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a b s t r a c t

The voltage-gated potassium channel Kv1.5 is one of the key regulators of membrane

potential repolarization in human atrial myocytes and is considered a potential drug target

to treat atrial fibrillation. In this study we sought to determine molecular mechanism of

action of DPO-1, a diphenylphosphine oxide derivative recently shown to terminate experi-

mental atrial arrhythmia without affecting ventricular refractory period. In addition, we

provided similar analysis for additional two small molecule blockers, representing different

structural classes: cyclohexanones (PAC) and nor-triterpenoids (correolide). To rapidly

identify the residues within the Kv1.5 channel critical for blocking activity of these mole-

cules, two functional high-throughput ion channel assays were employed together with

site-directed mutagenesis. Our study revealed that the residues critical for blocking activity

of for DPO-1 include T480, localized at the outer mouth of the pore, and two residues along

S6 helix: V505 and I508. The overlapping site was identified for PAC and included residues

T480 and V505. In contrast to DPO-1, the I508A mutation resulted in only a modest reduction

in the block of Kv1.5 by PAC (9-fold). Correolide, the largest molecule examined, made

widespread interactions along the entire length of the pore (from T480 to V516). In summary,

we have identified multiple residues involved in forming high affinity binding site for Kv1.5

blockers. Similar approaches of high-throughput ion channel technologies, combined with

site-directed mutagenesis, may allow for parallel, rapid and accurate analysis of ion channel

interactions with multiple compounds and could facilitate the design of more potent and

selective ion channel blockers.
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1. Introduction

Voltage-gated potassium channels (Kv channels) are tetra-

meric integral membrane proteins that are found across all

organisms from C. elegans to mammals [1,2], and play an

important physiological role in many tissues including the
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cardiovascular system [3]. In the human heart, Kv1.5 is

predominantly expressed in the atria [4] and is a primary

component of the ultrarapid delayed rectifier current in atrial

myocytes (IKur) regulating the action potential duration [5,6].

Due to its discrete expression in the atria and not the ventricle

of cardiac muscle and its pivotal role in the regulation of atrial
d States.
1.5; DPO-1, 2-isopropyl-5-methyl-cyclohexyl diphenylphosphine
cells; AAS, atomic absorption spectroscopy.
.
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Fig. 1 – Analysis of KV1.5 channels expressed in CHO cells.

(A) Activation of Kv1.5 by extracellular potassium. The

Kv1.5 CHO cells or WT CHO cells were loaded with Rb+ as

described in Section 2. The activation of Kv1.5 was

initiated by the addition of increasing concentrations of

KCl. The sample of cell supernatant containing secreted

Rb+ was collected after 10 min and analyzed using atomic

absorption spectroscopy (AAS). Rb+ efflux was expressed

as % of total Rb+ in the well. Inset. Time course of Rb+

efflux. The Kv1.5 cells were stimulated with 70 mM KCl,

samples of supernatant collected at various times and

secreted Rb+ was analyzed by AAS. The data is expressed

as percent of maximal response. (B) Concentration-

dependent inhibition of the channel by Kv1.5 blockers.

The cells were preincubated with increasing

concentrations of tested compound for 5 min followed by

stimulation with 70 mM KCl. The amount of secreted Rb+

in the presence of PAC (filled triangles); DPO-1 (open
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repolarization, Kv1.5 has been proposed as an important

target for the development of drugs to treat atrial fibrillation.

DPO-1 is a novel diphenyl phosphine oxide compound recently

identified as a potent inhibitor of human Kv1.5 [7]. DPO-1 was

shown to potently block recombinant hKv1.5 as well as native

IKur in isolated human atrial myocytes with 15-fold selectivity

over Kv3.1. In two separate studies DPO-1 was shown to

markedly increase atrial refractory period in dogs [8], rats and

non-human primates [9]. No change in ventricular refractory

period, ECG intervals or blood pressure was observed. Taken

together, these findings suggest that Kv1.5-selective blockers

may be effective for the treatment of atrial fibrillation. In order

to further optimize the potency and selectivity of Kv1.5

blockers like DPO-1, we investigated the interactions of this

compound within the pore of Kv1.5 relative to blockers from

other structural chemotypes. In order to determine the

residues critical for blocking activity of Kv1.5 inhibitors, we

have used atomic absorption spectroscopy (AAS) and high-

throughput (HT) electrophysiology. The combination of these

two techniques allowed for rapid and accurate analysis of the

Kv1.5 channel activity under varied experimental conditions.

