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Aims HCN4 channels are involved in generation, regulation, and stabilization of heart rhythm and channel dysfunction is
associated with inherited sinus bradycardia. We asked whether dysfunctional HCN4 channels also contribute to
the generation of cardiac tachyarrhythmias.

Methods
and results

In a candidate gene approach, we screened 422 patients with atrial and/or ventricular tachyarrhythmias and detected
a novel HCN4 gene mutation that replaced the positively charged lysine 530 with an asparagine (HCN4-K530N) in a
highly conserved region of the C-linker. The index patient developed tachycardia–bradycardia syndrome and persist-
ent atrial fibrillation (AF) in an age-dependent fashion. Pedigree analysis identified eight affected family members with
a similar course of disease. Whole-cell patch clamp electrophysiology of HEK293 cells showed that homomeric
mutant channels almost are indistinguishable from wild-type channels. In contrast, heteromeric channels composed
of mutant and wild-type subunits displayed a significant hyperpolarizing shift in the half-maximal activation voltage.
This may be caused by a shift in the equilibrium between the tonically inhibited nucleotide-free state of the
C-terminal domain of HCN4 believed to consist of a ‘dimer of dimers’ and the activated ligand-bound tetrameric
form, leading to an increased inhibition of activity in heteromeric channels.

Conclusion Altered C-linker oligomerization in heteromeric channels is considered to promote familial tachycardia–bradycardia
syndrome and persistent AF, indicating that f-channel dysfunction contributes to the development of atrial
tachyarrhythmias.
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Introduction
Atrial fibrillation (AF) is the most frequently encountered sustained
cardiac arrhythmia and a major cause of morbidity and mortality.
However, molecular mechanisms underlying AF are incompletely
understood. Recently, the implication of the sinoatrial node
(SAN) in the development of AF was depicted.1 The
hyperpolarization-activated ion channel HCN4 is the dominant

HCN isotype in the human adult SAN2 and mediates the
f-current, a key factor for spontaneous pacemaker activity.3,4 Cor-
respondingly, human HCN4 mutations are associated with inher-
ited sinus node bradycardia.5 –8 However, little is known
whether and how inhibition of HCN4 channel gating contributes
to the development of cardiac tachyarrhythmias.

The crystal structures of the C-terminal fragments of HCN29

and HCN410,11 are highly similar. The C-terminal fragments
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contain two evolutionary conserved domains, the cyclic nucleotide
binding domain (CNBD), and the C-linker domain consisting of six
helices, dubbed A′ to F′. The C-linker was suggested to link move-
ment of the CNBD to the channel core domain and to mediate
inter-subunit contacts in the tetrameric channel.12– 15 Binding of
saturating cAMP levels changes the symmetry of the C-terminal
fragments in HCN2 and HCN4 from a two-fold symmetry
(‘dimer of dimers’) to a four-fold symmetry (‘tetramer’)11,14,16

leading to a depolarizing shift in the voltage dependence of activa-
tion due to relief of gating inhibition by the nucleotide-free
CNBD.12,17,18

Here, we present a novel mutation in the C-linker region of
HCN4 that replaces lysine 530 by an asparagine (HCN4-K530N).
We show that biophysical properties of homomeric mutant
HCN4-K530N channels are similar to HCN4 wild type. In hetero-
meric channels, however, interaction of neighbouring mutant and
wild-type subunits is impaired causing a significant hyperpolarizing
shift of the half-maximal activation voltage, but leaving the respon-
siveness to cAMP unchanged. Importantly, in a four-generation
family, carriers of the mutation developed age-dependent
tachycardia–bradycardia syndrome and persistent AF. This indicates
a contribution of dysfunctional f-channels to the development of
atrial tachyarrhythmias.

