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We read with great interest the recent paper in the journal by Lees-Miller and colleagues,
who have demonstrated that the clinically used specific bradycardic agent ivabradine
inhibits hERG potassium channels at concentrations overlapping those that inhibit HCN4,
the major HCN isoform in the mammalian sinoatrial node [1]. They further demonstrated
inhibition by the drug of the native rapid delayed rectifier K current, Iy, from murine fetal
ventricular myocytes and that it delayed ventricular repolarization in those cells [1]. These
findings complement those in a recently published report from our laboratories, also
reporting hERG K" channel inhibition and delayed ventricular repolarization with ivabradine,
the latter observed in adult guinea-pig perfused intact hearts [2]. We also observed changes
to refractory period and steepening of the left ventricular basal action potential restitution
curve with the drug [2], effects that are associated with increased risk of ventricular
fibrillation. lvabradine has been thought to have a good cardiac safety profile [3], but within
the last year the drug has been added to the “CredibleMeds” database of drugs associated
with QT prolongation and Torsades de Pointes (TdP) as carrying a conditional risk of TdP [4],
and case reports of TdP in patients receiving ivabradine together with other medications
have begun to appear [5,6]. The characterization of hERG interactions of the drug is

therefore timely.

In the Discussion of their paper, Lees-Miller and colleagues highlight some similarities and
differences between their findings [1] and our own recent report [2]: both studies provide
evidence for ivabradine binding within the inner cavity of the channel and for interactions
with the aromatic residues that are widely accepted as forming key components of the

canonical binding site. From alanine mutagenesis and in silico docking we reported drug



interactions with both Y652 and F656 residues [2]. Lees-Miller and colleagues reported
strong interactions with Y652, but in using different mutations at F656 saw little (F656l) or
only modest (F656C) attenuation of drug block [1]. In addition, through the use of molecular
dynamics simulations in which the channel was placed in a lipid environment [1], Lees-Miller
and colleagues demonstrated potential for drug interactions with a second novel site in a
lipid-exposed pocket (formed largely by F551, 1663, M651 and L622 in the open state and by
the side-chains of V644, L552 and F551 in the closed state). They additionally simulated
ivabradine solubilization into lipid bilayer, showing a strong propensity for the drug to

partition into the lipid, and proposed a lipophilic route for drug access to the channel [1].

These results are intriguing, and the notion that the drug may accumulate in lipid is
attractive, because at clinically relevant plasma levels of the drug [7] comparatively little
inhibition of either HCN4 or hERG channels might be anticipated and yet the drug is clearly
clinically effective at slowing heart rate. Interesting questions arise, however, as to the
likely contribution of the second novel potential interaction site and regarding the gating
dependence of the drug’s inhibitory effect on hERG. Lees-Miller et al reported tonic block
of lherg USing a protocol in which a gap was introduced between application of a large
concentration of drug (20 uM) and voltage-protocol application, with maximal block then
occurring on the first pulse in the presence of drug [1]. Two possible interpretations of this
result are (i) that once the drug has accumulated at its binding site(s) it interacts with and
inhibits channels in the closed/resting state; (ii) that once the drug has accumulated, it binds
rapidly when the channel opens on membrane potential depolarization. We favor the

second interpretation. In our study, we applied an ‘envelope of tails’ protocol to



