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Abstract. The depolarizing membrane ionic current
I, (also known as I;, “f” for funny), encoded by the
hyperpolarization-activated cyclic-nucleotide-modu-
lated (HCN1-4) channel gene family, was first dis-
covered in the heart over 25 years ago. Later, [;, was
also found in neurons, retina, and taste buds. HCN
channels structurally resemble voltage-gated K™
(Kv) channels but the molecular features underlying
their opposite gating behaviors (activation by hy-
perpolarization rather than depolarization) and non-
selective permeation profiles (=25 times less selective
for K* than Kv channels) remain largely unknown.
Although I, has been functionally linked to biological
processes from the autonomous beating of the heart
to pain transmission, the underlying mechanistic ac-
tions remain largely inferential and, indeed, some-
what controversial due to the slow kinetics and
negative operating voltage range relative to those of
the bioelectrical events involved (e.g., cardiac pacing).
This article reviews the current state of our knowl-
edge in the structure-function properties of HCN
channels in the context of their physiological func-
tions and potential HCN-based therapies via bioen-
gineering.
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Introduction

Pacemaker activity, the generation of spontancous
cellular electrical rhythms, governs numerous biolo-
gical processes from the autonomous beating of the
heart to respiratory rhythms and sleep cycles. In the
heart, abnormal pacing leads to various forms of
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arrhythmias (e.g., sick sinus syndrome). It (or I,), a
diastolic depolarizing current activated by hyperpo-
larization, is a key player in cardiac pacing. Despite
the fact that I has been recognized for over 25 years,
the encoding genes, collectively known as the
hyperpolarization-activated  cyclic-nucleotide-gated
(HCN) or the so-called pacemaker channel gene
family, were only cloned in 1998. To date, four iso-
forms, namely HCN1 to 4, have been identified.
These isoforms exhibit different patterns of gene ex-
pression and tissue distribution (Ludwig et al., 1998;
Santoro et al., 1998; Santoro & Tibbs, 1999; Santoro
et al., 2000; Moosmang et al., 2001), and co-assemble
to form heteromeric complexes (except between
HCN2 and HCN3) that underlie the native /; (Chen,
Wang & Siegelbaum, 2001; Ulens & Tytgat, 2001;
Xue, Marban & Li, 2002; Er et al., 2003). HCNI1 is
the most abundant isoform in the brain, and is sub-
stantially expressed in the sino-atrial (SA) node (but
not in the ventricles or atria) of the heart. While
HCN3 is present in the central nervous system (CNS)
but absent in the heart, HCN2 and HCN4 are found
in both. When heterologously expressed, HCN1-4
channels have distinct cAMP sensitivities and gating
properties. Of the two predominant isoforms found
in the SA node, time-dependent HCNI1 currents are
~40 times faster than those of HCN4 channels
(Ludwig et al., 1999b; Seifert et al., 1999; Ishii,
Takano & Ohmori, 2001; Altomare et al., 2003;
Stieber et al., 2003a).

Membrane Topology of HCN Channels

Structurally, HCN channels belong to the super-fa-
mily of ion channels consisting of four homologous
domains pseudo-symmetrically arranged around a
central pore. K channels are known to consist of
four monomeric subunits (Doyle et al., 1998). For
voltage-gated channels, each of the four internal
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repeats is made up of six transmembrane segments,
namely, S1-S6 (Fig. 1). The S4 segment carries a
ribbon of positively-charged amino acids regularly
spaced from one another by two hydrophobic re-
sidues, and is the major component of the voltage-
sensing apparatus (Yellen, 1998b; Bezanilla, 2000;).
S4 moves in response to changes in the transmem-
brane potential to induce channel opening or closing
(Yellen, 1998b; Bezanilla, 2000;). The region between
S5 and S6, or the so-called P-loop, inserts back into
the membrane to form part of the pore. The P-loops
exhibit striking sequence conservation within a given
family of channels with similar ionic selectivity, but
not among families of different selectivities. For
example, Na™ channels from the electric eel and
human have similar P-loops. In fact, all known K *-
selective channels contain the threonine-valine-gly-
cine-tyrosine-glycine (TVGYG) signature motif,
except in rare occasions such as the HERG K™
channels whose middle position is occupied by the
conservative aromatic variant phenylalanine. Indeed,
the pore is analogous to the active site of an enzyme
where major functional (e.g., ionic selectivity, con-
ductance and gating) and pharmacological properties
are determined (Li & Tomaselli, 2004). Although
HCN channels have adopted the same basic struc-
tural design motif and share substantial homology
with depolarization-activated voltage-gated K * (K,)
channels of the erg, eag, elk and plant KAT1 families
in particular, all with fundamental building blocks of
6 transmembrane monomers, two distinct features
set them apart: 1) HCN channels are non-selectively
permeate by Na™ and K (with a ratio of 1:4 vs.
< 1:100 of K " channels), despite the fact that their
pore contains the GYG motif; 2) HCN channels are
activated by hyperpolarization rather than depolar-
ization even though they also contain a positively-
charged S4 like their depolarization-activated coun-
terparts. The molecular features underlying these vast
phenotypic differences have been subjects of much
speculation ( Ludwig et al., 1999a; Santoro & Tibbs,
1999; Stevens et al., 2001; Chen, Piper & Sanguinetti,
2002). In addition, HCN channels also contain in
their C-termini a cyclic-nucleotide binding domain
(CNBD) homologous to those found in cyclic-nu-
cleotide gated channels (Zagotta, 1996). CNBD is
responsible for accelerating HCN current kinetics by
positively shifting steady-state activation upon cAMP
binding to increase channel activity, and subse-
quently the rhythmic firing rate that it modulates
(Wainger et al., 2001)

