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■ Abstract Cyclic nucleotide–activated ion channels play a fundamental role in a
variety of physiological processes. By opening in response to intracellular cyclic nu-
cleotides, they translate changes in concentrations of signaling molecules to changes
in membrane potential. These channels belong to two families: the cyclic nucleotide–
gated (CNG) channels and the hyperpolarization-activated cyclic nucleotide–modu-
lated (HCN) channels. The two families exhibit high sequence similarity and belong
to the superfamily of voltage-gated potassium channels. Whereas HCN channels are
activated by voltage and CNG channels are virtually voltage independent, both chan-
nels are activated by cyclic nucleotide binding. Furthermore, the channels are thought
to have similar channel structures, leading to similar mechanisms of activation by
cyclic nucleotides. However, although these channels are structurally and behaviorally
similar, they have evolved to perform distinct physiological functions. This review de-
scribes the physiological roles and biophysical behavior of CNG and HCN channels.
We focus on how similarities in structure and activation mechanisms result in common
biophysical models, allowing CNG and HCN channels to be viewed as a single genre.

INTRODUCTION

Ion channels are molecular machines that enable cells to communicate with the
extracellular world (1). These allosteric proteins permit ions to flow into or out
of cells through a conducting pore, thus allowing the cells to regulate their mem-
brane potentials and intracellular Ca2+ concentrations in response to intracellular
or extracellular events. The process of gating, the opening and closing of an ion-
permeable pore, can be initiated by changes in membrane voltage, binding of
ligands, or changes in membrane stretch due to mechanical stimuli, depending on
the type of ion channel. This review focuses on similarities and differences between
two families of ion channels that are gated by binding of cyclic nucleotide ligands:
the cyclic nucleotide–gated (CNG) channels and the hyperpolarization-activated
cyclic nucleotide–modulated (HCN) channels. CNG channels are nonselective
cation channels that are activated very weakly by membrane depolarization. HCN
channels are weakly K+-selective cation channels that are activated by membrane
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hyperpolarization. Both channels, however, are activated by cyclic nucleotide bind-
ing, which produces a large increase in current in CNG channels and a depolarizing
shift in the voltage dependence of activation for HCN channels. These electrophys-
iological properties tune each of these channels to different physiological roles.

PHYSIOLOGICAL ROLES

CNG Channels

Cyclic nucleotide–gated (CNG) channels generate the primary electrical signal
in photoreceptors and olfactory sensory neurons. CNG channels are nonselec-
tive cation channels that are opened, or gated, by direct binding of intracellular
cyclic nucleotides (2–4). In vertebrate rod photoreceptors, CNG channels open in
response to guanosine 3′,5′-cyclic monophosphate (cGMP) binding. In the dark,
CNG channels conduct a steady inward current (consisting primarily of Na+ and
Ca2+) as a component of the dark current. Light striking the retina activates the
phototransduction cascade on the disc membranes of rod photoreceptor outer seg-
ments (Figure 1) (5). Photoactivated rhodopsin activates phosphodiesterase via

Figure 1 Phototransduction cascade in rod photoreceptor. Rod photoreceptor (left) with

phototransduction cascade on rod disc membrane and rod outer segment (right). A photon

activates rhodopsin (Rh), which in turn activates the heterotrimeric G protein transducin (T),

whose α subunit activates a phosphodiesterase (PDE). A CNG channel is shown in the outer

segment membrane, and the downstream effects of Ca2+ influx [calmodulin (CaM) binding,

activation of guanylyl cyclase (GC) by guanylyl cyclase–activating protein (GCAP), and

other effects] are shown with dotted arrows.
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the GTP-binding protein transducin. The phosphodiesterase hydrolyzes cGMP
into 5′-GMP, leading to the closure of CNG channels and a decrease in inward
current. This hyperpolarizes the outer segment and terminates the tonic release
of neurotransmitter that occurs in the dark when cGMP levels are high and CNG
channels are open. Therefore, it is the termination of a neurotransmitter signal to
the downstream retinal cells and neurons that indicates detection of a photon. The
decrease in Ca2+ influx also has an important downstream effect: It is detected by
Ca2+-sensing proteins such as guanylyl cyclase–activating protein (GCAP), which
stimulates guanylyl cyclase, resulting in the increase of cGMP production from
GTP (6–8).

CNG channels also play a crucial role in olfactory signal transduction. In ol-
factory sensory neurons, binding of an odorant to an olfactory receptor activates
adenylate cyclase, which produces an increase in the intracellular concentration
of adenosine 3′,5′-cyclic monophosphate (cAMP) (Figure 2). This increase in
intracellular cAMP leads to opening of CNG channels, which depolarizes the
olfactory sensory neurons. Depolarization results in the release of neurotransmit-
ter, signaling to downstream neurons that an odorant has been detected (9). As
in phototransduction, Ca2+ influx is likewise important in olfactory transduction.
Ca2+ activates calmodulin, which can bind to and inhibit olfactory CNG chan-
nels, a process proposed to underlie olfactory adaptation (10–13). Additionally,

Figure 2 Olfactory transduction cascade in olfactory epithelium. Olfactory receptor cell

(left) with olfactory transduction cascade in cilia (right). Odorants bind to and activate the

olfactory receptor (OR), which activates a heterotrimeric G protein, whose α subunit activates

adenylyl cyclase (AC). AC produces cAMP, which activates CNG channels. Downstream

effects of Ca2+ [binding of calmodulin (CaM) and activating of a Ca2+-sensitive Cl− channel]

are shown by dotted arrows.
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Ca2+ activates Ca2+-sensitive Cl− channels to amplify this response. CNG chan-
nels are also located in other sensory tissues—such as taste receptors, and nonsen-
sory tissues such as the hippocampus, heart, testis, kidney, pancreas, adrenal gland,
and colon—in which their roles are not as well understood as in phototransduction
and olfaction (3, 4).