investigate gated versus resting/closed state channel block [2], using a drug concentration
(3 uM) close to our observed ICso. For very brief depolarizing commands little inhibition was
observed, with block developing rapidly with progressively longer depolarizations (with a
measured time-constant at 37°C of 111 ms for inhibition of tail currents following
depolarizations to +20 mV). Thus, under our experimental conditions, at least, any
component of closed channel block of hERG by ivabradine was very small or absent.
Additional evidence that channel gating is required for ivabradine to inhibit the channel
comes from the very substantial decrease in inhibitory potency observed by Lees-Miller et al
for the S620T inactivation-deficient mutant [1]. As the S620 residue does not form a direct
interaction with the drug, this mutation most likely exerts its effects through inactivation-
gating dependent conformational rearrangements, in which those residues that do interact
with the drug become optimally positioned as a result of inactivation gating [8]. Two other
observations also support gating dependence of block. We observed marked positive-
voltage-dependence of Inerg inhibition at 37°C by ivabradine, with the range of voltage-
dependence overlapping the ascending region of the voltage-dependent activation relation
for lnerg; this is consistent with activation-dependence of inhibition [2]. Some voltage-
dependence of inhibition is also evident in Figure 2C of the study of Lees-Miller and
colleagues as the current-voltage relations for peak tail current in control and ivabradine
only diverge substantially at OmV and more positive voltages [1]. Preferential closed
channel block would likely exhibit either neutral or inverse-voltage dependence (e.g. [9]).
Finally, we observed a modest decrease in blocking potency of the drug when the direction
of lnerg (and thus K* flux) was reversed with high external [K'] [2]. This is consistent with the
potential for some interaction between K" ions flowing inward through the channel and the

drug; for that to occur the drug must be positioned somewhere in the ion permeation



pathway. In this regard it is of interest that the hERG ICsg found by Lees-Miller and
colleagues (of 6.8 uM) measuring inward lnerg tails was higher than that for native Iy, (2.4

uM) from outward tail current measurements in their study [1].

The Y652 residue faces the hERG channel inner cavity and it is significant that the Y652A
mutant had a very large effect on lgrg block in the study by Lees-Miller and colleagues.
Despite the evidence in their study for a second potential interaction site, they conclude
that the intra-cavity binding site is likely to be favoured by the drug [1]. We fully agree with
this conclusion. Additionally, if the drug does access the cavity via a lipophilic route, either
that access and/or consequent binding and inhibition require channel gating to occur. The
results from our ‘envelope of tails’ experiment can only be accounted for by drug
association with its target residues proceeding when the channel gates. We have performed
docking simulations of ivabradine to a KcsA-based homology model of the closed hERG
channel [10, 11] (Figure 1). Whilst the channel’s inner cavity can certainly accommodate
ivabradine in the closed state, occupation of the closed-state cavity by the drug necessitates
close approaches between drug and key aromatic residues, in particular, Y652 (Figure 1). A
dominance of closed channel block resulting from binding of ivabradine within the closed
state cavity would therefore likely be reflected by substantial inhibition at very early time-
points during the envelope of tails protocol, which was not observed in our study [2]. Thus,
it seems most likely that, whether via a lipophilic route or from the cell interior after
crossing the membrane, ivabradine enters and inhibits the channel at the inner cavity site

when the channel activates, with inactivation helping stabilize/optimize drug binding.

While the study by Lees-Miller and colleagues [1] and our own [2] are not in agreement in

all aspects, both reports show clearly that ivabradine blocks hERG channels at



concentrations overlapping those that inhibit HCN4/I;. Collectively, the findings of both
studies highlight the need for rigorous post marketing surveillance of this drug.
Additionally, potential drug access to the hERG channel inner cavity through a lipophilic
route has far-reaching consequences beyond ivabradine alone and is an area that warrants
detailed study. We congratulate Lees-Miller and colleagues on their valuable and thought-

provoking paper.
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Figure Legend

Figure 1. Docking simulation of ivabradine binding to a closed channel hERG model.

(A) Representative low-energy score pose of ivabradine docked to a hERG closed-state
homology model [11] built on a closed state KcsA structure (pdb: 1BL8). Pore and S6 helices
are shown as grey ribbons, whilst relevant pore cavity residues are shown as sticks: T623,
S$624 and V625 (green), Y652 (pink), F656 (blue). Ivabradine is represented as yellow sticks,
whilst the purple spheres represent K'ions in position S1 and S3 of the selectivity filter. (B,
C) Two GOLD low-energy score poses for ivabradine docked to the KcsA-based homology
model. Colour representations are as described for A. The restricted dimensions of the
closed state cavity forces ivabradine to lie close to the side chains that line the cavity. In
particular, ivabradine tends to interact with Y652 side chains whether the molecule is
docked to the higher (B) or lower (C) region of the pore cavity. For references to colour in

the figure, see the online version of this article.
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