Hyperpolarization-activated Opening of HCN Chan-
nels

For classical depolarization-activated channels such
as voltage-gated Na*, Ca?" and K" channels, pre-
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vious functional studies have established that the
positively charged S4 moves outward upon mem-
brane depolarization to induce the transition of
channels from a closed conformation to an ion-con-
ducting open state by opening the activation gate
(see, Yellen, 1998a, and Bezanilla, 2000, for review).
Hyperpolarization causes S4 to return to its inward
position, thereby shutting the gate (deactivation).
Crystal structures of the voltage-dependent K *
channel Kvl1.2 further show that the voltage sensors
are essentially independent domains inside the mem-
brane (Long, Campbell & Mackinnon, 2005). During
the process of voltage-sensing, they exert mechanical
effects on the pore by constricting or dilating the in-
ner pore-lining S6 inner helices via the S4-S5 linker
helices. Opposite to the depolarization-activated
counterparts, HCN channels are activated by hy-
perpolarization but deactivated upon depolarization.
The mechanism underlying this fundamental gating
difference is unknown. Using cysteine scanning mu-
tagenesis, Larsson and colleagues (Mannikko, Elin-
der & Larsson, 2002) provided the first evidence that
the voltage-sensing mechanisms of the sea urchin
sperm HCN (spHCN) and classical Kv channels are
conserved (i.e., the spHCN S4 moves outward and
inward during depolarization and hyperpolarization,
respectively). Similar S4 movements have also been
demonstrated in mammalian HCN (Bell et al., 2004)
and KATI1 (Latorre et al., 2003) channels. Various
lines of evidence suggest that the S4-S5 linker and the
C-linker come into close proximity during gating
(Prole & Yellen, 2006). More recently, cooperativity
between single HCN channels has also been reported
(Dekker & Yellen, 2006). However, the molecular
coupling between such conserved S4 movements and
the opposite gating behaviors of HCN channels re-
mains unresolved although a moving hinge mechan-
ism has been proposed (Henrikson et al., 2002).

Not only does the S4 voltage-sensing domain of
HCN channels prominently influence gating (Chen et
al., 2000; Vaca et al., 2000; Mannikko et al., 2002;),
the HCN pore is also coupled to activation and de-
activation in a manner analogous to those observed
in K, and Na, channels (Xue & Li, 2002; Azene, Xue
& Li, 2003; Azene et al., 2005a;). The external S1-S2,
S3-S4 linkers also influence gating (Ishii et al., 2001;
Henrikson et al., 2002; Lesso & Li, 2003; Stieber et
al., 2003b; Tsang, Lesso & Li, 2004a, 2004b), and
may underlie isoform-specific gating properties.

