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Effects of MiRP1 and DPP6 b-subunits on the
blockade induced by flecainide of KV4.3/KChIP2
channels
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Background and purpose: The human cardiac transient outward potassium current (Ito) is believed to be composed of the
pore-forming KV4.3 a-subunit, coassembled with modulatory b-subunits as KChIP2, MiRP1 and DPP6 proteins. b-Subunits can
alter the pharmacological response of Ito; therefore, we analysed the effects of flecainide on KV4.3/KChIP2 channels
coassembled with MiRP1 and/or DPP6 b-subunits.
Experimental approach: Currents were recorded in Chinese hamster ovary cells stably expressing KV4.3/KChIP2 channels,
and transiently transfected with either MiRP1, DPP6 or both, using the whole-cell patch-clamp technique.
Key results: In control conditions, KV4.3/KChIP2/MiRP1 channels exhibited the slowest activation and inactivation kinetics and
showed an ‘overshoot’ in the time course of recovery from inactivation. The midpoint values (Vh) of the activation and
inactivation curves for KV4.3/KChIP2/DPP6 and KV4.3/KChIP2/MiRP1/DPP6 channels were E10 mV more negative than Vh

values for KV4.3/KChIP2 and KV4.3/KChIP2/MiRP1 channels. Flecainide (0.1–100 mM) produced a similar concentration-
dependent blockade of total integrated current flow (IC50 E10 mM) in all the channel complexes. However, the IC50 values for
peak current amplitude and inactivated channel block were significantly different. Flecainide shifted the Vh values of both the
activation and inactivation curves to more negative potentials and apparently accelerated inactivation kinetics in all channels.
Moreover, flecainide slowed recovery from inactivation in all the channel complexes and suppressed the ‘overshoot’ in KV4.3/
KChIP2/MiRP1 channels.
Conclusions and implications: Flecainide directly binds to the KV4.3 a-subunit when the channels are in the open and
inactivated state and the presence of the b-subunits modulates the blockade by altering the gating function.
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Introduction

Voltage-dependent Kþ channels are formed by channel

pore-forming (a) and accessory (b) subunits (Roden et al.,

2002; Tamargo et al., 2004; Nerbonne and Kass, 2005). The

a-subunits are transmembrane proteins that assemble as

tetramers, whereas the b-subunits represent a diverse

molecular group that includes cytoplasmic and single

transmembrane-spanning proteins. In the human heart, the

Ca2þ -independent transient outward Kþ current (Ito) is critical

in determining the height and the duration of the plateau

phase of the action potential and is encoded by the KV4.3

a-subunit (Dixon et al., 1996). However, when this a-subunit

is expressed in heterologous systems, the current obtained is

similar to, but does not fully reproduce, native Ito, suggesting

that b-subunits may play a significant role in the phenotype

of the native current. Within these subunits, KChIP2 (Rosati

et al., 2001), the dipeptidyl-aminopeptidase-like protein 6

(DPP6) (Radicke et al., 2005) and the KCNE2-encoded MinK-

related peptide 1 (MiRP1) (Radicke et al., 2006) have been

proposed as likely candidates that coassemble with KV4.3 in

the human heart.

KChIP2 is a cytosolic Ca2þ -binding ancillary subunit that

interacts with the amino terminus of the KV4 a-subunit
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(An et al., 2000; Wang et al., 2007). KChIP2 modifies KV4-

encoded currents by increasing the current and surface

channel density, slowing inactivation, accelerating recovery

from inactivation and shifting the midpoint of the inactiva-

tion curve to depolarised potentials (An et al., 2000; Pourrier

et al., 2003). DPP6 and MiRP1 are single membrane-spanning

proteins that can influence channel gating through diverse

mechanisms, which involve direct interactions with a-

subunit transmembrane core domains, including the pore

and the voltage-sensing domain (Dougherty and Covarrubias,

2006). DPP6 coexpression with KV4.3 results in an accelera-

tion of the activation and inactivation kinetics and a

leftward shift of the midpoint of activation and inactivation

curves (Nadal et al., 2003; Ren et al., 2005). Therefore, it has

been proposed that DPP6 promotes activation and inactiva-

tion of KV4 channels by mainly interacting with the voltage-

sensing domain of the channel (Ren et al., 2005; Dougherty

and Covarrubias, 2006). In contrast, MiRP1 slows the rates of

KV4 activation and inactivation (Zhang et al., 2001) and

induces an ‘overshoot’ of the current amplitude during

channel recovery from inactivation (Zhang et al., 2001;

Radicke et al., 2006), a phenomenon previously observed

with the Ito from human subepicardial myocytes (Wettwer

et al., 1994). In fact, MiRP1 is thought to hinder both

channel activation and inactivation processes by interacting

with the pore domains of the channel (Zhang et al., 2001;

Melman et al., 2004).

