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Part I

[...] Ma guardate l’idrogeno tacere nel mare
guardate l’ossigeno al suo fianco dormire:
soltanto una legge che io riesco a capire

ha potuto sposarli senza farli scoppiare [...]

(Un chimico - Fabrizio de André)
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Abstract

Hyperpolarization-activated cyclic nucleotide gated (HCN) chan-
nels underlie the If/Ih cation currents that control pacemaker
activity in heart and brain [1, 2]. HCN channels are dually ac-
tivated by membrane hyperpolarization and binding of cAMP
to their cyclic nucleotide binding domain (CNBD) [3]. Binding
of cAMP shifts the activation curve of HCN2 and HCN4 by 17
mV, but that of HCN1 by only 2-4 mV. Tetramerization of the
CNBD is seemingly part of the cAMP-induced allosteric con-
formational changes that increase the open probability of the
channel pore. We have obtained the crystal structures of the
CNBD of the three isoforms, but the analysis revealed a very
conserved structure between HCN1 versus HCN2 and HCN4,
except for a loop of β-roll, previously shown to regulate the
binding affinity of HCN4 [3]. We measured the binding affin-
ity of the CNBD for the cAMP and the different propensity of
the regulatory domain to tetramerize in absence or presence of
the ligand. We confirm that tetramerization is the primary ef-
fect of cAMP binding, and the first step in the transmission
of this signal, that eventually removes the inhibition imposed
by the CNBD on the channel [4]. Accordingly, cAMP- binding
releases HCN2 and HCN4 from inhibition, but has little or no
effect on HCN1. Our data demonstrate that in HCN1 the CNBD
is already tetrameric at basal cAMP concentrations contrary to
HCN2 and HCN4. HCN1 shows this peculiar behavior despite its
cAMP- binding affinity is in the same range of the affinity found
in HCN2 and HCN4 [3, 5]. This can be explained by two different
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affinity states (high and low). HCN1 is, at low cAMP concen-
trations, already switched to the low affinity conformation, while
the high affinity state is not measurable because the binding site
is already occupied [6]. Our results offer a logical explanation
for the behavior of HCN1 and an experimental support to the
leading hypothesis that ligand-induced tetramerization removes
tonic inhibition from the pore. In addition, some more inter-
esting information arose from the crystal structure, highlighting
an additional electron density close to the tetramerization inter-
face of the proteins. We investigated a range of molecules that
could bind the proteins in that pocket and potentially alter the
functionality of the channel.
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1 STATE OF THE ART

1.1 HCN channels

Hyperpolarization-activated Cyclic Nucleotide-modulated (HCN)
channels are the molecular basis of the time-dependent inward
current termed Ih. Ih is a mixed cation (Na+/K+) current acti-
vated by hyperpolarizing steps and its amplitude increase with
increasing hyperpolarization [7, 8]. This current was first iden-
tified in rabbit cardiac sino-atrial node [9] and called funny cur-
rent (If ). It was defined ”funny” because of its unusual features,
like the activation by hyperpolarization [1, 10], Not long after, a
similar current with the same properties was discovered in rod
photoreceptors [11] and hippocampal pyramidal neurons [12]. It
was termed IQ. Regardless of how they are termed (If in the
heart, IQ in the brain or more generally Ih), they have, as the
main function (see par. 1.2), the ability to generate a slow de-
polarization after an action potential, that brings the membrane
voltage up to threshold for initiation of a new action potential
[10].

Together with Cyclic Nucleotide-Gated (CNG) channels, HCN
channels form the subgroup of cyclic nucleotide-regulated cation
channels within the large superfamily of the potassium channels
[13]. The HCN channel has a similar architecture to that of many
other multimeric channels. It consists of four subunits that forms
a tetrameric assembly. Four different homotetrameric HCN iso-

5



forms exist, with distinct biophysical properties and different tis-
sue localization (the presence of heterotetrameric complexes with
intermediate properties is also reported [14–17]). Each HCN
channel subunit consists of two major structural modules: the
transmembrane core and the cytosolic C-terminal domain (fig.
1.1). The transmembrane core has six transmembrane α-helices;
the fourth (S4) contains positive charged aminoacids, as in other
potassium channel, consisting in the voltage-sensor region of the
channel. The pore region comprises the last two transmembrane
regions (S5 and S6) and a selectivity filter. It has the canonical
GYG sequence found in other potassium channels [18], but de-
spite this, HCN channels are also permeable to Na+ [19]. The
cytosolic C-terminal domain confers modulation by cyclic nu-
cleotides [13]. The evidence of direct binding of cAMP to HCN
channels, with a mechanism independent of phosphorilation, was
first identified by DiFrancesco and Tortora in 1991[20].

In mammals, four homologous HCN channel genes (HCN1–4)
are found. HCN1 and HCN4 are tissue specific and they are ex-
pressed mainly in the brain and in the heart, respectively, while
HCN2 is widely expressed in both tissues [22] . HCN3 is totally
not detectable in the heart, but its expression in several brain re-
gions was identified [23, 24]. Lower levels of expression of HCN1
and HCN4 are also detected in several other tissues [22]. The
three major isoforms (HCN1, HCN2 and HCN4) were cloned in
1998 [25] and their properties were tested by two-electrodes volt-
age clamp [26, 27] and by path-clamp analysis [27–29].
According to these experiments, HCN1 channels show the more
positive threshold for activation, the fastest activation kinetics,
and the lowest sensitivity to cAMP, while HCN4 channels are
slowly gating and strongly sensitive to cAMP. HCN2 has inter-
mediate properties [22, 30, 31]. The cAMP binding shifts the
activation curve of HCN2 and HCN4 by 17 mV [28, 32], but
that of HCN1 by only 4 mV [4, 15]. Figure 1.2 summarizes the
different behavior of two HCN isoforms, also in terms of different

6



Figure 1.1: HCN Channel scheme (two subunits). Cartoon repre-
sentation of a two flanking monomeric subunit of an HCN channel. The
channel is divided into two parts: (1) the membrane part consistent of six
transmembrane helices (black cylinders) and the pore region (red cylinders)
and (2) the cytosolic part formed by the cyclic nucleotide binding domain
CNBD (cyan cylinders) connected to the membrane domain by the C-linker
region (green cylinders) [21].
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Figure 1.2: Isolated HCN channel in patch-clamp measurements.
Patch-clamp experiments of cloned HCN1 and HCN2. The in vivo experi-
ments revealed a right-shifted activation curve of HCN1 respect to that of
HCN2: HCN1 shows a V1/2 of -115.3 in the absence of cAMP; in the same
conditions HCN2 has a V1/2 of -135.7. In presence of saturating cAMP the
V1/2 values for HCN1 and HCN2 are -112.2 and -118.8 respectively [4].

response to cAMP [4].

1.1.1 The Cyclic Nucleotide Binding Domain

The Cyclic Nucleotide Binding Domain (CNBD) is, as mentioned
previously, the cytosolic regulatory domain of HCN channels.
Despite an average sequence identity of 90% (fig. 1.3) in this
region of HCN1, HCN2 and HCN4 isoforms, the response of the
three channels to the cAMP binding is completely different (par.
1.1).

The crystal structures of the isolated cAMP binding domain
of HCN2 [5] and HCN4 [3] were published in 2003 and 2010
respectively. The HCN2/4 C-terminal region is composed of
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Figure 1.3: HCN C-terminal domain multiple alignment. Sequence
alignment of the C-terminal domain of human HCN2 (NP 001185.3), hu-
man HCN4 (NP 005468.1) and mouse HCN1 (NP 034538.2) proteins in-
cluding the sixth transmembrane domain (TM6) (boxed), the C-linker and
the CNBD. Red lines indicate the α- helices in the C-linker (A’-F’) and
CNBD (P, B,C); blue lines the β- sheets in the CNBD (1-8) for the three
isoforms. Substituted residues are highlighted in red, while in black are
highlighted the 14 residues that are conserved among HCN2 and HCN4 but
not in HCN1. Secondary structures were obtained by the ProCheck software
[33].

two subdomains: the CNBD and the C-linker. The C-linker
connects the last transmembrane segment (S6) to the cyclic nu-
cleotide binding pocket. As first described by Zagotta et al. [5],
the C-linker region consists of six α-helices (A’-F’) connected
each other by short loops (fig. 1.4). The C-linker has a char-
acteristic fold not found in other protein data bank entries: the
first two helices (A’, B’) form an anti-parallel helix-turn-helix
motif interacting with the helices C’ and D’ of the next sub-
unit (fig.1.5). These interactions produce the elbow-on-shoulder
assembly (fig.1.5) found in both HCN2 and HCN4 crystal struc-
tures [3, 5]. The last α-helix connects the C-linker to the binding
pocket and it is formed by four α-helices (A, P, B, C) with a β-
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roll between the helices A and B (fig.1.4). The β-roll architecture
is composed of eight anti-parallel β-strands similar to a jelly-roll
topology.

Figure 1.4: Structure of the mouse HCN2 C-terminal domain.
Ribbon representation of a single subunit of HCN2 CNBD with the cAMP
bound into the binding pocket, interacting with both the β-roll and the
C-helix

The CNBD assembles as tetramers in presence of cAMP, as
the whole channel assembly should be in vivo [3, 5]. The binding
pocket shows a quaternary structure similar to the nucleotides
binding regions of other proteins, like the catabolite gene acti-
vator protein (CAP) [34], the cNMP-dependent protein kinases
(PKA and PKG) [35, 36] and the soluble domain of Mesorhizo-
bium loti potassium channel [37].

A comparison between the crystal structures of HCN2 and
HCN4 CNBDs was carried out by Xu and co-workers [3]. Al-
though the two structures appear similar, differences are found
in the loop region comprised between the β-strands four and
five. In β5 they identified residues (T650 and A653) that par-
tially contribute to the differential response to cAMP (the role of
these residues was tested by electrophysiological measurements
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Figure 1.5: Elbow-on-shoulder between two C-terminal domain
adjacent subunits. (A) Cylinder representation of a tetramer from the
side view with the cAMP bound: two adjacent subunits form contacts in the
C-linker portion. (B) Residues of mouse HCN2 [5] involved in the elbow-
on-shoulder.

and binding affinity determination on single point mutants).

1.2 Physiological role

1.2.1 Cardiac automaticity

Cardiac action potential (fig.1.6) starts at the level of sino-atrial
node (SA) and propagates through the atrio-ventricular (AV)
node into the His-Purkinje conducting system. Finally it is re-
sponsible to the transmission of the signal to the working my-
ocardium resulting in heart contraction. Spontaneously con-
tracting cells are present in all these tissues (SA, AV His-Purkinje),
revealing the presence of an Ih current and then the HCN chan-
nels. But the Ih properties are different in the different tissues,
consistent with the different role of them: although all heart’s
cells have the ability to generate the electrical impulses that
trigger cardiac contraction, the sinoatrial node (SA) normally
initiates it, simply because it generates impulses slightly faster
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than the other areas with pacemaker potential. If the SA node
does not function, or the impulse generated in the SA node is
blocked before it travels down the electrical conduction system,
a group of cells further down the heart will become the heart’s
pacemaker. These cells form the AV, which is an area between
the atria and ventricles, within the atrial septum. If the AV node
also fails, Purkinje fibers are capable of acting as the pacemaker.
The reason why Purkinje cells do not normally control the heart
rate is that they generate action potentials at a lower frequency
than the AV or SA nodes and, usually, they serves to transmit
the signal originated at the SA [38, 39].
As the pacemaker current is different in different region of the
heart, and since the Ih is mainly due to the HCN proteins and,
finally, given that the four HCN isoforms have a different behav-
ior, then there must be a different expression pattern of HCN
channels. The level of mRNA and the proteins distribution are
then analyzed. In the sino-atrial node, HCN4 and HCN1 are the
major HCN isoform detectable at the protein level (reaching ∼
80% of the total mRNA in SA) [40–43], HCN2 is, also, detectable
[42], but it is not relavant. This agrees with the role of SA in
cardiac pacemaking initiation (HCN4 is the isoform with slowest
kinetics and higher sensitivity to the cAMP) and rate modula-
tion (HCN1, showing a low sensitivity to cAMP, is not suitable
for the initiation of an action potential but of its modulation).
In the atrio-ventricular node, the mRNA level of HCN4 is com-
parable to that of SA, but the protein expression is three-fold
less than in the SA [38] and no expression of HCN1 was detected
[44, 45]. This evidence agrees with the role of AV as secondary
pacemaker of the heart. In the last path of the pulse trans-
mission, in Purkinje cells, the molecular composition of HCN
channels strongly depends from the species analyzed. In human,
for example, HCN4 is the predominant one [38, 46].
HCN2 is, instead, the major isoform present at the level of
the working myocardium [38, 47], where HCN4 is occasionally
present and HCN1 is totally absent.
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HCN inward currents

Figure 1.6: Pacemaking function of Ih in a cardiac sinoatrial node.
The action potential is followed by a slow depolarization step produced by
Ih current that drives the membrane to threshold for a subsequent action
potential [8].

1.2.2 Brain activity

As mentioned for the heart, also in the brain the expression
pattern of the different HCN isoforms strongly depends from the
tissue. In general all four isoforms are detectable in the brain
[8], but the two predominant are HCN1 and HCN2.

Dendritic integration

Both in CA1 pyramidal neurons and layer5 cortical pyramidal
neurons are present high levels of HCN1 [48]. Ih in the brain
(mostly due to HCN1) plays a key role in the regulation of both
the excitatory postsynaptic potential (EPSP) and the inhibitory
postsynaptic potential (IPSP), whose integration determines if
an action potential should occur or not [8, 31]. In 1999 Magee
and co-workers found in the CA1 neurons a Ih gradient increasing
with the increasing distance from the neuron soma. This distri-
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Figure 1.7: Dendritic integration scheme. (A) Schematic representa-
tion of a neuron with its peripheral connections. (B) Role of neuronal Ih.
The somato-dendritic gradient of Ih counteracts kinetic filtering by den-
drites and normalizes the localization dependence of temporal summation.
Picture and caption modified from [31].

bution determines that the membrane resistance is very high in
the proximity of the soma and then decrease with the distance
(G = 1/R, where G is the conductance and R is the resistance);
this phenomenon allows the different signals, coming from dif-
ferent locations in the brain, to reach the neuron with same in-
tensity, independently from the distance they covered (fig. 1.7)
[31, 49].

Stabilizing effect on pacemaker activity

In the thalamocortical relay neurons, Ih is the main responsible
of their primary pacemaking activity, regulating the spontaneous
firing rate of those cells (fig. 1.8). Interestingly, the blockage of
the Ih current doesn’t stop the spontaneous activity, but the cells
undergo a two-state transition where prolonged period of sponta-
neous firing are followed by period of quiescence [50, 51]. Trans-
mission mode and burst mode are the two operating-modes of
the thalamocortical neurons. The transmission (or ’single spike’)
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mode is reached during alertness and REM sleep, by depolariz-
ing inputs. During this mode information is gated through the
thalamus and forwarded to the cortex. The transmission mode is
due to Na+ spikes at depolarized potentials where T-type Ca2+

channels are inactivated (Fig. 1.8 B). The frequency of these neu-
rons increases with increasing depolarization induced by afferent
excitatory inputs. During the burst mode, neurons display a
repetitive, high-frequency, firing pattern at hyperpolarized mem-
brane potentials. This mode is present during non-REM sleep,
where neurons are less sensitive to the external stimuli. The
“burst mode” is due to an interaction of a low-threshold Ca2+

current (IT ) and Ih (Fig. 1.8 C). The general action mechanism
is similar to that in the heart: the activation of Ih by hyper-
polarization beyond -65 mV slowly depolarizes the membrane
potential until the threshold for a new Na+ spike is achieved.
During the spike, Ih is deactivated and follows an hyperpolar-
izing “overshoot.” Then, Ih is activated, the cycle repeats, and
continuous rhythmic burst firing is sustained [52].