There are six vertebrate CNG channel subunits: CNGA1, CNGA2, CNGA3,
CNGA4, CNGB1, and CNGB3. These subunits can assemble in a variety of com-
binations to produce tetrameric channels. Three of these subunit types, CNGA1,
CNGA2, and CNGA3, can form homomeric channels in heterologous expres-
sion systems. CNGA4, CNGB1, and CNGB3 do not form functional homomeric
channels but can coassemble with other subunits to form functional heteromeric
channels. In fact, most native channels are thought to be composed of more than
one subunit type. For example, CNG channels of rod photoreceptors contain three
CNGA1 subunits and one CNGB1 subunit (14–16). Those of cone photoreceptors
are also heteromeric and are thought to form from two CNGA3 and two CNGB3
subunits (17). CNG channels of olfactory neurons have been proposed to be com-
posed of two CNGA2 subunits, one CNGA4 subunit, and one alternatively sliced
CNGB1 subunit, CNGB1b (18). The assorted combinations of these six subunits
give each tissue-specific CNG channel unique properties to perform its physiolog-
ical role.

HCN Channels

Hyperpolarization-activated cyclic nucleotide–modulated (HCN) channels consti-
tute a related family of channels with a very different physiological role from CNG
channels. HCN channels regulate neuronal and cardiac firing rates. HCN channels
are cation channels that are modulated by binding of cyclic nucleotides, like CNG
channels. Unlike CNG channels, however, they are activated by membrane hy-
perpolarization and are weakly selective for potassium. The current generated by
HCN channels has been called the Ih (hyperpolarization), Iq (queer), or If (funny)
current; one area in which it has been described extensively is the cardiac sinoatrial
node (19–21). The sinoatrial node is the pacemaker region of the heart, and currents
through several types of ion channels cooperate in order to generate spontaneous
rhythmic firing of cardiac action potentials (Figure 3) (22, 23). HCN channels are
activated by membrane hyperpolarization after a cardiac action potential. When
activated, HCN channels conduct inward current and depolarize the cell toward
the threshold of voltage-gated calcium channel activation, which in turn leads to
firing of another cardiac action potential. In this manner, rhythmic firing is gen-
erated (21, 24). Neurotransmitters, such as norepinephrine, or pharmacological
agents, such as a β-adrenergic agonist, can elevate cAMP levels and produce an
accelerated heart rate (25, 26) This is due, in part, to the binding of cAMP to
HCN channels, shifting the voltage dependence of activation to more depolarized
potentials and increasing both the rate of channel opening and the maximal current
level.
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Figure 3 Heart sinoatrial node pacemaker current. Sinoatrial node (black oval) of the

heart (right) and the ion channels responsible for pacemaker activity (left). Each channel

contributes to a phase of the sinoatrial action potential, indicated by the dotted arrows.

HCN channels also mediate pacemaker activity in the nervous system by a sim-
ilar mechanism as in the heart, although the gating kinetics in the nervous system
must be faster than in the heart, as neuronal action potentials are faster than car-
diac action potentials (27, 28). Neurons in the globus pallidus of the basal ganglia
exhibit tonic activity whose rate and regularity are attributed to HCN channels
(29). Moreover, as in the heart, cAMP speeds the activation kinetics and maximal
current levels of HCN channels in the nervous system, and neurotransmitters can
influence firing rates by either increasing or decreasing cAMP levels (30–33).

Besides acting as a pacemaker, HCN current also functions as a regulator of rest-
ing potential and membrane resistance. Moreover, HCN channels regulate synaptic
transmission and contribute to nervous system development. In both neurons and
muscle cells, HCN channels are activated at rest, and the inward sodium current
leads to slightly depolarized resting potentials (34). HCN current stabilizes the
resting membrane potential because small hyperpolarizations activate HCN chan-
nels, whose inward current depolarizes the cell. This depolarization deactivates
HCN channels, preventing further departure from the resting potential. In retinal
photoreceptors, hyperpolarization during bright light activates HCN channels, and
the HCN current returns the membrane potential closer to depolarized levels as in
the dark, allowing for adaptation of synaptic transmission during bright light (34).
It has been suggested that Ih controls the spontaneous oscillatory activity during
development that is required for neural network maturation. One example of this is
in the cerebellum, in which HCN channels are expressed early in development in
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basket cells. Basket cells are inhibitory GABAergic cells that modulate Purkinje
cell behavior (35). This HCN activity has also been shown to affect membrane
resistance and dendritic integration (36, 37).