Permeation and Conduction Characteristics of HCN
Channels

Although native /; recorded from different tissues and
heterologously expressed HCNI1-4 channels exhibit
considerable differences in gating properties, their
permeation and conduction properties are much less
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Fig. 1. An HCN monomeric subunit. The approximate locations of the TVGYG motif and the cyclic nucleotide-binding domain (CNBD)
are highlighted. Sequence comparison (middle and right) of the S5-S6, the P-loops and the S4 of various HCN and K channels. The HCN
S4 is larger than those of depolarization-activated voltage-gated channels.

variable. All currents reported are cation-selective
but only weakly selective for K™ over Na™, with
permeability ratios of about 4:1 in spite of the presence
of the signature GY G sequence in the pore (Zagotta &
Siegelbaum, 1996; Ludwig et al., 1999a; Santoro &
Tibbs, 1999). Under physiological conditions, the
native currents are mostly carried by Na’ due a
greater electrochemical gradient. Like in K * channels,
GYG is also a prerequisite for ion conduction of HCN
channels (Xue et al., 2002; Er et al., 2003). Sharing the
basic architectural plan with voltage-gated K™ chan-
nels and bacterial K* channel KcsA, the ion-con-
ducting pore of the HCN channels is lined by the
re-entrant P-loop and the transmembrane segment S6.
Review of the KcsA channel crystal structure shows
that the narrow and highly selective filter is formed by
four TVGYG sequences, each from one subunit; the
carbonyl oxygen atoms in the peptides from the
TVGYG residues together with the hydroxyl oxygen
atom from the threonine point towards the center of
the conduction pathway to form four ion-binding sites
that stabilize the nearly completely dehydrated po-
tassium ions (Doyle et al., 1998). Figure 1 shows the
partial sequence alignment comparing the HCN
channel with other members in the K channel family.
Despite the presence of GYG sequence, the difference
in sequence in the immediate vicinity of the GYG
signature has been shown to have important implica-
tions in the K © channel ion selectivity (Heginbotham
etal., 1994). A recent crystal structure study on a NaK
channel from Bacillus cereus (Shi et al., 2006), a non-
selective Na™ and K™ channel, showed sequence si-

milar to the KcsA channel except for its selectivity
filter which resembled the cyclic-nucleotide-gated
(CNG) channel, another member of the K™ channel
family that may give insight on the HCN channel ion
selectivity. Both the bacterial NaK channel and the
CNG channel have the tyrosine residue in the
TVGYG sequence of the selectivity filter replaced by
aspartate (Figure 1). This results in the change of two
K" binding sites in the KcsA channel to a vestibule,
which may account for the loss of ion selectivity. In the
case of the HCN channels, the highly conserved
threonine and valine in the TVGYG sequence, whose
carbonyl oxygens form the ion stabilizer in most K *
channels, are replaced consistently by cysteine and
isoleucine, respectively, in all 4 isoforms. These
changes may alter the backbone structure and in-
directly alter the binding sites, contributing to the loss
of selectivity for K™ ions in the HCN channels.
Although relatively non-selective for K" and
impermeable to anions, permeation of HCN chan-
nels, however, depends strongly on both external K *
and CI'. In fact, HCN channels do not conduct in-
ward currents in the complete absence of K" or when
external CI" is replaced by large organic ions.
The mechanism that underlies the effects of K and
ClI” on permeation is unknown. Non-conductance
could be secondary to changes in gating. Alter-
natively, it could result from direct high-affinity
binding of other permeant ions to the pore in the
absence of K™ and CI', thereby plugging the con-
duction pathway. Nonetheless, HCN1-4 have similar
pharmacological profiles. For instance, the four
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isoforms are inhibited by Cs® and the organic
blocker ZD7288 but completely insensitive to other
known K™ channel blockers such as Ba?" and tet-
raethylammonium (TEA ) (Azene et al., 2005a).

Physiology

HCNI1, HCN2, and HCN4 are expressed in the heart.
Indeed, I; is one of the key players that prominently
modulate the rhythmic firing activity of nodal pace-
maker cells (Robinson & Siegelbaum, 2003). Perhaps,
it does not come as a surprise that the SA node, a
highly specialized cardiac tissue consisting of only a
few thousand pacemaker cells that paces the heart,
expresses Iy with the highest density and the most
positive activation profile. At the mRNA level,
HCN4 accounts for over 80% of the total HCN
transcripts found in the nodal cells. A familial form
of sinus bradycardia associated with a mis-sense
HCN mutation has been reported (Milanesi et al.,
2006). Although I; is most abundant in the SA node,
it is also found at various levels in the atrio-ven-
tricular node, the Purkinje fibers, the atria and the
ventricles (Cerbai, Barbieri & Mugelli, 1994; Cerbai
et al., 1997, 2001; Hoppe et al., 1998; Fernandez-
Velasco et al., 2003;). Indeed, the expression of /i in
the human atria has been suggested to be a potential
contributor to atrial ectopy (Zorn-Pauly et al., 2004),
while upregulated ventricular 7y in diseased states,
such as heart failure, hypertrophy and hypertension,
has been proposed to predispose the heart with
associated arrhythmias (Cerbai et al., 1994, 1997,
2001; Hoppe et al., 1998; Fernandez-Velasco et al.,
2003).

