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The KV1.5 potassium channel, which underlies the ultra-rapid delayed-rectifier current (IKur) and is

predominantly expressed in atria vs. ventricles, has emerged as a promising target to treat atrial

fibrillation (AF). However, while numerous KV1.5-selective compounds have been screened, char-

acterized, and tested in various animal models of AF, evidence of antiarrhythmic efficacy in

humans is still lacking. Moreover, current guidelines for pre-clinical assessment of candidate drugs

heavily rely on steady-state concentration-response curves or IC50 values, which can overlook

adverse cardiotoxic effects. We sought to investigate the effects of kinetics and state-dependent

binding of IKur-targeting drugs on atrial electrophysiology in silico and reveal the ideal properties

of IKur blockers that maximize anti-AF efficacy and minimize pro-arrhythmic risk. To this aim, we

developed a new Markov model of IKur that describes KV1.5 gating based on experimental voltage-

clamp data in atrial myocytes from patient right-atrial samples in normal sinus rhythm. We

extended the IKur formulation to account for state-specificity and kinetics of KV1.5-drug interac-

tions and incorporated it into our human atrial cell model. We simulated 1- and 3-Hz pacing proto-

cols in drug-free conditions and with a [drug] equal to the IC50 value. The effects of binding and

unbinding kinetics were determined by examining permutations of the forward (kon) and reverse

(koff) binding rates to the closed, open, and inactivated states of the KV1.5 channel. We identified a

subset of ideal drugs exhibiting anti-AF electrophysiological parameter changes at fast pacing rates

(effective refractory period prolongation), while having little effect on normal sinus rhythm (lim-

ited action potential prolongation). Our results highlight that accurately accounting for channel

interactions with drugs, including kinetics and state-dependent binding, is critical for developing

safer and more effective pharmacological anti-AF options. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.5000226]

Current pharmacological therapy against atrial fibrilla-

tion, the most common cardiac arrhythmia, is limited by

low efficacy and adverse side effects of available anti-

arrhythmic agents, which often actually increase the

propensity for developing life-threatening ventricular

arrhythmias. One way to circumvent the latter is to tar-

get ion channels that are predominantly expressed in

atria vs. ventricles, such as the ultra-rapid delayed recti-

fier Kþ channel, carried by KV1.5.

In this paper, we propose an in silico strategy to

define optimal KV1.5-targeting drug characteristics to

treat atrial fibrillation. We utilize kinetic models of ion

channel gating and channel-drug interaction to deter-

mine the binding state-dependence and kinetics proper-

ties that allow achieving a positive rate-dependence, i.e.,

maximal effect on anti-arrhythmic indices at fast atrial

rates and minimal effect on atrial electrophysiology dur-

ing normal sinus rhythm.

The results show that IKur inhibitors that bind to the

open or open and inactivated states of the KV1.5 channels

have the potential to display a positive rate-dependence.

Drug binding and unbinding kinetics strongly affect the

impact of these blockers on atrial electrophysiological

parameters. Drug effects are most prominent when bind-

ing and unbinding rates are in the range of the channel’s

activation and deactivation kinetics, which dictates IKur

dynamics during the cardiac cycle.

We propose that in silico strategies such as that pre-

sented here could be coupled to in vitro and in vivo assays

to facilitate the ongoing search for novel agents against

atrial fibrillation.

I. INTRODUCTION

The voltage-gated Kþ channel alpha subunit KV1.5

(encoded by KCNA5) underlies the ultra-rapid delayed-recti-

fier Kþ current (IKur). KV1.5 is expressed in many organs,

including skeletal muscle, brain, and pulmonary arter-

ies,32,46,51 but it has drawn attention as an atrial-selective

pharmacological target against atrial fibrillation (AF), the

most common cardiac arrhythmia, given its predominant

expression in human atrial vs. ventricular myocytes.22,38 Like

most other voltage-gated ion channels, KV1.5 can exist in

three distinct conformational states: open, closed, and inacti-

vated, where the transitions between these states are mem-

brane potential (Em) and temperature dependent.38 Upon
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depolarization, IKur activates more rapidly than other repolari-

zation currents, such as IKs and IKr, and inactivates very

slowly (in seconds). The block of IKur could result in prolon-

gation of the human atrial action potential (AP) duration

(APD) and effective refractory period (ERP), although find-

ings reveal variable response to the IKur blockade.22 Our

group and others have hypothesized that the extent of AP and

ERP prolongation due to the IKur blockade depends on the

degree of AF-induced remodeling of other Kþ currents, such

as the small conductance Ca2þ-activated Kþ current, and rela-

tive strengths of ICaL and IKr.
22,35,53 As AP prolongation aug-

ments the Ca2þ transient amplitude, the inhibition of IKur

enhances the force of contraction of isolated human atrial tra-

beculae both in patients in normal sinus rhythm (nSR) and

chronic AF (cAF).42,43,53 However, prolongation and eleva-

tion of the AP plateau can lead to an increased risk of early

afterdepolarizations (EADs) that can trigger and/or maintain

AF.23 For these reasons, KV1.5 could be a useful atrial-

specific target to prolong refractoriness and counteract the

hypocontractility associated with cAF and, like the block of

IKr, could be of regulatory concern if drug binding leads to

EADs and arrhythmias.

