current 
declines in a slow (C-type) or a fast process (N-type). The N-
type inactivation involves the N-terminus of the  or the  
subunit. Therefore, upon opening of the channel, the N-
terminal domain moves into the internal mouth and occludes 
the pathway of K+ ions through the pore [25]. After removal 
of this region, inactivation can be restored by the corre-
sponding synthetic peptide. Since functional K+ channels are 
composed by the assembly of four  subunits, each K+ chan-
nel has four inactivation balls, which in Shaker channels 
correspond to the first 20 amino acids of the N-terminus. 
Only one of these balls binds to its receptor in the mouth of 
the ion pore, but the four are needed for a normal inactiva-
tion rate of the channel [26]. The Shaker inactivation ball 
binds to a receptor located at the S4-S5 linker, which in-
volves a threonine [27]. On the contrary, C-type inactivation 
is modified by mutations in the S6 and P regions, and is usu-
ally slow and incomplete [28]. This kind of inactivation is 
present in almost all Kv channels and may reflect a constric-
tion of the pore involving residues on the extracellular sur-
face of the ion pore. 

Ion Pore and Selectivity 

 The ion conduction pathway consists of a sequence of 
approximately 20 amino acids (P loop) between the S5 and 
S6 segments with contributions of the S5, S6 and the S4-S5 
linker (Fig. (3)). The four subunits are oriented in such a way 
that the S5-P-S6 sections face each other creating the central 
pore. Within the P region, the amino acid sequence motif 
(TxTTx)GYG is now considered the K+-selectivity signature 
motif [29]. Mutagenesis studies have revealed that the selec-
tivity filter forms an essential part of the permeation path-
way. MacKinnon and his colleagues [15] obtained the first 
crystal structure of a K+ channel, the bacterial K+ channel 
(KcsA) cloned from Streptomyces lividans with a 3.2 Å reso-
lution. The KcsA channel is formed by two transmembrane 
segments (inner and outer helix) equivalent to the S5 and S6 
of Kv channels. The X-ray analysis confirms that the channel 
contains four identical subunits each having two transmem-
brane -helices and a P domain. These subunits create an 
inverted cone or teepee, in which the -helices resemble the 
poles of the teepee. The selectivity filter fills the wider base 
on the extracellular face. The pore has a length of 45 Å; it 
starts from the inside with a tunnel (18 Å long,  6 Å wide) 
which opens into a 10 Å wide cavity followed by the narrow 
selectivity filter (12 Å). The structure of Kv channels differs 
from that of the non-voltage-gated bacterial potassium chan-
nel KcsA due to a sharp-bend in the S6 helices (equivalent to 
the inner helices of the KcsA channel). This bend would 
occur at a Pro-X-Pro sequence that is highly conserved in the 
Kv channels [30]. Part of the P region of each subunit is -
helical, with their electronegative carboxyl end directed to-
ward the central cavity, which helps to stabilize the potas-
sium ions. The selectivity filter is lined by the carbonyl oxy-
gen atoms of the GYG signature sequence. The tyrosine (Y) 
points away from the pore and interacts with other conserved 
aromatic residues of the pore helices. Therefore, a fairly rigid 
donut of 12 interlocking aromatic amino acids is formed 
around the selectivity filter that holds the GYG backbone at 
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the optimal distance from the center to achieve potassium 
selectivity: the four backbones form a pore with the carbonyl 
oxygens at the proper distance to compensate the cost of 
dehydration of a K+ ion (~ 3 Å). Interestingly, the inner tun-
nel is largely coated with hydrophobic side chains, explain-
ing why binding of open channel blockers such as tetraethy-
lammonium (TEA) derivatives, antiarrhythmic drugs like 
quinidine or local anesthetics such as bupivacaine are stabi-
lized by hydrophobic interactions [6,7,31]. MacKinnon and 
colleagues resolved the X-ray structure of a Kv channel, the 
Kv1.2 channel [19,32]. This protein was solved to 2.4 Å 
resolution. In the atomic structure of Kv1.2 and a mutant 
known as paddle chimera, the S4-S5 linker helices are posi-
tioned in such a manner that conformational changes within 
the voltage sensors can easily be transmitted to the S6 heli-
ces in order to facilitate constriction or dilation of the pore. 
(Fig. (3)). 