Methods

Genetic screening and mutation analysis
In a candidate gene approach, we screened exon sequences of the
KCNQ1, KCNH2, SCN5A, ANK2, KCNE1, KCNE2, and HCN4 genes of
422 patients with atrial and/or ventricular tachyarrhythmias by single-
strand conformation polymorphism gel- and subsequent DNA
sequence-analysis.8 In detail, in this cohort, AF was found in 162,
atrial flutter or atrial tachycardia in 69, tachycardia–bradycardia syn-
drome in 48, inadequate sinus tachycardia in 17, AV nodal re-entrant
tachycardia in 14, Wolf–Parkinsson–White syndrome in 10, ventricu-
lar arrhythmias in 172, and cardiac resuscitation because of ventricular
fibrillation in 21 patients.

Patients and clinical investigations
Patients were evaluated by clinical examination, 12-lead ECG, echocar-
diography, 24 h Holter recording, and treadmill test. Holter recordings
were analysed by a computer system (H-Scribe 4.0, Mortara) and con-
firmed by electrophysiological validation. Basal, minimal, and maximal
heart rates were evaluated as described previously.8 All patients gave
written informed consent for clinical and genetic investigations accord-
ing to the research protocol, which had been approved by the local
ethics committee. The investigation conforms to the principles out-
lined in the Declaration of Helsinki.

Mutagenesis
Site-directed mutagenesis (QuikChange II Site-Directed Mutagenesis
Kit, Stratagene) was performed to introduce the mutation into the
human HCN4 subunit sequence. The mutation was confirmed by
automated DNA sequence analysis (GATC Biotech).

Cell culture
Human embryonic kidney cells (HEK293) were grown on glass cover
slips (CS; 3 × 104 cells per CS) in DMEM with 2 mmol glutamine,

10% FCS, 100 U/mL penicillin-G sodium, and 100 mg/mL streptomy-
cine sulphate in 5% CO2 at 378C. Cells were transfected via
calcium–phosphate method with 0.6 mg plasmid DNA/CS encoding
mutant or wild-type subunits. In co-expression experiments, equal
amounts (0.3 mg) of both DNA’s were used.8 In order to control
transfection efficiency in co-transfection experiments, we alternatively
used HCN4 wild-type or HCN4-K530N mutant encoding plasmids
that IRES mediated express DsRed protein.8

Electrophysiological recordings
Membrane currents were recorded 1–2 days after transfection under
voltage-clamp conditions (whole-cell configuration) at room tempera-
ture (21–238C) as published previously.8 The patch pipettes contained
(in mmol/L): KCl 130, NaCl 10, MgCl2 0.5, EGTA 1, HEPES 5, MgATP
2, NaGTP 0.1, and phosphocreatine 5, pH 7.4 (KOH). The bath solu-
tion contained (in mmol/L): KCl 30, NaCl 110, CaCl2 1.8, MgCl2 0.5,
and HEPES 5; pH 7.4 (NaOH). Glucose was used to adjust the osmo-
larity of intracellular and extracellular solution to 290 and
300 mosmol/L, respectively. Functional properties of HCN4 channels
were investigated employing different voltage protocols.8,19,20 To esti-
mate cell capacitance, 5 mV test-pulses were applied prior to the
experiments. The area under the curve was taken from the resulting
current transient and divided by the voltage. We then plotted
current density (I/C) following command voltage pulses against the
corresponding voltage. Erev was estimated by approximating the inter-
section with the voltage axis with a third-order polynomial function.

Structures of HCN2 and HCN4
Structures of the C-terminal fragments of HCN2 (PDB code 1Q3E,
1Q43, 1Q50,9 3U10,11) and HCN4 (PDB code 3OTF,10 3U11,11)
were downloaded from the PDB and aligned using the SSM superpos-
ition algorithm21 as implemented in Coot.22

Statistics and data analysis
Electrophysiological data were recorded and analysed off-line using
Signal software (Version 4.05; CED, Cambridge, UK) and statistical
analysis was performed using GraphPad Instat (Version 3.06; La Jolla,
USA). All results are depicted as arithmetic mean+ standard error
of the mean (SEM); a two-tailed unpaired Student’s t-test followed
by a Welch correction to account for unequal variances was used
for statistical analysis; differences were considered significant at a
level P , 0.05. Multiple comparisons were performed using one-way
ANOVA with Bonferroni correction. All current traces were leak-
subtracted off-line. Data were tested for normality (Kolmogorov–
Smirnov test). Time constants were obtained by fitting a single expo-
nential function to individual current traces that reached steady state.
Voltage dependence of activation was calculated using a simplified
Goldman–Hodgkin–Katz current equation.23