Although many KV1.5 blockers have been studied both

in vitro and in vivo, the anti-AF efficacy of IKur-targeting

compounds remains to be confirmed in patients.37 As the

effects of the IKur block on atrial repolarization, refractoriness,

and Ca2þ dynamics are potentially complex, a modeling

approach could help to identify the net impact of IKur inhibi-

tion on atrial electrophysiological parameters.5 Currently,

guidelines for pre-clinical assessment of candidate antiar-

rhythmic drugs (and their effect on cardiac ionic channels

such as KV1.5) heavily rely on steady-state concentration-

response curves or IC50 values, which can overestimate or

underestimate adverse cardiotoxic effects. However, recent

work in ion channel pharmacology has highlighted the impor-

tance for accounting for channel interactions with drugs,

including state-dependent binding and complex binding kinet-

ics, and how they are related to electrophysiological proper-

ties such as APD, ERP, and propensity for triggered activity,

alternans, and reentry.2,3,26,33,35,48 Drugs that interact with

KV1.5 have been shown to bind to multiple channel confor-

mational states,6,12,14,19,24,29,47 and the kinetics of drug bind-

ing and unbinding vary significantly for IKur-targeting

compounds. In the spirit of the FDA Comprehensive in vitro
Proarrhythmia (CiPA) initiative, which aims at moving from

a predominantly traditional pharmacodynamics approach to

an in silico and in vitro drug toxicity assessment of overall

pro-arrhythmic risk,11 we sought to investigate in silico the

effects of kinetics and state-dependent binding of IKur block-

ers on atrial electrophysiology. To avoid malignant adverse

effects on the ventricular function, an effective AF-selective

drug should exert potent effects on fibrillating atria (e.g., fast-

rate electrical activity) without significantly impacting ven-

tricular or atrial tissue during normal sinus rhythm. Here, we

utilized the Grandi et al. human atrial myocyte model23,36 and

incorporated a new Markov formulation of IKur, based on

experimental voltage-clamp data in atrial myocytes from

patient right-atrial samples, to reveal the ideal kinetic and

state-dependent binding properties of IKur-blocking drugs that

maximize anti-AF efficacy and minimize pro-arrhythmic risk.

II. METHODS

A. KV1.5 gating and drug binding model

Human atrial IKur was simulated using a 6-state Markov

chain derived from the study by Zhou et al.55 to replace our

existing Hodgkin and Huxley formulation and integrated

into our computational framework of human atrial myocyte

electrophysiology.23,36 The Markov model [Fig. 1(a)]

includes four closed states (C1, C2, C3, and C4), an open con-

ducting state (O), and an inactivated state (I). Parameters

describing the transition rates between each state (equations

can be found in the supplementary material) were fit to

experimental voltage-clamp data in human atrial myo-

cytes.17,18,52 Several voltage-clamp protocols were simulated

for parameterization, including steady-state activation and

inactivation [Fig. 2(a)], time constants of inactivation [Fig.

2(c)], and recovery from inactivation [Fig. 2(d)].

We further expanded the new IKur Markov formulation

to describe various drug-KV1.5 channel binding schemes

[Fig. 1(b)]. We simulated a variety of likely combinations of

drug-channel interactions, including drugs that exclusively

bind to the closed, open, or inactivated states and drugs that

can bind multiple states of the channel. To investigate the

effect of binding and unbinding kinetics on the characteris-

tics of the IKur block, we used the approach designed by the

Hill group.26 We considered different theoretical drugs with

variable forward (kon) and reverse (koff) drug binding rates to

the closed, open, and inactivated states of the KV1.5 channel

in the predicted physiological range24 of 0.01–100 s�1 using

half-logarithmic increments resulting in nine transition rates

for each drug state transition (0.01, 0.03, 0.1, 0.3, 1, 3, 10,

30, and 100 s�1). For a particular state of the channel, disso-

ciation constants (Kd) for our drug scenarios were calculated

as koff/kon, and affinity constants were calculated as kon/koff.

To investigate the effects of these drug characteristics, for a

given state-dependent binding inhibitor, we varied kon and

koff together (kon ¼ koff) or considered all permutations of

the nine different rates of drug binding (producing a total of

81 different drug scenarios). For drugs that could bind to

multiple states of the KV1.5 channel, we also varied the rela-

tive affinity to open (KO) vs. inactivated state (KI).

FIG. 1. Markov scheme of IKur. (a) Drug-free Markov model of IKur derived

from the study by Zhou et al.55 The model has 4 closed states (C1, C2, C3,

and C4), a conducting open state (O), and an inactivated state (I). (b)

Extended model showing drug-bound states (Cd1, Cd2, Cd3, Cd4, Od, and

Id) where an IKur inhibitor can bind to the closed, open, and inactivated

states, with various kon and koff rates.
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IC50 values were computed by assessing the extent of the

block of peak IKur after the application of different drug doses

from 1 nM to 1 M. We calculated IC50 values using a typical

experimental protocol, consisting of a train of 200-ms long

voltage-steps from �60 mV to þ50 mV,12,14,21,24 and with a

200-ms down-ramp voltage-clamp protocol from þ30 mV to

�60 mV. After the application of a given drug concentration,

we allowed sufficient time for the degree of blocking to reach

equilibrium. IC50 values were calculated at 1- and 3-Hz pac-

ing rates as the drug concentration causing a 50% reduction in

peak IKur compared to drug-free conditions.

B. Atrial AP simulations

The Grandi et al. human atrial cellular model was used to

simulate the AP of a single atrial myocyte at 37 �C.23,36 The

IKur Markov model described above was included, and its

maximal conductance (gKur) scaled to mimic the same peak

IKur value as the original Grandi et al. model at 1- and 3-Hz

pacing. We only evaluated drugs that bound solely to the

KV1.5 channel, i.e., no off-target drug effects on other ion

channels (or Kþ channel sub-types) were considered for this

investigation. Simulations were equilibrated for 300 beats for

1-Hz pacing or 900 beats for 3-Hz pacing. After the 300th or

900th beat, the time to 90% repolarization of the AP (APD90)

and the change in channel state occupancy were used as the

initial AP metrics of analysis for the individual drugs.

The atrial ERP was determined using a standard S1-S2

premature stimulation protocol,12,44,50,54 where the S1 basal

stimulus (5 ms in duration) was applied to a steady-state

human atrial myocyte model. ERP was determined by apply-

ing the premature S2 stimulus (5 ms in duration, 2-fold the

diastolic threshold of excitation) at progressively smaller S1-

S2 intervals from 700 ms to refractoriness by decrements of

2 ms. The longest S1-S2 interval that failed to elicit an AP

was taken as the local ERP (i.e., maximum upstroke velocity

of �5 V/s and AP with an amplitude of �50% of the ampli-

tude of the preceding AP elicited by S1).