We have examined the interaction of each blocker with Kv1.5

and its mutants and mapped a unique binding footprint for

each molecule.
2. Materials and methods

2.1. Materials

The blockers used in this study: (2-isopropyl-5-methyl-

cyclohexyl) diphenylphosphine oxide (DPO-1), 4-phenyl-4-

cyclohexanone (PAC), nor-triterpenoid (correolide) and den-

drotoxin were prepared at Merck Research Laboratories. All

other chemicals were obtained from Sigma–Aldrich Corp. (St.

Louis, MO).

2.2. Molecular biology

Human Kv1.5 was cloned into pCDNA5/FRT (Invitrogen,

Carlsbad, Ca) vector using Nhe I and Not I sites. PCR-based

site-directed mutagenesis was performed using methylated

Kv1.5/pCI according to the modified GeneTailor method
circles), correolide (inverse triangles) or 4-AP (filled

squares) was measured and expressed relative to the Rb+

secretion in the presence of vehicle (0.25% of DMSO). The

effect of 0.25% DMSO vehicle on Rb+ efflux was negligible.

Each data point is an average of three independent

determinations. Error bars represent mean standard error.

Data is fitted using 4 parameter logistic equation. Hill

coefficient for all blockers was between 1.1 and 1.4.

Calculated IC50’s are summarized in Table 1. (C) The

validation of Rb+ assay to monitor properties of the mutant

Kv1.5 channels. The single point mutation R487Y results

in a-dendrotoxin (a-DTX) block of Kv1.5. WT KV1.5 or

R487Y Kv1.5 cells were preincubated with increasing

concentration of a-DTX for 5 min, depolarized with 70 mM

KCl and Rb+ efflux measured. The data is the average from

two independent experiments.
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(Invitrogen, Carlsbad, Ca). Briefly, after PCR amplification

using a pair of mutagenic oligonucleotides, mutated unmethy-

lated product was selected in DH5a E. coli cells (Invitrogen,

Carlsbad, Ca). The 396 bp cassette between Stu I and Bam HI

containing the mutated site was swapped into wild-type Kv1.5

in pCDNA5/FRT. The identity of all mutant constructs was

confirmed by restriction mapping and DNA sequencing.

2.3. Expression of Kv1.5 and mutants in Flp-In CHO cells

Kv1.5 and the mutants were expressed in CHO cells using the

Flp-In system (Invitrogen, Carlsbad, CA). Flp-In host CHO cells

containing a single integrated Flp Recombination Target (FRT)

site were transfected with KV1.5 using Lipofectamine 2000

(Invitrogen, Carlsbad, CA) according to the Flp-In system

manual. Briefly, 0.4 mg Kv1.5/pCDNA5/FRT (or mutant Kv1.5/

pCDNA5/FRT), 3.6 mg pOG44 (for transient expression of Flp

recombinase) and 0.25% Lipofectamine 2000 (Invitrogen,

Carlsbad, CA) was incubated with Flp-In CHO cells for 5 h in

Opti-MEM I serum-free medium (Invitrogen, Carlsbad, CA).

Hygromycin-resistant cells were selected by culturing in F-12

medium containing 10% FBS, 100 U/ml penicillin, 100 mg/ml

streptomycin, 200 mg/ml hygromycin (complete medium) at

37 8C with 5% CO2. The expression of Kv1.5 and mutant

channels was confirmed by Western Blot analysis using a

rabbit anti-Kv1.5 antibody (A50) developed internally. In order

to improve surface expression of the Kv1.5 mutants I508A and

V512A, cells were grown at 30 8C.

2.4. HT electrophysiology

Cells expressing wild-type or mutant Kv1.5 were grown to 90–

100% confluence. Cells were harvested using Versene buffer

(Invitrogen, Carlsbad, CA) then washed in PBS and suspended

at the final concentration of 2 � 106 cells/ml of PBS. A 3.5 ml

aliquot of cell suspension was placed in the IonWorks HT

instrument (Molecular Devices, Sunnyvale, CA).