15



A

B C

Figure 1.8: Firing modes of thalamocortical neurons. (A) Overview
of the two operation modes of thalamocortical neurons (Transmission and
Burst modes). (B, C) Time-scale zoom-in of the two modes [52].
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1.2.3 HCNs and disease

Channelopathies are diseases caused by disturbed function of ion
channel subunits or of proteins that regulate them. These dis-
eases may be either congenital (often resulting from a mutation
or mutations in the encoding genes) or acquired [53]. Due to the
role of HCN channels in the control of heart rate and brain firing,
they are also involved in the pathology of the two tissues. HCNs
are, in fact, involved in cardiovascular diseases like angina. The
usual therapy for the angina is slowing the heart rate by the
use of β-blockers and/or Ca2+ antagonists, but these drugs have
some counter effects such as the modification of the vascular tone
or the reduction of ventricular contractility [54]. So, the develop-
ment of a HCN specific drug, able to slowing heart rate without
major side effects, was the goal of the past few years. Ivabradine
is the first specific If inhibitor identified [55–57]. Ivabradine
action is strongly voltage-dependent and it works properly at
depolarizing potential where it stabilizing the drug binding in-
side the HCN pore [30, 58]. In addition, in patients with severe
heart failure (with hypertrophic myocytes), modified HCN cur-
rents represent an important component [59, 60]. Studies on the
genetical causes of various form of arrhythmias have been identi-
fied HCN4 as the responsible of them. Results on human HCN4
isoforms are reported [61, 62].
Hyperthyroidism and hypothyroidism are other diseases in which
HCN channels are involved. Interestingly, in mice with hypothy-
roidism a decreased heart rate was observed and the opposite
occurs with hypertyroid mice [63]. In the same study the mRNA
levels of HCN2 and HCN4 were identified, finding a decrease or
increase of mRNA level in case of hypothyroidism and hyper-
thyroidism respectively, concluding that HCN mRNA content is
thyroid hormone-dependent [63, 64].
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The importance of the CNBD

Bradycardia is conventionally defined as a heart rate below than
60 beats per minute. Asymptomatic sinus bradycardia can be
inherited suggesting a genetic base of it. In 2006, Milanesi and
co-workers [65] studied an Italian family with congenital sinus
bradycardia. They discovered that a single missense mutation,
in the CNBD region (fig. 3.8 A) of HCN4 (S672R) is responsible
for this phenotype. The approach they used was both a genetic
study of the character transmission (fig. 1.9) and a biophysical
characterization of the mutation (fig. 1.10).

Figure 1.9: A family with sinus bradycardia. Four-generation family
with sinus bradycardia (the arrow indicates the proband). Solid symbols
represent persons carrying the mutation, and open symbols those without
the gene (controls) [65].

The S672R mutation and the bradycardic phenotype co-segregates
together, indicating an autosomal dominant pattern. The heart
rate varied from 43 to 60 beats per minute in persons with the
mutated gene (between 64 and 81 in the controls) [65].
The analysis on the isolated HCN4 mutant channel was car-
ried by electrophysiological measurements in HEK293 cells. The
analysis of the current showed a left shift (about 8mV) in the ac-
tivation curve of the mutant compared with the wild-type chan-
nel (fig. 1.10 left). The left shift has as a conseguence a slowing
down of the heart rate. Considering the localization of the mu-
tation (in the cyclic nucleotide binding domain), the shift could
be explained by a decreased binding capacity of the pocket or by
a reduced transmission of the signal at basal cAMP levels. The
first hypothesis was discarded by determining the dose-response
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curve of both the wild-type and the mutant channels (both chan-
nels had a KD of 1.53µM and 1.66µM respectively). So, the
conclusion was that S672R mutation should affect the efficacy
(see, also, par. 1.3) [65].

Figure 1.10: Biophysical analysis of the HCN4 S672R mutant. The
electrophysiological measurements were carried out in HEK293 cells. The
left graph shows the activation curves of HCN4 wild-type (black circles) and
that of the mutant (white circles). In case of heterozygosis (right graph),
the behavior of the channel shows intermediate properties [65].

Epilepsy is a common chronic neurological disorder charac-
terized by seizures. These seizures are transient signs and/or
symptoms of abnormal, excessive or hypersynchronous neuronal
activity in the brain. Considering the key role of HCN chan-
nels also in the brain, probably they are involved in this dis-
ease. Recent studies demonstrated that a downregulation of Ih

in the brain produces episodic events of epilepsy [66]. A even
more recent study [67] used the same approach described for the
familial sinus bradycardia [65] to find out one of the molecu-
lar basis of epilepsy. Analyzing an Italian family with reported
cases of epilepsy, they found a single point mutation in the HCN2
channel. The nonsynonymous mutation E515K is located in the
C-linker region of the CNBD (fig. 3.8 A). To characterize the
phenotype of the HCN2 E515K current, they introduced the mu-
tation to the cloned wild-type gene and analyzed it by electro-
physiology. The mutant shows a left shift in the activation curve
of the channel (fig. 1.11) of about 25mV, causing the chan-
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nel opening to become a rare event. Interestingly the heterozy-
gous channel, completely reverts to the wild-type phenotype (fig.
1.11). This results of DiFrancesco and co-workers could allow a
speculation: considering that the position of the mutation is the
C-linker region, close to the tetramerization point, and consider-
ing that the original E515 makes a polar contact with the Y486
of the next subunit (data obtained by the analysis of both the
PDB entries 3U10 and 1Q43), is plausible to think that the het-
erozygous shows a wild-type phenotype due to the interaction of
two adjacent wild-type subunits.

Figure 1.11: Biophysical analysis of the HCN2 E515K mutant.
The electrophysiological measurements were carried out in CHO cells. The
shows the activation curves of HCN2 wild-type (black circles) and that of
the mutant (white circles). In case of heterozygosis (white squares), the
channel shows a wild-type behavior [67].
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1.3 The role of cyclic AMP

3’-5’-cyclic adenosine monophosphate (cAMP) is a second mes-
senger involved in most of the transduction pathways such as,
for example, the activation of the cAMP- dependent protein ki-
nases. These enzymes are composed by two regulatory and two
catalytic subunits: the binding of the cAMP cause the dissocia-
tion of the the regulatory from the catalytic subunit, leaving the
catalytic site free to phosphorylate substrate proteins. The cyclic
nucleotide-binding domain shares sequence similarity with those
of other cyclic nucleotide-binding proteins, including the cyclic
nucleotide-gated channels (CNG) and the hypepolarization- ac-
tivated cyclic nucleotide gated channels (HCN) discussed in this
work. In those channels, the CNBD is an intracellular domain at
the C-terminal region of the protein. In the contest of ion chan-
nels, HCN expecially, the comprehension of the role of the cAMP
is a difficult task. In fact, since the final effect is the enhancement
of the ionic current, the mode of action and the gating mecha-
nism should be discussed besides the binding properties. Al-
though HCN and CNG channels share a common cAMP binding
domain and a similar modulation by cyclic nucleotides, the effect
of the conformational change of the CNBD upon cAMP binding
on the channel is different in the two families. In CNG channels
the effect of the binding leads to a conformational change of the
CNBD that opens the pore. The effect of cAMP on the gat-
ing is essential, because of the absent role played by the voltage
sensor even though these channels have the same voltage sensor
domain of the other voltage-gated channels but they are totally
insensitive to voltage (fig.1.12), and they don’t open in the ab-
sence of cyclic nucleotides. On the other hand HCN channels
are voltage operated, and in this channels the binding of the
cyclic nucleotides increases the open probability at hyperpolar-
izing voltages, speeds up the activation kinetics and shifts the
voltage dependence at more depolarizing potentials [21]. The
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presence of the CNBD is inhibitory for the channel, and the
cAMP can remove this inhibition, stabilizing the open confor-
mation of the pore. The pathway from the binding event to the
removal of the inhibition presumably involves all the units that
forms the channel: the voltage sensor, the C-linker, the CNBD
and the pore.

Figure 1.12: Voltage dependence of HCN2 and CNGA1. Behavior
of HCN2 (left) and CNGA1 (right) channels in response to voltage [21].

While the CNG gating mechanism can be explained with a
sequential model, in which the nucleotides bind sequentially a
closed channel, that reach a final closed-open transition only
when all the binding sites are occupied, this description is not
sufficient in the case of HCN channels. In HCNs, according to the
’modular gating’, every module of the channel oscillates between
to transition states: closed-open for the pore, resting-activated
for the C-linker and the voltage sensor, bound-unbound for the
CNBD (fig.1.13) [21].

Nevertheless all the modules are not independent but they
are coupled, meaning that the conformation of one of them can
affect the other: this model can explain the voltage dependency
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Figure 1.13: Modular gating model. 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 indi-
cate coupling between gating modules [21].

and the ligand activation. According to this model, we can dis-
tinguish between the event of binding and its efficacy on the
channel activation, which is the result of a combination of the
transition states of each module. In fact, the ’apparent binding’
effect on a channel is a sum of (1) the effect of the ligand binding
(the tetramerization of the CNBD upon the cAMP binding) and
(2) the effect of the transmission of the binding to the channel,
also called efficacy (the modulation of the pore opening). More-
over the two mechanisms are linked one to the other where if the
binding affects activation (transduction, gating), then the activa-
tion must affect the binding [68]. This mechanism, first hypoth-
esized by Castillo & Katz in the 1950s [69], was recently demon-
strated in HCN2 [70]. At the molecular level, the link between
(1) and (2) is the C-linker domain (par. 1.1) coupled to the volt-
age sensor: an electrostatic interaction between the C-terminal
domain and the S4-S5 linker keeps the channel in a closed con-
formation. An hyperpolarized stimulus disrupts that interac-
tion and the open state could be reached [71, 72]. This open-
closure event regulates also the binding affinity of the CNBD for
the cyclic nucleotide. More specifically, the hyperpolarization-
induced activation generates an increase of the binding affinity
and vice-versa [70]. This finding is in line with the previous
reported model of gating postulated by Ulens and Siegelbaum
[73]. Their model suppose the existence of CNBD dimers in ab-
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sence of cAMP (fig. 1.14), in which the binding affinity for the
ligand is increased by the hyperpolarization induced-activation.
Each cAMP molecule is able to produce a significant increase
in channel opening (see also [70] for a experimental demonstra-
tion), until both dimers are able to bind cAMP and undergo to
a conformational change, in which the final tetramer is consti-
tuted by dimer of dimers, consistent with the hypothesis of a
cooperative model [74] and the allosteric conformational change
found in CNG channels [75, 76]. All this mechanism can explain
the role of the cAMP in vivo: during an hyperpolarization step,
cAMP progressively binds to the binding pocket, increasing the
channel conductance that promotes an increasing depolarizing
inward current in which cAMP progressively again unbinds (fig.
1.15). The increase of the cAMP concentration contributes to
an enhancement of the action potential frequency where the final
effect is an increasing heart rate and/or neuron firing.

As previous described (par. 1.2.1 and par.1.2.2), HCNs are
responsible for the pacemaker activity of both the heart and the
brain. In this environment the cAMP binds and unbinds cyclicly
following the voltage changes during the activation potential.
In the hyperpolarization step, cAMP progressively binds to the
binding pocket, increasing the channel conductance that pro-
motes an increasing depolarizing inward current in which cAMP
progressively again unbinds (fig. 1.15).
The increase of the cAMP concentration contributes to an en-
hancement of the action potential frequency where the final effect
is an increasing heart rate and/or neuron firing.
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Figure 1.14: Model for cAMP gating of HCN channels. The
CNBDs may form dimers in the absence of cAMP and produce a tonic
inhibition of gating. Ligand binding is proposed to initiate a structural
rearrangement of the binding domains into a 4-fold symmetric gating ring
that relieves the channel domain from its inhibition. Subunits in the rest-
ing state are shown in green. Activated subunits are in blue. One dimer
is shown in light shades, the other in dark shades. cAMP is shown as the
circles. In the reaction scheme at top, R refers to a dimer in the resting
state and A refers to a dimer in the active state. N is cyclic nucleotide [73].
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Increasing
cAMP binding

Decreasing 
cAMP binding

L-type Ca 
inward currents

+2

+2

HCN inward currents

KV outward
currents

Transient (T-type) Ca
inward currents

Figure 1.15: Pacemaking in sinoatrial node cell. The action potential
is followed by a slow depolarization step produced by Ih current. During
the pacemaking activity, the cAMP cyclicly binds and unbinds to the cyclic
nucleotide binding domain of HCN channels. Picture modified from [8].
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2 AIMS OF THE PROJECT

The purpose of this work was to understand the molecular bases
for the different behavior of HCN1 and HCN2/4. The CNBD
is well conserved among these three isoforms, and it has an ho-
mology with the cAMP binding domains of the PKA and of the
cyclic nucleotide-gated channels (CNG); its function is to tune
the ionic current and the range of potentials of the activation, but
this modulation has a different prominence in HCN2 and HCN4
respect to HCN1, because HCN1 is active at more depolarizing
potential, and the presence of the cAMP shifts the activation
curve of few millivolts. To understand if the different response
to cAMP arises from the quaternary structure of the CNBD, the
first strategy was to crystallize the cAMP binding domain of the
three HCN isoforms and to compare their structures, pointing
out possible differences and their impact on the conformational
changes involving the cAMP-bound CNBD. Moreover, to get a
complete overview of the changes of the CNBD as a result of the
binding event, we were focused to obtain diffracting apo-crystals.
Since the CNBD is the location of the binding event and the
starting point of the transmission of the signal via its tetramer-
ization, our purpose was to study the reduced inhibitory effect
of the CNBD of HCN1 versus HCN2 and HCN4 setting a range
of high-resolution experiments, in order to measure and compare
two important aspects that can describe the different physiolog-
ical behaviour among these isoforms: (1) the binding affinity
for cAMP and (2) the propensity to oligomerization. Finally,
due to the importance of these channels in some pathologies in
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heart, we exploited the obtained crystal structures to perform
a drug docking, in order to find molecules that can bind in a
non-canonical pocket and potentially affect the function of the
channel in vivo.
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3 RESULTS

3.1 Studies on the C-terminal domain

of three HCN isoforms

In order to understand better the different physiological behavior
of HCN1, HCN2 and HCN4, we determined the CNBD qua-
ternary assembly of HCN1, HCN2 and HCN4 and compared
them. Three main constructs (HCN1CNBD, HCN2CNBD and
HCN4CNBD), encoding for the C-terminus domain of mouse
HCN1, human HCN2 and human HCN4, respectively, were pre-
pared.
The cloned region is comprised between aminoacids D399-Q592
(HCN1), D470-H672 (HCN2), D521-H723 (HCN4). The expres-
sion (fig. 3.1) and purification (fig. 3.2) of the three proteins did
not give particular problems. For methodological details see the
material and methods paragraph of the publication (Lolicato et
al. 2011) reported in Part II. The purified C-terminal domains
were incubated with 5mM cAMP (or 5mM cGMP) and used in
commercial crystallization screenings, in vapor-diffusion mode,
at a starting concentration of 10mg/ml. Crystals usually grew
in two weeks (fig. 3.3), giving a diffraction pattern of 2.9Å, 2.4Å
and 2.5Å resolution (HCN1, HCN2 and HCN4 crystals, respec-
tively). The structures were solved by molecular replacement
techniques and the crystal structure of mouse HCN2 in complex
with cAMP (PDB entry-code 1Q43) was used as search model.
Crystallographic statistics are reported in tab. 3.1.
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Figure 3.1: Expression vector cassette. Scheme of the expression cas-
sette used in this work. It was inserted into a modified pET-24b downstream
of a double 6His-Maltose Binding Protein (MBP) tag (kindly provided by
Prof. D. Minor). For methods details see Part II.

