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Hyperpolarization-activated cyclic nucleotide-gated channels (HCN1-4) con-
trol cardiac and neuronal firing and their dysfunction leads to cardiac arryth-
mias (HCN4), epilepsy (HCN1) and chronic pain (HCN2). Prompted by the
urgent need for HCN subtype-specific treatments, we screened a recombinant
nanobody library in search of HCN4-specific binders. Here we show that
nanobody 5 (NB5) binds to the extracellular side of HCN4 with high specificity
and nanomolar affinity and activates the channel by a non-canonical electro-
mechanical coupling path. In ex vivo and in vitro experiments, NB5 acts as an
agonist of the pacemaker current I, increasing the firing rate of rabbit cardiac
pacemaker myocytes and of human derived cardiomyocytes. Notably in vitro,
NBS5 rescued the loss-of-function effects on HCN4 current caused by a muta-
tion found in a patient with sinus node dysfunction. Our work illustrates that
animal-free recombinant nanobodies have strong potential as next generation

modulators for clinical application in symptomatic bradycardia.

Hyperpolarization-activated and cyclic nucleotide-gated (HCN)
channels are encoded by four human genes (hcni-4), which are
widely expressed, in a cell type specific manner, in the heart and
in the nervous system. Their activation by membrane hyperpo-
larization and cyclic nucleotides underlies the so-called pace-
maker current Ig,, which regulates the rhythmicity of cardiac (lp
and neuronal (I,) excitation’. Since HCNs are involved in cardiac
and neuronal pacemaking, channel dysfunctions lead to severe
medical conditions. Depending on the subtype composition of
the functional channels and their organ specific expression, HCN-
related pathologies range from disease of heart automaticity
(sinus node dysfunction, HCN4) to neurological disorders,
including the life-threatening Early Infantile Epileptic Encephalo-
pathy (EIEE, HCN1). Furthermore, in the peripheral nervous sys-
tem, HCN2 plays a major role in chronic pain**. Despite their

pathophysiological importance, to date, only one clinically avail-
able drug targets HCN channels, the open pore blocker Ivabra-
dine, which is indicated for angina pectoris’ and heart failure.
Ivabradine is poorly subtype specific thus its use for the treat-
ment of HCN1 and HCN2-based diseases unavoidably leads to the
slowing of the heartbeat®. The recent cryo-EM structure of Ivab-
radine bound to HCN4 further revealed that the residues forming
the main contacts to the drug inside the open pore are highly
conserved in all HCNs’, suggesting that subtype specific drugs
may likely emerge from alternative approaches rather than from
chemical modifications of Ivabradine itself.

A promising alternative approach for developing subtype specific
HCN drugs is provided by nanobodies (NBs). These small (15 kDa) and
rather stable peptides bind with high affinity to their epitopes and are
currently emerging as a promising alternative to small chemical
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molecules in therapy®’. Originally isolated from camelids, NBs can also
be produced synthetically. By screening a synthetic nanobody library™
against the purified HCN4 protein, we have isolated an HCN4-specific
nanobody, NB5, which binds to the extracellular side of the channel
with nanomolar affinity. NB5 is a “functional” nanobody as it activates
the channel by inducing a depolarizing shift of its voltage dependency
by about 10 mV. Proof of concept experiments confirm that NB5
increases pacemaker activity in native rabbit sinoatrial node (SAN)
myocytes and cardiomyocytes differentiated from human pluripotent
stem cells. Finally, NBS fully reverses the hyperpolarized phenotype of
a mutant HCN4 channel found in a patient with a genetic cardiac
disorder.

Results

Nanobodies isolation from the library

We screened a yeast-display nanobody library’® against rabbit HCN4
(HCN4), detergent-purified from HEK293F cells in two conformations,
with the pore open (HCN4pen) or closed (HCN4joseq)"'. The protein
assembles as tetramer and each monomer includes all known func-
tional domains of HCN channels, N-terminal HCN domain (HCND),
voltage sensor (VSD, TM1-TM4), pore (PD, TMS5-6), C-linker and Cyclic
Nucleotide Binding Domain (CNBD) with downstream helices D and
E”, but lacks residues 783-1064 in the C terminus and has an eGFP
fused at the N terminus (GFP-HCN4).

Yeast cells displaying positive nanobodies - nanobodies binding
the HCN4 protein - were isolated by iterative cycles of magnetic acti-
vated cell sorting (MACS), followed by fluorescence activated cell
sorting (FACS) (Supplementary Fig. 1a). In MACS, positive cells were
retrieved using anti-GFP antibody attached to magnetic beads; in
FACS, positive cells were sorted by following the fluorescent signal of
GFP-HCN4. The screening procedure included several enrichment
cycles, with HCN4,,en as an antigen, and depletion cycles, with
HCN4j0seq as an antigen (Supplementary Fig. 1b). The latter were
added to enrich the library of open-state binders in search of potential
pore blockers. FACS analysis was conducted in parallel to monitor the
progressive enrichment of the library in HCN4 binders, from the initial
5% to the final 37% (Supplementary Fig. 1b). At the end of the screening,
the recovered yeast cells were plated, and 100 colonies were randomly
picked and sequenced. Their sequencing returned ten independent
clones (Supplementary Fig. 2a, b) that were expressed in E.coli and
purified as His-tag proteins.

Functional test of nanobodies on HCN channels

We next evaluated in patch clamp experiments whether the purified
NBs had any effect on channel function. Wild-type rabbit HCN4
(rbHCN4) channels were expressed in HEK293T cells, and the NBs
(20 uM) were added to the extracellular solution 2-3 min before
patching. In the second round of screening, the NBs that did not dis-
play any effect from the extracellular side (p > 0.05) were added to the
pipette solution and further tested from the intracellular side. The
results, summarized in Supplementary Table 1, show that six NBs
modified channel function acting from the extracellular side, while
four did not have any effect either from the extracellular or intracel-
lular side, or could not be tested because they were unstable in solu-
tion. All six active NBs induced a right shift in the activation curve,
ranging from 3 to 13 mV. Among these, NB5 and NB6 were the most
soluble and stable proteins in terms of precipitation and aggregation,
resulting in a higher purification yield.