Although there is considerable information on the bio-

physical effects of b-subunits on KV4 channels, much less is

known about the effects of this interaction on the pharma-

cological response of these channels to drugs. Flecainide is a

class IC antiarrhythmic drug, which also acts as an open and

inactivated state blocker of Ito and KV4 channels (Slawsky

and Castle, 1994; Wang et al., 1995; Yeola and Snyders,

1997). Flecainide exhibits high affinity for KV4.3 channels

and, in fact, it has been used as a pharmacological tool to

differentiate KV4-generated flecainide-sensitive Ito from Kv1.4-

generated flecainide-insensitive Ito (Yeola and Snyders,

1997). The high sensitivity has been attributed to a leucine

residue located at the S6 transmembrane domain of KV4.2

channels (L392), which is conserved in KV4.3 channels

(L393) (Herrera et al., 2005). Moreover, it has been suggested

that the presence of KChIP2 does not modify the pharma-

cological sensitivity of KV4 (Rosati et al., 2001).

The presence of auxiliary subunits that modify the

activation and inactivation processes of channels can affect

the channel blockade because conformational changes

associated with gating can determine the access to and/or

the affinity for the drug-binding site. A previous study has

demonstrated that the presence of MiRP1 slows the unbinding

rate of 4-aminopyridine from KV4 channels, which, in

contrast to most of the Kþ channel blockers, is a closed

state blocker that binds to the inner mouth of KV4 channels

in the resting state and unbinds when channels open (Zhang

et al., 2001). Therefore, this work was undertaken to test the

effects of the presence of either DPP6 or MiRP1 on the

flecainide-induced block of KV4.3/KChIP2 channels, as each

subunit exerts opposite effects on channel gating. Also, the

effects of flecainide on KV4.3 channels in the presence of

both subunits were tested. The results suggest that flecainide

directly binds to the KV4.3 a-subunit and the affinity for the

binding site is not modified by the presence of the different

b-subunits. However, due to the different effects of

b-subunits on current activation and inactivation kinetics,

significant differences in drug effects on peak current

amplitude and inactivated channels were observed.

Methods

Cell culture

Chinese hamster ovary (CHO) cells stably transfected with

hKV4.3-L/hKChIP2a (KV4.3/KChIP2) were cultured as des-

cribed previously (Radicke et al., 2005). The cells were

transiently transfected with the cDNA encoding either MiRP1

(1mg), DPP6 (1mg) or both proteins (1mg of each), together

with the cDNA encoding the CD8 antigen (0.5mg), using

FuGENE 6 transfection reagent following the manufacturer’s

instructions. Before experimental use, cells were incubated

with polystyrene microbeads precoated with anti-CD8 anti-

body. Most of the cells that were beaded had also channel

expression (Caballero et al., 2004; Vaquero et al., 2007).

Recording techniques for ionic currents

Currents were recorded at room temperature (22 1C) using

the whole-cell configuration of the patch-clamp technique

with Axopatch 200B amplifiers and PCLAMP 9.0 software

(Axon Instruments, Foster City, CA, USA) as described

previously (Caballero et al., 2004; Vaquero et al., 2007).

Kv4.3 currents were sampled at 4 kHz and filtered at 1 kHz.

Pipettes were pulled from Narishige borosilicate capillary

tubes using a programmable patch micropipette puller

(P-2000) and were heat-polished with a microforge. Micro-

pipette resistance was kept below 3.5 MO when filled with

internal solution and immersed in external solution. Max-

imum KV4.3 current amplitudes averaged 2.5±0.5 nA

(n¼38). No differences in maximum current amplitude

and density were found among the channels studied. Access

resistance and cell capacitance were 4.3±0.6 MO and

15.7±1.5 pF, respectively. Typically E80% of capacitance

and series resistance were compensated for obtaining mean

uncompensated access resistances of 1.9±0.2 MO. Thus, no

significant voltage errors (o5 mV) due to micropipette series

resistance were expected.

Pulse protocols and analysis

The holding potential was maintained at �80 mV and the

cycle time for any protocol was 10 s to avoid accumulation of

inactivation and/or block as previously described for KV4.3

currents (Caballero et al., 2004; Radicke et al., 2006; Vaquero

et al., 2007). The protocol used to obtain current–voltage

relationships consisted of 250-ms pulses that were imposed

in 10-mV steps between �90 and þ50 mV. The protocol used

to obtain the activation curves consisted of a 5-ms con-

ditioning pulse that was imposed in 10-mV increments

between �80 and þ60 mV followed by a 200-ms pulse to

�30 mV. To obtain steady-state inactivation curves, a
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two-step protocol was used: the first 250-ms conditioning

pulse from �80 mV to potentials between �90 and þ50 mV

was followed by a test pulse (250 ms) to þ50 mV. Activation

and inactivation curves were constructed by plotting the

peak current amplitude obtained with the test pulse as a

function of the voltage command of the conditioning pulse.

The time course of recovery from inactivation was deter-

mined with a double-pulse protocol consisting of twin 500-

ms pulses from a holding potential of �80 mV to þ50 mV,

separated by a recovery interval at �80 mV of variable

duration (5–4000 ms). The ratio between the current ampli-

tude obtained with the test pulse and the first pulse (Itest/I)

was plotted as a function of the recovery interval duration.

An exponential analysis was used to calculate the time

constant of the recovery from the inactivation (Radicke et al.,

2006).

