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Abstract

The hyperpolarization-activated cyclic nucleotide-gated 4 (HCN4) channel underlies the pacemaker currents, called “If,”
in sinoatrial nodes (SANs), which regulate heart rhythm. Some HCN4 blockers such as ivabradine have been extensively
studied for treating various heart diseases. Studies have shown that these blockers have diverse state dependencies and
binding sites, suggesting the existence of potential chemical and functional diversity among HCN4 blockers. Here we
report approaches for the identification of novel HCN4 blockers through a random screening campaign among 16,000
small-molecule compounds using an automated patch-clamp system. These molecules exhibited various blockade profiles,
and their blocking kinetics and associating amino acids were determined by electrophysiological studies and site-directed
mutagenesis analysis, respectively. The profiles of these blockers were distinct from those of the previously reported HCN
channel blockers ivabradine and ZD7288. Notably, the mutagenesis analysis showed that blockers with potencies that
were increased when the channel was open involved a C478 residue, located at the pore cavity region near the cellular
surface of the plasma membrane, while those with potencies that were decreased when the channel was open involved
residues Y506 and I510, located at the intracellular region of the pore gate. Thus, this study reported for the first time
the discovery of novel HCN4 blockers by screening, and their profiling analysis using an automated patch-clamp system
provided chemical tools that will be useful to obtain unique molecular insights into the drug-binding modes of HCN4 and
may contribute to the expansion of therapeutic options in the future.
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Introduction therapeutic approach to the treatment of several cardiac dis-
orders associated with increased heart rate, such as hyper-
tension, coronary artery disease, and heart failure.
Ivabradine, the most extensively studied HCN4 blocker,
was clinically approved and has been used for the treatment
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of heart failure and angina pectoris.'*!” Another HCN
blocker, ZD7288, is structurally unrelated to ivabradine and
has been used as a tool for studying the biophysical and
physiological properties of these channels.'®!> Some of the
conventional drugs used for treating arrhythmia and heart
failure, such as lidocaine and carvedilol, have also been
shown to provide HCN blockade.?’?! The mode of action of
HCN blockers is diverse.”> For example, ivabradine
accesses the inner surface of the pore of the human HCN4
channel from the cytoplasmic side when the channels are
open and is thus called an “open-channel blocker”; more-
over, the strength of its binding depends on the frequent
change of direction of the ion flow that passes through the
channels.?>?* Ivabradine blocks HCN1 as well as HCN4,
and its blockade of mouse HCNI1 requires the channels to
be either in a closed state or in a transitional state between
the open and closed configurations; however, the blockade
does not occur when the channel is in an open state in con-
trast to its blockade of human HCN4.2*> Thus, ivabradine
was classified as an open-channel blocker of hHCN4 chan-
nels and as a “closed-channel blocker” of mHCNI1 chan-
nels, whereas ZD7288 is considered as an open-channel
blocker, which is distinct from ivabradine because it is
“trapped” in the closed state of mouse HCNI1 in a current-
dependent manner.?® Lidocaine acts on HCN1 with a nega-
tive shift in V, ,, decreased tonic and maximal currents, and
slowed activation kinetics.?® The discovery of such series of
blockers with their various voltage-, current-, and state-
dependent actions suggests the possibility of identifying
other unique molecules, which will further help the under-
standing of HCN properties and drug discovery for HCN
blockers.

For high-throughput screening (HTS) campaigns of ion-
channel targets, fluorescence-based assays using ion-spe-
cific probes or membrane potential sensors are often
employed because of a favorable combination of through-
put, cost, and information content. However, such non-elec-
trophysiology-based assays lack the accurate control of a
membrane potential and resulted in failure in maintaining
physiologically relevant states of voltage-gated chan-
nels.?’3% In fact, discrepancies have been observed between
the results obtained from nonelectrophysiological and elec-
trophysiological methods to study the voltage-gated ion
channels; as a consequence, the nonelectrophysiological
assays may generate false-negative hits including use-
dependent blockers.?!3? Key profiling information, such as
voltage and use dependence, cannot be approached in HTS
campaigns without electrophysiological recordings. Recent
advances in the automated patch-clamp technology have
begun to break this bottleneck with high-quality, informa-
tion-rich data and high-throughput capabilities.’> 7 They
can provide gating kinetics data of ion channels under phys-
iological conditions controlled by voltage clamping, even
in a 384-well format. Therefore, we can expect that these

technologies will provide an opportunity to identify novel
molecules that modulate ion channels such as HCNs
through HTS.