All simulations and analysis were performed with

MATLAB (The MathWorks, Natick, MA, USA) using the

stiff ordinary differential equation solver ode15s. The model

code is available for download at the following webpages:

https://somapp.ucdmc.ucdavis.edu/Pharmacology/bers/ and

http://elegrandi.wixsite.com/grandilab/downloads.

III. RESULTS

A. IKur gating model and state occupancies during the
human atrial AP

Figure 2 shows experimental data and simulations con-

firming the adequacy of the IKur Markov model. Table I

summarizes the sources of experimental data used to fit the

model parameters. To assess the voltage dependence of IKur

activation [Fig. 2(a)], tail current amplitudes were measured

upon repolarization to �10 mV after 500-ms long test

pulses from a holding Em of �50 mV to Em between

�60 mV and þ50 mV (the latter used for normalization). A

300-ms pre-pulse to þ50 mV was used 10 ms before each

test pulse, as this is used experimentally to inactivate the

transient outward Kþ current (Ito). The voltage-dependent

inactivation of IKur was measured with test pulses to

þ40 mV (2 s in duration) after conditioning pulses (1 or 50 s

in duration) to various Em values from a holding Em of

�60 mV [Fig. 2(a)]. Inactivation kinetics [Fig. 2(c)] was

studied with conditioning pulses of varying duration, fol-

lowed 5 ms later by a 100-ms pre-pulse (to inactivate Ito)

and then a 100-ms test pulse to þ40 mV. An exemplary fit

of the model to experimental data is displayed in Fig. 2(c)

corresponding to a voltage step to þ40 mV. The time con-

stant of inactivation was rather Em-independent in both

experiments and model. Recovery from inactivation [Fig.

2(d)] was investigated using a pair of 50-s pulses (P1 and

P2) from �80 mV to þ40 mV (preceded again by an

Ito-inactivating 100-ms pre-pulse) at varying coupling inter-

vals. Figure 2(b) displays the simulated IKur-voltage

relationship compared to experiments from five different

FIG. 2. IKur model fitting to experimen-

tal data. (a) Simulated (solid lines) and

measured (symbols and dashed lines)

Em-dependence of activation and inacti-

vation after 1-s and 50-s inactivating

pulses. (b) Simulated IKur-voltage rela-

tionships are compared to experimental

data (inset). Current densities at room

temperature are converted into physio-

logical temperature using Q10¼ 2.5.18,39

(c) Simulated (solid line) and experi-

mental (symbols) inactivation studied

with the voltage protocol in the inset.
(d) Simulated and experimental recov-

ery from inactivation studied with the

voltage protocol in the inset.
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sources. The flattening of the simulated IKur-voltage curve at

higher potentials, in contrast to most experiments showing a

linearly increasing current, might be due to differences in

recording vs. simulated conditions (e.g., physiological vs.

room temperature).

B. Optimization of IC50 value calculations using
a down-ramp voltage-clamp protocol

Simulated IKur during a human atrial AP at a pacing

rate of 1-Hz is depicted in Fig. 3(b). Notably, the channel

opens rapidly upon depolarization and deactivates (closes)

within 100 ms, with little or no inactivation, as shown in the

time courses of state occupancies, and confirmed in a recent

in silico study.1 We noted that the rather long depolarization

steps used for IC50 determination underestimate the closed

state occupancy and cause significant inactivation [Fig.

3(a)], which is not seen during a physiologic AP [Fig. 3(b)].

Note that although the channel does not inactivate much

during a depolarization step, build-up in the inactivation

state occurs over several beats (simulations are run to the

steady state). Thus, we modified the IC50 protocol using a

voltage waveform that more closely resembles the atrial AP

shape and allows for comparable time courses of channel

state occupancies [Fig. 3(c)].

As shown in Fig. 3(d), even when a drug has the same

binding/unbinding kinetics and overall affinity for the KV1.5

channel (Kd¼ 1 lM), its efficacy at blocking IKur greatly

depends (by orders of magnitude) on the conformational

state specificity of binding. Moreover, it is worth noting that

if we were to use the square voltage step protocol [Fig. 3(a)],

which overestimated the state occupancy of the inactivated

state and underestimated the state-occupancy of the closed

states, we would overestimate the potency of the inactivated

state blocker and underestimate the potency of a closed state

blocker [Fig. 3(d)].

TABLE I. Experimental data used for IKur model parameterization.

Measure Source Experiment

Activation Em-dependence Fedida et al.17 Human atrial myocytes, room temperature, whole-cell patch clamp

Inactivation Em-dependence Feng et al.,18 Wang et al.52 Human atrial myocytes, room temperature52 and physiological

temperature,18 whole-cell patch clamp

Inactivation kinetics Feng et al.18 Human atrial myocytes, 37 �C, whole-cell patch clamp

Recovery kinetics Feng et al.18 Human atrial myocytes, 37 �C, whole-cell patch clamp

IKur-Em relationship

(used to validate maximal

conductance, Q10 adjusted)

Fedida et al.,17 Amos et al.,4 Wang et al.,52

Tessier et al.,47 Gluais et al.20

Human atrial myocytes, room temperature, whole-cell patch clamp

FIG. 3. IKur, channel state occupancy,

and IC50 during a square voltage step,

an atrial AP, and a triangular pulse.

Time courses of Em (top), IKur (mid-
dle), and closed, open, inactivated state

occupancy (bottom) during (a) a 200-

ms long voltage step to þ50 mV, (b)

an atrial AP, and (c) a 200-ms long tri-

angular pulse to þ30 mV (1 Hz).

Simulations are run to the steady-state.