To obtain the IC50 (concentration of drug that produces

half maximum blockade) and the Hill’s coefficient, nH, a

Hill’s equation was fitted to the percentage of block (f)

obtained at various drug concentrations [D]:

f ¼ 1=f1 þ ðIC50=½D�ÞnHg

Once the concentration–response curve was obtained, a

concentration close to the IC50 value was used to characterize

the effects of flecainide on the channels.

To describe the time course of current activation and

inactivation upon depolarization an exponential analysis

was used.

Apparent rate constants for association (k) and dissocia-

tion (l) were obtained as previously described (Caballero

et al., 2004) from fitting:

1=tBlock ¼ k½D� þ l

where tBlock is the time constant of development of the

fractional block (FB), which is determined as the ratio

between the flecainide-sensitive current during the pulse

to þ50 mV and the current in control conditions

(FB¼ (IC�IF)/IC), and [D] is the concentration of drug.

Statistical methods

Data obtained in the absence and presence of flecainide were

compared in a paired manner. For comparisons at a single

voltage, differences were analysed by using Student’s t-test.

To analyse block at multiple voltages and differences

between parameters of two different channels, a two-way

ANOVA was used, followed by Newman–Keuls test. Results

were expressed as mean±s.e.m. Po0.05 was considered

statistically significant.

Nomenclature of ion channels conforms with BJP’s Guide

to Receptors and Channels (Alexander et al., 2007).

Solutions, drugs and materials

CHO cells were superfused with an external solution

containing (mM): NaCl 136, KCl 4, CaCl2 1, MgCl2 1, HEPES

10 and glucose 10 (pH¼7.4 with NaOH). The internal

solution contained (mM): K-aspartate 80, KCl 42, KH2PO4 10,

MgATP 5, phosphocreatine 3, HEPES 5 and EGTA 5 (pH¼7.2

with KOH). Flecainide (Sigma, St Louis, MO, USA) was

dissolved in methanol to yield 0.01 M stock solutions.

Control solutions contained the same solvent concentration

as the test solution.

FuGENE 6 transfection reagent was obtained from Roche

Diagnostics (Mannheim, Germany); microbeads precoated

with anti-CD8 antibody (Dynabeads M450) from Dynal,

(Norway); Narishige borosilicate capillary tubes (GD1) and

microforge (MF-83) from Narishige Co. Ltd. (Tokyo, Japan);

micropipette puller (P-2000) from Sutter Instruments Co.

(Novato, CA, USA).

Results

Effects of flecainide on KV4.3 currents

Figures 1a–d show the effects of 20 mM flecainide on current

traces generated by KV4.3/KChIP2, KV4.3/KChIP2/MiRP1

(þMiRP1), KV4.3/KChIP2/DPP6 (þDPP6) and KV4.3/

KChIP2/MiRP1/DPP6 (þMiRP1þDPP6) channels after ap-

plying 250-ms pulses to þ50 mV from a holding potential of

�80 mV. At this concentration, flecainide reduced the peak

current amplitude by 37.4±4.1% (n¼12), 47.2±5.8%

(n¼12), 32.4±6.1% (n¼8) and 40.4±4.9% (n¼6) on

KV4.3/KChIP2, þMiRP1, þDPP6 and þMiRP1þDPP6

channels, respectively. The peak reduction on each channel

was plotted as a function of the flecainide concentration and

the concentration-dependence of the peak inhibition was

calculated. The Hill’s equation was fitted to each plot and the

IC50 and nH were calculated (Table 1). Interestingly, the peak

IC50 value for þMiRP1 channels was significantly lower

(20 mM), whereas those of þDPP6 and þMiRP1þDPP6

channels were significantly higher (142 mM and 57 mM,

respectively), than that obtained for KV4.3/KChIP2 (29 mM)

(Table 1).

As can be seen from the current traces, flecainide

accelerated the current decay in all combinations of channel

subunits (see below). These actions of flecainide are sugges-

tive of an open-channel block mechanism, in which case the

reduction of peak current would not represent the steady-

state block. Therefore, flecainide-induced block was also

measured as the reduction of the total charge crossing the

membrane (calculated as current–time integrals at þ50 mV).

Figures 1e–h show the concentration–response curves,

obtained by plotting the reduction of total charge crossing

the membrane at þ50 mV as a function of flecainide

concentration. As shown in Table 1, charge IC50 values

(B10 mM) were not significantly different among the

different channels studied. For all the channels, flecainide

was more potent at decreasing the current–time integrals

than the peak currents. This difference in IC50 values was

smallest for þMiRP1.