The intracellular solution contained (mM): K-gluconate

100, KCl 40, MgCl2 3.2, EGTA 3, N-2-hydroxylethylpiperazine-
Table 1 – The summary of potency of KV1.5 blockers measure

Chemical name DPO-1

Structure

AAS (nM) 170

HT-EP (nM) 266

Manual EP (nM) 30-160(a)

IC50’s were calculated 10 point titration curves. The maximum conce

recordings. The IC50s are the average of two independent experiments; S

(a) From Lagrutta et al. [7].

(b) Tested on Kv1.3 channel, from Schmalhofer et al. [31].

(c) From Remillard et al. [36].
N1-2-ethanesulphonic acid (HEPES) 5, adjusted to pH 7.3 and

0.1 mg/ml of amphotericin (Sigma, St. Louis, MO). The

external solution was Dulbecco’s Phosphate-Buffered Saline

(Invitrogen, Carlsbad, CA) and contained (mM): CaCl2 0.90,

KCl 2.67, KPO4 1.47, MgCl2 0.50, NaCl 138, NaPO4 8.10, pH 7.4.

All compounds were prepared as 10 mM stock solutions in

DMSO and diluted such that the final concentration of DMSO

was <0.33%. Currents were recorded at room temperature

(21–23 8C). Membrane currents were amplified (RMS �10pA)

and sampled at 10 kHz. The leak subtraction was performed

in all experiments by applying a 160 ms hyperpolarizing

(10 mV) pre-pulses 200 ms before the test pulses to measure

leak conductance. In order to measure drug effect, the

PatchplateTM (Molecular Devices, Sunnyvale, CA) wells were

loaded with 3.5 ml of external buffer, then the planar

micropipette hole resistances (Rp) were determined by

applying a 10 mV, 160 ms potential difference across each

hole (Hole test). Cells were added into the PatchplateTM and

allowed to form high resistance seals with the 1–2 mm holes

at the bottom of each PatchplateTM well and a seal test scan

was performed. In order to gain electrical access to the cells,

intracellular solution containing amphotericin was circu-

lated for 4 min on the bottom side of the PatchplateTM. A pre-

compound addition test pulse was applied to each well on the

PatchplateTM. Cells were voltage-clamped at a membrane

holding potential of �80 mV for 15 s. This was followed by

application of a 5 Hz stimulus train (27 � 150 ms depolariza-

tions to +40 mV). The membrane potential steps to +40 mV

evoked outward (positive) ionic currents. Compounds were

added to each well of the PatchplateTM and allowed to

incubate for 5 min. A post-compound addition test pulse

protocol was then applied. Cells were voltage-clamped at a

membrane holding potential of �80 mV for 15 s. This was

followed by application of a 5 Hz stimulus train (27 � 150 ms

depolarizations to +40 mV). Paired comparisons between

pre-blocker and post-blocker additions were used to deter-

mine the inhibitory effect of each compound. Percent

inhibition of the peak control current during the 27th

depolarization to +40 mV (in the 5 Hz train) was plotted as
d using Rb+ efflux and HT electrophysiology.

PAC Correolide

29 1771

389 958

300(b) 67% inhibition at 1 mM (c)

ntration of DMSO was 0.33% and did not significantly affect the

D < 10%.
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a function of concentration of tested blocker. The concen-

tration of inhibitor required to block the current by 50% (IC50)

was determined by fitting of the Hill equation to the

concentration-response data.
Fig. 2 – Electrophysiological characterization of Kv1.5

expressed in CHO cells. (A) Voltage-clamp protocol for

stimulation of Kv1.5 stably expressed in CHO FLP-IN cells.

The depolarizing step from S70 to +40 mV at 5 Hz was

applied and the current recorded. The recordings were

from a single cell, representative for Kv1.5 cells. (B) Current

voltage curve. The voltage is applied with the linear

gradient from S60 to +60 mV and resulting current is

recorded. The recording is from a single cell,

representative for 10 other Kv1.5 cells. (C) The peak current

distribution measured in 310 individual kv1.5 cells. The

voltage-clamp protocol as in (A) is applied and the peak

current at the end of the last pulse is measured. The

currents were recorded from 310 individual cells

expressing Kv1.5 and the current distribution plotted.
2.5. Rubidium efflux assay