To check for subtype-specificity, the six active NBs were also
tested on hHCNL, mHCN2 and hERG, an HCN related member of the Kv
superfamily”. Two NBs, namely NB3 and NBS, were inactive on hHCNL.
NBS5 was also inactive on mHCN2 and hERG and neither changed the
conductance nor the voltage-dependency of these two channels
(Supplementary Fig. 3 and Supplementary Table 2), confirming its
specificity for rboHCN4. Furthermore, we found that NB6 was active on

hHCNI (AVy/;=8.4+1.7 mV) but had no effect on mHCN2 and hERG
(Supplementary Fig. 4 and Supplementary Table 2). Finally, NB66
acted on all channels, indicating a nonspecific mechanism of action or
an artefactual result (Supplementary Tables 1 and 2).

Characterization of NB5 effect on rboHCN4

NBS5 increased the current at intermediate voltages, as shown by the
increase at -105mV (Fig. 1a, black arrowhead), but not the maximal
current at -150 mV (Fig. 1b). This effect was accompanied by accel-
eration of the activation kinetics, while deactivation did not change
(Fig. 1a). This behavior is indicative of a right-shift in the voltage-
dependent activation of the channel, shown in Fig. 1c. Fitting data to a
Boltzmann equation (solid lines) yielded the half-activation voltage
values (Vy) reported in Fig. 1d. Mean values + SEM are as follow:
ctrl=-104.8 £ 0.8 mV, +NB5=-95.7+ 0.9 mV. The NBS5-induced shift
(AVy;;) £ SEM is 9.1+1.2 mV (Supplementary Table 1). Fitting the dose-
response data of NB5 (Fig. 1e) to a Hill function (solid line) yielded half
maximal effective concentration (Ky/,) value of 40 nM. The Hill coef-
ficient (ny) value is 0.65. The effect of NB5 persisted during washout
for at least 70 min (Supplementary Fig. 5 and Supplementary Table 3),
confirming the high affinity of NB5 for the channel. Notably, the
washout experiment further indicates that NB5 binds to the closed
conformation of HCN4, as the membrane potential of HEK cells under
pre-incubation conditions typically ranges from -20 to -30 mV, vol-
tages far from the HCN channel activation range.

Identification of NB5 binding site

The list of potential binding sites of NB5 on HCN4 channels
includes the extracellular side of TM1-6 helices and the short
loops connecting them (S1-S2, S3-S4 and S5-P-Helix, P-Helix-S6).
We narrowed them down at first based on the subtype-specificity
of NB5. Alignment of rbHCN4 with hHCN1 and mHCN2 shows
HCN4-specific residues in five positions, two in the VSD and three
in the PD (Supplementary Fig. 6).

However, the precise identification of the residues involved in
NBS binding was greatly facilitated by the finding that NB5 is not only
subtype- but also ortholog-specific. Indeed, NB5 activates human
(hHCN4) but not mouse HCN4 (mHCN4) (Fig. 2a and Supplementary
Table 3). Thus, alignment of the ortholog sequences identified in the
S5-P-helix loop two residues, D448 and N456, that are conserved in
rabbit and human, but not in mouse HCN4 (Fig. 2b). Mapping of the
two residues on the structures of rboHCN4 (7NMN, 7NP4, open and
closed pore, respectively) and of hHHCN4 (6GYO, closed pore) shows
that they are in the pore turret and are freely accessible from the
extracellular solution (Fig. 2c). We validated the binding site by
introducing the mouse residues (D448H and N456G), alone or in
combination, in rabbit HCN4. Both mutations did not alter the voltage
dependency of the channel, as shown from the V;, of the mutants that
is the same as the wt but greatly reduced (D448H), or fully abolished
(D448 N456G), the response to NB5 (Fig. 2d and Supplementary
Table 3). From the dose-response curves, we calculated a K;/, of
400 nM for D448H, a 10-fold drop in NB5 affinity compared to the wt,
while the double mutant D448H_N456G was virtually NB5-insensitive
(Fig. 2e and Supplementary Table 3).

To confirm that the aspartate and asparagine residues in the pore
turret of human and rabbit HCN4 are necessary for NB5 binding, we
introduced the corresponding mutations into the mouse construct
(mHCN4 H447D_G455N) and tested NBS at various concentrations,
expecting that these substitutions would confer NB5 sensitivity to the
otherwise unresponsive mouse channel. These mutations did not
affect the Vj, under control conditions (Supplementary Fig. 7a);
however, the shift induced by 20 uM NBS was approximately three
times larger than that observed in wild-type mHCN4 (Supplementary
Fig. 7b), though still not as pronounced as in the rabbit construct. The
calculated K/, from the dose-response curve was 444 nM, about ten
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Fig. 1| Functional effect of NB5 on rbHCN4. a Voltage-clamp protocol (scale bars:
15 mV and 500 ms) and representative whole-cell currents of wt rboHCN4 expressed
in HEK293T cells and recorded without (left, black dot) or with (center, blue dot)
20 uM NBS in the extracellular solution. Black arrowheads indicate current at
-105 mV. The right panel shows superposition of traces recorded from a cell
without (black trace) and a cell with NB5 (blue trace) at -150 mV and tail currents
collected at -40 mV. Scale bars: 250 pA and 500 ms. b Mean I/V relationships of
steady state current density (Iss, pA/pF) obtained from cells with (blue) or without
(black) 20 uM NBS5 in the extracellular solution. Data are mean + SEM. ¢ Activation
curves obtained from cells in (a). Data fit to the Boltzmann equation are plotted as

solid lines. Data points are mean + SEM. Individual Vy, values are shown in (d).