(d) IC50 values obtained for closed

(left), open (center), and inactivated

(right) state blocker with a square or

triangular voltage pulse at 1- and 3-Hz

pacing rates.
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C. Effect of conformational state specificity and
binding/unbinding kinetics on IC50 at normal
and fast pacing rates

We next investigated the effect of state-specific affinity,

binding kinetics, and pacing rate-dependence of KV1.5-selective

theoretical drugs with the same kinetics of association/disso-

ciation (koff¼ kon and Kd¼ 1 lM). We used nine different

rates of binding kinetics between 0.01 and 100 s�1 using

half-logarithmic increments (0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30,

and 100 s�1). Using the Markov schemes shown in Fig. 1(b),

we considered six different scenarios for each hypothetical

IKur blocker where the drug could interact exclusively with

the O, I, and C, O and I, O and C, or all states of the channel.

A drug that could only bind the closed states of the

KV1.5 channel (i.e., closed state blocker) was the most

potent type of blocker and rather insensitive to binding kinet-

ics at both 1- and 3-Hz pacing for koff¼ kon� 10 s�1.

At faster kinetics, the closed state blocker loses potency

[Fig. 4(a)]. Notably, across the entire range of drug-binding

kinetics, a closed state blocker is more potent at 1-Hz pacing

than at 3-Hz pacing, i.e., opposite to the desired characteris-

tic for a drug designed to treat AF.

Drugs that only bind to the open state of the KV1.5 chan-

nel are the least potent [Fig. 4(b)]. Their IC50 values are

rather insensitive to slow binding kinetics (<1 s�1) but dis-

play a biphasic relationship with hastening kinetics. Open

state blockers are more potent at faster pacing rates (i.e., fast

pacing-rate selectivity, compare IC50 at 3 vs. 1 Hz), but this

fast pacing-rate selectivity is lost at binding rates greater

than 10 s�1.

IC50 values were independent of drug-binding kinetics

for inactivated state blockers [Fig. 4(c)], which resulted quite

more potent at 3-Hz pacing as compared to 1-Hz pacing,

thus displaying fast-rate selectivity.

Open and closed state blockers and drugs that could

bind equally to any state did not display favorable fast

pacing-rate selectivity (not shown), whereas open and inacti-

vated state blockers did [Fig. 4(d)], and thus, we considered

this type of inhibitor and the open state blocker for subse-

quent analysis.

D. Effect of conformational state specificity and
binding/unbinding kinetics on human atrial
APD at normal and fast pacing rates

To assess the effect of conformational state specificity and

binding/unbinding kinetics on human atrial APD at normal

and fast pacing rates, we considered three types of blockers: an

open [Figs. 5(a)–5(d)], an inactivated (Fig. S1 in the supple-

mentary material), and an open and inactivated state blocker

[Figs. 5(e)–5(h)]. These were the inhibitors that displayed fast

pacing-rate selectivity when looking at their effects on IKur.

For each of these types of blockers, we examined the relation-

ship between APD and drug-binding kinetics using the IC50

values calculated previously and using the same range as used

for the calculation of the IC50 values (0.01, 0.03, 0.1, 0.3, 1, 3,

10, 30, and 100 s�1). Changes in APD are compared to no

block, 50%, and 100% reduction in gKur.

A drug that can only bind to the KV1.5 open state dis-

plays a biphasic relationship between APD and drug-binding

kinetics at both 1- and 3-Hz pacing [Figs. 5(a) and 5(c)],

FIG. 4. Effect of the state-dependence

and kinetics of drug binding on IC50.

IC50 values were obtained using a

down-ramp voltage-clamp protocol at

1- and 3-Hz pacing rates for a closed

state blocker (a), open state blocker

(b), inactivated state blocker (c), and

open and inactivated state blocker (d)

given nine different rates of binding

kinetics between 0.01 and 100 s�1

using half-logarithmic increments,

whereby koff¼ kon and Kd¼ 1 lM.
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whereby APD prolongation is only seen for intermediate

binding kinetics (1 to 10 s�1 for 1-Hz pacing and 3 to 30 s�1

for 3-Hz pacing). For both slow (�0.3 s�1 for 1-Hz pacing

and �1 s�1 for 3-Hz pacing) and fast (100 s�1) drug-binding

kinetics, APD in the presence of drug is comparable to drug-

free conditions. Notably, APD prolongation with an IC50

concentration of the drug reaches values well above a con-

stant 50% reduction in gKur at 1-Hz pacing, but more closely

resembles it at 3-Hz pacing. Figure 5(b) (1-Hz pacing) and

Fig. 5(d) (3-Hz pacing) display the closed, open, and inacti-

vated state occupancies during a steady-state AP for the

slowest (0.01 s�1), intermediate (3 s�1), and fastest (100 s�1)

drug-binding rates. For the slowest drug-binding kinetics, the

inhibitor does not bind readily during the AP, and the drug-

bound state stays level below 0.4. At intermediate drug-

binding kinetics, the open state blocker binds readily during

the AP, thus significantly shrinking the open state occu-

pancy. In addition, the off-rate of drug binding is slow

enough to achieve maintenance in the drug-bound state dur-

ing the AP. This allows for considerable AP prolongation,

almost mimicking 100% reduction in gKur. Finally, for the

fastest drug-binding kinetics, the IKur-blocker again binds

readily during the AP, but the off-rate of drug binding is so

fast as to cause cycling between the drug-free open state and

the drug-bound open state during a single AP, resulting in

prolongation of the drug-free open state occupancy later in

the AP and slight AP shortening.