The HCN channel family, like the CNG channel family, comprises several
subunit types. There are four known HCN subunit isoforms, HCN1–HCN4, which
combine to form tetrameric channels in the heart and the nervous system. HCN1
is expressed in photoreceptors, dorsal root ganglia, cortex, cerebellum, and sino-
atrial node. HCN2 is expressed in the sinoatrial node, dorsal root ganglia, and
basal ganglia. HCN3 is widely expressed in the brain, but at low levels. HCN4
is expressed in the sinoatrial node and subcortical areas (38, 39). Although each
subunit can form homomeric channels in heterologous expression systems, the
subunits combine in diverse ways to form heteromeric channels in the heart and
brain of different species. For example, HCN1 and HCN4 subunits have been
proposed to form HCN channels in the rabbit sinoatrial node, whereas HCN2 and
HCN4 subunits are thought to form HCN channels in the mouse sinoatrial node (23,
40). In the mouse brain, HCN channels of globus pallidus appear to be composed
of the HCN1 and HCN2 subunits (29). Currently, the subunit stoichiometry of
these native channels is unknown.

SIMILARITY IN STRUCTURES OF CNG
AND HCN CHANNELS

Despite their different physiological roles, CNG and HCN channels are closely
related in structure. Both channels belong to the superfamily of voltage-gated
potassium (K+) channels and are thought to be tetrameric proteins whose subunits
are arranged around a central pore. Each subunit has six transmembrane domains
and intracellular N and C termini (Figure 4). The fourth transmembrane domain
(S4) contains several positively charged amino acids, as in K+ channels. The HCN
S4 functions as a voltage sensor, and the CNG S4 can function as a voltage sensor
if placed in a permissive structural environment, such as the ether-a-go-go (Eag)
K+ channel (41). The pore region comprises the fifth transmembrane domain (S5),
a reentrant pore loop that does not completely traverse the membrane, and the
sixth transmembrane domain (S6). As with voltage-gated K+ channels, the pore
regions of CNG and HCN channels are thought to be similar to that of KcsA, the
potassium channel from Streptomyces lividans whose crystal structure has been
solved (42). The intracellular N-terminal regions are divergent in the various HCN
and CNG subunits, and in CNG channels, the N terminus can be autoexcitatory
and contribute to calmodulin modulation (43). Contained within the intracellular
C termini of both HCN and CNG channels is a ligand-binding domain called the
cyclic nucleotide–binding domain (CNBD). The CNBD is connected to the end of
the S6 by the C-linker. Binding of ligand to the CNBD favors channel opening in
both CNG and HCN channels, perhaps owing to a conformational change in the
CNBD, which may be conferred to the pore through movement in the C-linker. The
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Figure 4 Membrane topology of CNG and HCN channels. Two of the four subunits of a

CNG or HCN channel are shown. The transmembrane segments (S1–S6) are shown in black,

except for the pore region (S6 and pore loop), which is shown in red. The voltage sensor

(S4) is indicated by positive charges. The C-terminal region contains the cyclic nucleotide–

binding domain (CNBD, blue, shown with cGMP bound) and the C-linker (green), which

connects the CNBD to the pore.

region of C terminus past the CNBD, called the post-CNBD region, is proposed
to be important in subunit assembly of CNG channels (16, 44).

The CNG and HCN channels exhibit high sequence similarity to two other
channel families, Eag-like K+ channels and plant K+ channels, as illustrated by a
phylogenetic tree (Figure 5). Like CNG and HCN channels, these channels also
contain C-linkers and CNBDs (Figure 6), although the effects of cyclic nucleotides
on these channels are weak or disputed (45–47). The difference in cyclic nucleotide
modulation may be due to a lack of conservation in key residues involved in cyclic
nucleotide coordination. This suggests that the fold of the CNBDs may serve other
functions for these channels, such as binding other signaling molecules.

BIOPHYSICAL PROPERTIES OF CNG AND
HCN CHANNELS

Permeability

Under physiological conditions, CNG channels carry an inward Na+ and Ca2+

current. CNG channels are nonselective cation channels, allowing the monovalent
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Figure 5 Unrooted phylogenetic tree showing relationships of the CNG, HCN, plant K+,

and ether-a-go-go (Eag)-like K+ channel families. CNGA channel members (red): CNGA1

(formerly CNG1), CNGA2 (formerly CNG2), CNGA3 (formerly CNG3), CNGA4 (for-

merly CNG5), and TAX-4 (Caenorhabditis elegans). CNGB channel members (purple):

CNGB1 (formerly CNG4), CNGB3 (formerly CNG6), and TAX-2 (C. elegans). HCN chan-

nel members (blue): HCN1 (formerly HAC2), HCN2 (formerly HAC1), HCN3 (formerly

HAC3), HCN4 (formerly HAC4), and urchin HCN (also known as SpIH or spHCN). Eag-

like channel members (yellow): Eag, Elk, ether-a-go-go-related gene (Erg), and human

Erg, also known as HERG. Plant K+ channel members (green): KAT1, AKT1. Sequences

aligned with ClustalW, www.ebi.ac.uk/clustalw/, and tree drawn with PHYLIP software array,

http://evolution.genetics.washington.edu/phylip.html.

cations K+, Na+, Li+, Rb+, and Cs+ to conduct almost equally well (3). Although
divalent cations can permeate the channel, at high concentrations they also block
the channel. These permeability properties most closely resemble that of voltage-
dependent Ca2+ channels and are due, in part, to an acidic residue in the outer
mouth of CNG channels (48–52). This acidic residue replaces the YG of the GYG
signature sequence in the pore loop of K+ channels (53).