The focus of this article was to identify HCN4 blockers
through the screening of 16,000 small-molecule compounds
using an automated patch-clamp instrument, lonWorks, and
to assess the blocking kinetics and binding properties of the
HCN4 blockers compared with the previously reported
blockers ivabradine and ZD7288.

Materials and Methods

Reagents

ZD7288 was purchased from Tocris Bioscience
(Minneapolis, MN). Ivabradine was synthesized in-house.
Our identified hit compounds, T-478 (N-[(2S)-1-([1,4'-
bipiperidin]-1'-yl)-1-oxopropan-2-yl]-2,5-dichloro-4-
methoxybenzene- 1-sulfonamide), T-788((8aR)-1,1-diphenyl-
7-[6-(1H-pyrazol-1-yl)pyridine-3-carbonyl]hexahydro-
3H-[1,3]oxazolo[3,4-a]pyrazin-3-one), and T-524 (7-[3-(tri-
fluoromethyl)phenyl]-1,2,3,4-tetrahydroisoquinoline),
were synthesized in-house (see Fig. 3B).

Cell Preparation

Chinese hamster ovary (CHO) K1 cells expressing HCN4
(accession nos. AJ238850, Thr110Ser) were purchased
from Cytomyx (San Francisco, CA). The HCN4 mutant
genes (C4784, Y5064, and 15104) were cloned into the
pIRES neomycin vector (Invitrogen, Carlsbad, CA). A
Gene Pulser Electroporation System (Bio-Rad Laboratories
Inc., Hercules, CA) was used to transfect CHOK 1 cells with
these plasmids. CHOKI1 cells were maintained in Iscove’s
Modified Dulbecco’s Medium (Invitrogen) supplemented
with 10% dialyzed fetal bovine serum (Thermo Fisher,
Waltham, MA), nonessential amino acids (Invitrogen), HT
Supplement (Invitrogen), and 500 pg/mL geneticin
(Invitrogen). The cell lines at favorable proliferation stages
were subcloned, resulting in 24—48 subclones that were
screened to identify the best cell line based on the success
rate of whole-cell formation and sufficient amplitude of the
HCN4 current. All HCN4 cell lines were routinely main-
tained at 37 °C and incubated at 30 °C for 2—8 days prior to
the electrophysiological measurements, to increase the
functional expression of the HCNSs.

Automated Patch-Clamp Recording in lonWorks

The IonWorks system (Molecular Devices, Sunnyvale,
CA), which was originally described by Schroeder et al.,*®
was used to measure HCN channel activity. This system uti-
lizes a planar patch-clamp technology with a 48-well paral-
lel recording configuration and exploits robotic operation
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for solution and cell handlings. The “patch-plate” technol-
ogy of IonWorks employs a 384-well plate with a single
hole in each well (SH mode) and 64 holes in each well
(Population Patch Clamp [PPC] mode). To prepare the cells
for the instruments, the cells were detached with versene
(Invitrogen) and resuspended in culture medium and centri-
fuged at 500g for 2 min. The supernatant was removed and
cells were resuspended in phosphate-buffered saline and
centrifuged at 500g for 2 min. The supernatant was removed
and cells were resuspended in external solution at a density
of 1.5-3 million cells/3 mL, for loading onto IonWorks.
Perforated (via 0.2 mg/mL amphotericin B solubilized in
0.36% DMSO) whole-cell recordings were performed in
the device. Because the seal resistance in lonWorks is lower
than that in the conventional patch-clamp methods, the sys-
tem utilizes linear leak subtraction evaluated by a +10 mV
prepulse from the holding potential at the beginning of the
test protocol. In the test protocols, the holding potential was
clamped at —30 mV and hyperpolarizing pulses were
applied, the voltage and pulse number of which are
described in each figure. Test compounds were automati-
cally dispensed from a 96-well plate, which was prepared at
threefold the final test concentrations because the test com-
pounds were diluted by three times in the patch plate well
(3.5 pL of test compound was added to 7 uL of the solution
in the patch plate). Concentration—response tests were per-
formed using 1:3 dilutions from the maximum concentra-
tion of the compound. The current triggered by voltage
pulse was recorded prior to and 5—10 min after compound
addition. The internal recording solution contained (in mM)
K-gluconate (135), Na-gluconate (10), MgCl, (1.5), and
HEPES (5), pH 7.3, as well as 50 pug/mL amphotericin
(Sigma, St. Louis, MO); and the external solution contained
(in mM) Na-gluconate (115), KCI (30), CaCl, (1.5), MgCl,
(0.5), and HEPES (5), pH 7.4.