To assess the onset of block, the FB, determined as the

ratio between the flecainide-sensitive current during the

pulse to þ50 mV and the current in control conditions

(FB¼ (IC�IF)/IC), was calculated for all the concentrations

tested. As observed in the examples shown in Figures 2a–d,

the inhibitory effect of 20 mM flecainide began with the

depolarising pulse and then increased until it reached a
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steady-state level. To determine the tBlock, a monoexponential

function (continuous line) was fitted to the FB, averaging

11.8±2.6 ms (n¼9), 5.9±1.1 ms (n¼10), 8.8±1.5 ms (n¼8)

and 6.5±1.3 ms (n¼6) for KV4.3/KChIP2, þMiRP1, þDPP6

and þMiRP1þDPP6 channels, respectively. The plot of

1/tBlock as a function of flecainide concentration (0.1–100mM)

is presented in Figures 2e–h. The straight line is the least-

squares fit, used to calculate the apparent association (k) and

Figure 1 Effects of flecainide on KV4.3 currents. (a–d) Representative current traces of KV4.3/KChIP2 (a), þMiRP1 (b), þDPP6 (c) and
þMiRP1þDPP6 (d) channels, recorded by applying 250 ms pulses from �80 to þ50 mV in the absence and presence of 20mM flecainide.
Dotted lines represent the zero current level. (e–h) Reduction of total KV4.3 charge crossing the membrane at þ50 mV plotted as a function of
flecainide concentrations. The Hill’s equation was fitted to the data, the nH was either fixed to unity (continuous line) or not (dashed line). Each
data point represents the mean±s.e.mean of 46 experiments.
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dissociation (l) rate constants, and, subsequently, the

equilibrium dissociation constant (Kd¼ l/k) (Table 1). The

Kd values calculated were similar to the charge IC50 values for

all the channels (range 5.8–13.9 mM).

Effects of flecainide on the time to peak and on the time course of

inactivation

As evident from the current traces shown in Figures 1a–d,

one of the main differences between the channels studied

was the activation and inactivation kinetics. With respect to

the activation process, as the activation and inactivation

partially overlap, we have restricted the analysis to the effects

of flecainide on the time to peak. Figure 3a shows the

differences in the times to peak of currents elicited by pulses

to þ 50 mV and the effects of flecainide on them. In control

conditions, time to peak of KV4.3/KChIP2 channels averaged

4.1±0.3 ms (n¼8). The presence of DPP6 alone or together

with MiRP1 did not modify the current activation, whereas

the presence of MiRP1 alone significantly slowed the

activation process prolonging the time to peak

(10.2±1.7 ms, n¼9, Po0.05). Figure 3b shows representa-

tive examples of KV4.3/KChIP2, þMiRP1, þDPP6 and

þMiRP1þDPP6 currents normalised to the maximum

amplitude to better compare the differences in activation

kinetics. In all the channels studied, 20 mM flecainide

shortened the time to peak in a significant manner (an

example is given in Figure 3c), suggesting that it truncated

the activation phase by binding to the open state of the

channels.

The kinetics of the inactivation process of KV4.3 channels

was assessed by the biexponential fit to the decay of currents

elicited by pulses to þ50 mV. As shown in Figures 4a and b,

þMiRP1 channels had the slowest inactivation process,

reflected by the highest fast (tf,inact) and slow (ts,inact) time

constants of inactivation (tf¼55.3±12.0 ms and

ts¼245.4±55.4 ms, n¼12). On the other hand, the presence

of DPP6 alone or together with MiRP1 accelerated the

inactivation process, significantly decreasing the tf,inact

(Po0.05 vs KV4.3/KChIP2, Figure 4a). As we mentioned

previously, flecainide (20 mM) produced a significant accel-

eration of the inactivation process, reducing both tf,inact

and ts,inact on þMiRP1 and KV4.3/KChIP2 channels, but

only tf,inact on þDPP6 and þMiRP1þDPP6 channels

(Figures 4a and b). This acceleration of the inactivation

kinetics was accompanied by an increase in the relative

amplitude of the fast component (Figure 4c), and an

equivalent decrease of the slow component (Figure 4d), of

the inactivation.

Voltage-dependence of the flecainide-induced block

Figure 5a shows representative KV4.3/KChIP2 current traces

obtained in the absence and presence of 20 mM flecainide

with the protocol shown at the top. Figures 5b–e show

charge–voltage relationships in the absence and presence of

20 mM flecainide for KV4.3/KChIP2, þMiRP1, þDPP6 and

þMiRP1þDPP6 channels, respectively. Flecainide signifi-

cantly decreased the total KV4.3/KChIP2 charge at potentials

positive to �20 mV (61.0±3.8% at þ50 mV, Po0.01, n¼12,

Figure 5b). In a similar way, flecainide decreased þMiRP1

(63.1±2.5% at þ50 mV, Po0.01, n¼12, Figure 5c), þDPP6

(60.8±6.1% at þ50 mV, Po0.05, n¼8, Figure 5d) and

þMiRP1þDPP6 (66.0±6.5% at þ50 mV, Po0.05, n¼6,

Figure 5e) current–time integrals at potentials positive to

�20 mV. To quantify the effects of the voltage on the drug–

channel interaction, the relative charge (QF/QC) was plotted

as a function of the membrane potential (Vaquero et al.,

2007). In the four types of channel, the blockade appeared in

the voltage range coinciding with that of channel activation,

remaining constant at more positive potentials in KV4.3/

KChIP2 (53.7±6.0% at �10 mV, P40.05 vs blockade at

þ50 mV), þMiRP1 (54.2±6.9% at �10 mV, P40.05 vs

blockade at þ50 mV) and þMiRP1þDPP6 channels

(68.3±5.2% at �10 mV, P40.05 vs blockade at þ50 mV)

but showing a significant increase in þDPP6 channels

(31.3±9.1% at �10 mV, Po0.01 vs blockade at þ50 mV,

Figure 5d).