In contrast to the nonselective cation selectivity of CNG channels, HCN chan-
nels are more permeable to K+ than Na+ (with permeability ratios of about 4:1)
and are blocked by millimolar concentrations of Cs+ (54, 55). Despite this prefer-
ence for K+ conductance, perhaps conferred by the GYG motif in the pore loop,
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HCN channels also carry an inward Na+ current under physiological conditions
(56). HCN channels can also conduct Ca2+, but not as well as CNG channels.
For example, with 2.5 mM external [Ca2+], the fractional Ca2+ current of HCN4
is 0.6%, whereas for CNGA3 it is 80% (57, 58). Unlike CNG channels, HCN
channels are not blocked by divalent cations (59).

Voltage Dependence

An important difference between these two channel families is their degree of
voltage dependence (Figure 7). As indicated above, the S4 of both CNG and
HCN channels contains positively charged residues, as do the voltage-dependent
K+ channels that activate with depolarization. Surprisingly, however, HCN and
CNG channels both behave differently from K+ channels: HCN channels are acti-
vated by hyperpolarization and CNG channels are practically insensitive to voltage.
S4s of both HCN and K+ channels seem to respond similarly to changes in mem-
brane potential, as they are accessible from the inside upon hyperpolarization and
accessible from the outside upon depolarization (60, 61). The difference between
HCN and K+ channels is thought to be in the coupling to opening: HCN channels
open with hyperpolarization whereas K+ channels open with depolarization. It has
also been proposed that, instead of merely having an opposite coupling mecha-
nism, HCN channels couple voltage sensing to channel activation through a novel
mechanism of transmembrane rearrangement (62). HCN channels are moderately
voltage sensitive, on the average moving the equivalent of six electric charges
through the membrane with activation, compared to thirteen electric charges for
Shaker K+ channels (63–65). The other subtypes of HCN channels have charge
movements ranging from four to six electric charges (34, 54, 66–74). In addition to
being activated by hyperpolarization instead of depolarization, HCN channels are
also activated more slowly (0.2–2 sec) than most potassium channels. The voltage-
activated gate has been shown to be on the intracellular side of the channel (75, 76).

Modulation of CNG and HCN Channels by Cyclic Nucleotides

A unifying biophysical property of CNG and HCN channels is their modulation by
cyclic nucleotides. For both CNG and HCN channels, binding of cyclic nucleotides
to the CNBD favors channel opening. The C-terminal regions of both channel
families have high sequence similarity, suggesting perhaps that HCN and CNG
channels sense and report ligand binding in similar ways (see Figure 6 for sequence
alignment). This is supported by the fact that mutations in the CNBD regions of
both CNG and HCN channels appear to have similar effects. For example, the
same basic residue, Arg559 (CNGA1), Arg591 (HCN2), and Arg538 (HCN1),
appears to interact with ligand in all three channels (66, 77, 78). If this Arg is
mutated to an acidic amino acid, such as Glu, the channel retains normal kinetic
and voltage behavior but binds cyclic nucleotides weakly. For HCN channels, the
mutant channel no longer exhibits a shift in voltage dependence with cAMP, and
for CNG channels, the mutant channel has a 1000-fold reduction in ligand affinity.
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Another indication of the similarity in CNG and HCN C termini is that the same
salt bridges exist in the C-linkers of both channels (67). These experiments suggest
that CNG and HCN channels interact with ligand in the same way and then undergo
similar conformational changes.

HCN2 C-TERMINAL CRYSTAL STRUCTURE Recently, the crystal structure of the C-
terminal region was solved for the HCN2 channel (73), shedding light on how
cyclic nucleotides bind and how this binding may lead to channel opening. The
crystal structure begins just after the end of S6 and extends through the C-linker
and CNBD but does not include the post-CNBD region. The structure is a tetramer
with a fourfold axis of symmetry and a hole down the central axis (Figure 8).
The C-terminal region of HCN and CNG channels is thought to hang below the
pore, like the “hanging gondola” of voltage-gated K+ channels (79, 80). Although
electronegative in character, the hole down the central axis has been shown not
to be an obligatory part of the ion pathway (81). The top portion of the structure
consists of the C-linkers, six α-helices (A′–F′), with the N terminus of each C-
terminal fragment located close to each other on the very top of the structure
(Figure 8). The bottom portion of the structure consists of the CNBDs, each of
which demonstrates the same fold as the CNBD of other cyclic nucleotide–binding
proteins such as catabolite gene activator protein (CAP) and cAMP-dependent
protein kinase (PKA) (82, 83). Each CNBD contains an α-helix (A), followed by
a β-roll formed by eight β-strands (1–8), followed by two α-helices (B and C).
There is also an additional short α-helix, called the P-helix, between β-strands
6 and 7.

Most of the intersubunit contacts in the HCN2 C-terminal region crystal struc-
ture are in the C-linker region. The C-linker of each subunit contains six α-helices,
and the first two helices (A′ and B′) form an antiparallel helix-turn-helix motif
that interacts with the second two helices (C′ and D′) of the neighboring subunit
(Figure 8). This interacting region has been likened to an “elbow on a shoulder,”
in which the “elbow” is the A′ and B′ helix-turn-helix motif that rests on the
“shoulder,” the C′- and D′-helices of the neighboring subunit. The interaction

←
Figure 6 Sequence alignment of CNG, HCN, and related families. Sequence align-

ment includes all members of the CNG channel family (bovine CNGA1, rat CNGA2,

human CNGA3, rat CNGA4, bovine CNGB1, and human CNGB3) and HCN channel

family (rat HCN1, mouse HCN2, rat HCN3, and rat HCN4) as well as SpIH (sea urchin