Results

Genetic screening
Among blood samples from 422 patients with atrial and/or ven-
tricular tachyarrhythmias, we identified one patient carrying the
novel HCN4 mutation that was absent from 548 healthy indivi-
duals. The mutation replaced the positively charged lysine 530
with an asparagine (K530N) in the highly conserved C-linker of
the HCN4 subunit.
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Clinical records of HCN4-K530N mutant
carriers
The index patient (II.6; Figure 1A) initially was admitted to our hos-
pital at the age of 58 years with paroxysmal AF characterized by
symptomatic episodes of tachyarrhythmias (100–130 bpm).
Apart from that, a mild, asymptomatic sinus bradycardia was appar-
ent (50–60 bpm) and QT-intervals were regular (QTc 400 ms).
The patient was successfully treated with digoxin for ventricular
rate control for several years, but when AF episodes became
more frequent, an antiarrhythmic regime using propafenone was

started. Thorough cardiological investigation including left heart
catheterization showed no ischaemic, structural, or valvular heart
disease. However, under propafenone, she developed acquired
long QT syndrome (QTc 470 ms) and survived cardiac resuscita-
tion due to Torsade de pointes tachycardia requiring repeated
defibrillations. She achieved a favourable outcome and discontinu-
ation of propafenone resulted in normalization of QT-intervals. In
the following years, she developed persistent AF. A one-chamber
pacemaker was implanted because of severe bradyarrhythmias
with pauses . 4 s, causing recurrent syncope. Pedigree analysis

Figure 1 Genetic identification of HCN4-K530N mutant carriers. (A) Pedigree of the four-generation German family. Carriers of the mu-
tation are marked with a cross. Closed symbols indicate phenotypically affected, open symbols denote phenotypically unaffected family
members, and grey symbols indicate family members with unknown genotype and clinical history. Circles refer to women; squares indicate
men. Slashed symbols indicate individuals that had passed away at the time of evaluation, with an unknown genotype and a phenotype in
due consideration of medical records and family history. The index patient is denoted by arrow. (B) Single strand conformation polymorphism
gel-analysis of exon 4 products of the HCN4 gene with fragments of different mobility (arrow) indicating mutant carriers. Control (Co) repre-
sents 30 unrelated, healthy individuals. (C and D) DNA sequence analysis of cloned mutant and wild-type DNA revealed a transversion of nu-
cleotide G1590 to C. (E) Amino acid sequence alignment of the A′ helix of all HCN isotypes of Homo sapiens and HCN4 of bovine, mouse, rat,
zebrafish, chicken, and Tasmanian devil. (F) HCN4 subunit topology. The C-linker mutation is indicated by asterisk.
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(Figure 1A–D, Supplementary material online, 1) identified five add-
itional living mutant carriers characterized by a similar course of
disease (Figure 2A–E) but without the history of drug-induced
QT prolongation. A sister (II.5) and a niece (III.3) of the index
patient were diagnosed with paroxysmal AF and tachycardia–
bradycardia syndrome in their forties–fifties and developed per-
sistent AF with further ageing. A nephew (III.2; 55 years old) dis-
played regular sinus rhythm in the ECG, but during Holter
recording episodes of paroxysmal AF were detected. Furthermore,

two younger mutant carriers, aged 29 (IV.2) and 36 (IV.3) years,
both lacking AF, presented with regular sinus rhythm and asymp-
tomatic sinus bradycardia, respectively. Of note, the mother (I.2)
and another sister (II.2) of the index patient were diagnosed
with persistent AF and both, lacking anticoagulation therapy, died
from an apoplexy in their sixties–seventies and could not be gen-
otyped. Family members lacking the mutation did not reveal AF or
any other relevant cardiac arrhythmia. Clinical evaluation showed
no structural heart disease in any family member (for clinical
details refer to Supplemental material online, 1).