1 2 3 4

MBP

CNBD
30 kDa

50 kDa

80 kDa

Figure 3.2: Example SDS-PAGE of different purification steps.
(1) Molecular weight marker (Invitrogen - Novex Sharp Prestained), (2)
MBP : HCNCNBD fusion protein after nickel purification. (3) Sample as
in (1) after the addition of the HRV3C protease, (4) HCNCNBD pure after
the amylose resin step.
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A B

C

Figure 3.3: Crystals of C-terminal domain of the three HCN iso-
forms (A) HCN1, (B) HCN2, (C) HCN4.
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HCN1-cAMP HCN2-cAMP HCN4-cAMP
Data collection

Space group I4 P4212 P4
Cell dimensions (Å) a = 97.7 a = 96.7 a = 88.3

b = 97.7 b = 96.7 b = 88.3
c = 113.2 c = 50.8 a = 57.8

Resolution limits (Å) 43.80-2.90 35.03-2.30 62.44-2.50
(outer shell) (3.06-2.90) (2.42-2.30) (2.64-2.50)
Observations 78,275 106,430 74,883

Unique reflections 11,818 11,143 15,615
Completeness (%) 100 (100)a 99.8 (100) 100 (100)

R-mergeb (%) 12.0 (48.5) 12.8 (42.7) 13.2 (41.9)
I/σ(I) 12.5 (4.6) 14.3 (6.7) 10.0 (4.3)

Multiplicity 6.6 (6.3) 9.6 (9.7) 4.8 (4.9)

Refinement

R-factorc/R-freed (%) 20.5 / 27.5 20.0 / 27.2 19.3 /27.7
N◦ of residues: 198 (390-588 chain A) 202 (443-644) 198 (521-718 chain A)

198 (390-588 chain B) 202 (521-722 chain B)

Mean B-factors (Å2): 38.8 (chain A) 25.7 19.9 (chain A)
38.8 (chain B) 22.3 (chain B)

N◦ of cAMP: 1 (chain A) 1 1 (chain A)
1 (chain B) 1 (chain B)

Mean B-factors (Å2): 28.6 (chain A) 11.1 11.6 (chain A)
28.3 (chain B) 17.5 (chain B)

N◦ of water molecules: 49 87 147

Mean B-factors (Å2): 36.7 26.0 22.7
N◦ of glycerol molecules: - - 6

Mean B-factors (Å2): - - 43.5
R.m.s.d. from ideality

bond lengths (Å) 0.016 0.021 0.015
bond angles (◦) 1.71 1.89 1.75

Ramachandran plot
most favored regions (%) 92.1 99.0 97.2

additional allowed regions (%) 7.9 0.5 2.6
outliers (%) 0 0.5 0.2

Table 3.1: Data collection and refinement statistics of CNBD in
complex with cAMP.
a Values in parentheses are for highest-resolution shell.
b R−merge =

∑
h

∑
i |Ihi– < Ih > |/

∑
h

∑
i Ihi.

c R − factor =
∑

h ||Fobs| − |Fcalc||/
∑
|Fobs| where Fobs and Fcalc are the

observed and calculated structure factor amplitudes, respectively.
d R-free is calculated on 5% of the diffraction data, which were not used
during the refinement.
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Prior to structure deposition in the Protein Data Bank (PDB),
crystal validation was performed.
Structure validation was performed by SFCHECK [77] and RAM-
PAGE [78] provided by the CCP4 package. The first software
compares the experimental structure factors with the built model
and it returns statistics about the quality of the model. The sec-
ond one returns the Ramachandrand plot.
All three proteins were tested by both programs and a summary
of the statistics are listed on the table 3.1. More in detail, HCN1
has 100% of the residues in the correct conformation (92.1% in
most favored regions and 7.9% in additional allowed regions);
HCN2 has 99.5% of the residues in the correct conformation
(99.0% in most favored regions, 0.5% in additional allowed re-
gions) plus a 0.5% of the residues are outliers; HCN4 has 99.8%
of right placed residues (97.2% in most favored regions, 2.6% in
additional allowed regions) plus a 0.2% of the residues are out-
liers. The three Ramachandran plots are show in fig. 3.4.
A summary graphical plot of the whole statistics is shown in fig.
3.5 (got by Phenix 1.7.2).
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HCN1 HCN2

HCN4

Figure 3.4: The Ramachandran diagram plots phi versus psi di-
hedral angles for each residue. The diagram is divided into favoured,
allowed and disallowed region. Regions are also defined for Glycine and
Proline [78].
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HCN1 HCN2

HCN4

Figure 3.5: Graphical comparison of validation statistics. This
graph shows histograms of the distribution of statistics across 500 PDB
entries of similar resolution, with the range specified by numbers printed in
red. Statistics for the our structures are printed in black; the connecting
polygon (in black) shows where these values fall in the distribution [79].
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The three proteins crystallize as a tetramer with one (HCN2)
or two (HCN1 and HCN4) molecules per asymmetric unit (a.s.u.).
The tetrameric assembly was generated by crystallographic sym-
metry (Fig. 3.1). The width of HCN1 tetramer measures 56.0
Å, very close to the width of the other two tetramers (59.0 Å
and 57.3 Å for HCN2 and HCN4 respectively). Also the pore
lumen has a similar diameter in the three proteins (25.8Å, 24.9Å
and 23.5Å for HCN1, HCN2 and HCN4 respectively). The hole
is surrounded by four acidic residues (fig.3.6), conserved in all
three proteins: in particular, in HCN1, they are E398, E436,
E441 and D556. The size and polarity of the hole is sufficiently
large to permit hydrated cations to pass through it, but their
role in ion permeation pathway is not clear [80]. In fact, despite
the fact that these four residues are conserved along the three
channels, a deletion of the whole C-terminus of HCN1 does not
disrupt ion conduction or voltage gating, while the same trunca-
tion in HCN2 does not produce a functional channel [81, 82].
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HCN C-terminal fragment tetramers. Different colors identify differ-
ent subunits. (A) Top view, arrows indicate cAMP position. The pore
lumen and the width of the molecules are similar in the three proteins (B)
Side view of HCN1 tetramer with membrane portion (gray) and a schematic
representation of the whole channel anchored to the membrane (black).
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HCN4

HCN1

Figure 3.6: Electrostatic surfaces of HCN CNBDs are shown. In
red and blue the negatively charged and the positively charged residues
,respectively are shown. Four acidic residues surround the pore lumen: in
HCN1 they are E398, E436, E441 and D556 and they correspond to E478,
D516, E521 and D636 in HCN2, and E529, E567, E572 and E687 in HCN4.
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The quaternary assemblies were confirmed and analyzed by
the program PISA [83]. As expected from the crystal struc-
tures of HCN2 [5] and HCN4 [3], all three proteins assembly
as tetramer, but with differences in subunit-subunit contacts.
This analysis (with the main parameter to take into account is
∆Gint that indicates the solvation free energy gain upon for-
mation of the assembly) allowed us to group together the pro-
teins HCN2 and HCN4 (∆Gint ≈ −35kcal/mol) and HCN1
(∆Gint ≈ −28kcal/mol), but in all three cases the quaternary
structure is stable. The difference in energy gain is, also, re-
lated with the number of interfaces residues in the quaternary
assembly of the proteins: in fact HCN1 has the half contacts (79)
compared with the other two isoforms (135 and 140 for HCN2
and HCN4 respectively). This difference is maintained even if we
take into account the different atomic coordinate errors (as esti-
mated by the Luzzati plot: 0.38Å for HCN1, 0.28Å for HCN2,
0.29Å for HCN4) associated to the varying experimental resolu-
tions of the HCN1, HCN2, and HCN4 crystal structures. The
atomic coordinate errors affect the interaction distance between
atom and therefore may have an effect on the calculation of the
number of significant protein- protein interactions.

Side view Top view

Figure 3.7: Schematic representation of HCN1 interfaces con-
tacts. HCN2 and HCN4 clusterize in one group with the double contacts
(≈ 140) respect to HCN1 (79).
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In the monomeric subunit of HCN C-terminal domain, we
could identify (as previously reported [5]) two major secondary
structure groups: the C-linker and the CNBD. The C-linker
region is formed by six α-helices (A’-F’, Fig.3.8); the CNBD re-
gion comprises two α-helices (A,B Fig.3.8) followed by eight β-
strands (1-8, fig.3.8) and other two α-helices (P,C fig.3.8). The
eight β-strands arrange in a β-roll architecture similar to a jelly-
roll topology.

Figure 3.8: Crystal structure of HCN1 C-terminal domain. The
monomer is divided into two regions: the C-linker (silver) and the nucleotide
binding domain (gold). All secondary structures are termed as previously
reported by [5].
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All three proteins, crystallized in presence of cAMP (or cGMP)
one per subunit. cAMP was found in the anti -conformation,
while cGMP was in the syn-conformation (Fig.3.9). Crystalliza-
tion and diffraction data of the HCN-cGMP structures are not
reported in details because of their similarity with the already
reported values for HCN2 [5]. The syn conformation of cGMP
allows its purine ring N2 atom to make an additional polar con-
tact with a Thr (539 in HCN1, 592 in HCN2 and 670 in HCN4),
than cAMP. The polar contact between cGMP and Thr is par-
tially responsible for the specificity of CNG channels and cGMP-
dependent protein kinases for the cGMP molecule [35, 84, 85].
A validation of this finding is the residue Val found in the cor-
responding position of SPIH (a sea urchin HCN channel), that
makes this channel not activated by cGMP [86].

cAMP cGMP

Figure 3.9: Electron density map around the bound cyclic nu-
cleotides to the protein Cyclic AMP conformation differs from cGMP
one: cAMP is in the anti -conformation, cGMP is in the syn-conformation.

The cAMP binding amino acids are conserved among the
three HCN isoforms. In particular six polar contacts are strictly
preserved between the same atoms (Table 3.2). In addition,
the residue C531 (HCN1) makes a salt bridge (not present in
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the other two isoforms) between its nitrogen and the O1P of
the cAMP, stabilizing the cyclic nucleotide inside the binding
pocket. Another stabilizing element is the polar contact be-
tween the residue R582 (R662 in HCN2 and R713 in HCN4)
and the atom N1 of the cAMP. The same atom contacts the
residue R579, fundamental for the affinity for the cNMP [87]. In
our HCN2 structure two more polar contacts are also visible (not
reported in [5]) between the atoms O2* and O2P (cAMP) and
the nitrogen atoms of the residues C611 and G608, completing
the range of strictly preserved amino acids mentioned above.
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A

C

B

Figure 3.10: Polar contacts between the cAMP and the
aminoacidic residues on the cyclic nucleotide binding pocket.
cAMP binding site of HCN1(A), HCN2 (B) and HCN4 (C). Hydrogen bonds
and salt bridges that stabilize the cAMP molecule are shown as dotted lines.
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Å

)
C

ys
53

1
N

-c
A

M
P

O
2P

(2
.8

Å
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Å
)

C
ys

53
1

N
-

cA
M

P
O

1P
(3

.3
Å
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The superimposition of the three structures (fig. 3.11) shows
an average Cα RMS deviation of 0.8Å, with two major differ-
ences, one located in the C-linker region at the C’ helix and the
other in the β4-β5 loop. This loop was recently identified [3] as
important for the binding properties of HCN4.

Figure 3.11: Superimposition of the three HCN C-terminal do-
main structures The superimposition of the three structures (HCN1 in
red, HCN2 in blue and HCN4 in green) shows only small differences along
all secondary structures except in the β4-β5 loop and in the C’ helix. Red
arrows point the cAMP position inside the binding pocket.

The alignment of figure 1.3 shows the aminoacids conserved
in the isoforms HCN2 and HCN4 (black) but different in HCN1
(red). Fig. 3.12 is a graphical overview of both the conserved
regions (purple) and the differences (cyan) of HCN1 compared
to HCN2 and HCN4.

Over the 15 residues comprising β4, β5 and their connecting
loop, HCN1 displays six substitutions while HCN2 and HCN4
differ only by two residues. Such sequence divergence results
in a structural deviation in the β4-β5 loop. Inside this region,
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β4−β5 loop

C’ helix
Side view Top view

Figure 3.12: Overview of the differences between HCN1 and
HCN2/4. In purple are highlighted the conserved aminoacids (see also
fig. 1.3), while in cyan are the residues different in HCN1 but the same in
HCN2 and HCN4. Picture done using the online software Consurf [88].

we found that, even though the HCN1 residues E518 and R543
(E571, R596 in HCN2 and E649, R674 in HCN4) are conserved
along the three isoforms, the functional groups of the substituted
aminoacids (fig. 3.13) perturbate the loop environment produc-
ing a new polar contact between E518 and R543; this contact is
not present in the other two isoforms. It seemed that this struc-
tural modification, in addition to the other point mutations, rear-
ranged the binding pocket (in the holo conformation) maintain-
ing it in a more ’closed’ conformation(figs. 3.11 and 3.14). This
hypothesis has been tested by performing mutations converting
three of these residues into the aminoacidic background of HCN2:
the single mutation G510S, the double mutation S515G/S516N,
and the triple mutation G510S/ S515G/ S516N. We tested their
impact on the electrophysiological properties of the full length
channel expressed in Xenopus laevis oocytes. Table 3.3 reports
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the calculated values for the half activation voltage of wt HCN1
and the mutants. None of the mutations seems to shift the ac-
tivation range of the channel near to that of HCN2. Thus we
conclude that the β4-β5 loop does not determine the peculiar
biochemical properties of HCN1.

Channel V1/2 (mV) n◦ experiments
HCN1 wt −67.5± 0.13 11
HCN2 wt −76.5± 0.04 7
G510S −66.5± 0.25 4

S515G/S516N −65.6± 0.23 5
G510S/S515G/S516N −67.9± 0.34 5

R538E (control) −75.9± 0.35 4

Table 3.3: Intact oocytes measurements Effect of mutations in the
β4-β5 linker on the half activation voltage of HCN1 (V1/2 measured by Two
Electrode Voltage Clamp in intact oocytes.