Figures 6a–d show activation curves obtained by plotting

the amplitude of the 200-ms pulse to �30 mV as a function

of the voltage of the conditioning pulse in the absence and

presence of 20 mM flecainide (see Methods and upper left

panel in Figure 6). In control conditions, the activation curve

for KV4.3/KChIP2 yielded a Vh value of 13.1±3.3 mV

(Table 2). The results demonstrated that the presence of

DPP6, alone or together with MiRP1, significantly shifted the

activation curve to hyperpolarised potentials, whereas the

presence of MiRP1 alone did not significantly modify the

voltage dependence of activation. Flecainide (20 mM) signifi-

cantly shifted the Vh to more negative potentials in all the

channels, without modifying the slope values (Figures 6a–d

and Table 2).

Table 1 Concentration-dependent effects of flecainide on KV4.3 currents

IC50 (mM) Onset block kinetics

Peak Charge Inactivation Kd (mM) k (mM
�1 s�1) l (s�1)

KV4.3/KChIP2 (n¼18) 29.1±4.9 6.7±1.0 10.8±2.2 5.8 5.6±0.6 32.8±16.4
þMiRP1 (n¼16) 19.6±2.0* 9.8±0.4 9.7±1.7 13.9 4.7±0.1 65.6±16.9
þDPP6 (n¼16) 142.1±27.4* 13.2±0.8 0.5±0.1* 10.8 4.4±0.5 47.2±24.8
þMiRP1þDPP6 (n¼10) 56.7±3.9* 9.8±1.5 2.9±0.7* 11.9 4.0±0.3 47.9±12.2

Abbreviations: DPP6, dipeptidyl-aminopeptidase-like protein 6; IC50, half maximum inhibitory concentration derived from concentration–response curves in which

reduction in peak current, charge and peak current after 250-ms conditioning prepulses to �30 mV were used as an index of block; Kd, calculated equilibrium

dissociation constant (Kd¼ l/k); MiRP1, minK-related peptide 1.

*Po0.05 vs KV4.3/KChIP2 channels.
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Figures 6e–h show the inactivation curves constructed by

plotting the peak current amplitude of the test pulse to

þ50 mV as a function of the voltage of the conditioning

pulse (see Methods and upper right panel in Figure 6). In

control conditions, the Boltzmann fit to the inactivation

curves yielded a Vh value of �18.2±2.5 mV for KV4.3/

KChIP2 channels. As observed in the activation curves,

addition of DPP6, alone or together with MiRP1, but not of

MiRP1 alone, shifted the voltage dependence of inactivation

to more negative potentials (Table 2). Again, there were no

statistically significant differences between the slope values

(Table 2). Flecainide significantly decreased the current

Figure 2 Analysis of the onset kinetics of the flecainide-induced block on KV4.3/KChIP2, þMiRP1, þDPP6 and þMiRP1þDPP6 channels.
(a–d) Ratio between the flecainide-sensitive current during pulses to þ50 mV and the current in control conditions ((IC�IF)/IC) in
representative experiments. The continuous lines represent the monoexponential function fit to obtain the tBlock at 20mM flecainide. (e–h)
1/tBlock as a function of the flecainide concentrations tested. The straight line is the least-squares fit and the dotted line is the 95% confidence
interval of the fit. Each data point represents the mean±s.e.mean of X6 experiments.
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amplitude at potentials negative to �20 mV and shifted the

Vh to more negative potentials, without modification of the

slope, in all the channels studied (Table 2). As observed from

the representation of the relative current (represented as

squares in Figures 6e–h), the flecainide-induced blockade

slightly increased in the voltage range coinciding with that

of channel inactivation, reaching statistical significance only

for þDPP6 channels. The flecainide-induced inhibition after

conditioning pulses to �30 mV was used as an index of the

inactivated state block and plotted as a function of the

flecainide concentrations. The IC50 values obtained using

this index of block are summarised in Table 1. The results

demonstrated that the lowest IC50 was that obtained for

þDPP6 channels. Similar results were obtained with flecai-

nide-induced inhibition after conditioning pulses to �20 mV

was used as the index (data not shown).

Effects of flecainide on the time course of recovery from

inactivation

The time course of recovery from inactivation was deter-

mined with a double-pulse protocol and fitted by an

exponential function, as described in the Methods section.