For an open and inactivated state blocker, a biphasic

relationship between APD and drug-binding kinetics is also

seen at 1- and 3-Hz pacing [Figs. 5(e) and 5(g)]. Slow

(�0.3 s�1 for 1-Hz pacing and �3 s�1 for 3-Hz pacing) and

fast (100 s�1) drug-binding kinetics yield an APD that is com-

parable to no IKur block. At 1-Hz pacing, we observe signifi-

cant APD prolongation at drug-binding kinetics equal to 3 or

10 s�1, while we only see significant AP prolongation at 3-Hz

pacing for drug-binding kinetics equal to 10 s�1. Figures

5(f)–5(h) show the state occupancies of the closed, open, and

inactivated states during a steady-state AP for the slowest

(0.01 s�1), intermediate (3 s�1), and fastest (100 s�1) drug-

binding rates at 1- and 3-Hz pacing. They closely resemble

the state occupancies observed at these drug-binding rates for

the open state blocker, except for the intermediate binding

rate, which results in less drug bound state occupancy [Figs.

5(h) vs. 5(d), middle] and produces little AP prolongation.

E. Effect of conformational state specificity and
binding/unbinding kinetics on human atrial ERP at
normal and fast pacing rates

Since a desired effect of IKur inhibitors is the prolonga-

tion of atrial refractoriness,4,12,19,29,41 we assessed the effects

FIG. 5. Effect of the state-dependence

and kinetics of drug binding on APD90.

APD90 was determined for open (1-Hz

[a] and 3-Hz [c] pacing rates) and open

and inactivated (1-Hz [e] and 3-Hz [g]

pacing rates) state blockers given

nine different rates of binding kinetics

between 0.01 and 100 s�1 using half-

logarithmic increments, whereby koff

¼ kon and Kd¼ 1 lM. These simula-

tions were also run in drug-free condi-

tions, given a 50% and 100% reduction

in gKur (dashed lines in a, c, e, and g).

Simulations were equilibrated for 300

beats at 1-Hz pacing or 900 beats at 3-

Hz pacing using a [drug] equal to the

IC50 value. (b), (d), (f), and (h) show

the closed, open, inactivated, and drug-

bound (dB, i.e., Od or Odþ Id) state

occupancies during an AP for three

different drug-binding kinetics (koff

¼ kon ¼ 0.01, 3, and 100 s�1).
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of binding/unbinding kinetics on the ERP for open state

[Figs. 6(a) and 6(b)] and open and inactivated state blockers

[Figs. 6(c) and 6(d)] at 1- and 3-Hz pacing. We used the IC50

values calculated previously (Fig. 4) and compared our

results to no block, 50%, and 100% reduction in gKur. Figure

6 shows a similar biphasic relationship between ERP and

drug-binding kinetics for both types of blockers, as observed

in Fig. 5 for APD: when APD increases for a particular IKur

inhibitor, we also find ERP prolongation.

For the open state blocker [Figs. 6(a) and 6(b)], we see

modest ERP prolongation at slow drug-binding rates

(�0.3 s�1) at either 1- or 3-Hz pacing. Drugs with intermedi-

ate binding rates cause more substantial ERP prolongation

(>0.3 s�1 and �10 s�1) at 1 Hz, mirroring their effects on

APD. At 3-Hz pacing, both intermediate and fast drug-

binding kinetics lead to ERP prolongation (>1 s�1). Thus,

drugs with the fastest drug-binding kinetics (30 and 100 s�1)

cause ERP prolongation at 3-Hz pacing, while having a lesser

effect at 1-Hz pacing, i.e., they show a positive frequency-

dependence that is desirable for an AF-selective drug.

For the open and inactivated state blocker [Figs. 6(c)

and 6(d)], we again predict a biphasic relationship between

ERP and drug-binding kinetics. Once more, drugs with slow

binding kinetics do not exhibit substantial ERP prolongation,

and drugs with fast binding rates (>30 s�1) cause more ERP

prolongation at 3-Hz pacing as compared to 1-Hz pacing.

For an inactivated state blocker, APD and ERP changes

are independent of the drug-binding kinetics at both 1- and

3-Hz pacing (Figs. S1 and S2 in the supplementary material),

APD closely resembles that in drug-free conditions, and the

ERP is decreased compared to no IKur block. For these rea-

sons, an inactivated-state-only blocker was excluded in our

subsequent analysis.

F. Effects of drug binding/unbinding kinetics with
variable Kd on APD and ERP

We have shown drug scenarios where the on- and off-

rates of drug binding are equal to each other (kon¼ koff and

Kd¼ 1 lM). However, even closely related IKur inhibitors

can have dissimilar Kd values.24 Thus, we simulated all per-

mutations of the nine different rates of drug binding (0.01 to

100 s�1), yielding 81 different combinations of kon and koff.

We assessed the effects of these drugs using their IC50 values

by looking at AP prolongation at 1 Hz [Fig. 7(a)] and ERP

prolongation at 3 Hz [Fig. 7(b)]. The output of the simula-

tions for an open and inactivated state blocker is displayed

as a heatmap, where the diagonals of the squares from the

bottom left to the top right corner in Figs. 7(a) and 7(b) cor-

respond to the drug scenarios in Figs. 5(e) and 6(b), respec-

tively. Drugs with slow drug-binding kinetics (kon and

koff� 0.3 s�1) cause little prolongation of APD and ERP, as

well as drugs with a large Kd (koff� kon). In addition, hold-

ing kon constant, we see that APD and ERP are not very sen-

sitive to changes in koff. The drugs with a fast kon rate

(�30 s�1) display favorable pacing-rate selectivity (boxes in

Fig. 7), as they produce ERP prolongation at 3-Hz pacing

while having little effect on APD at 1-Hz pacing.

G. Effect of relative state-specific drug binding

We further studied the open and inactivated state

blocker by investigating the effects of its relative affinity to

the open and inactivated states (Ko/Ki) on IKur (IC50) and

electrophysiology (APD and ERP). Previously, we only

changed the overall affinity to the open and inactivated states

of the channel (variable Kd), but KO was always equal to KI

(KO/KI¼ 1). In Fig. 8, we summarize our findings when we

allow kon, koff, Kd, and Ko/Ki to vary. Specifically, we

allowed kon for the open state (kon,O), koff for the open state

(koff,O), kon for the inactivated state (kon,I), and koff for the

inactivated state (koff,I) to have any of three binding rates

(0.01, 3, and 100 s�1) and varied them independently to yield

81 different drug combinations. Again, we compare our out-

puts of APD and ERP to drug-free conditions, 50%, and

100% reduction in gKur (dashed lines).