Multiple Sequence Alignment

We performed multiple sequence alignment of the S6-P
loop of hHCN4 (UniProtKB accession no. Q9Y3Q4) with
the corresponding regions of mHCN2 (088703.1), mHCNI1
(088704.1), and hERG (Q12809.1) using MAFFT version
7.0 (Multiple Alignment using Fast Fourier Transform).

Data Analysis

Current amplitudes were obtained from the raw traces
recorded at the end of the last voltage pulse subtracted from
the proximate baseline. In the experiments shown in
Figures 1 and 2 and the first half of the screening campaign
using the SH mode, the success criteria of each well were
set as (1) >50 MQ in seal resistance at precompound mea-
surement, (2) >200 nA in current amplitude at precom-
pound measurement, (3) <200 nA in the dissociation of the

baseline between pre- and postcompounds, and (4) a 0.5- to
2.0-fold ratio in the seal resistance values between pre- and
postcompounds. In the second half using the PPC mode, the
success criteria were set as >30 MQ in seal resistance at
precompound measurement, and the others were the same
as the SH mode. The measurement was always confirmed
by a group of vehicle controls (0.3% DMSO) in all assays,
thus ensuring assay performance on each plate. The test
plates that did not meet the criterion (coefficients of varia-
tion <15%) in the vehicle controls were reexamined. The
success rate throughout the screening was 80%—95%. In the
subsequent kinetic assessment (see Fig. 4A,B) using the
PPC mode, the success threshold was raised as follows: (1)
>50 MQ and (2) >500 nA. The PPC mode was used for the
C478A and Y506A mutants and the SH mode for the IST0A
mutant in the mutagenesis experiments. To evaluate com-
pounds, percent inhibition values were calculated by the
post-/preamplitude ratio in each well. A group of the sam-
pling data was plotted as the mean value = standard devia-
tion, as needed. To obtain concentration-dependent curves,
percent inhibition values were plotted and fitted with a sig-
moidal equation:

Y =100/ (1+10* ((LogIC50X)Slope)), (1)

where Y is the percent inhibition, X is the log concentration,
and Slope is the hill-slope factor calculated by a shared
value for all data sets. To obtain the voltage-dependent acti-
vation curves presented in Figure 1B, steady-state currents
were measured and normalized to the maximal current
(Iyx) and plotted as a function of the preceding membrane
potential. The curves were fitted with the Boltzmann func-
tion as follows:

I =Ty + (Twax ~Tvv) /

(1 + exp((Vl/z—V) / Slope)), @

where I, is the offset caused by a nonzero holding current
and is not included in the current amplitude, V is the test
potential, and V, , is the midpoint of activation. Calculations,
curve fittings, and panel drawing were performed using
GraphPad Prism version 8.2.0 (GraphPad Software Inc.,
San Diego, CA).