REGULATORY SUBUNITS: BETA SUBUNITS 

 The diversity of Kv channels structure and function is 
enhanced by heteromultimerization of different -subunits 
and by their association with accessory Kv  subunits [33], 
forming complexes of four -subunits and four -subunits 
that modify the electrophysiological characteristics of the -
subunit. Therefore, recapitulation of the physiological fea-
tures of the native K+ current frequently requires accessory 

-subunits. Most Kv  subunits assemble with -subunits 
giving rise to a 4 4 complex. K+ channel -subunits repre-
sent a diverse molecular group, which includes cytoplasmic 
proteins (Kv 1-3, KChIP and KChAP) that interact with the 
intracellular domains of Kv channels, single transmembrane 
spanning proteins, such as minK and minK-related proteins 
(MiRPs) encoded by the KCNE gene family, and large ATP 
binding cassette (ABC) transport-related proteins, such as 
the sulfonylurea receptors (SUR) for the inward rectifiers 
Kir6.1-6.2 [33]. Moreover, coexpression of  subunits with 

-subunits regulates cell surface expression, gating kinetics 
and drug-sensitivity of K+ channels. Kv channels play criti-
cal roles in the electrical responses throughout the cardiovas-
cular system, being responsible for establishing the resting 
membrane potential and cellular repolarization in heart and 
peripheral vascular beds [34-36]. The Kv  subunits are cyto-
plasmic proteins that have a mass of ~40 kDa. The proteins 

1, 2, and 3 are coded by different genes, and additional 
variability is produced by alternative splicing on the N-
terminal region [7,8]. The Kv  subunits form a tetrameric 
structure and are associated in 1:1 ratio with the -subunit 
[19,37]. The Kv  C-termini bind to the T1 domains of the -
subunits, which form a docking platform for the Kv  
subunits (Fig. (3)) [38]. In addition to modulating the chan-
nel activity at the cell surface, Kv  subunits control the sur-
face expression of the -subunit [39]. The interaction of Kv1 

-subunit and Kv  subunit polypeptides is an early event in 
Kv1 biosynthesis, occurring in the endoplasmic reticulum 
[39,40]. Despite dramatic differences in their effects on 
channel gating, each of the Kv  subunits displays robust 
trafficking effects. Kv 1.1, 1.2, 2, and 3 subunits in-
crease the membrane expression and the mature form of 
Kv1.2 when they are co-expressed [39,40]. The interaction 
with Kv 2 subunits results in increased stability of Kv1.2 -
subunits. There is a dramatic difference in the degradation 

rates of the free Kv1.2 pool (non-bonded to Kv 2 subunit, 
~3 h) and the Kv1.2 associated with Kv 2 (  ~15 h) [39]. 

Therefore, although some cytoplasmic Kv1 channel -
subunits affect the inactivation kinetics of the -subunits, a 
more general and perhaps more fundamental role is to medi-
ate the biosynthetic maturation and surface expression of Kv 
channel complexes. 

INTERACTION BETWEEN Kv1.5 CHANNELS AND 

Kv 1.3 SUBUNITS 

 In the human myocardium and in blood vessels two -
subunits (Kv 1.3 and Kv 2.1) show overlapping expression 
patterns with Kv1.5 channels. These channels are widely 
represented in the cardiovascular system [41]. In the heart, 
the Kv1.5 protein has been located in human atrial and ven-
tricular myocardium explanted from newborn and adult pa-
tients [42]. However, electrophysiological studies [43,44] 
have shown the absence of Kv1.5-like current in human ven-
tricular myocytes. These results suggest that IKur is the native 
counterpart to Kv1.5 channels in human atria [17,45-47] and 
therefore, it contributes to the repolarization process of the 
human atrial action potential [17,47]. It has been reported 
that the expression of Kv1.5 protein is reduced in atrial ap-
pendages of chronic atrial fibrillation patients [48]; and more 
recently, a familial form of atrial fibrillation has been attrib-
uted to a loss-of-function mutation in Kv1.5 [49]. In the 
pulmonary vasculature, Kv1.5 plays a critical role in the 
oxygen-sensitive regulation of arterial tone [50]. Thus, there 
is significant interest in Kv1.5 as a potential pharmacological 
target for diseases, such as chronic atrial fibrillation and 
chronic hypoxic pulmonary arterial hypertension. The two 
overlapping  subunits exert different effects on the Kv1.5 
current. Thus, as shown in Fig. (4), the Kv 2.1 subunit in-
creases the degree of slow inactivation of the current, 
whereas Kv 1.3 induces a fast and incomplete inactivation 
of the current [51-53]. Both, Kv 2.1 and Kv 1.3 shift the 
midpoint of the activation curve towards more negative volt-
ages and slow the deactivation process [51,52]. In addition, 
Kv 1.3 subunits modify the pharmacology of the Kv1.5 -
subunits, decreasing their sensitivity to bupivacaine, 
quinidine and S0100176 [54,55]. The interaction between 
Kv 1.3 subunits and Kv1.5 channels has been extensively 
studied during the past few years [54,56,57]. Zhou et al. pro-
posed in 2001 that the inactivation induced by Kv 1 subunits 
occurs through the interaction between a fully extended N-
terminal peptide. 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. This configuration makes 
good chemical sense as the cavity and inner pore are lined by 
hydrophobic amino acids and the T1-S1 linkers outside the 
pore contain many acidic amino acids that would interact 
favourably with the multiple basic residues of the inactiva-
tion peptide [58]. These authors also conclude that blockers 
of Kv channels such as TEA and its derivatives as well as 
Kv 1 subunits bind to the central ion pore cavity. In 2005, 
the putative receptor site for the N-terminal inactivating par-
ticle of Kv 1.3 in the Kv1.5 pore was determined, involving 
residues V505, I508, L510, V512 and V516 (Fig. (5)) [54]. 
Interestingly, two residues located close to the selectivity 
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filter of the Kv1.5 channel (T480 and A501) greatly in-
creased the degree of fast inactivation produced by the 
Kv 1.3 subunit [54]; suggesting that these residues are also 
involved in the interaction between Kv 1.3 and Kv1.5. In 
2008, the same group analyzed the Kv 1.3 N-terminal resi-
dues involved in the interaction with Kv1.5. This study 
shows that residues L2 and A3 from the Kv 1.3 subunit are 
necessary to induce inactivation. They also show the Kv 1.3 
subunit, in contrast to Kv 1.1, is Ca2+ insensitive and that 
PIPs antagonize the Kv 1.3 induced inactivation through 
interaction with residue R5. Double-mutant cycle analysis 
indicates that R5 interacts with T480 and A501 of Kv1.5, 
residues located deep within the pore of the channel. These 
results can only be explained if the Kv 1.3 N-terminus as-
sumes a hairpin structure, which was supported by an en-
ergy-optimized model of the interaction between the first 11 
residues of the Kv 1.3 subunit and the pore of the Kv1.5 
channel (Fig. (6)). They propose that Kv 1.3 is bound, 
through the R5 residue, to membrane PIP2 in a pre-blocking 