Figure 8(a) displays the relationship between IC50 (at

1-Hz pacing) and KO/KI. The panel is shaded according to

IC50 value cutoffs of 0.1 lM, 10 lM, and 1 mM, and the

symbols indicate different koff,O. Overall, there is a trend

FIG. 6. Effect of the state-dependence

and kinetics of drug binding on ERP.

ERP was determined for open (1-Hz

[a] and 3-Hz [b] pacing rates) and open

and inactivated (1-Hz [c] and 3-Hz [d]

pacing rates) state blockers given

nine different rates of binding kinetics

between 0.01 and 100 s�1 using half-

logarithmic increments, whereby koff

¼ kon, Kd¼ 1 lM. These simulations

were also run in drug-free conditions,

given a 50% and 100% reduction in

gKur (dashed lines).
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whereby increasing KO/KI and decreasing koff,O increase the

potency of the drug (i.e., decrease the IC50 value). Thus, the

most potent drugs have KO>KI and the slowest koff,O.

Figures 8(b) and 8(c) show APD (at 1-Hz pacing) as a func-

tion of KO/KI. Data points are separated by IC50 cutoffs [Fig.

8(b)] or koff,O [Fig. 8(c)]. When KO/KI< 1, we almost

always obtain maximal AP prolongation (this also corre-

sponds to larger IC50). When KO/KI> 1, we only obtain

close to maximal AP prolongation when koff,O is equal to

3 s�1 (intermediate drug-binding rate). In Fig. 8(d), we plot-

ted APD at 1 Hz vs. ERP at 3 Hz for various KO/KI ratios

(light gray symbols correspond to KO/KI� 1, and dark sym-

bols correspond to KO/KI> 1). The open and inactivated

state blockers displaying favorable pacing-rate selectivity,

i.e., producing ERP prolongation at 3-Hz pacing while hav-

ing moderate effects on APD (and ERP) at 1-Hz pacing, are

ones with KO/KI > 1, except if koff,O equals 3 s�1 (dashed

circle).

IV. DISCUSSION

In this in silico study, we sought to determine how a

KV1.5-targeting drug’s kinetics and state-dependent binding

properties influence the degree of IKur inhibition (IC50) and

extent of electrophysiological parameter (APD and ERP)

changes. Inspired by the approach recently utilized by the

FIG. 7. Effect of drug binding kinetics

on APD90 and ERP for an open and

inactivated state blocker. (a) APD90 (at

1 Hz) and (b) ERP (at 3 Hz) are plotted

for open and inactivated state blockers

with varying binding kinetics, which

were simulated via permutations of

nine different drug-binding rates of

(from 0.01 to 100 s�1) while keeping

kon,O¼ kon,I and koff,O¼ koff,I.

FIG. 8. Effect of conformational state

affinity and drug-binding kinetics of an

open and inactivated state blocker on

IC50, APD90, and ERP. Open and inac-

tivated state blockers with varying

affinities to the open and inactivated

states were simulated via permutations

of three different rates of binding

kinetics (0.01, 3, and 100 s�1). (a) IC50

and (b and c) APD90 are plotted as a

function of the ratio of the open to the

inactivated state affinity (KO/KI). (d)

APD90 at 1 Hz and ERP at 3 Hz are

plotted for each KO/KI. In (a) and (b),

shades code for IC50 concentration lev-

els. In (b), (c), and (d), symbols code

for various koff,O. Shades in (d) reflect

either higher affinity to the open or the

inactivated state. Dashed lines repre-

sent APD90 and ERP in drug-free con-

ditions and 50% and 100% reduction

in gKur. The best theoretical drugs are

circled in (d). Simulations were equili-

brated for 300 beats at 1-Hz pacing or

900 beats at 3-Hz pacing using a

[drug] equal to the IC50 value.
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Hill group in the study of hERG-binding compounds,26 we

simulated a new Markov model of IKur, which describes

KV1.5 gating based on experimental data in human atrial

myocytes and allows for state-specific KV1.5-drug interac-

tions, into our human atrial myocyte model.23,36 We then

compared theoretical IKur inhibitors in single cell simulations

utilizing their IC50 drug concentrations. Our study revealed

that (i) use-dependent inhibition of IKur is achieved with

open, inactivated, and open and inactivated state inhibitors

over a broad range of drug-binding rates; (ii) intermediate

drug-binding kinetics (comparable to AP dynamics) cause

potentially harmful APD prolongation; (iii) inhibitors with

increased affinity for the open vs. inactivated state and drug-

binding kinetics faster or slower than AP kinetics exert anti-

AF effects on electrophysiological parameters at fast pacing

rates (ERP prolongation), while having moderate effects on

nSR (limited AP prolongation), and might represent a subset

of ideal drugs. Overall, our results emphasize the importance

of accurately accounting for channel interactions with drugs,

namely, kinetics and state-dependent binding, when develop-

ing safe and effective KV1.5-selective anti-AF compounds.

A. IC50 values vary considerably depending on the
specific voltage-clamp protocol

We found that even if a drug has the same binding/

unbinding kinetics and overall affinity to the KV1.5 channel,

its potency largely depends on the state-specificity of binding

[Fig. 3(d)]. When simulating IKur during a normal human

atrial AP, we noted that the current undergoes very little

inactivation, even at fast pacing rates (Fig. S3 in the supple-

mentary material), compared to more substantial inactivation

during long depolarization steps commonly used for IC50

value determination4,12,14,19 [Fig. 3(b) vs. 3(a)]. Using these

typical square depolarization steps overestimates the KV1.5

channel open state occupancy and underestimates the closed

state occupancy during an AP. Thus, we proposed that using

a waveform (such as a triangular down-ramp voltage-step)

that more closely resembles the AP leads to more accurate

representation of the channel state occupancies in a beating

atrial myocyte and IC50 calculations. Indeed, we showed that

square vs. down-ramp voltage step protocols lead to remark-

ably different IC50 values [Fig. 3(d)]. While an AP-clamp pro-

tocol might yield even more precise estimates, down-ramp

protocols can easily be standardized in a high-throughput

drug-screening process.