The three structures diverge also in their C-linker regions
(helices A’-F’) where 11 out of 80 positions show sequence vari-
ations between isoforms. However, we did not observe any sys-
tematic structural differences that would allow grouping HCN1
separately from HCN2 and HCN4.
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Met Ile

Asn Ser

Gly Ser

I432

G510

S515

N437

S516

Figure 3.13: Single point mutations in HCN1 C’ helix and β4-β5
loop. The chemical structure of the aminoacid substitutions in HCN1 are
shown. Orange circles highlight the functional groups substituted. In red is
shown each single aminoacid present in HCN1 instead of HCN2 and HCN4.
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A

cAMP

S563

R596

E571

G568

R543

G510

S515
T513

S516

E518

C
P

β4-β5 loop

B

C

cAMP

Figure 3.14: The role of the β4-β5 loop. (A) Superimposition of
the three loop zones: HCN1 is in red, HCN2 in blue and HCN4 in green.
All code-color are maintained in the following panels. (B) Zoom-in of the
superimposed HCN1/HCN2 loop where, in red (HCN1) and blu (HCN2),
are colored the most important residues (compare with fig. 3.11). (C)
Portion of the multiple alignment in fig.1.3 where the mutations described
in (A) and (B) are shown.
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The differences we found by comparing the crystal structures
of the three constructs don’t justify the divergences previously
reported [4, 22, 30, 31] in in vivo experiments. Following the hy-
pothesis that probably a more marked difference could emerge on
the apo-form of those proteins, we tried to crystallize the cAMP-
free structure of the three isoforms. Crystallization trials were
set-up with the purified proteins without the addition of any lig-
and. We got crystals of HCN1 only after one month incubation,
but surprisingly we found a molecule of cAMP per monomer,
probably due to an endogenous incorporation of the nucleotide
during the expression process. Then, to remove all possible con-
taminants, we first unfolded and then refolded the purified three
proteins and with the refolded samples we set-up other crystal-
lization screenings. In this case we got no crystals at all. In
literature a cAMP-free structure of HCN2 is reported [89]. How-
ever two bromide atoms are bound in the binding pocket, miming
the negative charges of the phosphates of a cAMP molecule. As
a result, the HCN2 structure is cAMP- free but it is not a proper
apo- structure which is, indeed, very similar to the cAMP bound
HCN2. We can conclude that the formation of apo-crystals is
a very difficult task, probably because of the high flexibility of
both the C-helix and the C-linker in the absence of the ligand
[90]. Due to the impossibility to get a crystal structure of the
apo-state of HCN1, HCN2 and HCN4, we decided to analyze
their biochemical properties only in solution experiments.
Since in vivo experiments [4, 22] report the same affinity of
cAMP for the three channels, we investigated the affinity for
nucleotides of the isolated C-terminal domain. We used three
different techniques to measure the affinity of cAMP: Fluores-
cence Polarization (FP), Surface Plasmon Resonance (SPR) and
Isothermal Titration Calorimetry (ITC). Fluorescence Polariza-
tion was performed by means of a fluorescent cAMP analog (8-
Fluo-cNMP) to measure the KD value by a dose-response curve.
When a binding event occurs, there is a detectable increase in
fluorescence. Due to the background noise of the fluorescent ana-
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log at high concentration, the experiments were carried out at a
fixed concentration of the ligand (1nM) by increasing the concen-
tration of the protein (detailed methods are reported in Part II).
Surface Plasmon Resonance, instead, measures the EC50 value
by a competition assay: the purified proteins were pre-incubated
with increasing concentrations of cAMP, then the samples were
injected on the sensor chip on which the cAMP analog 8-AHA-
cAMP was bound. The cAMP in solution with the sample should
compete for the binding with the cAMP analog bound to the sen-
sor surface. This competition results in a progressively reduced
binding signal (i.e, the higher the cAMP concentration, the more
reduced the binding signal). The resulting binding signals were
plotted against the logarithm of the free cAMP concentration
and the EC50 values were calculated form the dose response curve
(detailed methods are reported in Part II). Isothermal Titration
Calorimetry is a quantitative technique that can directly mea-
sure enthalpy changes (∆H). The binding affinity (KD) and
binding stoichiometry (n) of the interaction between two or more
molecules in solution are estimated from the plot of ∆H on mo-
lar ratio. From these initial measurements Gibbs energy changes
(∆G), and entropy changes (∆S), can be determined using the
relationship:

∆G = −RTlnKD = ∆H − T∆S

(where R is the gas constant and T is the absolute temperature).

Despite the fact that different techniques gave different ab-
solute values, within the same technique the affinity of HCN1,
HCN2 and HCN4 lies in the same range. In particular we found
nM affinity (in good agreement with the in vivo experiments,
[3, 15, 81]) with the Fluorescence Polarization (fig.3.15 and tab.
3.4) with which KD values of 116 ± 26, 115 ± 18, 111 ± 36 nM
were calculated for MBP-HCN1, MBP-HCN2 and MBP-HCN4
constructs, respectively. The measured affinity of the HCN pro-
teins for 8-Fluo-cGMP was lower than that for 8-Fluo-cAMP,
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but still in the nanomolar range. It is worth noting that the
K1/2 values of cGMP measured in patch clamp experiments for
HCN2 [5, 87] are micromolar .This observation suggests that the
higher K1/2 values for cGMP could be related to a lower efficacy
of this ligand in promoting gating. ITC showed (fig.3.17 and
tab. 3.4) a binding of cAMP in the micromolar range with and
without the MBP constructs: KD = 3 ± 0.7µM (MBP-HCN2),
KD = 1 ± 0.7µM (MBP-HCN4) and KD = 4 ± 1µM (HCN2).
For unclear reasons, we were not able to record binding with
the HCN1 constructs. Micromolar binding was also measured
by SPR (fig.3.16) with immobilized 8-AHA-cAMP. In this case
the signal obtained with HCN1 was low but measurable. The
calculated EC50 values where roughly the same for the three
proteins: 5 ± 1µM ,10 ± 4µM and 11 ± 2µM for HCN1, HCN2
and HCN4, respectively. Differences in affinity could be related
to different analogs used during the experiments (8-Fluo-cAMP
for FP and 8-AHA-cAMP for SPR) as reported for HCN2 [91],
but a different affinity using a different assay could also highlight
an high and a low affinity state of the same protein, as recently
proposed [6]. The low-to-absent signal of HCN1 observed in two
cases (SPR and ITC measurements) highlights a difference from
HCN2 and HCN4, probably in the fraction of protein available
for binding. Two techniques used here (ITC and SPR) showed a
lower affinity for the cAMP of a order magnitude compared with
the values found in in vivo experiments [3, 15, 81]. Such differ-
ences in binding and apparent affinity found in the full-length
channel must be due to the ability of the ligand to modulate the
channel and promote communication between the four subunits
(par. 1.3) [91]. Detailed values are listed in the table 3.4.
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FP SPR ITC
KD (nM) EC50 (µM) KD (µM)

mean ± SEM† mean ± SD mean ± SD
8-Fluo-cAMP 8-Fluo-cGMP 8-AHA-cAMP cAMP

MBP:HCN1 116± 26 (n=4) 208± 51 (n=5) ND Not measurable
MBP:HCN2 115± 18 (n=4) 286± 34∗ (n=5) ND 3.06± 0.7 (n=9)
MBP:HCN4 111± 36 (n=4) 414± 56∗∗ (n=3) ND 0.97± 0.7 (n=4)

HCN1 382± 87 (n=4) 386± 76 (n=3) 5± 1# (n=5) Not measurable
HCN2 606± 219 (n=3) 752± 236 (n=3) 10± 4 (n=3) 3.6± 1.3 (n=3)
HCN4 167± 36 (n=4) 694± 121∗∗ (n=4) 11± 2 (n=3) ND

HCN1 ∆C-linker ND ND 5± 2# (n=3) ND

HCN1mut ND ND 7.3± 1.6# (n=3) ND

Table 3.4: Comparison of binding constants for cyclic nucleotide
binding to the C-terminal of HCN proteins. Fluorescence Po-
larization (FP), Surface Plasmon Resonance (SPR), Isothermal Titration
Calorimetry (ITC).
† FP experiments were in duplicate or triplicate.
∗/∗∗ these values are significantly different from 8-Fluo-cAMP (analyzed by
paired t-test, p-value two tailed, confidence interval 99%, Graph Pad Prism
5.03), ∗ mean p < 0.05; ∗∗ mean p < 0.01.
# protein concentration was 500nM instead of nM.
mut G510S S515G S516N.

HCN1 HCN2 HCN4

Figure 3.15: Ligand affinity calculation (1). Fluorescence Polariza-
tion (FP). Exemplary curves for 8-Fluo-cAMP and 8-Fluo-cGMP binding
to MBP-tagged HCN1, HCN2 and HCN4 using fluorescence polarization.
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HCN1
HCN2
HCN4

HCN1
HCN2
HCN4

Figure 3.16: Ligand affinity calculation (2). Surface Plasmon Res-
onance (SPR). Competition assay of the three constructs using as cAMP
analog the 8-AHA-cAMP with the Suface Plasmon Resonance technique.
On the right panel are shown absolute values for HCN1, HCN2 and HCN4;
on the left one the normalized signal.

HCN2 HCN4 HCN1

Figure 3.17: Ligand affinity calculation (3). Isothermal titration
calorimetry (ITC) of cAMP binding to the purified C-terminal fragments
HCN1, HCN2 and HCN4.
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The experiments discussed so far did not provide a clear and
unique answer to the differences observed in vivo experiments be-
tween the response to cAMP of HCN1 and HCN2/4. We decided
to test the oligomerization dynamics of the three proteins by
three complementary methods (size-exclusion chromatography,
analytical ultracentrifugation and dynamic light scattering).
All methods revealed an higher oligomerization propensity of
HCN1 compared with HCN2 and HCN4.

In size exclusion chromatography HCN2 and HCN4 elute as
a single peak (Fig. 3.19 solid lines) while HCN1 elution shows
an additional peak at higher molecular weight (Figure 3.19 solid
line). The higher molecular weight peak appears in HCN2 and
HCN4 only upon addition of cAMP.
Interestingly, the appearance of the higher molecular weight peak
in HCN1 depends on the ionic strength of the solution (Figure
3.18) implying an electrostatic nature for the stabilizing interac-
tions. This is strengthen by the observation that, in the tetramer,
all 14 substitutions found in HCN1 are exposed to the solvent
and five of them (I432, N437, D444, A496 e V497) are at the
interface between monomers (results got from PDBePISA, cfr.
3.1).

To assign a proper size to the two forms, sedimentation ve-
locity analytical ultracentrifugation experiments (Fig. 3.20) were
performed. In the absence of exogenous cAMP, HCN2 and HCN4
were mainly identified as monomers with only a small amount
of dimeric component. The experimental sedimentation coeffi-
cient of the monomer are 1.52 and 1.32 for HCN2 and HCN4
respectively. From the experimental data were calculated the
correspondent molecular weights using the HYDROPRO soft-
ware (details in PartII). In contrast, HCN1 exists as a mixture
of monomers, dimers and tetramers (Fig. 3.20 solid lines). These
distributions are observed for HCN2 and HCN4 only after adding
saturating amounts (300µM) of cAMP (Fig. 3.20 dotted lines).

Results obtained by size-exclusion chromatography and ana-
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Figure 3.18: Size exclusion chromatography profiles of HCN1.
Peaks obtained in the absence of cAMP at increasing NaCl concentration
(mM): 100, 150, 200, 300 and 400 (basic buffer: 20mM HEPES, pH=7.0,
10% glycerol). The absorbance values are normalized to the peak at 2.2 ml
of elution volume.

lytical ultracentrifugation were, also, confirmed by dynamic light
scattering (DLS) analysis (Table 3.5). This analysis indicates
that, in the absence of added cAMP, HCN2 and HCN4 are
mainly dimers (calculated molecular weight 49kDa and 53kDa
for HCN2 and HCN4 respectively), while HCN1 is a mixture of
dimers and tetramers (calculated molecular weight 79kDa). The
addition of cAMP promotes the full tetramerization of HCN2
and HCN4, as well as the residual tetramerization of HCN1.
Experimental details in Part II.

Next we investigated the possibility that the different propen-
sity of HCN1 to tetramerize is related to the presence of endoge-
nous cAMP trapped into its binding site.
To prove it, we analyzed the cAMP content of all three proteins.
cAMP was released by boiling the protein sample (1mg) in 100µl
of lysis buffer for 2 min and the sample were analyzed by ion-
exchange chromatography (see Part II for detailed methodology
and Part III for supplementary figures).
Figure 3.21 shows that HCN1 contains a significantly higher
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Figure 3.19: Size-
exclusion chromatog-
raphy profiles of the
three HCN isoforms.
HCN1 tetramerizes in
the absence of exogenous
cAMP (black solid line).
Instead HCN2 and
HCN4 elute as single
peak (blue and green
solid lines respectively).
The higher molecular
weight state of HCN2
and HCN4 appears only
after the addition of
1mM cAMP (red dotted
lines). The addtion of
exogenous cAMP to the
HCN1 isoform promotes
the full tetramerization
of it (red dotted line).

HCN1

HCN2

HCN4
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Figure 3.20: Distribution of the sedimentation coefficients. c[s]
coefficients as calculated from sedimentation velocity experiments for HCN1,
HCN2 and HCN4 in the absence (solid lines) and in the presence (dotted red
lines) of 0.3 mM cAMP; black harrow heads indicate from left to right the
theoretical values for monomer (M), dimer (D) and tetramer (T). Detailed
methods are in Part II.

amount of endogenous cAMP than HCN2 and HCN4. The mea-
sured molar ratio (protein/cAMP) in HCN1 is 6. In contrast this
ratio is 24 in HCN4 and 50 in HCN2 (Table 3.6). Furthermore,
separate analysis of the two peaks of HCN1, monomer/dimer and

59



cAMP Radius Polydispersion Molecular weight Species
(nm) (%) (kDa)

HCN1 × 3.8 24 79 D+T√
4.3 23.4 105 T

HCN2 × 3.1 9.6 49 D√
4.3 15.6 105 T

HCN4 × 3.2 17.2 53 D√
4.0 15.0 91 T

∆C HCN1 × 2.8 15.4 39 D√
2.8 16.3 39 D

Table 3.5: Dynamic light scattering experiments. Values of hydro-
dynamic radius are net of the dehydratation shell. The hydrodynamic radius
calculated from the crystal structures are (in nm): 2.3 for the monomer, 3.1
for the dimer and 3.7 for the tetramer. The expected molecular weight for
monomer, dimer and tetramer are (in kDa): 24, 48 and 96 for the wt; 18,
36 and 72 for the ∆C-linker HCN1. cAMP concentration 1 mM.
M:monomer, D:dimer, T:tetramer.

tetramer, showed that almost all cAMP is in the tetrameric form
(fig. 3.22, where we found a protein/cAMP ratio of 2 (Table 3.6).
From these experiments we must conclude that the tetrameric,
but not the monomeric/dimeric, form of HCN1 contains endoge-
nous cAMP and binds it with high affinity since the ligand is
not released during the purification procedure. Altogether our
data confirm that cAMP binding to CNBD promotes tetramer-
ization of the C-terminal fragment [3, 5] and suggest that cAMP
binds with high affinity to the HCN1 tetramer, resulting in lig-
and trapping.