In control conditions, the time constants of the recovery

process for KV4.3/KChIP2 and þMiRP1þDPP6 channels

were not significantly different (Figure 7a). However, of all

the channel complexes, þDPP6 channels exhibited the

fastest recovery kinetics. Interestingly, þMiRP1 channels

presented the so-called ‘overshoot’, a phenomenon pre-

viously described for native human Ito recorded in epicardial

ventricular myocytes (Wettwer et al., 1994), KV4.2 coex-

pressed with MiRP1 in Xenopus oocytes (Zhang et al., 2001)

and KV4.3/KChIP2 coexpressed with MiRP1 in CHO cells

(Radicke et al., 2006). The ‘overshoot’ implies that, with

recovery intervals up to 250 ms, peak current amplitude

elicited by the test pulse was larger compared to that of the

first pulse (Figure 7b). Therefore, a biexponential fit was

needed to describe the recovery process of þMiRP1 channels

(Figure 7c) and the time constant of the fast initial process

was used for comparing þMiRP1 with the other channels

(tCfast¼76.7±18.9 ms, n¼5, P40.05).

Flecainide (20 mM) slowed the recovery process on KV4.3/

KChIP2, þDPP6 and þMiRP1þDPP6 channels, increasing

the time constants. However, in þMiRP1 channels, flecai-

nide suppressed the observed ‘overshoot’, allowing the

process to be described by a monoexponential fit

(tF¼66.0±10.2 ms, P40.05 vs tCfast) (Figure 7c).

Discussion

We analysed the effects of flecainide on KV4.3/KChIP2

channels coassembled with MiRP1 and DPP6 b-subunits,

which have been postulated as possible partners of KV4.3

channels in native cells (Rosati et al., 2001; Radicke et al.,

2005, 2006). The results demonstrate that the steady-state

block produced by flecainide did not differ among the

constructs. However, due to the different effects of

b-subunits on current activation and inactivation kinetics,

significant differences in drug effects on peak current

amplitude and inactivated channels were observed.

Our data show that the coexpression of MiRP1 resulted in a

significantly slower activation and inactivation compared to

KV4.3/KChIP2 channels. These results are in accordance with

those obtained previously (Zhang et al., 2001; Deschenes and

Tomaselli, 2002). MiRP1 is known to be embedded within

the channel in close proximity to or line part of the

conduction pathway, interacting with or near to the S6

domain at the intracellular mouth region of the pore

Figure 3 Effects of flecainide on time to peak current. (a) Time to
peak values in control conditions and in the presence of 20mM

flecainide. Each column represents the mean±s.e.mean. of X7
experiments. (b) Normalised current traces recorded from KV4.3/
KChIP2, þMiRP1, þDPP6 and þMiRP1þDPP6 channels by
applying pulses from �80 to þ50 mV in control conditions. A
representative current of each channel was shown. Dotted line
represents the zero current level. (c) þMiRP1 current traces
recorded by applying pulses from �80 to þ50 mV in the absence
and the presence of 20mM flecainide. **Po0.01 vs control. fPo0.05
vs KV4.3/KChIP2, þDPP6 and þ MiRP1þDPP6.
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(McCrossan and Abbott, 2004). Therefore, the interaction of

MiRP1 with KV4.3 could modify this region of the pore and,

thus, hinder the conformational changes that are involved

in both the activation and inactivation processes of KV4

channels (Holmgren et al., 1998; Jerng et al., 1999; Zhang

et al., 2001). The time course of the recovery from the

inactivation was also modified. The þMiRP1 channels

exhibited ‘overshoot’, a feature previously described when

MiRP1 is coexpressed with KV4.3 (Zhang et al., 2001). The

‘overshoot’ was not observed in the presence of other

auxiliary subunits and is thought to demonstrate the

involvement of MiRP1 in the formation of the channels

that generate the human Ito, at least in left ventricular

epicardial cardiomyocytes (Wettwer et al., 1994).

Our data also show that the coexpression of DPP6, alone or

together with MiRP1, accelerates the current activation and

inactivation processes compared to KV4.3/KChIP2 channels.

Again, these results confirm data described previously

(Radicke et al., 2005; Ren et al., 2005; Dougherty and

Covarrubias, 2006). Recent studies have indicated that

coassembly of DPP6 produces a functional remodelling of

KV4 channels that depends on interactions involving the

single membrane-spanning domain of DPP6 and certain

residues in the S1 and S2 transmembrane segments of KV4

channels (Ren et al., 2005; Dougherty and Covarrubias, 2006).

Therefore, the DPP6-dependent remodelling may act to

promote voltage-dependent activation and indirectly accel-

erate the coupled inactivation, and thus, the transition to the

inactivated state (Dougherty and Covarrubias, 2006). More-

over, the significant shift of the midpoint of the activation

and inactivation curves to hyperpolarised potentials could

also be a result of the promotion of the activation. Never-

theless, it has to be considered that the present experiments

were done at room temperature for a better control of the

membrane potential during the fast current activation. This

could limit the physiological relevance of the data, since

temperature influences the gating characteristics of the

channels and, consequently, the effects of the b-subunits.

To our knowledge, this is the first study in which the

effects of the combined presence of MiRP1 and DPP6 were

analysed. Our results demonstrated that, when both sub-

units are present, the time- and voltage-dependent proper-

ties of the channels were not different from those of þDPP6

channels. Indeed, the promotion of both activation and

inactivation was apparent in these channels even when

MiRP1 was present.