Electrophysiological analysis
Wild-type and/or mutant HCN4 channels were transiently
expressed in HEK293 cells (Supplementary material online, 2)
and examined with conventional whole-cell voltage–clamp techni-
ques (Supplementary material online, 3 and 4). Half-maximal
activation voltage was similar for both wild type (Vh ¼ 287.5+
3.3 mV; n ¼ 15) and homomeric HCN4-K530N channels (Vh ¼

288.8+1.9 mV; n ¼ 19; P . 0.05; Figure 3B). With cAMP
(10 mM) in the intracellular solution, activation voltage
shifted towards more positive values by �15 mV in both
channel configurations, reaching values of Vh ¼ 273.2+ 1.8 mV
(n ¼ 16; P , 0.01) for the wild type and Vh ¼ 271.4+ 1.9 mV
(n ¼ 14; P , 0.01) for the mutant (Figure 3B). Due to the hetero-
meric configuration present in our patients, we co-transfected
HEK293 cells with equal amounts of plasmid DNA encoding
HCN4 wild-type and mutant (HCN4-K530N) subunits. Here, we
observed a significantly altered activation of the channels. Half-
maximal activation potential in the absence of cAMP was
2101.7+2.6 mV (n ¼ 13), which is almost 14 mV more negative
than in wild-type channels and 13 mV when compared with homo-
meric mutant channels (both: P , 0.01; Figure 3C). Also the time
constant of activation was significantly slower than in wild-type
and homomeric mutant channels (P , 0.01). In the presence of
intracellular cAMP, however, a larger positive shift of the activation
potential was provoked (DVh ¼ 21.8 mV) when compared with
wild-type or homomeric mutant channels (DVh ¼ 14.3 mV, re-
spectively, 17.4 mV; P . 0.05, respectively, P , 0.05), and activa-
tion curves were less clearly separated than in the absence of
cAMP (Figure 3C, open symbols). The voltage sensitivity of activa-
tion, Vc, (slope of the simplified Boltzmann equation) was not
significantly different between homomeric mutant, heteromeric,
or wild-type channels (all: P . 0.05). Cyclic AMP accelerates
activation of HCN channels.3,16,17 This shift of activation
time constants was much larger in heteromeric channels
(Dt–120mV ¼ 2.89 s; basal vs. cAMP: P , 0.01) than in wild type
(Dt2120mV ¼ 0.78 s; basal vs. cAMP: P , 0.01) or homomeric
mutant channels (Dt2120mV¼ 0.79 s; basal vs. cAMP: P , 0.01;
Figure 3D–F; Supplementary material online, 3). Thus, combined ex-
pression of wild-type and mutant HCN4-K530N results in channels
that require more negative activation voltage, but responsiveness to
cAMP is not affected or even enhanced. Channel deactivation
(Figure 4A) was examined with a two-pulse protocol8,16,17 by the
time-dependent decrease of the instantaneous current DIINS that
was normalized to steady-state current ISS. Homomeric
HCN4-K530N and wild type as well as heteromeric channels
showed the typical slow time course of deactivation without

Figure 2 Electrocardiographic features of patients carrying the
HCN4-K530N mutation. Representative leads II of standard
12-lead ECGs are shown. (A) Sinus bradycardia (40 bpm) of
patient IV.3. Tachycardia–bradycardia syndrome characterized
by sinus bradycardia and (B) paroxysmal tachyarrhythmias
(120 bpm) of patient II.6, treated with digoxin. Six years later,
pacemaker implantation was required because of symptomatic
bradyarrhythmia (35 bpm; C). (D) Twenty-four hours Poincaré
Plot analysis shows enormous beat-to-beat dispersion in tachy-
cardia–bradycardia syndrome (patient III.3), compared with (E)
plots of a healthy family member (patient III.5).
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significant differences. In the presence of cAMP, deactivation became
slower. At interpulse intervals of 1 s, DIINS/ISS of wild type, homo-
meric mutant, and heteromeric channels significantly increased to a
similar extent after addition of cAMP (Figure 4B–D). Under our
ionic conditions, HCN4 wild-type currents reversed at a potential
(Erev) of 219.3+1.4 mV (n ¼ 11), not significantly different from
homomeric mutant (218.8+0.7 mV; n ¼ 8; P . 0.05) and hetero-
meric currents (220.0+1.2 mV; n ¼ 10; P . 0.05; Figure 5C). For
an overview of basic electrophysiological properties refer to Supple-
mentary material online, 3.