To understand the role of the two different components (C-
linker, CNBD) in relation to the tetramerization behavior, three
more constructs (lacking the first three α-helices) were created
(E441-Q592, E521-H672 and E572-H723 for HCN1, HCN2 and
HCN4, respectively), hereafter called ∆C-linker HCN1, ∆C-linker
HCN2 and ∆C-linker HCN4. We tested them for both the
oligomerization propensity in absence of cAMP and for their
cyclic nucleotide trapping during the purification procedure.
As the fig. 3.23 shows, all three ∆C-linker constructs elute as
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Molar ratio n◦ experiments
protein/cAMP

HCN1 6± 2 5
HCN2 49.5± 8.5 4
HCN4 24± 5 3

HCN1 M 17± 2.7 3
HCN1 T 2.2± 0.4 3

∆C-linker HCN1 25± 3 3
HCN1 R538E 40 1

Table 3.6: Cyclic AMP content. Values of cAMP content in purified
HCNs proteins expressed in molar ratio (protein/cAMP). HCN1 M is for
HCN1 monomer peak and HCN1 T is for HCN1 tetramer peak. The ∆C-
linker HCN1 constructs was created to understand the role of the C-linker
(see later).

single peak in size-exclusion chromatography. In particular, the
higher molecular weight peak found for HCN1 (fig. 3.19) dis-
appears for the ∆C-linker HCN1, thus indicating a fundamental
role of the C-linker domain in the tetramerization mechanism.
The addition of 1mM cAMP doesn’t change the oligomeriza-
tion state of the three proteins (fig. 3.23), but they are still
able to bind the cAMP in the micromolar range as the SPR
measurements show (see par. 3.1 and table 3.4). Therefore,
the truncation of the C-linker region doesn’t affect the binding
properties of the three proteins. So, if the binding capacity is
preserved, then the higher ability of HCN1 to trap the cAMP in
the ∆C-linker construct is still present? Or the C-linker domain
also controls this property? To address this question, we mea-
sured (as we did previously), the cAMP content in the purified
∆C-linker HCN1 protein. What we found was that ∆C-linker
HCN1 has a strong reduction of endogenous cAMP trapped in
the binding pocket (the protein/cAMP molar ratio is 25), com-
parable with that found in HCN4 (table 3.6). The results of these
experiments show that tetrameric assembly requires the presence
of an intact C-linker region, in agreement with the proposed role
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Figure 3.21: Determination of cAMP content. Quantification of the
cAMP molecules released by the HCN proteins.

of the C-linker in oligomerization [5, 92], and that the C-linker
is needed to establish the high affinity state, which traps cAMP
in the CNBD, in agreement with recent results [6].

As internal control we also purified the mutant of HCN1
R538E which has been reported to strongly reduce the affin-
ity for cAMP [15, 93–95]. This mutant loses the propensity to
tetramerize in absence of exogenus cAMP (fig. 3.25).
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Figure 3.22: Determination of cAMP content of HCN1 peaks.
Quantification of the cAMP molecules released by both the HCN1 monomer
(M) and HCN1 tetramer (T).
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- cAMP

+ cAMP

Figure 3.23: Size exclusion chromatography profiles of ∆C-linker
HCNs. HCN1 is black, HCN2 is red and HCN4 is green, in the absence
and in the presence of 1mM cAMP. The two dashed lines identify the 2.3ml
elution volume of all three proteins, showing no differences in the elution
profile between the absence and the presence of cAMP.
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Figure 3.24: Determination of cAMP content of ∆C-linker HCN1.
Quantification of the cAMP molecules released by the ∆C-linker HCN1
protein compared with the HCN1 wild-type.
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Figure 3.25: Elution profile of HCN1 R538E mutant. Peaks of
HCN1 R538E mutant in the presence (red lines) and in the absence (black
lines) of 1 mM cAMP compared with HCN1 wild-type (gray dotted line).
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3.2 A putative ’new’ binding site

Carefully analyzing the electron density of the structures ob-
tained in the presence of cGMP, we found an unexplained elec-
tron density peak in the crystal of all three proteins (fig. 3.26).
This additional electron density is located in the C-linker re-
gion close to the tetramerization interface of the protein. This
peak of density appears only in the structures co-crystallized
with cGMP and not when the proteins are in presence of cAMP,
so the appearance of the electron density is cGMP-specific. In
addition, the additional electron density appears stronger when
we co-cystallize with 50mM cGMP and weaker when we used
5mM cGMP. Finally, HCN4 showed the best electron density
shape compared with the other two isoforms.
The first trial of refinement of the structure was, therefore, per-
formed by fitting a molecule of cGMP in the additional electron
density, but despite the fact that general result was good, the
R-free value dropped only from 0.2815 to 0.2801, and the elec-
tron density was not well fitted, particularly at the level of the
sugar phosphate ring. In general, these preliminary consider-
ations should be taken carefully because of the low resolution
structure of HCN4 in the presence of 50mM cGMP (2.7Å). But
the fact that a molecule of cGMP (or maybe two molecules bound
in alternate configurations) could be found docked in a non-
canonical position, indicates the possibility that molecules with
similar chemical properties and sizes were able to fit into this
pocket. Analysis of the shape of the density (fig. 3.26) led us to
find that c-di-GMP (a bacterial second messenger) could be fit at
the interface of HCN molecules. c-di-GMP is, roughly, a cGMP
dimer (fig.3.26 C, D) and it is involved in the two-component
signaling networks, expecially in bacterial biofilm formation and
immunostimulation [96, 97]. So far, this molecule was found only
in bacteria and there are no evidences that c-di-GMP could be
present in eukaryotes, mammalia specially. On the other side,
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it has been shown the effect of c-di-GMP on tumor cells [98],
breaking new ground on the use of this molecule as a drug. Even
though we never added this compound during the expression nor
the purification of the proteins, we know that HCN constructs, in
some cases, are able to bind tightly E. coli endogenous molecules
(HCN1 is able to retain cAMP during the purification, see par.
3.1). Supposing that HCNs are not protein that can binds c-
di-GMP with high affinity, then we can suppose, together with
the low resolution of the crystal, that the low quality of the new
electron density found in HCN4 is due to the presence of one
cGMP-like molecule not in all the four subunits of the tetramer.
Following this finding, we tested the c-di-GMP as a new binding
molecule for HCN proteins. Binding studies and crystallization
screenings were, then, performed.

Preliminary binding studies, performed with fluorescent c-di-
GMP, show weak but specific binding of this molecule to the pu-
rified HCN4 protein (fig. 3.27). The FP measurements revealed
the binding of 2‘-Fluo-AHC-c-di-GMP also in the presence of
saturating concentration of both cAMP and cGMP confirming
the presence of an additional binding pocket for c-di-GMP, in-
dependent from that of the canonical cyclic nucleotide binding
domain (CNBD).
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Figure 3.26: New ligand inside HCN4?. The location of the positive
electron density is shown in (A): the electron density peak is located in the
C-linker region of HCN4, close to the tetramerization region of the protein.
The shape of the electron density of c-di-GMP is shown in panel (B): data
got from Marinobacter aquaeolei diguanylate cyclase, PDB code: 3IGN. (C)
and (D) are two schematic representation of the c-di-GMP molecule from
two different point of view [97].
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(1) (2) (3) (4) (5)

A

B

Figure 3.27: Fluorescence Polarization measurements with
HCN4. (A) Negative control with buffer (1) and buffer with glycerol (2),
this background is coloured in grey, positive control (3) is a known c-di-
GMP binder from bacteria (PA3353). (4) MBP:HCN4 in presence of 1mM
cAMP. (5) MBP:HCN4 without any additional ligand in solution. (B) Fit-
ting curve of an average of three experiments: measured KD = 50µM .
FP experiments were performed as previously described (see par. 3.1 and
methods in Part II).
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As a starting point for further experiments, we performed a
docking analysis of the c-di-GMP molecule against the HCN4
quaternary assembly (fig. 3.28). The c-di-GMP molecule is
able to dock inside the pocket in nine different positions, all
of them have a negative value for the free energy (average ∆G =
−10kcal/mol). Subsequently we started a collaboration with
the computational chemistry groups of Prof. Peter Johnson and
Prof. Bert de Groot. They tested, in silico, the binding prop-
erties of a wide range of commercial (and not) compounds and
the 11 top-ranked ones were tested by us for crystallization.

For the crystallization trials we first prepared a stock solu-
tion of all eleven compounds. Due to they poor solubility in
water we dissolved them in 100% DMSO and then used for co-
crystallization. After the purification of fresh HCN4 protein,
we added a final concentration of 1mM cAMP (to start pro-
tein oligomerization) and then we concentrated the sample to
a final concentration of 10.5mg/ml. The next step was the ad-
dition of a 5mM (final concentration) of the DMSO-dissolved
compound, the final protein concentration was 10mg/ml. Fol-
lowed an overnight incubation before setting up the crystalliza-
tion plates. We started preparing, for each compound, two sparse
matrix 96-well plates in sitting-drop method, finishing with man-
ual optimization in hanging-drop plates. At the same time we
prepared a 50mM solution of c-di-GMP (purchased by Biolog.de)
in the protein-containing buffer, to test it for crystallization, too.
Crystals grew for all eleven compounds and also for c-di-GMP:
interestingly the crystallization conditions were different from
holo-protein already discussed (par. 3.1).
Unfortunatly, until now, all tested crystals diffracted at reso-
lution lower than 4Å, thus impeding to confirm the binding of
c-di-GMP (and the other compounds) in the C-linker region. We
are still trying to improve the crystal quality. Probably the bind-
ing of the c-di-GMP and c-di-GMP- like molecules disturbs the
packing of the protein molecules. This evidence needs to be con-
firmed by checking the effect (if any) of c-di-GMP on the current
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Figure 3.28: c-di-GMP molecule docked into HCN4 A molecule of c-
di-GMP docked into the quaternary structure of HCN4. Here is shown one of
the nine poses in which the molecule is able to dock (∆G = −11.1kcal/mol)
.In gray and red are represented two adjacent subunit involved in the elbow-
shoulder formation (letters in gray and red identify the α-helices as previous
described). The molecule of c-di-GMP docks in the same position of the
unidentified electron density blob. Small dashed lines show an overview of
the interactions between the molecule and the two subunits. cGMP molecule
is docked into its canonical binding pocket.
Vina AUTODOCK software was used to perform the analysis [99].

recorded from the full-length channel. Preliminary experiments
with 100µM c-di-GMP shows that, indeed, this molecule affects
the V1/2 value of the activation curve.
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4 DISCUSSION (and future prospects)

As the long story of the hyperpolarization-activated cyclic nu-
cleotide gated (HCN) channels says, the pacemaker channel iso-
form HCN1, differently from HCN2 and HCN4, shows a right-
shifted activation curve and responds weakly to saturating cAMP
levels in vivo [4, 81, 100]. By now, this physiological behavior is
not fully understood.
In the present work we tried to address the issue by pointing
on the differences between the three isoforms in the C-terminal
region of the channel. It is known [4, 5, 92] that this region
controls the binding to the cyclic nucleotides and promotes the
transmission of its conformational change to the channel pore,
changing the channel physiology. First of all we asked ourselves
if the differences could be located in the cNMP-bound form or
in its free-form. This point was addressed by solving the crystal
structure of the three isoforms in the presence of both cAMP
and cGMP (par. 3.1). In the cAMP-bound form all three HCN
isoforms show similar tertiary and quaternary structures. The
holo-proteins are tetrameric, with the C-linkers mediating the
elbow on shoulder assembly of the four subunits as previous re-
ported [5]. A deviation of the Cα backbones emerges only in the
β4-β5 loop, where the substitutions among the three proteins
are clustered (Fig. 1.3). Also, the aminoacid residues involved
in the binding with the cyclic nucleotides are conserved among
the three proteins, so the structural differences able to justify the
different biochemical behaviors of HCNs should reside in the apo-
form of the proteins. Supposedly the cyclic nucleotides promote
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a conformational change of the apo-protein (that is different in
HCN1, HCN2 and HCN4), producing, as final result, a very
similar bound-form. This is partially in agreement with the two
conformation structures (apo- and holo-state) of the Mesorhi-
zobium loti potassium channel cyclic nucleotide binding domain
recently solved by NMR [37]. In fact, a superimposition (fig.
4.1) of the holo-state of M. loti CNBD with our structures (in
the CNBD portion) produces a Cα deviation not dramatically
big. So, we can say that the M. loti CNBD holo-structure is in
the same comformation of the cAMP-bound structure of HCNs;
this evidence could allow us to speculate also that the apo-form
of M. loti CNBD should be similar to the apo-structure of HCNs
(confirming a big conformational change from the apo-state to
the holo-state). Unfortunately, any attempt to crystallize HCNs
in the unbound state failed so far. Only the HCN2 structure
has been reported also in the cAMP-free state, but its struc-
ture is identical to the holo-form (apart small changes) due to
the presence of two bromide ions located in the cyclic-nucleotide
binding pocket, one of which occupied the position equivalent to
the phosphate group of cAMP in the holo state structure [89].

Due to the difficulties in the apo-state crystal formation, size
exclusion chromatography, sedimentation velocity analytical ul-
tracentrifugation, and dynamic light scattering were used to an-
alyze the HCN isoforms in their unbound state in solution. Our
results showed that HCN1 is different from HCN2 and HCN4 in
the respect of an higher propensity to tetramerize already in the
absence of exogenous cyclic AMP. In the same experimental con-
ditions, HCN2 and HCN4 exist mainly as monomer and dimer.
In contrast, HCN1 exists as a mixture of monomers, dimers and
tetramers. So we analyzed the different oligomerization states
(separated by gel filtration) for the cAMP content in the puri-
fied proteins (par. 3.1). The analysis revealed that HCN1 con-
tains a significantly higher amount of endogenous cAMP than
HCN2 and HCN4 (molar protein/cAMP ratios 6, 24, and 50, re-
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Figure 4.1: Structure superimposition of HCN2 and M. loti potas-
sium channel CNBD. The picture shows the differences in the CNBD
region between the apo (orange)/holo (cyan) conformation of M. loti potas-
sium channel CNBD compared with the holo-state of HCN2 (gray). The
RMS deviation between the two holo structures is only 0.9Å compared with
the big difference between the holo state of HCN2 and the apo state of M.
loti CNBD (RMSD=3.4Å). The movement of the C-terminal helix from the
apo to the holo conformation is around 8Å (∆).