Figure 4 Effects of flecainide on time course of inactivation. (a, b) Time constants of inactivation (tf,inact and ts,inact) in control conditions and
in the presence of 20mM flecainide. (c, d) Relative amplitudes of the fast and the slow components of the inactivation process in the absence
and the presence of 20mM flecainide. *Po0.05 vs control. **Po0.01 vs control. #Po0.05 vs KV4.3/KChIP2. fPo0.05 vs KV4.3/KChIP2, þDPP6,
and þMiRP1þDPP6. Each column represents the mean±s.e.mean of X7 experiments.
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The IC50 values reflect the small modulation produced by the

b-subunits on the flecainide-induced block

Flecainide produced similar qualitative effects in all the

channels, that is, it inhibited the currents in a concentra-

tion-dependent manner, apparently accelerated the inactiva-

tion process, and produced a leftward shift of the midpoints

of both the activation and inactivation curves. Moreover, the

IC50 values obtained, when the total current charge (steady-

state block) was analysed, were similar in the four channel

complexes and similar to those obtained previously for KV4.3

channels expressed in CHO cells (8 mM) (Singarayar et al.,

2003) and in Ito registered in human atrial myocytes

(E10 mM) (Wang et al., 1995). Similar b-subunit-independent

effects were also demonstrated for flecainide on canine

endocardial and epicardial ventricular myocytes, which

presented a different distribution of the KChIP2 subunit

(Rosati et al., 2001), and for quinidine, E-4031 and dofetilide

on KV11.1 channels, with and without the coexpression of

MiRP1 (Weerapura et al., 2002). These results indicate a direct

interaction of flecainide with the pore-forming KV4.3

protein, which is probably determined by the presence of

leucine 393. This residue corresponds to leucine 392 of KV4.2

channels, which has been implicated in their flecainide

sensitivity (Herrera et al., 2005).

The apparent acceleration of the inactivation kinetics

produced by flecainide was previously demonstrated in

human atrial Ito and KV4 channels (Wang et al., 1995;

Yeola and Snyders, 1997) and has classically been attributed

to a rapid open channel block. Since at the peak the number

of open channels is at a maximum and the number of closed

and inactivated channels is negligible, the peak IC50 value

could be considered to represent the flecainide affinity for

the open state of each channel. Moreover, the analysis of the

development of block also demonstrated that there was no

Figure 5 Charge-voltage relationships for KV4.3/KChIP2, þMiRP1, þDPP6, and þMiRP1þDPP6 channels. (a) Representative KV4.3/KChIP2
current traces in the absence and presence of 20mM flecainide obtained when applying 250 ms pulses to potentials ranging from �90 to
þ50 mV. (b–e) Mean charge-voltage relationships in the absence and presence of 20 mM flecainide. The squares represent the ratio between
the charge crossing the membrane in the presence and absence of flecainide (QF/QC) as a function of the membrane potential. *Po0.05 vs
control. **Po0.01 vs control. #Po0.05 vs value at þ50 mV. Each point represents the mean±s.e.mean of X6 experiments.
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Figure 6 Voltage-dependence of the effects of flecainide on KV4.3/KChIP2, þMiRP1, þDPP6, and þMiRP1þDPP6 channels. Upper part
shows the voltage protocols used for the analysis of the activation (left) and inactivation (right) processes of the channels and representative
currents obtained in KV4.3/KChIP2 channels. (a–d) Activation curves in the absence and presence of 20 mM flecainide. (e–h) Inactivation curves
in the absence and presence of 20mM flecainide. The squares represent the ratio between the current in the presence and absence of flecainide
(IF/IC) as a function of the membrane potential. *Po0.05 vs control. **Po0.01 vs control. #Po0.05 vs value at þ60 mV. ##Po0.05 vs value at
�90 mV. Each point represents the mean±s.e.mean of X6 experiments.
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block before the application of the depolarising pulse,

indicating that the blockade of the rested state is negligible.

However, the IC50 values for peak current inhibition varied

by a factor of seven between different channel complexes,

which can easily be explained by the different effects of the

subunits on KV4.3 channel activation. As expected, the

lowest peak IC50 was obtained for þMiRP1 channels,

reflecting that the slow opening allows the development of

block closer to a quasi steady-state block. In contrast, in the

channels in which DPP6 was present, the peak IC50 was

higher, as the fast activation/inactivation process hinders the

development of open state block.

On the other hand, when a test pulse to þ 50 mV is applied

after a 250-ms conditioning pulse to �30 mV (and also to

�20 mV), more of the KV4.3 channels are in the inactivated

state, and thus, the IC50 value calculated using the

flecainide-induced inhibition at this potential as an index

of block, in part, reflects the flecainide binding to the

inactivated state. The lowest IC50 corresponded to þDPP6

channels, due to the marked acceleration of the transition to

the inactivated state produced by DPP6, which allows a

better saturation of binding of flecainide to the inactivated

state. Overall, our results suggest that the presence of the

b-subunits does not dramatically modify the topology of the

flecainide-binding site in the KV4.3 proteins and, thus, does

not affect the affinity of this drug. Moreover, since the

steady-state block reached was identical for all the channel

complexes, our results also suggest that flecainide exhibits

the same affinity for the channels when they are in the open

and in the inactivated state. Indeed, the only requirement

for blockade was that the channels were not in the resting

state. However, since the effects of MiRP1 and DPP6 on Ito
kinetics differed considerably, the effect of flecainide in

native cells may vary depending on the composition of the

complex, that is, an Ito with slow activation kinetics (MiRP1)

should lead to a more pronounced inhibition of peak Ito. The

significant binding of flecainide to the inactivated state

probably determines the frequency dependence of current

block, which may be more marked if DPP6 is part of the Ito
channel complex.