HCN), two members of the Eag-like channels (mouse Eag and human Erg), and one

plant K+ channel (KAT1). The tertiary structure elements—the last transmembrane

sequence (S6) as well as the α-helices of the C-linker (A′–F′) and the β-sheets (1–

8) and α-helices (A–C, P) of the CNBD—are boxed (α-helices are in orange boxes
and β-sheets in indigo boxes). The HCN2 C-terminal crystal structure extends from

Asp443 to Leu643 (HCN2 amino acid numbers).
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Figure 7 Voltage dependence of HCN2 and CNGA1. Behavior of HCN2 (left) and CNGA1

(right) channels in response to voltage. HCN2 currents (left, top) were recorded in response

to voltage pulses from a holding potential of 0 mV to test potentials between −70 mV

and −150 mV, returning to a tail potential of −40 mV. The conductance-voltage relation

(left, bottom) was obtained from normalized tail currents. CNGA1 currents (right, top) were

recorded in the presence of saturating cGMP and were recorded in response to voltage pulses

from a holding potential of 0 mV to test potentials between −100 mV to +100 mV. The

conductance-voltage relations with and without cGMP (right, bottom) were calculated from

the currents and the driving force.

between the “elbow” and the “shoulder” involves hydrogen bonds, hydrophobic
interactions, and salt bridges.

The C-terminal region of HCN2 was crystallized in the presence of two different
ligands, cAMP and cGMP. The structures of the different ligand-bound channels
were virtually identical, only differing in the configuration of the cyclic nucleotide
itself. cAMP binds between the β-roll and the C-helix in the anti configuration, the
configuration with the purine ring rotated away from the phosphoribose (Figure 9).
Arg591 of the β-roll electrostatically interacts with the phosphate of cAMP. This
has also been demonstrated in electrophysiology experiments, in which mutating
this Arg to a Glu results in a large decrease in HCN2 affinity for cAMP (66). The β-
roll and P-helix also interact with oxygens on the phosphoribose through hydrogen
bonding. Additionally, the purine ring of cAMP interacts with Arg632 and Ile636
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Figure 8 HCN2 C-terminal crystal structure. Structure of the HCN2 C-terminal region (73),

viewed from the membrane (left) and from the side (right). The structure is positioned below

the membrane-spanning portion of the channel, as it is thought to be in vivo. The structure

contains four subunits, two in dark gray and two in light gray, with the C-linkers comprising

the top half of the structure and the CNBDs the bottom half. cAMP (yellow) is bound in the

CNBD of each subunit. The inset shows an enlargement of the β-roll of the CNBD, where

cAMP binds.

of the C-helix. The phosphoribose of cGMP binds in the identical position, but
cGMP binds in the syn configuration, the configuration with the purine ring folded
back on top of the phosphoribose (Figure 9). In the syn configuration, the purine
ring of cGMP can hydrogen bond with Thr592 of the β-roll. This interaction is
also thought to occur in CNG channels, where Thr560 of rod channels and Thr537
of olfactory channels appear to confer cGMP selectivity. Mutation of these Thr
residues decreases the channels’ apparent affinity for cGMP while barely affecting
cAMP affinity (84). The HCN2 C-terminal crystal structure not only provides
insight into how the C-terminal regions of CNG and HCN channels are arranged
and how ligands bind to the CNBD but also provides a framework for understanding
biophysical data concerning cyclic nucleotide modulation.

EFFECTS OF CYCLIC NUCLEOTIDES ON HCN CHANNELS HCN channels are acti-
vated by both membrane hyperpolarization and cyclic nucleotide binding. Voltage
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Figure 9 Cyclic nucleotide crystal structures. Density from X-ray crystallography (web-
bing) shown for cAMP (left) and cGMP (right), with the chemical structure of the molecules

shown in ball-and-stick format. Elements are coded with color: carbon (gray), nitrogen (blue),

phosphorous (purple), hydrogen (red).

and cyclic nucleotides, in fact, appear to activate the channel via the same gate (75,
76, 85). For homomeric HCN2 channels, saturating concentrations of both cAMP
and cGMP produce the same effects. They both increase open probability at hy-
perpolarizing voltages, speed activation kinetics, and shift the voltage dependence
of activation to more depolarized voltages (54). In response to hyperpolarization,
HCN2 channels open with a predominantly exponential time course after an ini-
tial lag, with a midpoint of voltage activation (Vhalf) of approximately −130 mV
(Figure 10). Saturating concentrations of cAMP shift the voltage dependence of
activation approximately 15 mV in the depolarized direction (Vhalf of approxi-
mately −115 mV), speed the activation kinetics, and increase the maximal current
at hyperpolarized voltages (67, 71, 73, 74). cAMP stabilizes the open state relative
to the closed state, as measured by the change in free energy (�G) of channel
opening in the presence of cAMP relative to the �G in the absence of ligand,
��G. The ��G for HCN2 channels in the presence of cAMP is approximately
−3 kcal mol−1 (73). Saturating cGMP produces a similar effect on HCN2 chan-
nels, shifting the activation curve approximately the same amount but not speeding
the activation kinetics quite as much (54, 73, 85). However, these cGMP effects re-
quire a 10-fold higher concentration of agonist to produce the same shift as cAMP.
This cyclic nucleotide specificity probably results from hydrogen bonding between
Arg632 in the C-helix and the purine ring of cAMP as well as from hydrophobic
interactions between the adenine ring and the binding pocket. Despite differences
in affinity, both cyclic nucleotides stabilize the closed-to-open equilibrium for
HCN2 channels, enabling activation with less hyperpolarization and more com-
plete activation at hyperpolarized voltages. Other HCN isoforms are similarly mod-
ulated by cAMP, exhibiting depolarizing shifts in Vhalf and accelerated activation
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Figure 10 Cyclic nucleotide dependence of HCN2, SpIH, and CNGA1. Behavior of HCN2