200 ml aliquots of CHO cells (2 � 105 cells/ml) in complete

culture medium were added per well to a 96-well V-bottom

microtiter plates and allowed to grow for 24–48 h. The medium

was then aspirated, Rb-Load Buffer (Aurora Biomed, Vancou-

ver, Canada) containing 5.4 mM RbCl added and cells were

incubated at 37 8C for 3 h. Extracellular Rb was removed by

washing cells five times with Hanks’ Balanced Salt Solution

(HBSS). 100 ml of HBSS containing 0.25% DMSO or tested

compound diluted in DMSO was added and incubated with

cells for 10 min prior to the addition of 100 ml of 2� high-K+

depolarization buffer (modified-HBSS: replacement of 140 mM

NaCl with 140 mM KCl). After 5 min incubation at room

temperature, the supernatant was transferred into a clean 96-

well plate and cell lysis buffer (200 ml/well) was added to the

assay plate to release intracellular Rb+ (Aurora Biomed,

Vancouver, Canada). The Rb+ concentration was measured

in both the supernatant and the cell lysate (100 ml sample of

each) using an automated atomic absorption spectrophot-

ometer (Model: ICR-8000; Aurora Biomed, Vancouver, Canada).

All liquid handling was performed using a Biomek FX

Laboratory Workstation equipped with 96-well pipetting head

(Beckman Coulter Inc., Fullerton, CA). Rb+ efflux was calcu-

lated using Eq. (1):

% Efflux ¼ 100�
Rbþsup

Rbþsup þ Rbþlys

(1)

In order to quantify the effect of blockers, the data was

converted into % inhibition calculated using Eq. (2):

% Inhibition ¼ 100� Effluxblocker � Effluxmin

Effluxmax � Effluxmin

� �
(2)

where Effluxblocker is Rb+ efflux in the presence of tested

compound, Effluxmin is Rb+ efflux in the presence of 25 mM

of tested compound, Effluxmax is Rb+ efflux in the presence of

0.25% DMSO.

Non-linear regression analysis was used to calculate the

IC50 values using the program Prism (GraphPad Software, San

Diego, CA).

In case of weakly active compounds, if Rb+ efflux was

blocked less than 50% at the highest concentration tested

(25 mM), IC50’s were reported as >25 mM.
3. Results

3.1. Analysis of Kv1.5 blockers by atomic absorption
spectroscopy

In order to rapidly identify structure–function relationships,

an assay based on the measurement of rubidium efflux by

atomic absorption spectroscopy (AAS) was developed using a

stable CHO cell line transfected with human Kv1.5 (see Section

2). Rb+ efflux following the addition of high-K+ buffer was

quantified by AAS and was essentially proportional to the

concentration of extracellular K+ (EC50 = 40 mM). Background

Rb+ efflux from parental CHO cells was negligible and was not

dependent on extracellular K+ concentration, similar to
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previous reports from studies employing 86Rb+ [10]. The efflux

of Rb+ was rapid and reached a plateau within 1 min following

the addition of high-K+ buffer (Fig. 1A, Inset). DPO-1 inhibited

Rb+ efflux in concentration-dependent manner and its

potency determined by AAS (IC50 = 170 nM) was consistent

with the value determined by manual patch clamp electro-

physiology (30–160 nM) [7]. 4-Aminopyridine (4-AP), a non-

selective potassium channel blocker was included in this

analysis as a reference compound. The potency for 4-AP to

block Rb+ efflux (IC50 = 86 mM) was in a good agreement with

published results obtained using whole-cell recordings from

Kv1.5 cells (IC50 = 50 mM) [11]. The concentration-response

curves for all tested compounds are shown in Fig. 1B and their

blocking potencies summarized in Table 1.

3.2. Analysis of Kv1.5 blockers by electrophysiological
recordings

The pharmacology of Kv1.5 blockers was also explored using

HT patch clamp electrophysiology (IonWorksTM HT). Cells

were voltage-clamped at a holding potential of �80 mV.