d Half-activation voltages (V;,) of individual cells plotted in (c). Mean V;, + SEM for
ctrl=-104.8 £ 0.8 mV, +NB5 =-95.7 + 0.9 mV. The shift in half activation voltage
(AVy2) £ SEM=9.1+1.2mV.e AV;;,; (mV), measured asind, in response to a range of
NBS concentrations (uM). Data fit to the Hill equation (solid line) yielded a half
maximal effective concentration (K;,,) value of 40 nM and a Hill coefficient (ny)
value of 0.65. Data are mean + SEM. Each data point is an average of n >3 cells
(exact number reported in Source data file). V.5, AVy,, inverse slope factors (k) and
number of cells (n) for each experiment shown are reported in Supplementary
Table 1 along with the details on statistical analysis.

times higher than in rabbit HCN4 (Supplementary Fig. 7c). Notably,
this K3/, value was similar to that of the single D448H substitution in
rbHCN4, suggesting that in the mouse HCN4 context, the side chain of
the introduced aspartate may be misoriented, thereby preventing
stable NB5 binding.

NBS allosteric pathway is independent from that of CAMP

The effect of NB5 resembles at first glance that of cAMP, the endo-
genous activator of HCN channels known to shift the channel activa-
tion curve to the right'. However, it is well known that cAMP acts
allosterically on the VSD from the intracellular side™", while NB5 binds
the extracellular turret, a so far unexplored domain in terms of allos-
teric effects on the VSD.

To understand if the two mechanisms are independent, we
checked whether the effects of NB5 and cAMP are additive or synergic.
Figure 3a shows rbHCN4 current traces in control solution (ctrl) and in
the presence of saturating concentrations of NB5 (2 uM), cCAMP (30 uM)
and both. Analysis of the activation curves shows that the effects of the
two ligands on the channel voltage dependency are perfectly additive
(Fig. 3b, c). The mean shift AV;, was 85+21mV with NBS,
18.0 £2.3 mV with cAMP and 28.5 + 2.2 mV with both ligands present
(Fig. 3¢ and Supplementary Table 4). Plotting time constants of acti-
vation and deactivation (1) shows that here, too, cCAMP is similarly
active on both control and NB5-bound channels (Fig. 3d, e and Sup-
plementary Table 5).

This finding shows that voltage-dependent modulation of NBS is
independent from cAMP mechanism of action, uncovering a non-
canonical electromechanical coupling between the VSD and the pore
turret, so far unexplored in HCN channels.

The effect of NBS is not state dependent

Even though it seems likely that NBS binds to the two residues in the
turret, we cannot exclude that its binding site includes the VSD. Thus,
we set up an experiment to test if NB5 binding is state-dependent, that
is, if NBS binding depends on the resting or activated state of the
voltage sensor. As discussed above, washout experiments already
indicate that NBS5 binds to the closed channel; however, it remains to
be evaluated if the open channel conformation has any effect on the
binding.

To this end, we evaluated if the effect of NB5 on activation kinetics
(Tacy) increases over time, during a repetitive activation protocol (1/
30 Hz)'°. NB5 was provided at a saturating concentration on the closed
channel, while activation was performed at the half activation voltage
(=90 mV). If the affinity of NBS5 further increases in the open state, we
would expect a time-dependent change in 1, as more open channels
become available. On the contrary, if NB5 does not discriminate
between the closed and open conformation of the VSD, its effect
would be completed in the first sweep. Analysis of the activation
kinetics before and after NB5 treatment shows that the effect of the NB
does not significantly change after the first sweep (Supplementary
Fig. 8a, b) providing no evidence for state dependent binding. This
apparently excludes the VSD as a binding site, leaving the pore domain
as the target of NBS.

Effect of NB5 on cardiac sinoatrial node myocytes

To unfold its therapeutic potential, we tested whether NBS is active on
the native current (I) of SAN myocytes. To this end, we conducted
preliminary experiments to investigate if NB5 recognizes heteromeric
channels composed of HCN4 and HCN], that are likely to exist in SAN
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Fig. 2 | Identification of NB5 binding site on rbHCN4. a Activation curves
obtained from hHCN4 wt (left) and mHCN4 (right) currents in control solution
(black circles) or in the presence of 2 uM NBS in the extracellular solution (blue
circles). Data fit to the Boltzmann equation are plotted as solid lines. Data points are
mean = SEM. b Secondary structure elements and multiple sequence alignment of
the S5-Pore-helix region of rabbit HCN4 (Gene ID: 100009452), mouse HCN4 (Gene
ID: 330953) and human HCN4 (Gene ID: 10021). Residues conserved in both
rbHCN4 and hHCN4 are highlighted in yellow and are indicated by arrowheads.