B. Drug-binding kinetics and state-dependence influ-
ence rate-dependence of the IKur block

We found that the potency of KV1.5 inhibitors varies with

the stimulation rate, depending on the binding state-specificity

and kinetics (Fig. 4). Closed state blockers display lower IC50

values at normal vs. fast pacing rates over the full range of

kinetics (reverse pacing-rate dependent block), and their

potency decreases with hastening binding and unbinding rates.

Inactivated state blockers, on the other hand, always produce a

greater block at fast vs. normal pacing rates (where inactivation

is increased), but the degree of frequency-dependent blocking

is independent of the drug-binding kinetics. Open and open

and inactivated state inhibitors exhibited fast pacing-rate

selectivity (lower IC50 values at 3-Hz pacing compared to 1-

Hz pacing) over a broad range of binding kinetics. Positive

fast pacing-rate selectivity (or use-dependence) is a favorable

quality for a potential anti-AF drug: an ideal IKur inhibitor

would obstruct IKur at fast pacing rates (causing ERP prolon-

gation), while having little effect during nSR, as excessive

AP prolongation could lead to arrhythmia. Frequency-

dependent block has been a hallmark of the best performing

KV1.5-selective compounds such as XEN-D0103,19 and

many of these compounds have been confirmed to bind to the

open state.9,12,24 By simulating a simple pore block (i.e., fixed

reduction in the maximal conductance of IKur), Aguilar et al.
have recently suggested that positive pacing-rate dependent

AP prolongation occurs as a result of differential IKr activa-

tion at slow versus rapid pacing rates, as the AP plateau

potential moves to more positive voltages with IKur inhibi-

tion.1 Here, we extend these findings to show for the first

time that the fast pacing-rate selectivity of an open state

blocker and an open and inactivated state blocker is signifi-

cantly affected by its binding kinetics.

C. Drug-binding kinetics influences rate-dependent
APD and ERP prolongation

The properties of the drug block described above lead to

marked binding kinetics-dependent differences in APD and

ERP changes in our whole-cell simulations, even when

always using a [drug] equal to the IC50 value (Figs. 5 and 6).

Overall, (i) slow drug-binding kinetics caused minimal AP

changes and modest ERP prolongation; (ii) intermediate

drug-binding kinetics led to substantial AP and ERP prolon-

gation; and (iii) fast drug-binding kinetics failed to produce

substantial AP or ERP prolongation at a normal pacing rate

but increased the ERP at 3-Hz pacing. IKur inhibitors that

exist in the parameter space (i) and (iii) would likely be the

best candidates for anti-AF therapy. However, it is worth

noting that by simulating each drug at the IC50 calculated at

the given pacing rate, for slow and intermediate kinetics, we

overestimate the effects that a given [drug] would exert at

slow vs. fast pacing (see, e.g., Fig. S4 in the supplementary

material).

To understand the biphasic relationship between drug-

binding kinetics and APD, we took a closer look at the occu-

pancy of drug-bound states during the atrial AP for slow,

intermediate, and fast kinetics (Fig. 5). For the slowest drug-

binding rate, the IKur inhibitor does not bind readily during

the AP, leading to little AP prolongation. For intermediate

and fast drug-binding rates, IKur inhibitors bind readily dur-

ing the AP. While for intermediate binding rates, they do not

leave the drug-bound state during the cardiac cycle, favoring

AP prolongation, a fast koff leads to cycling between the

drug-free and the drug-bound open states during a single AP,

thus lengthening the drug-free open state occupancy later in

the cardiac cycle and preventing AP prolongation. These

observations parallel the findings by Lee et al. on KV11.1

(hERG) inhibitors.26 The authors found that drugs with slow

overall binding kinetics (slower than the rates of inactiva-

tion/recovery from inactivation) lead to drug-bound states
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that are only transiently populated during the cardiac cycle

(i.e., drugs with slow binding kinetics never reach true equi-

librium). For KV1.5, channel activation/deactivation kinetics

mostly impact IKur dynamics during the AP (as also reported

by Aguilar et al.1) and the effect of varying binding kinetics

on atrial parameters.

We also accounted for the complexity of drug-binding

kinetics by allowing our theoretical drugs to have any combi-

nation of kon and koff over a likely physiological range24

(Fig. 7). Adding this dimension revealed that APD and ERP

are rather insensitive to changes in koff and confirmed the

overall dependence on binding kinetics.

D. Increasing the affinity to the open vs. inactivated
state increases the potency of multi-state IKur blockers

We extended our analysis and expanded the parameter

space to simulate drugs that can bind to both open and inacti-

vated states of the KV1.5 channel with variable affinity. We

found that increasing the relative affinity to the open state

(KO/KI) generally increases the potency of the drug (espe-

cially when also decreasing koff,O). When KO/KI< 1, we

almost always obtain maximal AP prolongation (correspond-

ing to larger IC50 values), whereas when KO/KI> 1, we only

obtain nearly maximal AP prolongation when koff,O is equal

to the intermediate binding rate. To reveal KV1.5-binding

properties with a favorable (positive) heart rate-dependence,

we plotted the APD at 1 Hz vs. ERP at 3 Hz [Fig. 8(d)] and

looked for binding kinetics permutations producing ERP pro-

longation at 3-Hz pacing while having moderate effects on

APD (and ERP) at a normal pacing rate. These are ones with

KO/KI> 1 and either slow or fast (i.e., not intermediate)

koff,O.