Depolarization was elicited by the application of a 5 Hz

stimulus train (27 � 150 ms depolarizations to +40 mV) that

evoked outward (positive) ionic currents (Fig. 2A). The analysis

of current–voltage curves from HT electrophysiology revealed

the activation potential threshold Vact of � �20 mV (Fig. 2B),

consistent with the value reported for human Kv1.5 [12]. The

average peak current calculated from the entire 384-well

Patchplate was 4.4 � 1 nA. The channel expression was very

robust and uniform with >90% of the cells displaying peak
Table 2 – Effect of mutations on the potency of Kv1.5 blockers

Mutant % Control efflux DPO-1 (n

WT 100 170

T480A 99 >25000

R487Y 96 125

A501G 56 268

V505A 120 >25000

T507A 134 70

I508A 81 >25000

A509S 54 14

V512A 49 210

V514A 108 178

V516A 56 109

N520A 39 49

For each mutant Kv1.5, efflux is expressed as a percent of efflux meas

correolide were calculated from 10 point titration curves, from two indep

efflux was blocked by less than 50% at the highest concentration tested

Table 3 – Effect of key S6 mutations determined by HT-Electro

Peak current (nA) DPO-1 (

WT 4.4 26

T480A 0.9 >3300

I508A 2.1 >3300

V516A 1.9 21

The IC50s derived from 10 point titration curves, average of two indepen
currents greater than 3 nA (Fig. 2C). To determine the potency

of investigated compounds, the current amplitude was

measured in the presence of compound and compared with

current amplitude before addition of the compound (see

Section 2). Preincubation of cells with each of the three tested

inhibitors resulted in concentration-dependent inhibition of

Kv1.5 current. The reference compound (4-AP) effectively

blocked Kv1.5 current with IC50�400 mM (data not shown).

DPO-1, PAC, and correolide all produced concentration-

dependent block of Kv1.5 current with an IC50 of 389, 312,

and 958 nM, respectively. The results are summarized in

Table 1.

3.3. Rapid structure–function analysis of Kv1.5
using Rb+ efflux assay

Structure–function studies have been widely applied for

identifying the interactions of peptides and small molecules

with ion channels. However, for researchers who want to work

with mammalian cells and/or have limited quantities of

blocker, the electrophysiological single cell recordings tradi-

tionally used for this purpose can be labor-intensive and time-

consuming. Rb+ efflux assays are an alternative method that

can be employed in parallel with multiple mutants expressed

in mammalian cells to rapidly identify mutations in ion

channels that significantly alter the inhibitory activity of

tested blockers. The initial validation of this approach using

AAS was achieved by introducing a mutation that enables

dendrotoxin (DTX) binding to Kv1.5. Kv1.5 is resistant to DTX

whereas other channels of the Kv1.x family, such as Kv1.1, are
determined in Rb+ efflux assay.

M) PAC (nM) Correolide (nM)

29 1771

>25000 >25000

66 1456

10 547

17124 >25000

24 2624

272 22025

57 826

99 3199

41 2400

162 14535

32 1682

ured in WT KV1.5 cells (column 1). The IC50’s for PAC, DPO-1 and

endent experiments, SD < 10%. IC50’s were reported as >25 mM if Rb+

(25 mM).

physiology.

nM) PAC (nM) Correolide (nM)

6 389 958

0 >33000 >33000

0 503 7148

8 580 4134

dent experiments, SD < 10%.



Fig. 3 – The histogram of the drug potency on Kv1.5

mutants relative to the wild-type Kv1.5. The IC50’s from

Table 2 were expressed as log(IC50 mutant/IC50 WT).

Standard error was <10%.
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potently blocked by DTX. In Kv1.1 the major binding site for

DTX, Y379 is located within the S5–S6 loop of the channel [13].

In case of Kv1.5, the corresponding position is arginine R487. It

has been previously shown, using electrophysiology record-

ings, that Kv1.5 becomes sensitive to blocking by DTX when

R487 is mutated to Y [14]. We were able to demonstrate that

DTX potently blocked Rb+ efflux from R487Y mutant channel

(IC50 = 29 nM; Fig. 1C) whereas WT Kv1.5 was completely

insensitive to DTX at the concentration up to 2 mM. The

observed effect of R487Y mutation measured by Rb+ efflux

confirmed results obtained in classical electrophysiology

recordings [14] and suggested that the AAS Rb+ efflux assay

could be utilized to reliably and rapidly monitor structure–

function analysis of various drug interactions and effects of

site-directed mutagenesis.