¢ Ribbon representation of rabbit HCN4 monomeric structure in the open pore
configuration (PDB: 7NP3") with residues highlighted in a (D448 and N456) shown
as yellow spheres. Boxed: blow-up showing D448 and N456 side chains. Numbering
refers to rboHCN4 sequence. d Mean half-activation voltages (Vy,,) of control (black)
and 2 uM NB5-treated (blue) cells expressing rbHCN4 wt (circles), rboHCN4 D448H

b
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(triangles) or rbHCN4 D448H_N456G (diamonds). Data shown are mean + SEM.
NBS5-induced shift in half activation voltage (AV;;;) + SEM=9.1+12mV (on wt),
6.7 £1.6 mV (on D448H) and 0.8 + 2.3 mV (on D448H_N456G). e AV;,; (mV) plotted
as a function of NB5 concentration (uM) in rboHCN4 wt (blue circles), roHCN4
D448H (blue triangles) and rboHCN4 D448H_N456G (blue diamonds). Data fit to the
Hill equation (solid blue line) yielded a half maximal effective concentration (Kj.)
value of 40 nM (wt) and 400 nM (D448H) and a Hill coefficient (ny) value of 0.65
(wt) and 0.61 (D448H). Data points for D448H_N456 construct could not be fit to a
curve. Data are mean + SEM. Each data point is an average of n >3 experiments
(exact number reported in Source data file). Vy,, AVy,, inverse slope factors (k) and
number of cells (n) for each experiment shown are reported in Supplementary
Table 3 along with the details on statistical analysis.

myocytes”. Heteromeric channels were formed in HEK293T cells by
co-transfection of rboHCN4 and hHCNI1-containing plasmids (Fig. 4) and
showed a Vy/, value of -84.8 +1.6 mV, intermediate between that of
HCN4 and HCNJ, and activation kinetics ten-times faster than those of
HCN4 (Tt HCN1/4=0.6 s vs HCN4 =7.1s at -105 mV, Supplementary
Table 5). Addition of NBS increased the current at non saturating
potentials (Fig. 4a, b) by shifting the activation curve to the right (AVy,
»,=12.7 +2.5mV) (Fig. 4c, d) and accelerated the activation kinetics of
the heteromeric channels, while leaving deactivation kinetics unal-
tered (Fig. 4e). Interestingly, the effect of NB5 on the heterotetrametric
channel resembles that on HCN4, indicating that the 1:1 stoichiometry
(NB5: monomer) is not a strict requirement for its action.

NBS5 was then tested on SAN myocytes isolated from rabbit and
mouse hearts, the latter was used as a negative control. NB5 did not
affect Ir recorded from mouse SAN (n=4) (Supplementary Fig. 9a),
while it affected the current recorded from rabbit SAN cells (Fig. 5a, b
and Supplementary Table 3) shifting the V;,, to more positive voltages
by 11.6 + 5.1 mV (n=13). Importantly, NBS increased the action poten-
tial firing rate in 4 out of 9 rabbit SAN myocytes tested (Fig. 5¢, d). On
average, spontaneous beating was heightened by 16 bpm, corre-
sponding to 30% increase in the relative beating rate (Fig. 5d).

Analysis of AP parameters showed that NB5 increased the slope of
the linear part of the diastolic depolarization (SLDD, in mV/s; ctrl=
0.017 £ 0.02, +NB5=0.049 +0.01), while leaving other prameters
unaffected (Supplementary Fig. 9b). These results confirm that NB5
activates the native f-channel of rabbit SAN pacemaker myocytes,

suggesting that NB5S may harbor therapeutic potential to improve
pacemaker activity in human sinus node dysfunction.

To test this hypothesis, we investigated the potency of NBS in
activating Ir in spontaneously beating cardiomyocytes, differentiated
from human pluripotent stem cells (hiPSC-CMs). These myocytes are
known to express HCN4, which facilitates their spontaneous beating
rate'®. We performed patch clamp experiments with the same protocol
used for rabbit and mouse cells (Fig. 5e), and the resulting activation
curves are shown in Fig. 5f. Given the large variability among control
cells, we jointly fitted the data sets with and without NB5 to a Boltz-
mann equation, under the assumption that the only variable parameter
between the populations was Vy,,. Analysis of 16 control and 14 NB5-
treated cells showed that NB5 causes a 9.3 mV right shift in the acti-
vation curve (see also Supplementary Table 3). In good agreement with
this result, we found in current clamp experiments that the sponta-
neous action potential rate (bpm) is almost doubled by addition of NB5
(ctrl =36.6 £ 5.5 bpm, +NB5 = 65.4 + 7.9 bpm) (Fig. 5h).

We have further analyzed hiPSC-CMs 2D cardiac sheet. Using
video-edge capture, we recorded the contractility properties of the
cardiac sheet’s contractions before and after the application of NB5,
allowing for a paired comparison. Our results indicated that NB5
incubation significantly increased sheet beating rate (Supplementary
Fig. 10a), as evidenced by reduced systolic and diastolic periods
(Supplementary Fig. 10b, c). In line with the hypothesis of selective
effect on HCN4, perfusion of NBS left contraction amplitude and
contraction heterogeneity unaffected, thereby eliminating the
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Fig. 3 | Effect of NBS in the presence of cCAMP. a Representative whole-cell cur-
rents of rbHCN4 wt recorded in control solution (top left, black dot), in presence of
2 uM NBS5 in the extracellular solution (top right, blue dot), 30 uM cAMP in the
pipette solution (bottom left, purple dot) or both (bottom right, green dot). Traces
shown are from =30 mV to -150 mV. Black arrowheads indicate current at -90 mV.
Scale bars: 250 pA and 500 ms. b Activation curves obtained from rbHCN4 wt in
control solution (black circles) or in the presence of 2 uM NBS5 (blue circles), 30 uM
cAMP (purple circles) or both (green circles). Data fit to the Boltzmann equation are
plotted as solid lines. Data points are mean = SEM. Individual Vy, values are shown
in (c). ¢ Half-activation voltages (Vy,») of control (black circles), NB5 (blue circles),
cAMP (purple circles) and NB5 + cAMP (green circles)-treated cells expressing
rbHCN4 wt. Mean V;/; £ SEM (in mV) for ctrl=-104.7 £1.0, +NB5=-96.2 + 1.6,
+CAMP =-86.8 +2.2, +NBS +cAMP =-76.2 + 2.1. d Mean activation (solid circles)
and deactivation (empty circles) time constants (t) of rboHCN4 wt in control solu-
tion (black), or in the presence of 2 uM NBS (blue), 30 uM cAMP (purple) or both
(green). Time constants were calculated, at the indicated voltages, by fitting a single
exponential function to current traces of a (activation) and to current traces
obtained with a deactivating protocol (deactivation) shown in (e). Data points are
mean + SEM. Each data point is an average of n >3 experiments (exact number
reported in Source data file). e Voltage clamp protocol (scale bars: 15 mV and
500 ms) used to obtain rbHCN4 deactivation time constants and representative
control (ctrl, black dot) current trace (scale bars: 250 pA and 500 ms). Vy.,, AVy,,
inverse slope factors (k), kinetics (Tact, Taeact) and number of cells (n) are reported in
Supplementary Tables 4 and 5 along with the details on statistical analysis.

presence of arrhythmic events induced by NB5 application (Supple-
mentary Fig. 10d, e).