I,, is also abundantly expressed in central neu-
rons, as well as peripheral neurons such as sensory
neurons, mechanosensitive fibers, and dorsal root
ganglion (Moosmang et al., 2001; Doan et al., 2004).
In HCN2 knock-out mouse (Ludwig et al., 2003),
there is a near-complete loss of [, in the thalamo-
cortical relay neurons associated with spontaneous
absence seizure. Pathophysiologically, nerve injury in
the dorsal root ganglion markedly increases /;, and
results in pacemaker-driven spontancous action
potentials in the ligated nerve (Chaplan et al., 2003).

HCN channels have also been suggested to serve
as proton receptors that are responsible for mediating
the detection of sour taste by taste buds (Stevens
et al., 2001). Lowering the extracellular pH causes a
dose-dependent flattening of the activation curve and
a positive voltage shift in the half-maximal activation
voltage. Most recently, we have also described the
presence of [, in pancreatic B cells that mediates
glucose-stimulated insulin secretion (El-kholy et al.,
2007). Collectively, it is apparent that 1y is central to
rhythmic electrical events, physiologically or patho-
physiologically.
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Mechanistic Role of I;

Although I is known to be functionally important in
pacing, its mechanistic action is largely inferential.
For instance, I; has been presumed to exert its effect
on cardiac pacing by providing a time-dependent
inward current to drive diastolic depolarization to the
action potential threshold after each excitation cycle.
However, HCN channels exhibit intrinsically slow
kinetics and negative activation profiles relative to the
time scale and the voltage range of cardiac pacing. In
addition, neither overexpression of wild-type HCNI,
HCN2 or HCN4 alone suffices to cause automaticity
in normally quiescent adult left ventricular cardio-
myocytes that lack 7; (Qu et al., 2001; Er et al., 2003;
Xue et al., 2007). Albeit with a slow pacing rate,
ventricular automaticity, on the other hand, could be
achieved from a different approach by genetic sup-
pression of inward rectifier K" current (Ik;), an an-
tagonistic current of I (Miake, Marban & Nuss,
2003), implicating that /; merely plays a secondary
rather than an active role in generating electrical
rhythms. Collectively, these observations make the
physiological relevance of I; to cardiac pacing some-
what controversial. Recently, we successfully induced
automaticity in normally quiescent left ventricular
cardiomyocytes (LVCM) by overexpressing I; via
somatic gene transfer of an engineered HCNI1 con-
struct so as to obtain a better understanding of the
mechanistic role of Iy (Xue et al., 2007). Isolated
LVCM from adult guinea pig injected with en-
gineered HCNI-AAA exhibit [-like current after
subtraction of Ix; (Fig. 24 bottom), compared to
control cells (Fig. 24 top). Automaticity is evident
only in the HCN1-AAA-transduced LVCM (Fig. 2B
bottom) and not in the control (Fig. 2B top). More
importantly, the induced pacing rate and the phase-4
slope of action potentials are proportional to the
magnitude of Iy, suggesting that I; plays a primary
role in cardiac pacing. Although I and I, counter-
balance each other within a certain voltage, Iy,
hyperpolarizes the resting membrane potential, which
in turn can result in higher opening probability of
hyperpolarization-activated /.. Thus, a fine balance
between these membrane potential-determining cur-
rents is the key to automaticity induction and mod-
ulation.