(A), SpIH (B), and CNGA1 (C) channels in response to cyclic nucleotides. (A) HCN2 currents

were recorded in the absence (top) or presence (middle) of saturating cAMP in response to

voltage pulses from a holding potential of 0 mV to test potentials between –70 mV and

–150 mV, returning to a tail potential of –40 mV. The conductance-voltage relations (bottom)

were obtained from normalized tail currents. (B) SpIH currents were recorded in the absence

(top) or presence (middle) of saturating cAMP in response to voltage pulses from a holding

potential of 0 mV to test potentials between –20 mV and −100 mV, returning to a tail potential

of +40 mV. The conductance-voltage relations (bottom) were obtained from normalized tail

currents. (C) CNGA1 currents were recorded in the absence (top) and presence of saturating

cAMP, cIMP, and cGMP in response to voltage pulses from a holding potential of 0 mV to

test potentials between −100 mV to +100 mV.

kinetics, but they are not all modulated to the same degree. HCN1 channels dis-
play a shift in Vhalf of merely 2–5 mV in the presence of cAMP, whereas HCN4
channels shift approximately 15 mV (24, 71, 74).

A related HCN channel, SpIH (also known as spHCN) is found in sea urchin
sperm. SpIH is a cation channel that, like other HCN channels, favors K+ conduc-
tance and is responsive to both hyperpolarization and cAMP binding (86). The se-
quence of the SpIH subunit is most similar to that of the mammalian HCN channels
(Figure 5). However, SpIH behavior differs from that of the rest of the HCN subunits
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in one noteworthy way: In the absence of cyclic nucleotide, hyperpolarization-
activated currents inactivate (Figure 10). Binding of cAMP eliminates inactivation
and dramatically increases the probability of opening with no shift in voltage de-
pendence. SpIH channels are moderately voltage sensitive, moving approximately
five equivalent charges through the membrane with activation, with a Vhalf of ap-
proximately −80 mV (76, 86). As in HCN channels, both voltage and cAMP are
thought to open the same intracellular gate (75, 87). The gate must be coupled
to both the voltage sensors and the CNBD for the channel to open in response to
these stimuli. The mechanism of SpIH inactivation is thought to involve a “slip,”
or uncoupling, of the voltage sensors and the activation gate. Binding of cAMP
must be able to prevent the channel from “slipping,” as cAMP removes inactivation
(75). SpIH can be thought of as functionally intermediate between HCN and CNG
channels. SpIH channels are activated by hyperpolarization, as are HCN channels,
but binding of cyclic nucleotides drastically increases the open probability of SpIH
channels, as with CNG channels. These comparisons are especially apparent when
looking at eletrophysiological data from all three types of channels, as in Figure 10.

EFFECTS OF CYCLIC NUCLEOTIDES ON CNG CHANNELS In the absence of cyclic
nucleotide, the open probability of CNG channels is extremely low (10−4–10−6)
(88, 89). In CNGA1 channels, cGMP dramatically increases the open probability,
whereas inosine 3′,5′-cyclic monophosphate (cIMP) and cAMP increase the open
probability less (Figure 10). The change in free energy of CNG channel opening in
the presence of cyclic nucleotides relative to unliganded channel opening, ��G,
can be estimated for each ligand. If the free energy of opening for unliganded
channels is 6.8 kcal mol−1 (�G = −RTlnL, where the equilibrium constant for
channel opening L = 1 × 10−5), the ��G values for each ligand are -8.8 kcal
mol−1 for cGMP, −6.9 kcal mol−1 for cIMP, and −3.9 kcal mol−1 for cAMP (�G
values from Reference 90). The ��G values for cAMP are similar for CNGA1 and
HCN2. cGMP, however, is a better agonist than cAMP for CNGA1 channels. This
differential activation by agonists is observed in other CNG channels, although
the relative effects of the different cyclic nucleotides are not always the same (74,
91–93). All of the cyclic nucleotides are thought to open the same activation gate in
CNG channels, which is thought to be located in the pore loop, not intracellularly
as it is in HCN and SpIH channels (94–97).

The greater agonist efficacy of cGMP in CNG channels is thought to be due,
at least partially, to a residue in the C-helix that corresponds to Ile636 in HCN2.
This residue interacts with cAMP in the HCN2 C-terminal crystal structure. If this
residue, Asp604 of CNGA1, is mutated to a neutral residue, the channel’s agonist
selectivity switches from preferring cGMP to preferring cAMP (93, 98). These
results suggest that Asp604 is hydrogen bonding to the N1 and N2 amines of the
guanine ring of cGMP. Additionally, the high cGMP affinity of CNG channels is
thought to arise from hydrogen bonding of Thr560 of CNGA1 with the N2 amine of
cGMP (84), as shown in the HCN2 C-terminal crystal structure (73). Therefore, it
is possible that Thr560 holds cGMP in the syn configuration during initial binding
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and that Asp604 then interacts with cGMP during the allosteric conformational
change of channel opening. Owing to the conservation of residues that interact
with ligand in CNG and HCN channels, cyclic nucleotides probably bind in the
same configuration in both channels.