Results

Using an automated patch-clamp system, lonWorks, HCN4
currents were successfully observed. Figure 1A (top) shows
the voltage protocol used to induce a hyperpolarization
pulse and the current traces obtained by the pulse applica-
tion to the parent or HCN4-expressing CHO cells incubated
at 30 or 37 °C before the measurements. Cell culture at
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Figure |. Studies of HCN4 currents recorded using lonWorks in an SH mode. (A) Voltage protocol (top) and typical current traces
obtained from the parent (middle) and the human HCN4-expressing (bottom) CHO cells, which were incubated at 30 or 37 °C
before measurements. (B) Voltage dependence of HCN4 activation. Voltage protocol (top left) and typical current traces (top right)
are shown. The steady-state currents were normalized to the maximal current and plotted as a function of the preceding membrane
potential. The curves were fitted with the Boltzmann function. The means = standard deviations from five experiments are indicated
(bottom).
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Figure 2. Blockade of the HCN4 channel by ivabradine and ZD7288 and DMSO tolerance test. (A) Voltage protocol (top) and
typical current traces recorded before compound addition (precompound) and after the addition of each compound (postcompound).
The traces obtained before and after the addition of DMSO (0.3%), ivabradine (100 pM), and ZD7288 (100 pM) are presented. (B)
Concentration-dependent blockade of HCN4 current at the first and sixth hyperpolarizing pulses by ivabradine and ZD7288. The
means * standard deviations from three experiments are indicated. The IC50 values were determined by fitting the inhibition plots to
a sigmoid equation (see “Data Analysis” section). (C) DMSO tolerance test in HCN4 current. The means * standard deviations from
four experiments are indicated.
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30 °C was critical to the detection of the HCN4-dependent
inward current, as reported for several ion channels.’**° All
subsequent experiments were performed using HCN4-
expressing CHO cells incubated at 30 °C before measure-
ments. The current trace of HCN4 could be fitted to a
monophasic exponential with a slow tau component (813.6
ms; Fig. 1A, bottom left), indicating that HCN4 had no
inactivation state during the 5 s pulse, as reported in the
literature using conventional patch clamping.*'#* The V,,
value obtained was —94.9 £ 5.9 mV (Fig. 1B), which was
also in good agreement with previous reports based on con-
ventional patch-clamping systems.*'** To confirm the prop-
erties of well-known HCN blockers, we designed a voltage
protocol composed of six repetitive hyperpolarization
pulses with a focus on the detection of use-dependent block-
ade (Fig. 2A, top). Depolarization steps to accelerate the
closing of HCN4 channels were adopted at each end of the
hyperpolarization pulse, based on the literature.?* Figure
2A shows the typical traces recorded as HCN4 currents, as
well as those obtained in the presence of the HCN4 blockers
ivabradine and ZD7288. Although the two HCN4 blockers
diminished the HCN4 current in a concentration-dependent
manner, ivabradine alone afforded an increase in blockade
according to pulse number, that is, use-dependent blockade
(Fig. 2A,B), which was in accordance with a previous
report.* As we observed that a final DMSO concentration
>1% in the wells decreased the HCN4 current (Fig. 2C),
for the compound evaluation performed here, the crossover
of DMSO from test compounds was adjusted as 0.3% in
each well in all experiments.

We then conducted a random screening of ~16,000 com-
pounds in our small-molecule compound library at 30 uM.
The first half of the screening was performed in an SH
mode, and the second half was performed in a PPC mode,
thus enabling a higher throughput. The success rate of all
studies was approximately 80%—95% (sece Materials and
Methods for the success criteria). A histogram displaying
the distribution of the percent inhibition values in the sam-
ple wells is provided in Figure 3A; some correspondence to
a normal distribution with broad tails was observed. After
the confirmation of reproducibility for 1200 compounds
with more than 30% inhibition at 30 puM, intracellular
cAMP was measured in hHCN4-expressing cells incubated
in the presence of the compounds, to eliminate those that
regulate cAMP signaling, because intracellular cAMP
directly regulates HCN4 activity;*** however, this concern
was proven to be unfounded (data not shown). We finally
identified 189 compounds showing more than 50% inhibi-
tory effects on HCN4 without significant intracellular
cAMP suppression at 30 uM. Among these, we focused on
three novel hit compounds, namely, T-478, T-788, and
T-524 (Fig. 3B), which were distinct from both ivabradine
and ZD7288 in structures. Interestingly, their blockade
traces were diverse, as shown in Figure 3C; T-478, similar

to ivabradine, showed use-dependent blockade, while
T-788, T-524, and ZD7288, repetitively, exhibited almost
the same blockade or even a decreasing blockade over six
pulses. Of note, the use-dependent blockade of T-478
reached the equivalent faster within the first two or three
pulses in this condition, while the blockade afforded by
ivabradine was increased further at the sixth pulse.