spectively) (Table 3.6), and that almost all endogenous cAMP is
bound to the HCN1 tetramer, with a cAMP/tetramer molar ra-
tio of 2. This evidence strengthens the results recently obtained
by Kusch et al [70], where they have shown by patch clamp fluo-
rimetry that only two of the four binding sites in the tetrameric
HCN2 channel have to be occupied for maximal activation. The
control experiments, carried out using the HCN1 R538E mutant,
revealed us the correlation between the tetramerization proper-
ities and cyclic nucleotide binding: in fact, that mutant have a
strongly reduced affinity for cAMP [15, 93–95] and our results
showed that the protein is not able to tetramerize spontaneously
at basal cAMP levels (as HCN1 wild-type is) and after the addi-
tion of saturating amount of cAMP, too (fig. 3.25). Finally, its
content of endogenous cAMP has a molar ratio (protein/cAMP)
of 40. Addressed the role of the cAMP in the tetramerization
mechanism, we tried to evaluate the role of the C-linker domain
in the same action. To test it, we deleted the first three helices
(A’, B’, C’) of the construct and tested the resulting protein frag-
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ment for its tetramerization and binding properties. We found
that ∆C-linker HCN1 is present as a dimer in solution, as de-
termined by DLS experiments (Table 3.5), and that addition of
cAMP does not induce tetramerization (fig. 3.23), consistent
with the role of the C-linker in oligomerization. Thus, the inter-
subunit interactions in the CNBD of HCN1 (about 30% of the
total inter-subunit contacts) are sufficient to promote dimeriza-
tion, while tetrameric assembly would require the presence of an
intact C-linker region. We prepared the same deletions also for
HCN2 and HCN4, and the DLS shows that the two proteins have
a lower tendency to form dimers than ∆C-linker HCN1, in line
with the general higher propensity of HCN1 to oligomerize.
In addition, ∆C-linker HCN1 shows a strong reduction in cAMP
content (table 3.6), comparable with those of the other HCN iso-
forms. We can conclude that cAMP-binding promotes tetramer-
ization and that in the tetrameric form cAMP is bound tightly,
since the complex survives extensive dialysis during purifica-
tion. On the contrary, cAMP-trapping is not a property of
the monomeric/dimeric HCN isoforms. Our data suggest that
cAMP-induced tetramerization, which is mediated by the C-
linker, forces HCN1 into a high affinity state that in turn stabi-
lizes the tetramer.
The existence of two affinity states is experimentally demon-
strated for HCN2 and HCN4 [6] and exists only if the protein is
in a kind of tetrameric assembly (due to the high concentration
of the protein used during the experiment), but not for HCN1
that is already tetrameric at basal cAMP levels. By a summary,
the isolated HCN1 fragment exists, also, as a tetramer in so-
lution; the tetramerization is promoted by the cAMP binding,
but it is also energetically favored at basal cAMP concentrations,
making its higher affinity state not measurable, but pre-existent.
The fact that in the mutant R538E the tetrameric assembly dis-
appears, not necessarily is due to the missing cAMP binding,
but could also be related to an improper folding of the protein.
Assuming the whole channels are already in a tetrameric assem-
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bly in vivo (is easily possible open them applying a membrane
potential without the addition of any cyclic nucleotides), on the
basis of our results we can speculate that HCN1 channel be-
haves differently (right-shifted activation curve) from HCN2 and
HCN4 because its tetrameric C-terminal domain requires only
basal cAMP levels to switch from a 2-fold symmetric dimer-of-
dimers to a 4-fold symmetric gating ring as suggested by Ulens
and Siegelbaum [73]. Then, the residual 3mV of shift after the
addition of exogenous cAMP are explained by the half-occupancy
of the binding pocket, revealed by our cAMP content detection.
In addition, the finding of two different affinity states (in the
ratio 1 high, 3 low) [6], is in agreement with the physiological
role of the three HCN channels: one molecule of cAMP ’helps’
the channel to reach the maximum conductance [70], then the
channel switches to a low affinity state, accomplishing its role in
the modulation of the action potentials. The fact that HCN1 has
switched to the low affinity state already at basal cAMP levels,
agrees with its role as stabilizer of the neuron firing (par.1.2.2)
Furthermore, the presence of a stable tetrameric structure agrees
with the finding that cAMP traps channels in an open state
that kinetically affects the depolarization-dependent deactiva-
tion [101].
All these results highlighted for the first time that (1) the physi-
ological differences among three channel isoforms are maintained
in their isolated regulatory domain and (2) this evidence could
open an easy way to study new drugs affecting one isoform in-
stead of another by simply play with a soluble, easily purificable,
region of the whole channel. New drug identification, in fact, will
be the subsequent step of this work, taking in consideration that
in the three proteins we identified a putative alternative binding
site (par. 3.2) nearly the tetramerization point of the protein,
different from the canonical one. This important evidence will
suggest the development of an HCN-specific drug acting at a
level of the regulatory domain of the channels.
So, in the next years we expect to find a pacemaker drug modu-
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lating the activity of the channels, but that it will do not affect
the cAMP turnover inside the cells as now it is [58, 102], leaving
this important second messenger to accomplish its roles in the
cells. At the moment the drugs specifically designed against the
HCN channels are able to block the pore and they don’t act at
the level of the C-terminal regulatory domain [58, 102, 103].
The pharmacological importance of HCN channels both in dis-
ease [65, 104, 105] and physiology, is well known and to under-
stand how the CNBD interacts with the transmembrane domain,
tuning the channel activity and to have a complete view about
the behavior, the mechanism and differences between these three
mammalian channels, the whole structure of them is required.
So, (a) the possibility to solve the structure of an hyperpolarization-
activated channel (the first one), and (b) test the effect of aux-
iliary subunits on channel conformational changes, will be the
purpose of our next efforts.
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Part II

[...] Sed tamen salis petrae luru vopo vir can utri et sulphuris;
et sic facies tonitrum et coruscationem si scias artificium [...]

(De secretis operibus artis et naturae - Doctor Mirabilis)
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SUMMARY

HCN channels are dually
activated by hyperpolarization
and binding of cAMP to their
cyclic nucleotide binding do-
main (CNBD). HCN isoforms
respond differently to cAMP:
binding of cAMP shifts acti-
vation of HCN2 and HCN4
by 17 mV, but that of HCN1
by only 2-4 mV. To explain
the peculiarity of HCN1 we
solved the crystal structures
and performed a biochemical-
biophysical characterization of
the C- terminal domain (C-
linker + CNBD) of the three
isoforms. Our main finding
is that tetramerization of the
C- terminal domain of HCN1
occurs at basal cAMP concen-
trations while those of HCN2
and HCN4 require cAMP satu-
rating levels. Therefore, HCN1
responds less markedly than
HCN2 and HCN4 to cAMP
increase because its CNBD is
already partly tetrameric. This
is confirmed by voltage clamp
experiments showing that the
right-shifted position of V1/2
in HCN1 is correlated with its
propensity to tetramerize in
vitro. These data underscore
that ligand- induced CNBD
tetramerization removes tonic
inhibition from the pore of
HCN channels.
Hyperpolarization- activated
cyclic nucleotide gated (HCN)
channels underlie the If/ Ih
cation currents that control
pacemaker activity in heart
and brain (1-3). HCN channels
belong to the superfamily of
the six transmembrane do-
main segment voltage-gated
K+ channels, and are dually
activated by membrane hy-

perpolarization and binding of
cAMP to their cyclic nucleotide
binding domain (CNBD) (4-6).
Increase in the cytosolic cAMP
concentration shifts the channel
voltage dependence to more
positive potentials, thereby
increasing the open proba-
bility and current at a given
voltage. In this respect, the
three most studied isoforms,
HCN1, HCN2 and HCN4,
behave differently. HCN2 and
HCN4 respond to saturating
cAMP levels by shifting the
activation curve of +17 mV,
while HCN1 only shifts it by
+4 mV (7). Interestingly, the
behavior of HCN1 seems not
to be due to a lower affinity
of this isoform for cAMP , as
dose- response curves obtained
in patch clamp recordings in
inside-out configuration indi-
cate similar nanomolar affinity
for HCN1 and HCN2 activation
(7,8). Current understanding of
ligand- induced gating in HCN
channels is that cAMP binding
releases the tonic inhibition
exerted by the cytoplasmic
CNBD on the channel pore.
This mechanism likely involves
cAMP- induced tetramerization
of the CNBD and is supported
by two lines of evidence: on one
side, removal of the cytosolic
domain, by enzymatic digestion
in the native If channels (9)
or by gene manipulation in
HCN clones (10), mimics the
action of cAMP and shifts
the activation curve of the
channels to more depolarized
potentials. On the other side,
addition of saturating cAMP
concentrations promotes the
tetramerization of the isolated
cytosolic fragment (consisting
of the CNBD and the C-linker)

96



of HCN2 and HCN4 in solution
(11,12). Furthermore, it has
been shown in HCN2 that
promotion of tetramerization
induced by a tripeptide muta-
tion in the C-linker, facilitated
channel opening in the ab-
sence of cAMP (13). On this
background, we have focused
our attention on HCN1 in
order to explain its peculiar
properties that include, besides
a weak response to cAMP,
also a right–shifted activation
curve, when compared to the
other isoforms (7,8,10), indi-
cating that this isoform might
partially lack the inhibition
of the CNBD. To this end,
we have solved the crystal
structures of the cytosolic frag-
ment (C-linker + CNBD) of
HCN1, HCN2 and HCN4, and
compared them. Furthermore,
we have systematically ana-
lyzed the ligand binding and
ligand-induced tetramerization
properties of the three proteins
in solution. Our results show
that the C-terminal fragment
of HCN1 differs from those
of HCN2 and HCN4 because
it forms tetramers already
at basal cAMP concentration
while tetramerization of the
C-terminal domain of HCN2
and HCN4 requires saturating
cAMP levels. This finding
explains the modest response of
HCN1 to the addition of cAMP
in vivo and, in general, offers
an experimental proof to the
leading hypothesis that cAMP-
induced tetramerization of the
C-terminal domain of HCN
channels removes the inhibition
exerted by this domain on the
pore gating.

EXPERIMENTAL

PROCEDURES

Protein preparation

The cDNA fragments comprised
the C-linker and CNBD (CB) and
encoded the following residues:
470-672 (human HCN2CB), 521-723
(human HCN4CB), 390-592 (mouse
HCN1CB) and 441-592 (∆C-linker
HCN1 CNBD). The fragments were
cloned into a modified pET-24b
downstream of a double 6His- Mal-
tose Binding Protein (MBP) tag
and transformed into E. coli Rosetta
strain. Cells were grown at 37 ◦C
in Luria broth to 0.6 OD600 and
induced with 0.4 mM isopropyl-
1- thio β- D- galactopyranoside
(IPTG) O.N. at 20 ◦C. The cells
were collected by centrifugation
and resuspended in ice-cold lysis
buffer (30 mM Hepes pH 7.4, 500
mM NaCl, 10% glycerol, 1 mM β-
mercaptoethanol) with the addition
of 10µg/ml DNAse, 0.25 mg/ml
lysozyme, 100µM phenylmethyl-
sulphonyl chloride, 5 µM leupeptin
and 1µM pepstatin. The cells were
sonicated on ice 12 x 20 sec and
the lysate cleared by centrifugation.
The proteins were purified by affin-
ity chromatography on Ni2+-NTA
and eluted in lysis buffer plus 300
mM imidazole. The 6His-MBP was
removed by HRV3C cleavage O.N.
at 4 ◦C. The cleavage reaction was
loaded onto an amylose resin (New
England Biolabs) and the flow-
through was collected and loaded
onto a HiLoad 16/60 Superdex 200
prep grade size exclusion column
(GE Healthcare) that was equili-
brated with lysis buffer. Analysis
presented in Figure 3 was performed
with Superdex 200 5/150 GL (GE
Healthcare). Protein concentration
was 1.5 mg/ml. Buffer: 100 mM
NaCl, 20 mM Hepes, pH 7.0, glyc-
erol 10%, ±1mM cAMP.
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Fluorescence polarization

The direct fluorescence polarization
(FP) assay was performed following
in principle the procedure from
Moll et al.(14). 8-Fluo- cAMP and
8-Fluo-cGMP were purchased from
Biolog Life Science Institute (Bre-
men, Germany). Fine chemicals (re-
search grade) were purchased from
Sigma (Deisenhofen, Germany).
The measurements were performed
in 150 mM NaCl, 20 mM MOPS,
0.005% (v/v) CHAPS, pH 7.0 using
the FusionTM -FP microtiterplate
reader at room temperature in a 384
well microtiterplate (Perkin Elmer,
Optiplate, black). The protein
concentration was varied (50 µM -12
pM), the concentration of 8- Fluo-
cAMP/8-Fluo-cGMP was fixed at 1
nM. The fluorescence polarization
signal was detected for 2 seconds at
Ex 485 nm and Em FP Filter 535
nm with a PMT Voltage of 1,100.
Data were analyzed with GraphPad
Prism 5.03 (GraphPad Software,
San Diego, CA) by plotting the po-
larization signal in mPol against the
logarithm of the HCN concentration.

Isothermal titration calorimetry

Measurements were carried
out at 25 ◦C using an iTC200
microcalorimeter (MicroCal, GE
Healthcare). The volume of sample
cell was 0.2 ml; the reference cell
contained water. The proteins were
extensively dialyzed against PBS +
10% glycerol and the same buffer
was used to dissolve cAMP. The
proteins (11-75 µM) were titrated
with cAMP (250-900 µM) using
injection volumes of 1-2 µl. Calori-
metric data were analyzed with the
Origin Software (MicroCal; version
7) using equations described for
single site binding model (15).

Surface plasmon resonance measure-
ments

Protein/nucleotide interac-
tions were monitored as solution
competition experiments and were
performed using a Biacore 3000
instrument (Biacore GE healthcare)
at 20 ◦C. A carboxymethylated
sensor chip surface (CM5, research
grade, Biacore GE Healthcare) was
activated for covalent coupling of 8-
AHA- cAMP as described previously
(16). Running buffer was PBS, pH
7.4 plus 0.005% (v/v) surfactant
P20. Proteins (100 nM) were prein-
cubated with varying concentrations
of free cAMP and injected over the
8- AHA- cAMP surface. SPR signals
indicate binding of the respective
proteins to the cAMP analog 8-
AHA-cAMP covalently linked to
the sensor chip. The association
was monitored for 3 min and the
binding signal was collected at
the end of the association phase.
The resulting binding signals were
plotted against the logarithm of the
free cAMP concentration and the
EC50 values were calculated form
the dose response curve.

Crystallization

Crystallization trials were set
up in 96-well sitting drop plates
(Greiner) using the Orxy 8.0 crystal-
lization robot (Douglas Instruments)
and stored at 4 ◦C. Crystals of the
mHCN1- cAMP complex (protein
concentration 10 mg/ml, 5 mM
cAMP ) were grown by vapor-
diffusion using as a precipitant
solution 20-22% PEG3350, 400
mM sodium acetate buffer, pH
5.0. Crystals usually grew in two
weeks, and were cryo- protected
with the same crystallization well
solution supplemented with 30%
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glycerol prior to cryo-cooling in
liquid nitrogen. A full data set
was collected to 2.9Å resolution
using synchrotron radiation (ID29
beamline, ESRF, Grenoble, France).
Crystals of the hHCN2- cAMP com-
plex (protein concentration 10-13
mg/ml, 5 mM cAMP) were grown
by vapor-diffusion using as a precip-
itant solution 20% PEG8000, 500
mM NaCl, 100 mM citrate buffer,
pH 4.6, 10% glycerol. A full data
set was collected to 2.3Å resolution
(ID23-2 beamline, ESRF, Grenoble,
France). Crystals of the hHCN4-
cAMP complex (protein concentra-
tion 10 mg/ml, 5 mM cAMP) were
grown by vapor-diffusion using as a
precipitant solution 25% PEG3350,
400 mM sodium acetate buffer, pH
5.0 (with/without 500 mM dibasic
ammonium phosphate). A full data
set was collected to 2.5Å resolution
(ID29 beamline, ESRF, Grenoble,
France). Raw data were processed
with Mosflm (17) and Scala (18)
and the structures were solved by
molecular replacement using the
program MolRep (19). The crystal
structure of mouse HCN2 in complex
with cAMP (11) (PDB entry-code
1Q43) was used as search model. To
avoid model bias, the bound-cAMP
was removed from the search model,
and the side-chains truncated to Ala
in cases of mismatch between the
amino acid sequences. Several cycles
of manual rebuilding, using the pro-
gram COOT (20), and refinement,
using the program REFMAC (21)
(rigid body and restrained refine-
ment), were carried out to improve
the electron density map, and the
side-chains omitted in the search
model were rebuilt into the electron
density. The final R-factor/R-free
for HCN1- cAMP, HCN2- cAMP,
and HCN4- cAMP are 20.5%/27.5%,
20.2%/27.1%, and 19.3%/27.7%,

respectively (Supplementary Table
I). Residue 586 of HCN4- cAMP
has been modelled and refined as
S- hydroxycysteine (likely induced
by X-ray oxidation). The programs
Procheck (22) was used to assess
protein stereochemical quality. The
program PISA (23) was used to
identify and analyze the quaternary
assemblies. Atomic coordinates
and structure factors have been
deposited with the Protein Data
Bank, with entry codes 3U0Z,
3U10, and 3U11 for HCN1- cAMP,
HCN2- cAMP , and HCN4- cAMP ,
respectively.