Potential HCN-Based Therapies via Bioengineering

Normal heartbeats originate in the SA node and as a
result, malfunctions of pacemaker cells due to disease
or aging lead to various forms of arrhythmias (e.g.,
bradycardias or abnormally low heart rates). While
conventional treatments of pharmacological inter-
vention and/or implantation of electronic pace-
makers are effective, they are also associated with
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Fig. 2. HCNI1-AAA overexpression converted silent ventricular cardiomyocytes into electrically active pacemaker-like cells. (4) Ik currents
of control LVCM (top left) are comparable to HCN1-AAA-transduced LVCM (bottom left), but Ii-like currents are evident only in the
HCNI1-AAA-transduced LVCM (bottom right) with elimination of I ; by Ba>" compared to control (rop right). (B) Action potential must be
triggered by external stimulus in control LVCM (zop), but automaticity uniquely exists in LVCM transduced with HCN1-AAA (bottom). (C)
Electroanatomic maps of control porcine heart with SA node pacing (/eft) and sick sinus syndrome (SSS) porcine heart with electronic right
atrial pacing (middle) and SSS porcine heart with pacing by left atrium focally transduced with a recombinant adenovirus which over-

expresses HCN1-AAA (right) (Figures adapted from Tse et al., 2006).

significant risks (e.g., infection, hemorrhage, lung
collapse and death) and expenses. Other dis-
advantages include limited battery life (replaced every
5-10 years), permanent implantation of catheters into
the heart, and lack of autonomic neurohumoral re-
sponses, etc. Therefore, there is a great need to de-
velop more effective, economical, and perhaps,
biological alternatives. With an improved under-
standing of the molecular properties of HCN-en-
coded I, bioengineered pacemakers have become
possible.

Several gene-based approaches have been ex-
plored to confer upon non-pacing cardiac muscle
cells the ability to intrinsically generate rhythmic ac-
tion potentials like the genuine electrically active
nodal pacemaker cells. Since the four HCN isoforms
co-assemble to form both homomeric and hetero-
meric channels, the molecular identity of endogenous
Iy is complex. Furthermore, different interacting

subunits and modulatory factors are known to pre-
sent in different regions of the heart, but the accessory
proteins of HCN have not been identified. Thus, the
native currents are difficult to reproduce by genetic
expression of a single HCN isoform. Indeed, over-
expression of wild-type (WT) HCN1 (Xue et al.,
2007) or HCN2 (Qu et al., 2001) channels alone in
normally quiescent cardiac ventricular muscle cells
are insufficient to cause cellular rhythmic oscillations,
as measured by patch-clamp recordings. The hurdle is
surmountable, however, by protein engineering. We
first approached the problem mathematically by si-
mulating the action potential, using a computational
model to understand the contribution of /; to pacing
(Azene et al., 2005b). The numerical results yielded a
number of biophysical criteria that must be satisfied
for proper pacing to occur. With the necessary cri-
teria in mind, we engineered pacemakers from non-
pacing cardiomyocytes (Tse et al., 2006; Xue et al.,



120

2007) by transduction of modified HCNI1 construct
with deleted residues EVY at position 235-7 in the
S3-S4 linker (HCN1-AAA) to favor channel activation
(Henrikson et al., 2003; Lesso & Li, 2003; Tsang et
al., 2004a, b). This engineered-construct has been
proven to produce pacing in vitro but more im-
portantly in vivo. In a sick sinus syndrome porcine
model, pacing of the heart was restored and origi-
nated from the site of focal transduction in the left
atrium with HCNI-AAA injection (Fig. 2C) (as
opposed to the right atrium where the native SA node
is anatomically located). The left atrium was strate-
gically chosen to create a reverse conduction pattern.
In other words, we were able to anatomically trans-
locate the SA node from the right to the left atrium.
A similar strategy of genetically engineering pacing
cells with engineered HCN2 channels that favored
activation has also been independently employed
(Qu et al., 2003; Plotnikov et al., 2004; Bucchi et al.,
2006). Collectively, these results demonstrate great
potential for bioengineering pacemaker cells through
genetic modification of HCN expression in non-pa-
cing cells. Another potential platform for pacemaker
gene delivery is the use of genetically engineered hu-
man embryonic stem cells or other stem cell types
(e.g., mesenchymal stem cells). These cell-based
strategies have been described and reviewed elsewhere
(Gepstein, 2005; Xue et al., 2005; Li et al., 2006;
Robinson et al., 2006).

Conclusion

Pacemaker activity, the generation of spontaneous
cellular electrical rhythms, governs numerous biolo-
gical processes from the autonomous beating of the
heart to respiratory rhythms and sleep cycles. Not
only is the biology of HCN channels intriguing but
an improved understanding of this unique class of
signaling proteins may also lead to the development
of novel therapies for diseases that involve disrupted
electrical rhythms (e.g., sinus node dysfunction).

This work was supported by grants from the National Institutes of
Health (ROl HL72857 to R.A.L.). C.W.S. was supported by a
postdoctoral fellowship award from the Croucher Foundation.
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