NBS5 rescues a mutation found in a sinus node dysfunction
patient

Given its role in the generation of spontaneous activity in pacemaker
cells, it is not surprising that mutations of the hAcn4 gene are associated
with sinus node dysfunction (SND), leading to symptomatic sinus
bradycardia’® and more complex lethal arrhythmias**°. Most of the
mutations described so far are loss of function. Functional loss is
caused either by a negative shift of the activation curve or by lower
density of membrane expression of channels and consequent reduc-
tion of current density?.

To test the therapeutic potential of NB5, we selected mutation
K530N, previously reported in a SND patient eventually implanted with
an artificial pacemaker because of symptomatic bradyarrhythmia
(35 bpm)®. Lysine 530 is found in the A’ helix of the C-linker and its
mutation into asparagine induces, in the heterozygous condition of

the patient, slower activation kinetics and a left shift in V/, of about
14 mV?. To replicate this phenotype, we introduced the equivalent
mutation in rabbit HCN4 (K531IN) and co-expressed the mutant with
the wild-type channel in HEK cells. This confirmed the phenotype for
the heterozygote channels wt/K53IN (Fig. 6a-d and Supplementary
Table 3). Addition of 0.2 uM NBS shifted the activation curve to the
right and reversed the phenotype of the mutant, both in terms of Vy/,
and kinetics (Fig. 6a-c; Supplementary Tables 3 and 5). Notably, the
effect of NB5 could be adjusted to the exact shift, as it was dose
dependent (Fig. 6d and Supplementary Table 3).

Discussion

To date, only a limited number of studies have reported nanobodies
targeting voltage-gated ion channels. In some of these studies, the
nanobodies do not modulate channel function, but are instead used to
deliver effector molecules to cells expressing the target channel*. In
other studies they act as inhibitors, either by directly binding the
channel®** or by interacting with auxiliary B-subunits, an approach
sometimes exploited to confer subtype specificity?.

To the best of our knowledge, this is the first study that identifies a
nanobody that binds to the extracellular side of a voltage-gated
channel, specifically HCN channels, with subtype specificity and acts as
a modulator of their voltage dependence. This finding highlights the
potential of nanobodies as promising clinical leads for the treatment of
several HCN related human diseases, many being currently without
treatment.

While most nanobodies targeting ion channels have been gener-
ated through the immunization of camelids®*?’, our approach relied on
a synthetic nanobody yeast display library, which has previously pro-
ven successful for the identification of high-affinity binders to mem-
brane proteins'®. Among the known advantages of using a synthetic
nanobody library over immune system-derived libraries®, the lack of
need to immunize the animal with the antigen and the reduction in
antigen requirements during screening were particularly crucial in our
case, due to the low yield and limited stability of purified HCN4 pro-
tein. It is also worth noting that the nanobody selected from the syn-
thetic library displayed an affinity similar or even higher to that
reported for nanobodies obtained through animal immunization or
immunoglobulin-based protein engineering’?, further validating the
robustness of a synthetic platform approach.

Among ten NB candidates functionally characterized here by
patch clamp, NBS5 is the most suitable for further drug development
because it is strictly HCN4-selective and acts as a potentiator. Like the
endogenous HCN activator cAMP, NB5 increases the current by shift-
ing the voltage dependency of the channel to the right but differently
from cAMP, which acts intracellularly and is not subtype-specific, its
action is exerted from the extracellular side and is restricted to HCN4.
NBS5 exhibits additional properties, which make it suitable for scientific
and therapeutic applications. In addition to its high affinity (tens of
nanomolar), that guarantees the persistence of effect after washing
out, its purification from E. coli is easy and reproducible and it is stable
in saline solution. Most importantly, NB5 recognizes the heterotetra-
metric channel composed of HCN4:HCN1 as well as the native
f-channel of SAN myocytes. This finding is important in view of a
therapeutic application, since the exact composition of native pace-
maker f-channels in terms of stoichiometry of HCN subtypes is not
exactly known.

We evaluated the effectiveness of NBS in hiPSC-CMs expres-
sing HCN4, which enables for spontaneous activity?’. Our findings
showed that NBS incubation led to a significant increase in
spontaneous beating rate, along with shortening of systolic and
diastolic intervals, indicating gain-of-function of pacemaker
mechanism. Additionally, NB5 had no impact on amplitude or
heterogeneity of contraction, ruling out the occurrence of
arrhythmic events within the cellular layer after NBS application.
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Fig. 4 | Effect of NB5 on hHCN1/rbHCN4 heterotetramers. a Representative
whole-cell currents of hHCN1 wt/rbHCN4 wt (co-transfected) recorded in control
solution (left, black dot) or with 2 uM NBS in the extracellular solution (right, blue
dot). Traces shown are from -30 mV to -120 mV. Black arrowheads indicate current
at —=75mbV. Scale bars: 250 pA and 500 ms. b I/V relationships of hHCN1 wt/rbHCN4
wt in control solution (black) or with 2 uM NBS5 (blue). Data are mean + SEM. Current
density values (in pA/pF) recorded at —-120 mV, HCN1/4 =-147.7 £19.4, +NB5 =
-148.8 £22.9 are not statistically different (°p = 0.4, two-sided Student’s ¢ test).