Structures of HCN4 channels
Crystal structures have been determined of the highly homologous
carboxyl terminal regions of HCN1, 2, and 4.9 –11 The
HCN4-K530N mutation is localized in the A′ helix of the C-linker,
and substitutes lysine 530 (K530), an element of the QEK
tri-peptide (Figure 1E and F )16,24 which is highly conserved
among HCN isotypes and essentially contributes to ligand gating.16

Despite the high conservation of the QEK tri-peptide in HCN
isotypes and species, the side chains of the highly conserved
lysine (K530) and glutamate (E529) were not modelled in the
crystal structures of the cAMP complex of the C-terminal frag-
ment of HCN4 (PDB code 3OTF10). Similarly, in the cAMP com-
plexes of C-terminal fragments of HCN2, neither the conserved
glutamate (E451) (PDB code 1Q50, 1Q43, mol A9) nor the con-
served lysine (K452) were modelled in the different molecules in

the asymmetric unit (PDB code 1Q43, mol B9). However, both
side chains were modelled in the cGMP complex of the
C-terminal fragment of HCN2 (PDB code 1Q3E9) and the
cAMP complexes of the C-terminal fragments of HCN2 (PDB
code 3U1011 and HCN4 (PDB code 3U1111). It is interesting
to note that the highly conserved lysine has different interaction
partners in these structures: in the cGMP complex of HCN2
(PDB code 1Q3E9), it is in hydrogen bonding distance (3.0 Å)
of S490 (S568 in HCN4), located in the C′ helix of a neighbour-
ing subunit, whereas it is positioned between Q482 and S517,
E521 of a neighbouring subunit, respectively, in the cAMP
complex of HCN2 (PDB code 3U1011). This arrangement is
similar to the one in the cAMP complex of HCN4 (PDB code
3U1111) where the lysine side chain is positioned between the
side chains of Q526 and E572 (distance E572OE2–K530NZ
3.5 Å), M563, S568 located in the C′ helix of a neighbouring
subunit, respectively. Given the high conservation of the lysine
and its functional importance16 in combination with its charge
and that of the surrounding residues, it is unexpected to find it
either disordered or interacting mainly via van der Waals
forces with different residues. It is particularly striking that it
does not form a salt bridge with the conserved E574 (HCN4
numbering) of an adjacent monomer in the tetramer. In fact,
1 ns molecular dynamics simulations of wild-type and
HCN4-K530N tetramers show that both K530 and N530 can
interact tightly with E574 (data not shown). We suspect that

Figure 3 Activation. (A) Representative whole-cell current traces of HEK293 cells expressing HCN4. The pulse protocol is shown above.
(B and C) Activation curves, resulting from measurements under basal condition and in the presence of 10 mM cAMP. (B) The activation
curves from wild-type and K530N channels overlap. (C) Under basal conditions, the activation curve of heteromeric channels is significantly
shifted towards more hyperpolarized potentials compared to wild type. Note the pronounced positive shift of activation curve from hetero-
meric channels (22 mV), compared with WT channel activation curve (14 mV) after addition of cAMP. (D–F ) Activation kinetics were obtained
by single exponentials fit of each current trace. For each channel, the time constants of activation were smaller in the presence of cAMP. Aster-
isks in (D–F ) mark significant differences.
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K530 interacts with a different residue in the intact HCN4
channel. Since its structure is not known, we did not pursue
further modelling studies.