In order to identify residues critical for blocking activity of

selected compounds, mutations along the S6 segment of Kv1.5

as well as residues near the pore entrance were introduced.

Residues of interest were replaced with alanine or, if alanine in

the native channel, to glycine. The mutant Kv1.5 formed the

functionally active channels, as assessed by Rb+ efflux. The

Rb+ efflux from the mutant channels relative to WT channels

ranged from 39% to 134% (Table 2). The full concentration-

response curves for DPO-1, PAC, and correolide covering 5-log

concentration range (1–25,000 nM) were generated and IC50’s

calculated using non-linear regression analysis. The results

are summarized in Table 2. Blocking activity of all three

compounds was differentially affected by each mutation,

ranging from 2- to 1000-fold reduction of blocking potency. In

order to better visualize the effect of specific mutations, the

potency to block the mutant channel was calculated relative to

potency against the wild-type Kv1.5 channel (Fig. 3). The

analysis revealed that Kv1.5 mutants T480A, V505A and I508A

became completely insensitive to block by DPO-1, even at

concentrations 100-fold higher than the IC50 for WT Kv1.5. The

lack of blocking activity was not related to significant changes

in the function of mutant channels, since similar extent of

activation, relative to WT channel, was observed. In contrast

to these mutations, the A509S mutation resulted in marked

(12-fold) gain of potency for DPO-1. The remaining mutant

channels examined, including R487Y, A501G, V512A, V514A,

V516A and N520A were blocked by DPO-1 with the relative

potency ranging between 125 nM (R487Y) and 268 nM (A501G).

Similar to DPO-1, mutant channels T480A and V505A were

completely insensitive to the block by PAC. However, in

contrast to DPO-1, the I508A mutation had a much more subtle

effect and resulted only in 9-fold reduction in potency. In

addition, the A509S substitution resulted in a 2-fold reduction

in potency, as compared to marked gain of potency observed

for DPO-1. Finally for correolide, block potency was signifi-

cantly reduced by mutations T480A, V505A, I508A, as well as

V516A.

3.4. Analysis of compound pharmacology in mutant
Kv1.5 by electrophysiological recordings

In order to rapidly confirm the key findings from Rb+ efflux

assay, we performed a series of experiments based on high-

throughput electrophysiology using IonWorksTM instrument.

Since most of the interaction sites identified for DPO-1 as well
as PAC, and correolide by Rb+ efflux assay were consistent

with the overall topology of the channel pore and overlapped

with binding sites previously reported for other classes of

Kv1.5 blockers, this confirmatory analysis was limited to the

residues T480A, I508A and V516A, identified as critical for

binding of all blockers identified using the Rb+ efflux assay. As

assessed by HT electrophysiology, T480A, I508A and V516A

mutants formed functionally active channels (Table 3). The

average single cell current recording revealed the average peak

currents of 4.4 nA (n = 313) for WT Kv1.5, 0.9 nA (n = 10) for

T480A, 2.1 nA for I508A and 1.9 nA (n = 10) for V516A. In



Fig. 4 – The binding zones for Kv1.5 blockers representing different structural classes. The residues along the S6 are forming

the primary binding site for the Kv1.5 blockers. Unique contacts are observed depending on compound structure forming

discreet ‘‘binding zones’’. The decrease of potency for PAC is much smaller with mutations at V516 (5-fold) versus T480

(154-fold) or V505 (105-fold). Residues T480 and V505 are therefore likely acting as major anchor points for PAC.
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agreement with the Rb+ efflux results, DPO-1 did not

significantly block the I508A Kv1.5 mutant, even at compound

concentrations 100-fold above the IC50 for the native channel.