¢ Activation curves obtained from hHCN1 wt/rbHCN4 wt currents in control solu-
tion (black circles) or with 2 uM NBS (blue circles). Data fit to the Boltzmann
equation are plotted as solid lines. Data points are mean = SEM. d Half-activation
voltages (Vy/2) of control (black circles) and NB5-treated (blue circles) cells

expressing hHCN1 wt/rbHCN4 wt. Mean Vy, + SEM for HCN1/4=-84.8 1.6 mV,
+NB5=-72.2+2.0 mV. Shift in Vi, (AVy/) + SEM=12.7 £ 2.5 mV. Vy, of cells
expressing hHCN1 (Vy2=-73.0 £ 0.9 mV) or rbHCN4 (V/,=-104.0 £ 0.9 mV) in
control solution shown as empty black circles. e Mean activation (solid) and
deactivation (empty) time constants (t) of hRHCN1 wt/rbHCN4 wt in control solution
(black circles) or with 2 uM NB5 (blue circles). Time constants were calculated, at
the indicated voltages, by fitting a single exponential function to current traces of
a (activation) and to current traces obtained with a deactivating protocol (deacti-
vation, see Methods). Data points are mean + SEM. Each data point is an average of
n >3 experiments (exact number reported in Source data file). V., AVyj,, inverse
slope factors (k), kinetics (Tact, Tgeace) and number of cells (n) are reported in Sup-
plementary Tables 3 and 5 along with the details on statistical analysis.

The observed heterogeneity in baseline beating rates and con-
tractility across cardiac sheets aligns with distinct subpopulations
of hiPSC-CMs with differences in ion channel expression and
sarcomere organization, as previously established®*°. For
instance, sheets with inherently slower intrinsic rates may exhibit
greater responsiveness to NBS due to a broader dynamic range
for acceleration. Conversely, sheets with faster baseline rates,
potentially constrained by a physiological limit, may show
reduced further augmentation. This heterogeneity in respon-
siveness is reflected in the increased contraction heterogeneity
observed in NB5-treated groups, suggesting that NB5 differen-
tially modulates subpopulations based on their baseline
mechanobiological properties. Despite this heterogeneity, NB5
consistently enhances pacemaker activity without inducing
arrhythmogenic risks, underscoring its therapeutic potential for
applications requiring rate modulation in engineered cardiac
tissues.

Noncanonical electromechanical coupling in HCN channels
revealed by NB5
One unexpected finding of this study is that NB5 changes the voltage
dependency of HCN4 by interacting with the pore region (S5-S6 lin-
ker). The evidence, emerging from mutagenesis analysis and cell
electrophysiology, is that two residues of the S5-S6 loop, D448 and
N456, crucially contribute to the binding site and are indispensable for
NBS5 functional action.

The finding that NB5 modulates voltage dependence via the S5-S6
loop challenges present understanding of structure-function

correlates in HCN channels and possibly unveils a noncanonical
“electromechanical” coupling between the movement of the VSD and
the pore, specifically the S5-S6 loop, previously described for other Kv
channels®** but that remains so far unexplored in HCN channels.

HCN channels are activated by voltage and their VSD senses the
electrical field and mechanically transmits it to the pore. In the cano-
nical pathway, pore opening is initiated by the S4 movement and
propagates via the S4-S5 linker to the pore domain. Noncanonical
gating, on the other hand, refers to several hydrophilic and hydro-
phobic interactions between the VSD and the pore domain that sta-
bilize the closed conformation of the pore and are gradually released
during voltage gating. When the tight coupling between the two
domains is lost either for mutagenesis>** and/or protein delipidation’,
the channel becomes voltage-independent and the pore constitutively
open. On the contrary, when the coupling is reinforced, such as for
example in the presence of the anesthetic propofol*, then the closed
state is stabilized and the channel requires more energy, i.e., a more
negative voltage, to open. Noncanonical coupling paths have been so
far identified in the cytosolic ends of the TM domains and in the
hydrophobic interface between the pore and the VSD*. In this
context, the finding that the turret can control voltage-dependent
gating opens the possibility to control gating from the
extracellular side.

Also relevant is the observation that the effects of NB5 and cAMP
are additive, indicating that they act through two independent path-
ways. The interest in this finding relates to the potential use of NBs in
the clinic because their binding will not alter the physiological control
on heart rate by catecholamines acting via the cAMP signaling.
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Fig. 5 | Effect of NB5 on native Ir current. a Voltage-clamp protocol (scale bars:
20 mV and 500 ms) and representative whole-cell I currents obtained from rabbit
SAN cells in control solution (black dot) or pre-incubated with 2 uM NBS in the
extracellular solution (blue dot). Scale bars: 100 pA and 500 ms. b Related mean
activation curves with data points shown as mean + SEM. Data fit to the Boltzmann
equation (solid lines) yielded half-activation voltages (Vy/,) of -86.7 £ 2.3 mV and
-75.5+2.2mV for control (black circles) and NB5-treated (blue circles) cells,
respectively. The shift in Vy, (AVy/2) £ SEM=11.2 + 3.2 mV. ¢, d Representative
recordings and action potential rate (bpm) of single rabbit SAN cells spontaneous
activity before (top, black dot) and after (bottom, blue dot) superfusion of 2 uM
NBS. Scale bars: 10 mV and 0.25 s. Data points are individual cells. Mean AP rate +
SEM for ctrl= 52.3+8.7 bpm, +NB5=68.7 +12.7 bpm (two-sided Student’s paired
t-test *p = 0.049). e Representative whole-cell Ircurrents recorded from hiPSC-CMs