Next, we applied a longer hyperpolarization protocol to
profile these blockers. The test pulse and typical traces are
shown in Figure 4A (top left and the others, respectively).
The group composed of T-478 and ivabradine was obvi-
ously distinguishable from that composed of T-788, T-524,
and ZD7288 regarding the traces, especially in an earlier
phase (between 1000 and 5000 ms), as shown in Figure 4A.
Moreover, the blocking kinetics of T-788 was slightly dif-
ferent from that of T-524. While the blockade of T-524
reached a plateau with a significant remaining current, the
blockade of T-788 showed no plateau phase and almost dis-
appeared. To evaluate quantitatively the blocking kinetics,
the inhibition rate was calculated at each predetermined
time after the onset of the hyperpolarization pulse. As
shown in Figure 4B, T-478 weakly blocked the HCN4 cur-
rent at 1000 ms after the onset of the hyperpolarization
pulse, whereas the blockade drastically increased with the
prolongation of the hyperpolarization up to 9500 ms.
Centrally, the ivabradine-induced blockade increased only
slightly with prolonged hyperpolarization. Conversely, the
blocking potency of T-788 reached a maximum value at
1500 ms after the onset of the hyperpolarization pulse, and
then decreased in the presence of a prolonged hyperpolar-
ization of up to 9500 ms. T-524 and ZD7288 also showed
strong blockade at 1000 ms after the onset of the hyperpo-
larization pulse, and the inhibition curves shifted rightward
in a concentration-dependent manner in the presence of a
prolonged hyperpolarization, although the shifts were much
smaller than those observed for T-788.

These variable kinetics might imply the diversity of the
binding sites of HCN4. Therefore, we next performed a
site-directed mutagenesis experiment to gain molecular
insights into the amino acid residues of HCN4 that partici-
pate in the binding to the blockers. hERG, which is a close
homolog of HCN channels, has been well investigated in
drug discovery aimed at the development of drugs without
toxic hERG blockade.***” A variety of amino acid residues
have been indicated to bind to hERG blockers.*** For
example, S624, which is located at a selective filter facing
the inner cavity of the channel, is critical for some represen-
tative hERG blockers, that is, dofetilide and E4031, while
Y652 and Y656, which are both located at the inner side of
the middle part of the S6 loop, are also known as important
residues for other blockers, such as cisapride.*’ By refer-
ence to the alignment of the amino acid sequences of human
HCN4 and hERG channels, we chose residues C478, Y506,
and 1510 of HCN4, which correspond to residues S624,
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Figure 3. Results of the HCN4 chemical screening campaign. (A) Histogram displaying the distribution of the percent of inhibition
values in the sample wells in a primary screen of ~16,000 small-molecule compounds at 30 uM. The average and standard deviation
of the percentage of inhibition were 8.6% and 20.6%, respectively. (B) Chemical structures of the three hit compounds, termed
T-478, T-788, and T-524, analyzed in this report. (C) Six-pulse voltage protocol (top left) and typical current traces recorded before
compound addition (pre-ompound) and after the addition of each compound (postcompound). The test protocol was slightly modified
from Figure 2A, to maximize the success rate of detecting HCN4 signals. The representative traces from T-478 (30 uM), T-788 (3
uM), T-524 (30 puM), ivabradine (100 uM), and ZD7288 (30 uM) are presented.
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Figure 4. Analysis of HCN4-blocking kinetics by the three hit compounds, ivabradine, and ZD7288 under prolonged pulses. (A)
One-long-pulse protocol (top left) and typical current traces recorded before compound addition (precompound) and after the
addition of each compound (postcompound). The representative traces from T-478 (30 uM), T-788 (3 uM), T-524 (30 uM), ivabradine
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at the indicated time points after the onset of the hyperpolarization. Current amplitudes were detected at the indicated time points
after the onset of the hyperpolarization pulse. The means * standard errors of the mean from four experiments are indicated. (C)
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Y652, and F656 in hERG, respectively, and introduced site-
directed mutations for switching them to alanine residues
(Fig. 5A). The currents of the C478A or Y506A mutants of
HCN4 were successfully measured using lonWorks in a
PPC mode. Because cells transfected with the [S10A mutant
of HCN4 showed small amplitudes of the HCN4 current,
which was also reported by a previous study,*® we measured
the current of the I510A mutant of HCN4 in an SH mode, as
this was more suitable for recordings of smaller-amplitude
currents.’®*! The blockade of the HCN4 current by T-478
and ivabradine was significantly diminished in the C478A
mutant (Fig. 5B). This suggests that the C478 residue is at
least partly critical for the binding of T-478 and ivabradine.
Moreover, Y506 was the site that affected the blocking
potency of T-478, but not of ivabradine. Regarding other
blockers, Y506 was involved in the blocking potency of
7ZD7288. The remaining two blockers, T-788 and T-524,
drastically depended on 1510, rather than Y506.