Discussion
The common clinical presentation of patients carrying mutations in
the human HCN4 channel is the inherited sinus node bradycar-
dia.5 – 8 Moreover, recent studies suggested a contribution of
HCN4 dysfunction to atrial and ventricular arrhythmogen-
esis.6,8,25,26 Interestingly, in a canine model, atrial tachypacing
leads to significant down-regulation of If -current and caused
SND, indicating an association between atrial tachyarrhythmia
and SAN disease.25 Vice versa, there is growing evidence for the
implication of the SAN in the generation of atrial tachyarrhyth-
mias;1,27 however, little is known upon underlying molecular
mechanisms.

Here, we present a novel HCN4-K530N mutation located in a
highly conserved region of the C-linker that is composed of six
helices (A′ to F′) connecting the channel core domain with the
CNBD (Figure 1E and F ).9,10 Patients expressing the heterozygous
configuration showed a distinctive course of disease characterized
by tachycardia–bradycardia syndrome, leading to persistent AF in
an age-dependent fashion. Our data indicate that the single point
mutation in the HCN4 C-linker region significantly adds to this
clinical phenotype.

Altered subunit interaction of
HCN4-K530N leads to functional effects
in the heterozygous situation
According to crystal structures,9 – 11 the HCN4-K530N mutation is
localized in the C-linker, which is highly conserved among HCN
isotypes and species (Figure 1E).16 Replacement of the tri-peptide
(QEK) of HCN216 that contains lysine 452, the equivalent to
HCN4-K530, caused strong effects on ligand gating, indicating
that structural integrity of this region is important for proper func-
tion. Unexpectedly, homomeric mutant channels that solely
replaced the lysine of QEK by alanine (HCN2-K452A) lacked func-
tional changes and showed normal ligand gating.16 Similar results
were obtained with homomeric HCN4-K530N channels in our
study that closely resemble functional properties of HCN4 wild-
type channels.

This is surprising, since charge removal and side chain reduction
by insertion of asparagine instead of lysine in HCN4 were
expected to affect interaction of the A′ and B′ helices of the
C-linker with the C′ and D′ helices of the neighbouring HCN4
subunit, thereby influencing channel properties.9,16,24

Despite its high conservation, the lysine was not modelled in the
structure of HCN4 (PDB code 3TOF), and displays different inter-
actions in the highly homologous structures of the cAMP and cGMP
complexes of HCN2 and the cAMP complex of HCN4, respectively.

Interestingly, patch-clamp recordings revealed significant changes
in activation properties of channels only in the heteromeric config-
uration. This suggests that it is the altered interaction between the
adjacent wild-type and mutant C-linkers that caused the altered
properties. Substitution of a single wild-type C-terminal domain
with a mutant domain likely affects either the formation of a
two-fold symmetric state and/or a four-fold symmetric one,11,14

while homomeric mutant C-termini can adopt a symmetric arrange-
ment like wild type and, hence, display no increased gating inhibition.

Figure 4 Deactivation. (A) Deactivation properties were inves-
tigated using a paired pulse protocol. For WT (B) and homomeric
mutant channels (C), the instantaneous current was significantly
larger in the presence of cAMP after a 1 s interpulse interval
than without cAMP. Over the entire range, there was tendency
towards larger instantaneous currents in the presence of cAMP
for both WT and homomeric mutant channels. With hetero-
meric channels, however, DIINS/ISS was significantly increased in
the presence of cAMP even at longer interpulse periods (D).
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A stabilization of the ‘dimer of dimers’ configuration and/or a desta-
bilization of the tetrameric arrangement would result in an increased
inhibition of channel gating by the nucleotide-free CNBD. We
suggest that in the absence of cAMP, the altered interaction
between a mutant and a wild-type subunit changes the equilibrium
between the two states, disfavouring the tetrameric one.

Saturating levels of cAMP, however, induce a cooperative change
into a four-fold symmetric gating ring that enhances channel activa-
tion,11,16 which is not affected in heteromeric channels compared
with homomeric mutant and wild-type channels.