More subtle changes in blocking potency to block I508A were

observed for PAC, again confirming results from Rb+ efflux

assay.
4. Discussion

Selective blockers of voltage-gated ion channels have been

implicated as therapeutically important in the treatment of a

variety of conditions such as epilepsy, diabetes, pain or cardiac

arrhythmias. Human Kv1.5 (KCNA5) channel is highly

expressed in atrial tissue, underlying the ultrarapid delayed

rectifier potassium current in atria and is a key element of

atrial repolarization. These characteristics suggest that selec-

tive blockers of Kv1.5 could provide an effective way to

manage patients with atrial fibrillation (AF). Several small

molecule blockers of Kv1.5 have been identified, including

quinidine [15–17], 4-aminopyridine [18], nifedipine [19], ben-

zocaine [20], AG-1478 [21], bisaryl compounds [22], benza-

mides (S0100176) [23] and AVE0118 [24–26]. Several Kv1.5

blocking agents have been studied in vivo [27,28], AVE1231 [29]

and DPO-1 [8,9] are just a few examples. DPO-1, a novel

diphenylphosphine oxide, is a potent state-dependent inhi-

bitor of Kv1.5 [7]. DPO-1 exhibits selectivity for Kv1.5 over Kv3.1
in the recombinant systems [7] and prolongs action potentials

in isolated human atrial but not ventricular myocytes [7].

Recent in vivo studies revealed that DPO-1 terminated atrial

arrhythmia in dogs [8], and elicited increases in atrial

refractoriness in African Green Monkeys [9]. Our data indicate

that the high affinity binding site of DPO-1 is comprised of

three residues: T480, V505 and I508 localized inside the

channel pore. The binding zone for DPO-1 (Fig. 4) partially

overlaps with binding zones for two other compounds

included in our study, PAC and correolide, as well as with a

number of other blockers studied elsewhere [20,23,26,30]. The

di-substituted cyclohexyl derivative PAC has been originally

identified as a potent immunosuppressant acting on Kv1.3

[31]. It was shown to potently and reversibly block Kv1.3 ion

channels in human T-lymphocytes and inhibit 86Rb+ efflux in

Kv1.3-CHO cells with Ki of �300 nM [31]. In contrast to DPO-1,

mutations at I508 have limited effect on blocking potency of

PAC, suggesting that this residue does not play a critical role in

formation of high affinity binding site for this class of

compounds, but is essential for binding of DPO-1, the

compound shown to be 15-fold more selective for Kv1.5

versus Kv3.1 [7]. AVE0118 is another potent Kv1.5 blocker and

antiarrhythmic drug [25]. Several residues along the S6 have

been identified as critical for binding of this molecule,

including V505, I508, V512 and V516, as well as T480 [26].

The ‘‘foot in the door’’ mode of interaction, typical for

elongated molecules such as AVE0118 results in slowing the
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rate of channel activation. Our data indicate that correolide

shares a similar ‘‘foot in the door’’ molecular footprint and is

likely to display characteristics similar to AVE0118 including

unique mode Kv1.5 inactivation as well as lack of selectivity

against other members of Kv1.x family [32]. Site-directed

mutagenesis and molecular modelling was used to establish

the binding site for another inhibitor of Kv1.5, anthranilic acid

derivative, S0100176 [23]. The residues critical for inhibitory

activity of S0100176 overlap with DPO-1, but extend down to

residue V512. It is worth noting that V512 is located at the

position corresponding to F656 of hERG, which is a key residue

for drug interactions with the hERG channel [33,34]. It could be

speculated that compounds interacting with this residue may

display higher degree of cross reactivity with hERG, a highly

undesired effect which could in turn result in serious side

effects related to blockade of hERG. The unique molecular

footprint of DPO-1 could provide useful clues for the

development of novel, high affinity Kv1.5 inhibitors with

improved safety profile. In particular, designing molecules

which bind to I508 and extend their interactions either to the

upper or lower part of the channel pore could result in the

discovery of inhibitors with novel blocking properties. The

potential limitations of presented screening paradigm, com-

mon to most high-throughput methods, are related to

precision of measured potency and influence of expression

levels for mutant channels on IC50’s estimates. In addition, it is

not known if more subtle changes in potency could be reliably

measured using high-throughput techniques. Some of these

limitations could be addressed by the analysis of other

mutations at critical residues to amino acids of varying charge

and size, including unnatural amino acids [35]. Another

approach is to study structure–activity relationship for a

series of very close analogs of the active compound (Spencer

et al., manuscript in preparation). While the conventional

electrophysiology is still ‘‘the golden standard’’ in ion channel

research, the approach presented in this paper which

combines low-cost Rb+ flux assay with high-throughput

electrophysiology may provide a cost-effective and rapid

platform which could be applied to such expanded analysis,

and also be adapted to other potassium channels thus greatly

facilitate the drug discovery process.
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