Discussion

We report here the results of a compound screening cam-
paign for HCN4 blockers, the identification of novel HCN4
blockers, and the unique blocking kinetics and binding
properties of the novel HCN4 blockers, which were obtained
using an automated patch-clamp device, lonWorks. Notably,
this was the first report of HTS for HCN4 blockers from a
compound library containing as many as 16,000 compounds
and using an automated patch-clamp system, which enabled
us to identify novel HCN4 blockers.

In the PPC mode, the researcher can detect the total
ensemble of the currents produced by cells on a well with
64 holes; in this way, the success rate of the recording in the
screening obtained in our study was as high as 80%—95%.
We were able to evaluate ~1400 compounds/day, which was
sufficient to explore hit compounds in random screenings.
It is generally recognized that the PPC mode in an auto-
mated patch clamp is not suitable for kinetics analysis
because the loose seal resistance caused by the multiholes
dampens the voltage loads.?’?>*° However, greater unifor-
mity and subsequent minimalizations of well-to-well differ-
ences in the PPC mode were effective in comparing the
recorded kinetics among compounds. In fact, we could
clearly distinguish the blocking kinetics of T-478 and
ivabradine from those of the other blockers in an earlier
phase (between 1000 and 5000 ms), and the kinetics of
T-788 from those of T-524 in a plateau phase (Fig. 4A,B).
The PPC mode is not suitable for detecting the accurate
time constants of channels with rapid kinetics, but can be
available for comparing current traces affected by various
compounds in slow-kinetics channels, such as HCNs.

HCN4 blockers with various blocking properties should
be helpful to explore the relationship between the molecular
behaviors of HCN4 and SAN activities in the heart. Previous

studies suggested that the use dependence resulting from
the specific features of the ivabradine-induced blockade
probably contributed to its slow developing effect in iso-
lated normal SANs and to its increased rate-reducing ability
at higher spontanecous rates, which may be beneficial for
clinical applications.”?**> The blocking kinetics of T-478
was unique because the increase of its blockade during the
hyperpolarization pulse was obviously even larger than that
of ivabradine (Fig. 4A—C). Comparing the effects of T-478
and ivabradine on SAN activities at high and low spontane-
ous rates in in vivo studies might be valuable. In addition,
the blocking kinetics of T-788 was unique because its
blockade dramatically decreased when the hyperpolariza-
tion pulse was prolonged (Fig. 4A,B). Furthermore, T-524
showed similar blocking kinetics with T-788 and ZD7288,
but the blockade of T-524 reached a plateau with a signifi-
cant remaining current varying from those of others (Fig.
4A), and a lower concentration of T-524 (10 uM) also
showed a plateau phase (data not shown), which might
affect the pharmacological efficacy in SAN activities.
Indeed, all three compounds (T-478, T-788, T-524) reduced
heart rate in isolated rat right atrium in vitro (data not
shown), and further detailed functional studies may be
valuable.

In an IonWorks instrument, compounds are preloaded
before the test pulse,’® leading to the interpretation that
T-788 might be a closed-state channel-specific blocker and
that T-524 might be a closed-state and open-state channel
blocker. However, a recent cryo-electron microscopy struc-
tural analysis of HCN1 revealed that the pore cavity was too
tight for ivabradine or other compounds to enter the pore
space in the closed state of HCN1.% Moreover, previous
studies demonstrated that ivabradine and ZD7288 are open-
state channel blockers for HCN4 depending on the current
amplitudes of K* influx, as their binding to HCN4 is con-
flicted and “kicked off” by the K* influx.?*>? Taken together,
T-788 and T-524 possibly exhibit potent inhibition just after
the channel opens (0 to 1000 ms) and might then be pushed
away by the strong hyperpolarization or the subsequent
large K* entry. Unfortunately, lonWorks has limitations in
recording current under small K* influx due to its low sig-
nal-to-background ratio, and it is not possible to apply test
compounds under voltage clamping conditions, so that fur-
ther analysis of the mode of action is necessary using the
conventional patch-clamp methods or other instruments, in
which giga seals and on-time test-compound applications to
the preopened HCN4 channels are available. Further studies
under such “gold-standard” conditions also aid in assessing
kinetic parameters, such as time constants, among these
HCN4 blockers.