E. Limitations and future directions

We presented a purely theoretical study to analyze the

parameter space defining state-dependence and kinetics of

KV1.5-binding drugs. A major strength here is that the prop-

erties of potential drugs are explored under many different

conditions, including on and off binding rates that vary over

4 orders of magnitude. Although it was impossible for us to

relate the results to the effects of real drugs on native human

atrial IKur currents, the range of the on and off rates of drug

binding chosen here represents a plausible physiological

range as shown for some IKur inhibitors in heterologous sys-

tems expressing the human KV1.5 channel.24 Our results

could be further informed by IC50 values, kon, koff, and affin-

ity ratios that can be measured using in vitro assays for real

candidate compounds and then mapped to our computed

parameter space for validation. Furthermore, this type of

analysis can be applied to other multi-state blockers, as suc-

cessfully done for hERG inhibitors.26,40 Future analysis

should also consider multi-channel effects of drugs, which

we have not accounted for here.28

Our drug-binding scheme for the open state inhibitor

reflects the so-called “foot-in-the-door” mechanism, whereby

returning to the open or closed states requires that the bound

drug disassociates from its binding site, as described for sev-

eral KV1.5 open state inhibitors including AVE0118.14

However, when simulating a multi-state IKur blocker (i.e., O

and I), the assumption that there are no channel transitions

between drug-bound open and inactivated states, i.e., a drug

must dissociate from the binding site to allow the channel to

enter the inactivated state, might not be correct. Nevertheless,

if the kinetics of inactivation and recovery thereof are slower

than the drug kon and koff rates, drug binding and unbinding

are expected to be more frequent than transitions between

drug-bound open and inactivated states. We compared our

results with those obtained with the alternative binding

scheme in Fig. S5(a) in the supplementary material, where

we assumed for simplicity that transition rates from drug-

bound open and inactivated states equal those from drug-free

open and inactivated states. The predicted changes in IC50

[Fig. S5(b) in the supplementary material], APD90 [Fig. S5(c)

in the supplementary material], and ERP [Fig. S6(d) in the

supplementary material] with binding kinetics are indistin-

guishable at both 1- and 3-Hz pacing. Thus, the conclusions

drawn from Figs. 4, 5, and 6 are valid with either binding

scheme. Note that with the scheme in Fig. S5(a) in the sup-

plementary material, microscopy reversibility requires affini-

ties for the open and inactive state be equal (KO¼KI). To

consider situations where KO 6¼KI (as in Figs. 7 and 8), we

would need to assume transition rates between the drug-

bound open and inactivated states to be different from drug-

free transitions and allow one to vary based on microscopic

reversibility. Although this scenario is more realistic, because

the drug-bound conformational changes would be expected to

be different in the absence of a drug, new transition rates

would need to be introduced, thus making the analysis even

more complex and system identification from experimental

data more demanding.

This study used single cell APD and ERP as its main

metrics of analysis. Other arrhythmia indices and integration

of such simulations into tissue and organ level models would

provide additional details that could be used to assess

the antiarrhythmic efficacy of candidate IKur inhibitors. For

example, recently, Lancaster and Sobie combined AP simula-

tions to compute a variety of metrics from both the AP and

intracellular Ca2þ dynamics, with statistical and machine-

learning methods to predict the torsadogenic risk of drugs

and reveal which cardiac ion channels may have the largest

impact on such risk.25

Our investigation aimed at revealing the effects of drugs

in an average human atrial myocyte in nSR conditions. IKur

is diminished in cAF,7,10,12,16,49 and thus, IKur inhibitors may

have limited efficacy when extensive ionic remodeling has

occurred.1 Their therapeutic potential might be better

exploited in paroxysmal AF, although the expression of the

KV1.5 channel subunit is decreased also in this patient popu-

lation.8,9 Nevertheless, there may be instances where IKur-

targeting drugs prolong AP and ERP in paroxysmal and

chronic AF but not in atrial myocytes from sinus rhythm

patients (as observed in Ref. 19) Thus, similar in silico
examination of optimal drug characteristics can be extended

to models of cAF. Furthermore, population-based computa-

tional approaches have been established and proven valuable

for understanding inter-subject variability in electrophysio-

logical properties and cardiotoxicity. The best performing
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drugs identified here could be simulated in a population of

human atrial myocyte models as in Refs. 15, 27, 34, and 45

to identify via sensitivity analysis what atrial cell characteris-

tics lead to more favorable responses to drug therapy,13 e.g.,

positive heart rate-dependence.

Experimental data on drug-binding kinetics to various

currents in the heart continue to grow as we realize modify-

ing certain channel properties can have specific (favorable)

effects on arrhythmia dynamics. In addition, a natural symbi-

osis between patch-clamp and in silico experiments has con-

tinued to strengthen, especially when trying to identify new

antiarrhythmic strategies.31 In particular, combining the

dynamic patch-clamp technique and computational models

shows great promise as a tool for drug discovery of novel

agents, as one can look at the effects of changing ion channel

gating on antiarrhythmic efficacy.30 This is because, as this

study highlights, the effects of the current block on repolariza-

tion and refractoriness are complex, and modeling approaches

are crucial for understanding their net impact in various

conditions.

V. CONCLUSIONS

This study employed an in silico approach to identify

ideal therapeutic properties of IKur-targeting drugs that maxi-

mize AF selectivity. Currently, guidelines for the pre-clinical

assessment of candidate drugs heavily rely on steady-state

metrics such as IC50 values, which do not yield enough infor-

mation to draw conclusions about AP or ERP prolongation

on their own. Our results demonstrate that thoroughly

accounting for channel interactions with drugs, including

kinetics and state-dependent binding, is critical for develop-

ing safer and more effective pharmacological anti-AF

options. This study also confirms that in silico models can be

useful tools for screening IKur-blockers during the pre-

clinical drug development process.

SUPPLEMENTARY MATERIAL

See supplementary material for IKur model equations

and supplementary figures.
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