state, when dissociates assumes a hairpin structure that enter 
the central cavity of the open Kv1.5 channel to induce N-
type inactivation [56]. 

PHARMACOLOGICAL CONSEQUENCES OF THE 

INTERACTION BETWEEN Kv1.5 AND Kv 1.3 

 Several studies have demonstrated that Kv 1.3, but not 
Kv 2.1, decreases drug affinity of Kv1.5 for local anesthet-
ics and antiarrhythmic drugs (Fig. (7)) [6,54,55,57]. Gon-
zalez et al. demonstrated in 2002 that Kv 1.3 decreased 
block induced by bupivacaine and quinidine by 4- and 8-
fold, respectively. However, Kv 2.1 did not affect the sensi-
tivity of the channel to block induced by these drugs [6,55]. 
In 2005, Decher et al. demonstrated that this effect was due 
to a competition between the drugs and the inactivating par-
ticle of the Kv 1.3 subunit for their binding site. Indeed, 
mutagenesis analysis demonstrated that the binding site for 
S0100176 (a new antiarrhythmic drug) overlaps but is not 
identical to the Kv 1.3 binding site (Fig. (6)) [54,59]. 

 

 

 

 

 

 

 

 

Fig. (4). Original traces recorded from HEK293 cells transfected with Kv1.5 (left), Kv1.5+Kv 2.1 (middle) and Kv1.5+Kv 1.3 (right). Note 
the effects produced by both Kv 2.1 and Kv 1.3 on the slow inactivation of the current and on kinetics of the deactivation. Note that the 
Kv 1.3 subunit converts the delayed current generated by the activation of Kv1.5 channels in a fast inactivating current. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Partial overlap of drug and Kv 1.3 binding sites on the S6 domain of Kv1.5 channel. The S5-S6 domains of a single Kv1.5 subunit 
are depicted with important residues for interaction with Kv 1.3 (Left panel), AVE0118 (Middle panel) and S0100176 (Right panel). Inter-
acting residues are defined by a mutation-induced decrease in the extent of inactivation caused by Kv 1.3 or a decrease in block by drug. In 
addition, mutation of Thr479 or Thr480 enhanced the ability of Kv 1.3 to inactivate Kv1.5 channels. Homology models are based on the 
crystal structure of the KcsA channel [15], incorporating a predicted bending of the S6 domain at the PVP motif [54,59,63]. 
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Stereoselective bupivacaine interactions with Kv1.5 channels 
have been shown to involve at least three amino acids lo-
cated at the S6 segment (T507, L510 and V514) [7]. Muta-
tion of L510 was previously reported to decrease channel 
block induced by quinidine, bupivacaine and TEA [6,7,60]. 
Although leucine at position 510 is predicted to face away 
from the central cavity, it has been recently demonstrated 
that mutation of this residue to alanine prevents the interac-
tion with Kv 1.3, and, thus, its ability to induce N-type inac-
tivation and to alter Kv1.5 channel gating [54]. If L510 de-
termines bupivacaine stereoselectivity and it is also required 
for Kv 1.3-induced inactivation, then it could be hypothe-
sized that the inactivating ball of the  subunit and bupiva-
caine may compete for the same internal receptor site, as it 
has been suggested for quaternary ammonium derivatives 
[58]. Stereoselective interactions are very specific and sug-
gest direct and specific three-dimensional relationships in the 
receptor site. Thus, possible changes in the degree of 
bupivacaine stereoselectivity on Kv1.5 and Kv1.5+Kv 1.3 
channels were analyzed by Arias et al. [57]. In this study, the 
authors demonstrated that the L510A mutant preserves 
stereoselectivity of bupivacaine block while diminishes inhi-
bition by Kv 1.3. As L510 is part of the Kv 1.3 binding site 
[54], mutant L510A channels are not blocked by Kv 1.3. 
Accordingly, Kv 1.3 is not able to eliminate the stereoselec-