Analytical Ultracentrifugation

Sedimentation Velocity experiments
were performed at 20 ◦C using a
Optima XL-I Ultracentrifuge (Beck-
man Coulter) with An50 Ti Rotor
at a rotor speed of 50,000 rpm.
Data were acquired by monitoring
absorbance at 280 nm through
sapphire cell windows, in Epon
sectors. Proteins (2.5 mg/ml) were
run at 100 µM and the related
gel filtration buffer was used as a
blank (20 mM Hepes pH 7.0, 150
mM NaCl, 10% glycerol). cAMP
at the concentration of 0.3 mM
was added directly to the protein
and reference solutions.Data were
analyzed with the software SEDFIT
(24) to determine the sedimentation
coefficients of the proteins in solu-
tion. Solvent density (1.028 g/ml),
partial specific volume (0.7354
ml/g) and viscosity (0.013284
g/s/cm) were calculated using the
SEDNTERP program ((http://
www.jphilo.mailway.com/ down-
load. htm). The oligomeric states
of the proteins were determined
by comparing the sedimentation
coefficients from SEDFIT with those
calculated using the crystallographic
coordinates and the program HY-
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DROPRO (25).

Dynamic light scattering

Experiments were conducted using
a Protein Solutions DynaPro 99 in-
strument with a DynaProMSTC200
microsampler (Protein Solutions,
Charlotville, V A). Protein con-
centration was 1 mg/ml. Buffer:
20 mM Hepes, pH 7.0, 150 mM
NaCl, 10% glycerol ±2.5mM cAMP
. Acquisition was performed at 10
◦C with Dynamics 5, 30-50 scan,
30 sec/each scan. Data analysis
was performed with the Dynamics
6 software. Determination of cAMP
content cAMP was released by
boiling the protein sample (1̃mg)
in 100µl of lysis buffer for 2 min.
The boiled sample was centrifuged
at max speed for 10 min at RT, the
supernatant collected and added
with 900 µl of ammonium bicarbon-
ate 5 mM. The sample was loaded
onto an anion-exchange chromatog-
raphy column (HiTrapQ,1ml-GE
Healthcare), previously equilibrated
with ammonium bicarbonate 5 mM.
Unbound molecules were washed out
with 7 ml of ammonium bicarbonate
5 mM. The cAMP was eluted with
a linear gradient of ammonium
bicarbonate (5-1000 mM) in 20
column volumes.

Electrophysiology

Site-directed mutagenesis on
pGHE:: mHCN1 was performed
using QuickChange Mutagenesis kit
(Stratagene). All the constructs
were linearized and transcribed into
cRNA using T7 polymerase (T7
Riboprobe R© System, Promega).
Oocyte preparation and cRNA
transcription was performed ac-
cording to standard procedures as
previously reported (26). Oocytes
were injected with 50 nl of cRNA

solution each, at a concentration of
0.5µg/µl. Two- electrode voltage
clamp recordings were performed
2 days after cRNA injection using
a GeneClamp 500 amplifier (Axon
Instruments) and digitized at 50
kHz with a Digidata 1200 (Axon
Instruments). Data acquisition
and analysis were done using the
pCLAMP 8 software package (Axon
Instrument). Microelectrodes filled
with 3 M KCl had resistances of
0.5-2.0 MΩ.
Oocytes were bathed in extracellular
solution containing: 98 mM KCl, 2
mM NaCl, 5 mM HEPES, pH 7.5,
1.8 mM CaCl2 and 1 mM MgCl2.
Three- second- long voltage steps
were applied in 10 mV increments
from a holding potential of -30
mV. Peak tail- current amplitudes
were measured at -40 mV, and
tail-current I-V curves fitted using
the Boltzmann equation: I(V) = A1
+ A2/{1 + exp[(V-V1/2)/s]}.

RESULTS

cAMP-binding affinity measure-
ments

We have prepared three con-
structs, hereafter termed HCN1CB ,
HCN2CB and HCN4CB , comprising
the C-linker and the CNBD domains
of mouse HCN1, human HCN2 and
human HCN4, respectively. The
three constructs differ by 26 substi-
tutions in total, 14 of which occur in
HCN1CB (Supplementary Figure 1).
The purified proteins were tested for
cyclic nucleotide binding with three
different techniques: Fluorescence
Polarization (FP), Surface Plasmon
Resonance (SPR) and Isothermal
Titration Calorimetry (ITC). The
three proteins showed similar bind-
ing affinities when tested with the
same technique (Table I) but differ-
ent techniques gave quite different
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absolute values (12). In FP measure-
ments, all three proteins bind the 8-
Fluo-cAMP analog in the nanomo-
lar range (Table I). Notably, the
highest affinities were measured with
the maltose binding protein fused at
the N-terminus of the HCN proteins
(MBP-HCNCB). Figure 1 shows ex-
emplary curves in which KD values
of 39.7, 82.0, 39.2 nM were calcu-
lated for MBP-HCN1, MBP-HCN2
and MBP-HCN4 constructs, respec-
tively. These results are remark-
ably similar to the K1/2 values ob-
tained in patch clamp experiments:
60 nM and 100 nM for HCN1 and
HCN2, respectively (8). The mea-
sured affinity of the HCN proteins
for 8-Fluo-cGMP was significantly
lower than that for 8-Fluo-cAMP,
at least for HCN2 and HCN4, but
still in the nanomolar range. No-
tably, patch experiments had pre-
viously reported micromolar K1/2
for HCN2 (11,27). This observa-
tion suggests that the higher K1/2
values for cGMP might be related
to a lower efficacy of this ligand in
promoting gating. When we mea-
sured binding with other techniques
we obtained 10 times lower affini-
ties. Binding of cAMP by ITC
showed micromolar affinity with and
without the MBP constructs: MBP-
HCN2CB : KD [µM ] = 3.06 ± 0.7,
MBP-HCN4CB : KD [µM ] = 0.97 ±
0.7 and HCN2CB : KD [µM ] = 3.6±
1.3 (Table I and Supplementary Fig-
ure 2).

For unclear reasons, we were
not able to record binding with the
HCN1CB constructs. Micromolar
binding was also measured by SPR
with immobilized 8- AHA- cAMP in
a solution competition experiment.
In this case the signal obtained with
HCN1CB was low but measurable.
The calculated EC50 values where
roughly the same for the three
proteins: 5 ± 1µM ,10 ± 4µM and

11 ± 2µM for HCN1CB , HCN2CB
and HCN4CB , respectively. Alto-
gether the binding data show no
dramatic difference in the binding
affinities of the three proteins.
Notably, different techniques yielded
different results; the most plausible
explanation is that different cAMP
and cGMP analogs indeed have
different affinities for the proteins,
as reported for HCN2 (28). But
these results are not necessarily
due to technical reasons. They
may highlight a high and a low
affinity state of the same protein.
The low-to-absent signal of HCN1
observed in two cases (SPR and
ITC measurements) highlights a
difference from HCN2 and HCN4,
probably in the fraction of protein
available for binding. For what
concerns the effect of the MBP,
we did not observe a systematic
difference in binding due to its
presence (see for instance the ITC
results for HCN2, Table I).

CNBD’s structural comparison

We next determined the crystal
structures of HCN1CB , HCN2CB

and HCN4CB (at 2.9Å, 2.3Å, and
2.5Å resolutions, respectively)
(Supplementary Table I). Figure
2A shows top view of the three-
dimensional structure of mouse
HCN1CB . It crystallized as a
tetramer in the presence of 5
mM cAMP, as previously shown
for mouse HCN2 (11) and, more
recently, for human HCN4 (12). Fig-
ure 2B shows the tertiary structure
of the HCN1CB protomer, with the
seven alpha- helices of the C-linker
(A’-F’) in grey and the CNBD, com-
posed of four alpha helices (A, P, B
and C) and eight beta sheets (1-8)
in gold. Figure 2C shows a side view
of the tetramer, highlighting the
contacts provided by the C-linker,
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where the A’ B’ helices contact
the C’ and D’ of the neighboring
subunit. The cAMP binding mode
(with the cAMP molecule adopting
the anti- conformation) and the
most relevant protein- ligand inter-
actions are conserved in HCN1CB ,
HCN2CB and HCN4CB (Figure
2D and Supplementary Table II).
The tertiary structure of HCN1CB
superimposes well with those of
HCN2CB (average r.m.s.d. of 0.85Å
over 198 Cα atoms) and of HCN4CB

(average r.m.s.d. of 1.05Å over 197
Cα atoms) (Figure 2E). The only
deviations of the Cα backbones
emerge for two short regions located
at the C-linker and at the loop
between strand β4 and β5 (facing
the cAMP binding pocket, circled
in Figure 2E). Such discrepancies
are not surprising since most of the
residue substitutions of HCN1CB

cluster in these regions (Figure S1).
Analysis of the subunit interfaces
reveals that all HCN structures
share similar buried surface areas
between adjacent subunits (average
of 1085 Å2), and mostly conserved
polar interactions.

In conclusion, the comparative
structural analysis of cAMP- bound
HCN proteins (i.e. the end products
of cAMP- binding and tetramer-
ization processes) did not highlight
systematic structural differences
that would group HCN1CB sepa-
rately from HCN2CB and HCN4CB .
This prompted us to look for possible
differences between HCN1CB and
the other isoforms in the apo-form,
a state in which HCN1CB diverges
substantially from the other two,
as for cAMP- induced gating in vivo.

CNBD’s oligomerization propensity
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To test this hypothesis, a solu-
tion experimental approach was un-
dertaken on the apo-forms of the
three constructs. Figure 3 sum-
marizes three independent lines of
evidence highlighting that HCN1CB
has different oligomerization prop-
erties from the others: HCN1CB
is present in tetrameric form al-
ready in the absence of added

cAMP, while HCN2CB and HCN4CB
form tetramers only in its presence.
In size exclusion chromatography,
HCN2CB and HCN4CB elute as a
single peak (Figure 3B,C solid line)
while HCN1CB elution shows an ad-
ditional peak at higher molecular
weight (Figure 3A, solid line).

The higher molecular weight
peak appears in HCN2CB and
HCN4CB only upon addition of
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cAMP (Figure 3A,B,C dashed red
lines). Sedimentation velocity an-
alytical ultracentrifugation studies
assign a proper size to the two
forms (Figure 3D,E,F and Supple-
mentary Table III). In the ab-
sence of added cAMP , HCN2CB
and HCN4CB were mainly identi-
fied as monomers with only a small
amount of dimeric component (Fig-
ure 3E,F solid line). In contrast,
HCN1CB exists as a mixture of

monomers, dimers and tetramers
(Figure 3D solid line). These
oligomeric states are observed for
HCN2CB and HCN4CB only after
adding saturating amounts of cAMP
(Figure 3D,E,F dashed red line). In-
terestingly, the equilibrium between
monomer/ dimer and tetramer ob-
served in the HCN1CB protein de-
pends on the ionic strength of the
solution. Figure 3G shows the effect
of increasing salt concentration, from
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100 mM to 400 mM, on the elution
profile of HCN1CB . The disappear-
ance of the tetrameric form of the
protein implies an electrostatic na-
ture for the stabilizing interactions.

This is strengthened by the
observation that, in the tetramer of
HCN1CB , all 14 substitutions that
distinguish this isoform from the
other two, are exposed to the solvent
and five of them (Ile432, Asn437,
Asp444, Ala496 and Val497) are
at the interface between monomers
(not shown). Finally, dynamic light
scattering (DLS) analysis indicates
that, in the absence of added cAMP
, HCN2CB and HCN4CB are mainly
dimers, while HCN1CB is a mixture
of dimers and tetramers. The
addition of cAMP promotes the
full tetramerization of HCN2CB
and HCN4CB , as well as the resid-
ual tetramerization of HCN1CB
(Supplementary Table IV). The
differential signal in the DLS peaks,
which are due to the addition of
cAMP, is illustrated in Figure 3H,
indicating the presence of tetrameric
HCN1CB protein in the absence of
added cAMP .

cAMP retention after purification

On the basis of the above re-
ported evidences, a clear and sys-
tematic difference emerges between
HCN1CB and the other two proteins:
while HCN2CB and HCN4CB form
tetramers only after the addition of
saturating concentrations of cAMP
, HCN1CB is found as a tetramer
already without addition of exoge-
nous cAMP . This raises the question
whether HCN1CB has a high propen-
sity to tetramerize in the apo-state
or if this behavior is due to some
tightly pre- bound cAMP. We then
analyzed the endogenous cAMP con-
tent associated with the protein af-
ter purification. As a negative con-

trol we prepared the mutant pro-
tein R538E HCN1CB . Mutation of
this invariant amino acid (R591 in
HCN2 and R669 in HCN4) that in-
teracts with the exocyclic oxygen of
the cAMP phosphate (29), reduces
the affinity of HCNs CNBD for the
ligand by more than 3 orders of mag-
nitude (7,27,30). Figure 4A shows
that HCN1CB contains a signifi-
cantly higher amount of endogenous
cAMP than HCN2CB and HCN4CB .
The measured molar ratio (protein/
cAMP) in HCN1CB is 6. In con-
trast this ratio is 24 in HCN4CB and
50 in HCN2CB . The value found
in the negative control HCN1CB
R538E is 40 (Table II). Further-
more, separate analysis of the two
forms of HCN1CB , monomer/ dimer
and tetramer, showed that almost
all cAMP is in the tetrameric form,
where we found a protein/ cAMP
ratio of 2 (Figure 4B and Ta-
ble II). From these experiments we
must conclude that the tetrameric,
but not the monomeric/ dimeric,
form of HCN1CB contains endoge-
nous cAMP and binds it with high
affinity since the ligand is not re-
leased during the purification pro-
cedure. Altogether our data con-
firm that cAMP binding to CNBD
promotes tetramerization of the C-
terminal fragment (11,12) and sug-
gest that cAMP binds with high
affinity to the HCN1CB tetramer,
resulting in ligand trapping. We
further tackled this point by check-
ing: 1) the tetramer formation of a
HCN1 mutant with a reduced affin-
ity for cAMP; 2) the cAMP content
in a protein with altered tetrameriza-
tion properties. Point one was ad-
dressed by testing the elution pro-
file in size exclusion chromatography
of the R538E mutant that, as pre-
viously mentioned, has a decreased
affinity for cAMP. As shown in Fig-
ure 5A, R538E protein elutes as
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a monomer/ dimer and does not
show the tetramer peak found in
the wild type. As expected, the
mutant also does not tetramerize
upon addition of 1 mM cAMP .
As to point two, in order to pre-
vent tetramerization, we modified
the C-linker, because it establishes
extensive interactions that mediate
the assembly of the four subunits
(Figure 2C). We deleted the first
three helices (A’,B’,C’) and tested
the resulting protein fragment, ∆C-
linker HCN1CB , for tetramerization
and cAMP binding. For control we
have also performed the same dele-
tion in HCN2CB and HCN4CB . We
found that ∆C-linker HCN1CB does
not show the tetramer peak in size
exclusion chromatography and that
addition of cAMP does not induce