in control solution (black dot) or pre-incubated with 2 uM NBS5 (blue dot). Scale
bars: 100 pA and 500 ms. f Normalized tail current amplitude plotted against vol-
tage for hiPSC-CMs recorded in control solution (black circles) or with NB5 (blue
circles). Concatenated fits of data to the Boltzmann equation (solid lines) yielded
half-activation voltages (V;.,) of -87.7 mV and —78.4 mV for control (black circles)
and NB5-treated (blue circles) cells, respectively. g, h Representative recordings
and action potential rate (bpm) of hiPSC-CMs spontaneous activity in control
solution (top, black dot) or pre-incubated with 2 uM NBS5 (bottom, blue dot). Scale
bars: 10 mV and 0.25s. Data points are individual cells. Mean AP rate + SEM for
ctrl=36.6 + 5.5 bpm, +NB5 = 65.4 + 7.9 bpm (two-sided unpaired Student’s ¢ test
**p=0.008). V5, AV, inverse slope factors (k), number of cells (n) and statistical
analysis for all experiments are reported in Supplementary Table 3.

Potential use of NBS5 in clinics

HCN4 dysfunctions lead to a wide spectrum of cardiac conditions
grouped under the term of sinus node dysfunction. This includes
symptomatic bradycardia and/or more complex arrhythmia, atrial
fibrillation, and AV block. It is well established that most of the HCN4-
related cardiac diseases are caused by a decrease in current, due to
altered biophysical properties and/or reduced number of channels at
the plasma membrane®. Most of the mutations found in patients are
indeed LOF**°*%, The finding that NBS acts independently of the vol-
tage sensor and of cAMP guarantees that it will rescue mutant phe-
notypes, even if the mutation alters the canonical activation pathway
within the protein. We have shown this already in a proof-of-concept
experiment performed on a mutation of a tachy-brady patient with
altered response to cAMP?.

Symptomatic bradycardia due to a decrease in HCN4 current
could be worsened upon ageing of the SAN, a condition that further
reduces I¢ current density®. Decline in SAN activity and basal heart rate
is a widespread medical condition in the aging population typically
leading to artificial pacemaker implantation®’. In a recent study, the
incidence of symptomatic bradycardia among older adults was found
to be 6.2% in an urban emergency department®. In this case, the HCN4
channel is not mutated but the number of channels at the plasma
membrane decreases, and the heart rate is reduced. Addition of NB5
can rescue the phenotype by activating the current of channels at the
plasma membrane, compensating for their low number.

The results showing that NB5 increases the native I current by
increasing action potential firing in sinoatrial node myocytes prove

that this NB, or its variants, have a potential clinical application in age-
related symptomatic sinus bradycardia. Therapeutic applications of
nanobodies have some limitations related to short serum half-life and
rapid renal clearance. Despite these weaknesses, their superior prop-
erties in terms of small size, low immunogenicity, high stability and
water solubility allowed for several of them to enter clinical trials*’.

Although our goal was to select state-dependent NB targeting the
open state of the HCN4 pore, we eventually found that NBS5 targets a
very short extracellular loop next to the pore mouth. Given the small
size of the extracellular loops in HCN4, this result is of interest in itself
and highlights the unique capability of in vitro selection that allowed
counter-selection against not structurally related competitors but
HCN4 itself. Adoption of non-animal-derived recombinant antibody
technology not only guarantees versatility and reproducibility but also
alleviates ethical concerns posed by animal-derived antibodies®.
Although this work does not include yet atomic-resolution structural
data or in vivo studies of cardiac function, it lays a solid foundation for
both. These next steps, while technically demanding, represent pro-
mising directions to elucidate the molecular mechanism of NB5 and to
explore its therapeutic potential in physiological contexts.

Methods

Ethical statement

Rabbit experiments were carried out according to the ethical princi-
ples laid down by the French Ministry of Agriculture (agreement
B91471109) and were performed conform to the guidelines from
Directive 2010/63/EU of the European Parliament on the protection of
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Fig. 6 | Effect of NB5 on HCN4 pathogenic variant K53IN. a Representative
whole-cell currents of rboHCN4 wt (left, black dot) and wt/K53IN (center, black
empty dot) recorded in control solution or in the presence of 0.2 uM NB5 in the
extracellular solution (wt/K53IN, right, empty light blue dot). Traces shown are
from =30 mV to -150 mV. Black arrowheads indicate current at 105 mV. Scale bars:
250 pA and 500 ms. b Activation curves obtained from rbHCN4 wt (black solid
circles) and wt/K531IN (black empty circles) currents in control solution or with
0.2 uM NBS (Wt/K531N, light blue empty circles). Data fit to the Boltzmann equation
are plotted as solid lines. Data points are mean + SEM. Individual Vy/, values are
shown in (d). ¢ Mean activation and deactivation time constants (t) of rboHCN4 wt
(black solid circles) and wt/K531IN (black empty circles) in control solution or with
0.2 uM NBS (wt/K531N, light blue empty circles). Time constants were calculated, at
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the indicated voltages, by fitting a single exponential function to current traces of
a (activation) and to current traces obtained with a deactivating protocol (deac-
tivation, see Methods). Data points are mean + SEM. Each data point is an average
of n >3 experiments (exact number reported in Source data file). d Vy/, of control
wt (black solid circles), control wt/K531IN (black empty circles) and wt/K53IN cells
treated with 0.2 uM NBS (light blue empty circles) or 2 uM NBS5 (dark blue empty
circles). Mean Vy, + SEM for wt =-104.8 + 0.8 mV, wt/K53IN = -112.7 + 1.0 mV, wt/
K53IN + 0.2 uM NB5 =-101.9 + 1.1mV, wt/K531IN + 2 uM NB5=-94.7 + 0.7 mV. Sta-
tistical analysis performed with One-way ANOVA test compared to wt
(**p<0.001). V5, AVyp, inverse slope factors (k), kinetics (r) and number of cells
(n) for each experiment shown are reported in Supplementary Tables 3 and 5 along
with the details on statistical analysis.

animals. All mouse experimental procedures conformed to European
and Italian laws (2010/63/EU D. and Lg. 2014/26) and were approved by
the Animal Welfare Body of the University of Milan and by the Italian
Ministry of Health (license n. 839C7.N.2BF).