MUTATIONS WITH SIMILAR EFFECTS ON CNG AND HCN CYCLIC NUCLEOTIDE MOD-

ULATION If cyclic nucleotides activate CNG and HCN channels in a similar man-
ner, then mutations that affect cyclic nucleotide modulation would be predicted
to have similar effects on CNG and HCN channel behavior. As discussed above,
the crystal structure of the HCN2 C-terminal region shows various intersubunit
interactions, primarily in the C-linker regions, in which the A′ and B′ “elbow”
of one subunit rests on the C′ and D′ “shoulder” of its neighbor (Figure 8). As
these interactions are the points of subunit contact and are in the C-linker, they
may assist in conferring ligand binding to the pore, resulting in channel opening.
The crystal structure contains two salt bridges per subunit in the “elbow on the
shoulder” region: one between the B′-helix and the D′-helix of the neighboring
subunit (intersubunit salt bridge) and one between the same B′-helix residue and the
β-roll of the same subunit (intrasubunit salt bridge). Mutation of these salt bridges
revealed that they are present in intact HCN2 channels and in CNGA1 channels
as well (67). Surprisingly, disruption of these salt bridges through mutation favors
channel opening in both CNG and HCN channels. These results suggest that the
C-linkers are in the closed configuration even though the CNBD is ligand bound in
the HCN2 C-terminal crystal structure. Moreover, these findings highlight both the
modular nature of gating as well as similarities between CNG and HCN channel
structure and behavior.

Another recent result that suggests similar cyclic nucleotide modulation for
CNG and HCN channels is the finding that three amino acids in the C-linker are cru-
cial for normal ligand efficacy (74). This tripeptide is conserved among CNGA1,
CNGA2, CNGA3, and HCN subunits, but not among CNGA4, CNGB1, or CNGB3
(channels that cannot produce functional homomers). If the C-linker of CNGA2
channels is substituted into CNGA4 channels, these chimeras are able to form func-
tional homomers. When the conserved tripeptide is substituted with a tripeptide
from CNGA4 in HCN channels, the efficacy of cAMP is greatly reduced. In fact,
in this mutant, cAMP seems to inhibit rather than favor channel opening, as it does
normally. Thus, it is suggested that this tripeptide confers the normal increase in
open probability, with cyclic nucleotide binding in both CNG and HCN channels.

POSSIBLE MECHANISMS OF ACTIVATION
BY CYCLIC NUCLEOTIDES

Understanding gating has long been a goal of ion channel research, and hence
there have been numerous proposed mechanisms. Over time, and with advances
in understanding of CNG and HCN channel behavior, quite a few mechanisms
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Figure 11 Proposed activation mechanisms (A–E) for CNG and HCN channels. States are

shown as closed (C), open (O), resting (R), activated (A), unbound (U), and bound with

ligand (B). Boxes around states indicate separable gating modules. Single-headed arrows

indicate equilibrium between states, and double-headed arrows indicate coupling between

gating modules.

have been suggested. The models that have been suggested to explain cyclic nu-
cleotide activation of CNG and HCN channels are the sequential model; the Monod,
Wyman, and Changeux (MWC) model; the dimer-of-dimers model; the modular
gating model; and the coupling slip model (Figure 11).

The simplest model to explain cyclic nucleotide modulation is the sequential
model. Originally formulated to describe retinal rod CNG channel response to
increasing cyclic nucleotide concentration and voltage, the sequential model allows
for sequential cyclic nucleotide–binding steps to closed channels, followed by a
final closed-to-open transition when the channel is fully liganded (Figure 11A)
(99). Variations of this model involving two to four ligand-binding steps have
been proposed (99, 100). The two channel states, closed and open, are assumed to
be the only conductance states. Additionally, the model assumes that the closed-
to-open transition is very rapid and weakly voltage dependent. This model can
reproduce the kinetic and steady-state behavior of CNG channels in response to
various cyclic nucleotide concentrations and permits effects on ligand binding
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to be separated from effects on channel opening. However, this model does not
completely reproduce channel behavior because it does not allow for channels to
open when they are unliganded or partially liganded. Because CNG channels do
show unliganded openings (89), and HCN channels open very well without ligand,
this model is insufficient.

The next progression of modeling was the MWC model, a classic allosteric
model that was originally formulated to describe hemoglobin behavior (101). The
MWC model has been invoked to explain the dual activation by voltage and cyclic
nucleotides for both CNG and HCN channels (89, 102–104). Generally, the MWC
model is a gating scheme in which a concerted conformational transition occurs
from the closed to the open state of the channel, and this transition is energetically
stabilized by a constant amount for each ligand bound. This model therefore ex-
plicitly allows for opening to occur whether the channel is unliganded, partially lig-
anded, or fully liganded (Figure 11B). Thus, at saturating concentrations of ligand,
all four binding sites are assumed to be occupied and the model is reduced to one
in which the channel is either closed but fully liganded or open and fully liganded.
This is reminiscent of the final closed-to-open transition of the sequential model.
The MWC model reproduces both the voltage dependence and the modulation of
cyclic nucleotides for both HCN and CNG channels. However, the model is limited
by the assumptions that there are four identical binding sites and that channel open-
ing can be reduced to a single concerted allosteric transition of the entire protein.