A mutagenetic analysis was subsequently performed to
explore the molecular binding sites of hHCN4. By refer-
ence to the alignment of the amino acid sequences of the
hHCN4 and hERG channels,* we chose residues C478,
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Figure 5. Mutagenetic analysis of the three hit compounds, ivabradine, and ZD7288. (A) Schematic representation of the S6-P loops
in hERG and hHCN4. The corresponding amino acid residues that were mutated in this report are indicated. Multiple sequence
alignment of the S6-P loop of hHHCN4 with the corresponding regions of mMHCN2, mHCNI, and hERG is also shown. The mutated
amino acid residues in hHHCN4 and corresponding ones in others are indicated by arrows. P = pore, SF = selectivity filter. (B)
Concentration-dependent blockade by the three hit compounds, ivabradine, and ZD7288 of the currents of wild-type (WT), C478A,
Y506A, and I510A HCN4. The voltage protocols used for the WT, C478A, and Y506A mutants (top left, same as Fig. 3C) and one
for IS10A (top right, three-pulse protocol without depolarization steps to maximize the success rate of signal detection) are shown.
The means * standard errors of the mean from |6 experiments are indicated. (C) Table of the IC50 values obtained in B.
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Y506, and 1510 of HCN4 as the residues for the mutagene-
sis analysis (Fig. 5A). Regarding ZD7288, Y506 was iden-
tified as a necessary residue for its binding, while C478 and
1510 were not (Fig. 5B,C). This result contradicted those of
previous studies of other HCN subtypes; Chan et al. identi-
fied contributions of all three corresponding residues in
mouse HCN1, and Cheng et al. clarified the importance of
the mouse HCN2 residue corresponding to 1510, but not of
that corresponding to C478 or Y506.°*% A recent study of a
docking model suggested that ZD7288 is relatively free to
rotate within the pore cavity of HCN1.% It seems that chem-
ical orientation and molecular binding sites for ZD7288
might be different in each isoform of HCNs. In turn, C478
was the most critical residue for binding to ivabradine (Fig.
5B,C), which was unexpected because Bucchi et al. demon-
strated through mutagenesis studies that Y506 and 1510, but
not C478, are important for the binding of ivabradine to
hHCN4.%° They studied the ivabradine-induced blockade of
the hHCN4 current induced by hyperpolarization at —140
mV, rather than the —100 mV used in this work. Moreover,
the intensity of the K* flow and/or the membrane potential
might affect the chemical orientation and binding site of
ivabradine. The number of repetitive pulses was also differ-
ent among the studies. Thus, it is possible that the differ-
ences in assay conditions contributed to this discrepancy.
Considering the possibility that the mutagenetic approach
tends to depend on HCN subtypes and assay conditions,
even for the same channel, care should be taken to unify the
conditions and protocols when comparing the profiles of
several test compounds. Unexpectedly, Y5S06A and I510A
significantly increased the potency of T-788 and ivabradine,
respectively (Fig. 5B,C). Although the cause is not clear, it
is possible that the steric coordinates of other amino acid
side chains might be changed by the mutation, resulting in
increased affinity. Alternatively, alanine substitution may
reduce steric hindrance. The mechanism of increased inhib-
itory activity in mutants should be further investigated.

In the present study, T-788, T-524, and ZD7288, which
exhibit a weakened potency when the channel is open, did
not rely on the amino acid residue C478 but on residues
Y506 or 1510, which are located at the inner side of the S6
loop in the pore cavity. A recent structural analysis of hRERG
and KvChim demonstrated that the hERG pore around
Y652 and F656, corresponding to Y506 and I510 in hHCN4,
was expanded from 1 A to more than 5 A in the open state.’’
Based on the hypothesis of the drastic spread of the pores
around the inner side of the gates in HCN4, it is reasonable
to think that channel opening would disrupt the binding and
critically attenuate the potency of these compounds.
Conversely, T-478 and ivabradine exhibited preferred bind-
ing to C478 in our study. C478 is a residue located in the
selective filter and its structural changes are thought to be
limited, even during channel opening. Interacting with
C478 at the cell-surface side in the pore groove might be

advantageous for keeping its affinity, to tolerate structural
alterations under channel opening; moreover, considering
that T-478 and ivabradine exhibited use-dependent block-
ade, interacting with C478 would probably also be benefi-
cial for use-dependent blockade.

This study demonstrated the existence of a variety of
novel binding kinetics and binding properties among HCN4
blockers. These novel compounds with unique profiles will
promote the biomolecular and pharmacological understand-
ing of the HCN4 channel in the heart and may contribute to
the expansion of therapeutic options in the future.
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