Mechanistic involvement of
HCN4-K530N mediated sinoatrial
node dysfunction in the development
of atrial fibrillation
The SAN is a specialized type of tissue that induces spontaneous
depolarization. Sinoatrial node conduction pathways initiate a
slow and small action potential from the centre of the node that
becomes faster and larger in the periphery to depolarize the sur-
rounding atrial myocardium. During AF, conduction slowing and
entrance block of SAN conduction pathways, modulated by auto-
nomic regulation, prevent the node from overdrive pacing.1 Disar-
rangement of the SAN, however, was noted to be a substrate for
both the initiation and maintenance of AF, by functioning as an obs-
tacle around which atrial re-entrant activity can be pinned.1 Once
initiated, AF further restrains the diseased node by the fast rate
leading to full SAN depression and remodelling, associated with
significant down regulation of If.

25

In this regard, we asked whether and how primary alterations of
If caused by the heterozygous HCN4-K530N mutation could
favour these mechanisms (Figure 6). First, impaired activation prop-
erties affect automaticity and cause SND. Slow rates favour the oc-
currence of ectopic activity that can trigger AF.27 Furthermore,
HCN4 also is expressed at extra-nodal atrial tissue,2 where dys-
functional heteromeric HCN4-K530N channels may induce
ectopic activity when activated by saturated cAMP levels at situa-
tions of adrenergic stress. By this, sudden increase of If may
result in immediate upstroke of ectopic activity, potentially trigger-
ing AF. Second, the dysfunctional SAN, as delineated above, is a

known substrate for AF,25 by increasing susceptibility of the
atrium to re-entrant mechanisms. Third, AF will potentiate SAN
dysfunction by down-regulation of If

25 to progressively impair
depolarizing reserve, entering a vicious circle to perpetuate AF.
To our knowledge, this is the first report providing direct link
between inherited SAN dysfunction and AF in a family over
several generations. Of note, a common genetic variant in HCN4

Figure 5 IV relation. (A) Voltage protocol and the resulting current traces. From the holding potential, a first step to 2120 mV was made in
order to open the majority of channels. Subsequently, variable potentials ranging from 2120 to +20 mV were applied. The resulting current
density amplitude is plotted (B). (C) The intersection with the voltage axis displays the reversal potential. In this respect, no significant differ-
ences between currents generated by WT, homomeric mutant, or heteromeric channels were observed.

Figure 6 Mechanisms by which HCN4-K530N contributes to
the development of atrial fibrillation (AF). HCN4-K530 leads to
sinoatrial node (SAN) disease that together with ageing may be
a substrate for AF. Slow heart rates increase susceptibility for
ectopic activity.28 HCN4 also is expressed at extranodal atrial
tissue.2 The switch from enforced inhibition of gating in the
absence of nucleotide to stimulated gating due to binding of
cAMP at situations of adrenergic stress may induce ectopic activ-
ity that elicits trigger for AF onset, i.e. premature beats or pul-
monary vein activity. Conduction heterogeneity of the diseased
SAN tissue significantly increases the likelihood of re-entry.1

AF, once initiated, further restrains the diseased SAN by If down-
regulation.25 Molecular and structural remodelling of the SAN
significantly adds to the pro-arrhythmic substrate promoting
the development of persistent AF and entering a vicious circle
(‘AF begets AF’29).
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(rs7164883) located in the first intron was recently identified to be
associated with AF,26 underlining the implication of HCN4 in main-
taining atrial rhythmogenicity.

Conclusions
Familial tachycardia–bradycardia syndrome and persistent AF are
linked to a novel HCN4-K530N mutation that elicits a significant
hyperpolarizing shift of the half-maximal activation voltage in the
heteromeric configuration. Structural considerations suggest that
in the heteromeric conformation a shift in the equilibrium
between the two-fold and the four-fold symmetry of the four C-
terminal domains leads to enforced inhibition of gating in the
absence of nucleotide. Dysfunctional f-channels, in addition to
sinus bradycardia, may significantly contribute to atrial tachyar-
rhythmias and promote the development of familial AF.

Supplementary material
Supplementary material is available at European Heart Journal
online.
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