Table 2 Voltage-dependent effects of flecainide on KV4.3 channels
activation and inactivation

Voltage-dependence of activation

Vh (mV) Slope (mV)

Control Flecainide Control Flecainide

KV4.3/KChIP2 (n¼11) 13.1±3.3 1.6±3.7* 11.1±0.7 9.7±0.4
þMiRP1 (n¼7) 19.0±4.8 12.4±5.5* 13.5±0.9 11.9±1.4
þDPP6 (n¼8) 2.2±3.3# �9.5±4.4** 11.2±1.9 10.6±1.2
þMiRP1þDPP6 (n¼6) 2.0±1.6# �7.7±3.9* 13.6±2.4 11.2±2.1

Voltage-dependence of inactivation

Vh (mV) Slope (mV)

Control Flecainide Control Flecainide

KV4.3/KChIP2 (n¼9) �18.2±2.5 �22.1±3.2* 4.9±0.6 3.8±0.6
þMiRP1 (n¼11) �15.0±1.9 �20.0±2.1** 6.4±0.6 4.9±1.0
þDPP6 (n¼7) �27.3±2.0#�36.7±4.6* 5.2±0.2 4.1±0.3
þMiRP1þDPP6 (n¼6)�28.2±1.9#�31.7±2.1* 4.4±0.5 3.5±0.4

Abbreviations: DPP6, dipeptidyl-aminopeptidase-like protein 6; MiRP1, minK-

related peptide 1.

*Po0.05 vs control.

**Po0.01 vs control.
#Po0.05 vs KV4.3/KChIP2 and þMiRP1 channels.

Figure 7 Effects of flecainide on time course of recovery from
inactivation. (a) Time constants of recovery from inactivation (trec) in
control conditions and in the presence of 20mM flecainide. (b)
Representative þMiRP1 current traces during recovery from
inactivation at �80 mV. (c) Time course of recovery from inactivation
of þMiRP1, in control conditions and in the presence of 20 mM

flecainide. Continuous lines represent the best fit to an exponential
function. *Po0.05 vs control. **Po0.01 vs control. #Po0.05 vs
KV4.3/KChIP2. Each column or point represents the mean±s.e.mean
of X5 experiments.
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Effects of flecainide on the voltage dependence of KV4.3 channels

The significant leftward shift in the midpoint of the

activation and the inactivation curves produced by flecai-

nide, independently of the b-subunits coexpressed with

KV4.3, supports the aforementioned idea of an interaction

of flecainide with both the open and the inactivated state of

the channel.

In human atrial Ito (Wang et al., 1995) and in KV4.3

channels coassembled with DPP6 (Figure 6 in this paper), the

flecainide-induced block was voltage-dependent, the block-

ade increasing at membrane potentials at which channel

activation and inactivation reached saturation. In contrast,

on KV4.3 alone (Singarayar et al., 2003), or coassembled with

KChIP2, KChIP2þMiRP1, and KChIP2þMiRP1þDPP6

(Figure 6 in this paper), the flecainide-induced block was

not voltage-dependent. In Kv4.2 channels two valine

residues (V402 and V404), that determined the intracellular

binding of 4-aminopyridine, are also responsible for the

voltage-dependent response to flecainide (Caballero et al.,

2003). These valines, present in the deep intracellular S6

segment, are conserved in KV4.3 channels (V399 and V401).

It has been proposed that MiRP1, but not DPP6, interacts

with the intracellular mouth of the KV4.3 channel. There-

fore, one possible explanation for the abolition of the

voltage dependence of the flecainide-induced block when

MiRP1 is present (either alone or combined with DPP6) could

be that MiRP1 impedes the interaction of flecainide with

these residues. In fact, it has been previously demonstrated

that the presence of MiRP1 hinders the unbinding of

4-aminopyridine from the intracellular mouth of KV4.2

channels (Zhang et al., 2001).

Conclusions

Flecainide blocked KV4.3 channels in the open and inacti-

vated state in a concentration-dependent manner and with a

similar potency, and this effect was not dependent on the

modulatory b-subunits (MiRP1 and/or DPP6) that co-

assembled with the KV4.3/KChIP2 channels. The drug directly

binds to the KV4.3 a-subunit and the affinity for the binding

site is not modified by the presence of the different

b-subunits. However, due to the different effects of

b-subunits on Ito activation and inactivation kinetics, the

effects of flecainide may vary considerably depending on the

Ito-complex composition in native cells.
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