tivity of bupivacaine block. In contrast, the stereoselectivity 
of mutant V514A channels, which have an intact Kv 1.3 
binding site [54], remains modulated by Kv 1.3. The residue 
L510 is particularly important for the modulation of bupiva-
caine block, as from our current knowledge L510 is the only 
residue of the S6 segment that is binding to both bupivacaine 
[6,7] and Kv 1.3 [54,57]. These findings support previous 
reports of an overlapping binding site for drugs and Kv 1.3 

[54,55] and pinpoint the stereoselective effects of Kv 1.3 to 
the S6 segment residue L510. These results demonstrate that 
bupivacaine and Kv 1.3 compete for an overlapping binding 
site at the inner cavity of the Kv1.5 channel. 

 

 

 

 

 

 

 

 

 

Fig. (7). Pharmacological consequences of the interaction between 
Kv1.5 and Kv 1.3. Left panel shows original records obtained dur-
ing the activation of Kv1.5 channels expressed in HEK293 cells in 
the absence and in the presence of bupivacaine (20 μM). Right 
panel shows original records obtained during the activation of 
Kv1.5+Kv 1.3 channels expressed in HEK293 cells in the absence 
and in the presence of bupivacaine (100 μM). The IC50 values of 
bupivacaine block of Kv1.5 and Kv1.5+Kv 1.3 channels are shown 
below. Note that Kv 1.3 decreases the sensitivity of Kv1.5 to 
bupivacaine block. 

 This unique feature observed in Kv1.5+Kv 1.3 seems to 
be the consequence of their interaction, since the N-terminus 
of the  subunit (like bupivacaine and other antiarrhythmic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). Energy optimized structural model of Kv 1.3 bound to the pore of Kv1.5 channels. (Left Panel) Kv 1.3 N-terminus (residues 1-11) 
docked into the Kv1.5 pore homology model showing a single subunit. Kv 1.3 side chains are shown as ball and stick models and residues 
of the Kv 1.3-binding site in Kv1.5 are depicted with van der Waals surfaces. The symbol ´ indicates the end of long side chains. (Right 
Panel) Kv 1.3 docked into the Kv1.5 pore homology model showing two subunits.  
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drugs) blocks the open state of Kv1.5 channels; whereas 
KChIP2.2 assembly to the N-terminal tetramerization (T1) 
domain of Kv4.3 without an interaction with the ion pore of 
the channel [61]. 

 Therefore, sensitivity to Kv1.5 channel blocking drugs 
will vary depending on the regional distribution of  regula-
tory subunits. The expression of Kv 1.3 subunits in the 
myocardium is not homogeneous, for this subunit is ex-
pressed to a higher degree in the ventricle than in atria [62]. 
Within various vascular beds there are marked differences in 

 subunit expression while Kv1.5 levels change little [53]. 
Thus, the differential assembly between the Kv  and Kv  
subunits present in the cardiovascular system is another vari-
able to be accounted for in the development of new ion 
channel modifying agents.  

 In summary, Kv channels are components of large pro-
tein complexes in the plasma membrane. It is very important 
to understand the changes in Kv channel function induced by 
partners sharing the same protein complex. Identification of 
these partners and determination of their influence in channel 
properties will not only provide us with new insights about 
channel function but can also lead us to unravel new dis-
guises of these molecular machines in cell physiology and 
pathophysiology. Moreover, beta subunits modify the sensi-
tivity of Kv to drugs. Therefore, the exact mechanism of 
these interactions will lead to a more rationale design of new 
useful drugs. 
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