its tetramerization (Figure 5B,C and
Supplementary Table IV). The same
behavior was found for ∆C- linker
HCN2CB and ∆C-linker HCN4CB
(data not shown). It is worth not-
ing that ∆C-linker HCN1CB is still
able to dimerize, as determined by
DLS (Supplementary Table IV). The
results of these experiments show
that tetrameric assembly requires
the presence of an intact C-linker re-
gion, in agreement with the proposed
role of the C- linker in oligomer-
ization (11,13). We then tested if
this construct can trap cAMP. In-
terestingly, ∆C-linker HCN1 has a
very low content of cAMP (protein/
cAMP ratio = 25) (Figure 4C and
Table II), showing that an intact C-
linker is needed to establish the high
affinity state, which traps cAMP in
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the CNBD.
It is worth noting that this

construct shows micromolar affin-
ity for cAMP by SPR (Table I)
indicating that this affinity value
corresponds to that of the low
affinity state. The question is why
HCN1CB behaves differently from
the other two isoforms? To answer
this question we have reconsidered
the divergence in the β4- β5 loop
found in the holo-structures because
it was recently reported that this
linker modulates binding in HCN4
(12).
Three residues that are conserved
in the β4- β5 region of HCN2 and
HCN4 but not in HCN1 have been
tested by performing the following
mutations in HCN1: the single
mutation G510S, the double muta-

tion S515G/ S516N, and the triple
mutation G510S/ S515G/ S516N.
We tested their impact on cAMP
binding to HCN1CB and on the
electrophysiological properties of
the full length channel expressed
in Xenopus oocytes. None of the
mutations changed the binding
properties of HCN1CB nor the
tetramerization behavior in gel
filtration and the cAMP content of
the protein (data not shown). Thus
we have to conclude that the β4- β5
loop does not determine the peculiar
biochemical properties of HCN1CB .
Similar results were obtained by
measuring, in intact oocytes, the
activation curves of wild type and
mutant channels. Table III reports
the calculated values for half acti-
vation voltage of wt HCN1 and the
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mutants. None of the mutations
was affecting this parameter. We
further extended our analysis to the
β5 strand and tested the mutation
M519T, previously reported to affect
K1/2 in HCN2 without affecting the
binding (12). Again, we observed
no effect either on V1/2 (Table
III) or on binding (not shown).
As controls for the voltage clamp
experiments we used the wild type
HCN2 and the low affinity mutant
HCN1 R538E. Both channels showed
an equally left-shifted V1/2 (-76
mV) when compared to HCN1, as
reported previously (7). From these
experiments we conclude that the
right-shifted position of the V1/2 of
HCN1 is correlated with its property
of eluting as a tetramer in vitro.
This is in line with the finding that
the two controls, HCN2 and HCN1
R538E, that do not form tetramers,
are left shifted in vivo.

DISCUSSION

In this paper we have addressed the
behavior of the pacemaker channel
isoform HCN1 that, differently
from HCN2 and HCN4, shows a
right-shifted activation curve and
responds weakly to saturating
cAMP levels in vivo. According to
the current view, this behavior is
reminiscent of a lack of inhibition by
the CNBD. To test this hypothesis,
we have solved the crystal structure
of the isolated C-terminal domain of
HCN1 and compared it with those
of HCN2 and HCN4; furthermore
we have tested their biophysical and
biochemical properties in vitro and
validated them by electrophysiology.
In the cAMP- bound form all three
HCN isoforms show similar tertiary
and quaternary structures. The
holo-proteins are tetrameric, with
the C-linkers mediating the “elbow
on shoulder” assembly of the four

subunits (11). A deviation of the Cα
backbones emerges only in theβ4- β5
loop, where the substitutions among
the three proteins are clustered (Fig-
ure 2). This loop is in the proximity
of the ligand binding pocket and,
therefore, could potentially control
ligand affinity (12); our mutational
analysis of this region has shown no
relevant changes in the properties
of the purified HCN1CB fragment
and, notably, also of the channel
expressed in oocytes. Therefore, we
can conclude that, at least in HCN1,
there is no obvious correlation
between the β4- β5 loop and the
processes of ligand binding and/or
gating. Since the fully saturated
cAMP- bound form of the HCN
tetramer is similar in all isoforms,
then the structural differences able
to justify the different biochemical
behaviors of HCNs should reside in
the apo-form of the proteins. Unfor-
tunately, any attempt to crystallize
HCNs in the unbound state failed.
Only the HCN2 structure has been
reported also in the cAMP- free
state, but its structure is identical
to the holo-form due to the presence
of two bromide ions located in the
cyclic-nucleotide binding pocket,
one of which occupied the posi-
tion equivalent to the phosphate
group of cAMP in the holo state
structure (31). Size exclusion chro-
matography, sedimentation velocity
analytical ultracentrifugation, and
dynamic light scattering were used
to analyze the HCN isoforms in
their unbound state in solution. Our
results indicate that in the absence
of added cAMP, HCN1CB has a
different oligomerization behavior
relative to HCN2CB and HCN4CB .
HCN2CB and HCN4CB were mainly
identified as monomers with only a
small amount of dimeric component;
(Figure 3E,F solid line). In contrast,
HCN1CB exists as a mixture of
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monomers, dimers and tetramers
(Figure 3D, solid line). These
oligomeric states are observed for
HCN2CB and HCN4CB only after
adding saturating amounts of cAMP
(Figure 3D,E,F dashed red line).
Thus, one of the main finding is that
HCN1CB has a higher propensity
to tetramerize than HCN2CB and
HCN4CB in the same experimen-
tal conditions. Remarkably, this
property clearly pools HCN1CB sep-
arately from HCN2CB and HCN4CB
and closely mirrors the grouping
established by the in vivo response
to cAMP, with HCN2 and HCN4
linked by the strong response to
cAMP and separated from HCN1.
The analysis of the different HCN
species separated by size exclu-
sion chromatography revealed that
HCN1CB contains a significantly
higher amount of endogenous cAMP
than HCN2CB and HCN4CB (molar
protein/ cAMP ratios 6, 24, and
50, respectively) (Table II), and
that almost all endogenous cAMP
is bound to the HCN1CB tetramer,
with a cAMP/tetramer molar ratio
of 2. The correlation between
tetramerization and cAMP- binding
is unraveled by analyzing the behav-
ior of the HCN1CB R538E mutant
and the ∆C-linker HCN1CB . The
first mutant has an altered cAMP-
binding site, resulting in a reduced
affinity for cAMP. The HCN1CB
R538E mutant elutes as a monomer/
dimer (5A) and tetramerization does
not occur even upon addition of
1 mM cAMP. The ∆C- linker
HCN1CB mutant construct has
an intact cAMP- binding site but
can not tetramerize, since it misses
the C-linker region. ∆C- linker
HCN1CB shows a strong reduction
in cAMP content, comparable with
those of the other HCN isoforms.
We can conclude that cAMP- bind-
ing promotes tetramerization and

that in the tetrameric form cAMP
is bound tightly, since the complex
survives extensive dialysis during
purification. On the contrary,
cAMP- trapping is not a property
of the monomeric/ dimeric HCN
isoforms. Our data suggest that
cAMP- induced tetramerization,
which is mediated by the C-linker,
forces HCN1CB into a high affinity
state that in turn stabilizes the
tetramer. This finding is in line
with the reports of state-dependent
affinity of HCN channels for their
ligand (30,32) and agrees with the
cyclic allosteric model proposed for
HCN channels that postulates the
coexistence of the protein in resting
and active states with different
affinities for the ligand (30,33,34).
Furthermore, the presence of a sta-
ble tetrameric structure agrees with
the finding that cAMP traps chan-
nels in an open state that kinetically
affects the depolarization-dependent
deactivation (35). As to the pos-
sibility to measure in vitro these
two affinity states, our data show
that when probed with the same
technique the affinities of the three
C-terminal fragments appear similar
and do not highlight an obvious
difference between HCN1 and the
others. But, as to the absolute
values, different technique yielded
very different results. While the
KD and EC50 values obtained by
ITC and SPR are in the micro-
molar range, we obtained much
higher affinities, in the nanomolar
range, by FP. The possibility that
the fluorescein-modified analog of
cAMP (8-Fluo-cAMP) used in FP
experiments has a higher affinity
than cAMP because of its chemical
modification, is ruled out by the
evidence that 8-fluo-cAMP and
cAMP produced similar results in
ITC when tested on mHCN2 (12).
We can speculate that different
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techniques might highlight a high
and a low affinity state of the
same protein. In this context, the
observation that HCN1CB yielded
very poor to absent signals in SPR
and ITC but not in FP may be
relevant. The presence of differ-
ent cAMP affinities depending on
the oligomerization state can be
a general property of HCNs, but
HCN1CB differs from HCN2CB and
HCN4CB since it tetramerizes al-
ready at basal cAMP concentration
and with a cAMP/tetramer ratio
of 2. Thus, in full-length HCN
channels, the CNBD of HCN1,
but not that of HCN2 and HCN4,
should exist as tetramers already at
basal cAMP concentrations. This
property of HCN1 protein fully
explains the right-shifted position of
the activation curve and the weak
response to an increase of cAMP
level in vivo. For what concerns the
cAMP/tetramer ratio of 2 found
in HCN1CB , half saturation of the
tetramer appears more likely than
half of the tetramers being fully sat-
urated, since such second hypothesis
would imply that tetramerization
is not mandatorily cAMP- driven.
Tetramer formation with only half of
the binding sites being occupied by
cAMP is, on the contrary, consistent
with other reports (36) and would
explain other experimental findings,
such as the small additional shift
(2-4 mV) induced by saturating
cAMP on the already right- shifted
activation curve of HCN1. In this
view, full saturation of the tetramer
by high cAMP promotes a residual
conformational change that, in vivo,
results in the additional shift in
activation curve. The evidence
that a tetramer can form even if
it is not fully saturated by cAMP
has a general relevance for HCN
channels that extends beyond the
peculiar properties of HCN1. This

is in agreement with the report that
in HCN2 increasing the number of
available binding sites from 1 to 4
progressively increases the number
of mV in the shift (36). More re-
cently, Kusch et al (32) have shown
by patch clamp fluorimetry that
only two of the four binding sites
in the tetrameric HCN2 channel
have to be occupied for maximal
activation. Ulens and Siegelbaum
(36) have suggested on the basis of
the stoichiometry of cAMP gating,
that a 4-fold symmetric gating
ring forms from a 2-fold symmetric
dimer-of-dimers.

CONCLUSIONS

We showed that the C-terminal do-
main of HCN1 is different from those
of HCN2 and HCN4 because it partly
purifies as a tetramer, half saturated
with cAMP. Given the well known ef-
fect of cAMP- induced tetrameriza-
tion in removing the inhibition ex-
erted by this domain on the pore gat-
ing, we conclude that the property
of the HCN1 CNBD to accumulate
in the tetrameric state can explain
the right-shifted position observed in
HCN1 before the addition of satu-
rating cAMP , while its half satu-
ration with cAMP can explain the
weak response to saturating cAMP
levels. Specifically, we propose the
following model that recapitulates
well-known properties of HCN chan-
nels: the C-terminal region exerts
a tonic inhibition on the pore when
the C- linker + CNBD domains are
in a non- tetrameric form (proba-
bly dimers, this paper and (13,36).
When the cAMP concentration in-
creases, the C-linker/ CNBD region
10 tetramerizes, and releases the in-
hibition from the pore gate. This
event results in the positive shift of
16-20 mV in the activation curve of
HCN2 and HCN4. In the case of
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HCN1, a large fraction of C-linker/
CNBD is already tetrameric at basal
cAMP concentrations. Therefore it
does not exert References inhibition
and retains the right shifted position
of the activation curve. Addition of
cAMP saturates the tetramerization
process and affects the HCN1 activa-
tion curve only marginally, reflected
in the modest shift of 2-4 mV.
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Part III

Science is built up with facts, as a house is with stones.
But a collection of facts is no more a science

than a heap of stones is a house.

(La Science et l’hypothèse - Jules Henri Poincaré)
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Figure 4.2: Supplementary figure 1 Sequence alignment of the C ter-
minal part of human HCN2 (NP001185.3), human HCN4 (NP005468.1) and
mouse HCN1 (NP034538.2 ) proteins including the sixth transmembrane do-
main (TM6) (boxed), the C-linker and the CNBD. Red lines indicate the
alpha helices in the C-linker (A’-F’) and CNBD (P,B,C); blue lines the beta
sheets in the CNBD (1-8) for the three isoforms as determined by the crys-
tal structures described in this work. Substituted residues are highlighted
in red, while in black are highlighted the 14 residues that are conserved
among HCN2 and HCN4 but not in HCN1. Asterisk marks the start of the
expressed fragments.
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Figure 4.3: Supplementary figure 2. Isothermal titration calorimetry
of cAMP binding to the purified protein fragments HCN2CB and HCN4CB
linked to the maltose binding (MBP). (a) Heat changes during successive
injections of 1µl of cAMP (900 µM) to the MBP- HCN2CB protein (75
µM). (b) Binding curve obtained by data in (a). The peaks have been
integrated, normalized to the cAMP concentration and plotted against the
molar ratio of cAMP to the protein. The solid line represents a nonlinear
least-square fit to a single–site binding model. The KD value was 3.3 µM
and the binding stoichiometry was 0.97. (c,d) Similar experiment as in (a,b)
performed with MBP-HCN4CB (35 µM) and successive 1.25 µl injections of
cAMP (600 µM). The KD value was 0.6 µM and the binding stoichiometry
was 0.99.
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Figure 4.4: Determination of cAMP content (standard curves)
Standard absorbance shown in (A) followed by data interpolation with the
calibration curve (B). In the control experiment, cAMP content was not
affected by prolonged boiling (30’).
Interpolation line: y = a + bx

where a = −0.253± 0.39 and b = 6.497± 0.07. Rsquare = 0.99941.
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Figure 4.5: Supplementary table II. Protein-cAMP interactions in
HCN1, HCN2, HCN4. Polar contacts are reported in detail and Van der
Waals contacts are indicated as a total number. Contacts conserved among
isoforms are shown on the same line.
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Figure 4.6: Supplementary table III. Sedimentation coefficients. (a)
Calculated sedimentation coefficients (s) obtained with HYDROPRO (25)
using the coordinates from the crystal structures described in this work for
HCN1CB, HCN2CB and HCN4CB , and from pdb file 1FQD for E.coli
maltose binding protein (MBP, m.w. 41 kDa). The solution parameters
calculated with SEDENTERP were: 293K, density 1.02872 and viscosity
0.013284. (b) Experimentally determined sedimentation coefficients (s) (see
Figure 3d,e,f).
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Figure 4.7: Supplementary table IV. Dynamic light scattering ex-
periments performed on HCNCB proteins. Values of radius are net of the
dehydratation shell. The hydrodynamic radius calculated from the crystal
structures are (in nm): 2.3 for the monomer, 3.1 for the dimer and 3.7 for
the tetramer. The expected M.W. for monomer, dimer and tetramer are
(in kDa): 24, 48 and 96 for the wt; 18, 36 and 72 for the ∆C-linker. cAMP
concentration 1 mM. M=monomer, D=dimer, T=tetramer.
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