In order to address these limitations of the MWC model, two different models
have been proposed: a dimer-of-dimers model (Figure 11C) and modular gating
model (Figure 11D). The dimer-of-dimers model arose from experiments designed
to discover the energetic contribution of binding successive ligands to CNG and
HCN channels (78, 105). In this model, each dimer acts as an MWC unit that un-
dergoes a concerted allosteric transition from closed to open, but both dimers must
be open for the channel to be open. This model suggests that in the absence of lig-
and, the C-terminal region assembles into a twofold symmetry and does not favor
channel opening. Once the channel opens, it is thought to recover fourfold symme-
try, as seen in the HCN2 crystal structure. Addition of cyclic nucleotide promotes
channel opening and thus promotes fourfold symmetry. This model explains the
energetic contribution of binding successive ligands in CNG and HCN channels.

The modular gating model arose from evidence that ion channels seem to un-
dergo a series of coupled conformational changes in separate domains of the chan-
nel (106). This is in contrast to the single allosteric transition of the entire channel
that is assumed by the MWC model. Cyclic nucleotide–dependent activation of
CNG and HCN channels can be described as interactions between four domains:
the pore, the S4 voltage sensor, the C-linker, and the CNBD (Figure 11D). Each
domain, or module, is in equilibrium between two possible conformations. The
pore can be closed or open, the voltage sensor and the C-linker can be resting
or activated, and the CNBD can be unbound or bound with ligand. The modules
are then coupled to each other, indicating that the conformation of one module
affects the conformation of another module. This model can simulate the voltage
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dependence and cyclic nucleotide modulation for both HCN2 and CNGA1
channels (67).

In addition to reproducing voltage dependence and cyclic nucleotide modulation
for both CNG and HCN channels, the modular gating model may also explain how,
in the HCN2 C-terminal crystal structure, the CNBD can be bound by ligand while
the C-linker can be in its resting conformation. If the resting state of the C-linker
normally has an inhibitory effect on pore opening, then removing the pore (as for the
HCN2 C-terminal crystal structure) should promote the resting state of the C-linker.
Therefore, even in the presence of ligand, the “unloaded” (isolated from the pore)
C-linker may return to its resting state. In fact, inhibition by the C-terminal regions
has been proposed in a study with C-terminal deletion mutants of HCN1 and HCN2
channels (69). The CNBD exerts an inhibitory effect on channel activation by shift-
ing the Vhalf of channel activation to more hyperpolarized potentials. Thus the mod-
ular gating model is a plausible model to explain HCN and CNG channel behavior.

A final model that has been proposed for HCN channels is the coupling slip
model (Figure 11E). This model was proposed to explain the occurrence of inac-
tivation in SpIH (and HCN) channels in the absence of cAMP (75). This model
incorporates the idea that the voltage sensor and the activation gate are coupled
and that, in the absence of cyclic nucleotide in SpIH, this coupling can “slip” such

Figure 12 Gating model. Depiction of the HCN2 C-terminal regions from the side view,

both in the resting configuration (left) and the active configuration (right). C-terminal regions

of two subunits (dark and light green) are shown below the membrane-spanning portion of

the channel. α-helices are shown with narrow cylinders, and the β-rolls of the CNBDs with

wide cylinders. Salt bridge residues are shown: the positive B′-helix residue (plus sign within
square) and the two negative residues on the D′-helix and the β-roll (minus sign within circle
and minus sign within square).
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that the channel will close even though the voltage sensor is activated, producing
inactivation. In the presence of cyclic nucleotide, a coupling slip does not occur. A
combination of the coupling slip model and the modular gating model may prove
useful to predict behavior of CNG, HCN, and SpIH channels.

Using the modular gating scheme and conclusions derived from various CNG
and HCN channel experiments, we can construct a cartoon demonstrating how
these channels respond to cyclic nucleotide binding (Figure 12). In the absence
of ligand, the C-linker is thought to be in a compact state, perhaps held in this
position by “elbow on the shoulder” interactions, including salt bridges, between
neighboring subunits and intrasubunit interactions between C-linkers and CNBDs.
This compact state produces an inhibitory effect on channel opening. Then cyclic
nucleotide binds to the CNBD, and there must be a quaternary rearrangement
of the C-linkers, which removes the inhibitory effect of the C-terminal region.
The C-terminal ends of the CNG S6 segments, which connect to the N-terminal
ends of the A′-helices, are thought to be close together when the channel is
closed and further apart when the channel is open (96, 107). Additionally, several
His residues in the CNGA1 A′-helix, for example H420, are able to coordinate
Ni2+ between the same residue on neighboring subunits in the open state of the
channel (100, 108). In order for the A′-helices to be able to coordinate Ni2+, the
C-linkers must move such that the C-terminal ends of the A′-helices move closer
together toward the central axis of the channel. This relaxed structure would dis-
rupt the salt bridges that hold the C-terminal region in the tense structure, favoring
channel opening.

CONCLUSIONS

Through structure-function analysis of CNG and HCN channels, a number of
mechanisms have been proposed to explain gating and modulation by cyclic nu-
cleotides. Initially these mechanisms only focused on certain features of channel
behavior, such as liganded channel openings, and did not account for more com-
plex behaviors, such as unliganded (spontaneous) openings and voltage-dependent
openings. But as more was learned about these channels, the mechanisms became
more elaborate. These latest mechanisms can apply to both CNG and HCN chan-
nels, two peas in a pod.

The Annual Review of Physiology is online at
http://physiol.annualreviews.org
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