HCN4 protein expression and purification

rbHCN4 construct used is the one described in Saponaro et al.™.
Freestyle HEK293F cell cultures (Thermo Fisher) were transfected with
PEGA: HCN4 (1pg per ml) according to the procedure detailed in
Saponaro et al.", Saponaro, Sharifzadeh et al.,** and Saponaro et al.’.
Purified His¢x-eGFP-TEVsite-HCN4 protein is kept in solution in a buffer
containing 200 mM NaCl, 20 mM HEPES pH 7.0 and detergents
(LMNG-CHS) at the concentration of 0.002% (w/v).

Isolation of nanobody binders from yeast surface-display library
Isolation of nanobody (NB) binders was performed using a yeast
surface-display library approach as previously described®. A naive
yeast library (5x10° yeast) was incubated at 25°C in galactose-
containing tryptophan drop-out (Trp-) medium for 48 h to induce
nanobody expression. Induced cells were washed and resuspended in
selection buffer (20 mM HEPES pH 7.5, 200 mM NaCl, 0.1% (w/v) BSA,
5mM Maltose). The first round of MACS selection began with a pre-
clear step, which involved passing the NB-expressing yeast through an
LD column (Miltenyi) to remove NBs interacting with anti-Alexa Fluor
647 magnetic microbeads (Miltenyi), anti-GFP Alexa Fluor 647 con-
jugated antibody (Thermofisher, 1:200), and purified Hisgx-eGFP
(0.5 uM), the tag fused to the antigen (HCN4). Yeast was incubated with
the above-described reagents for 1 h at 4 °C before passing through the
LD column. HCN4-binding NBs were enriched with two cycles of
positive selection briefly summarized as follows: two steps of magnetic

activated cell sorting (MACS), followed by one of fluorescence acti-
vated cell sorting (FACS). FACS selection was performed using the BD
Canto Il instrument, and data were analyzed with FlowJo software.
Flow cytometry gates for GFP-positive populations were defined based
on the fluorescence profile of non-induced yeast cells, which served as
a negative control. In all these steps cells were resuspended and
washed in the above-described selection buffer supplemented with
0.002% (w/v) LMNG-CHS detergent mixture. The antigen used to the
positive selection is the purified Hisgx-eGFP-HCN4 protein displaying
the pore in the open conformation'. The second cycle of positive
selection was intercalated by rounds of MACS-based depletion with
HCN4 in the “closed” pore conformation through an LD column. The
latter steps were performed to potentially enrich the library of binders
to the HCN4 open pore, in search of potential pore blockers. For
MACS, both positive (LS) and negative (LD) selection, the NB-
expressing yeast (5x10° in the first round and 3 x 10 in the follow-
ing rounds) was incubated, first, with 250 nM His¢,-eGFP-HCN4 and
anti-GFP- Alexa Fluor 647 conjugated antibody (1:200) for 1h at 4 °C,
and then with anti-Alexa Fluor 647 magnetic microbeads for1h at 4 °C.
After each of the two incubations, a washing step was performed to
ensure the removal of the unbound labeling reagents. Labeled yeast
cells were passed through an either LS or LD column (Miltenyi),
washed, and eluted by removing the magnetic field. The yeast cells
eluted from LS column, or the ones washed from LD column were
grown in glucose-containing Trp-medium for 24 h at 30 °C to recover.
Induction of NB expression was then repeated by incubation in
galactose Trp-medium as described above. For FACS, the NB-
expressing yeast (3x107) was incubated with 250nM Hisgy-eGFP-
HCN4 for 1h at 4 °C. Removal of unbound antigen was ensured by a
washing step performed immediately after incubation. Yeast cells
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binding to HCN4 via NB were then selected via flow cytometry fol-
lowing the green signal of the excited eGFP fused to HCN4. The sorted
yeast cells were grown in glucose-containing Trp-medium for 24 h at
30°C to recover. Induction of NB expression was then repeated by
incubation in galactose Trp-medium as described above. Finally, after a
further cleaning step (LD MACS) to remove NB interacting with anti-
Alexa Fluor 647 magnetic microbeads, anti-GFP Alexa Fluor 647 con-
jugated antibody, and purified His¢x-eGFP, a final LS MACS was per-
formed with HCN4 displaying the open pore as antigen. High affinity
HCN4 NB binders were selected by plating yeast as single colonies for
plasmid isolation and NB cDNA sequencing. Ten individual NBs were
identified. Progressive enrichment of HCN4-selective NB binders was
monitored via analytical FACS using 7 x 10° NB-expressing cells pre-
incubated 250 nM Hisg,-eGFP-HCN4 for 1 h at 4 °C.

Nanobody expression and purification

Isolated nanobody cDNAs were cloned into the periplasmic expression
vector pET26b containing a C-terminal Hise, tag and were expressed in
Escherichia coli Rosetta strain (EMD Millipore). Cells were grown at
37 °C in Terrific Broth medium (Research Products International) to an
ODgo0 of 0.6 and induced with 1 mM isopropyl-1-thio-3-D-galactopyr-
anoside (SIGMA) at 25 °C for 15 h. Cells expressing NBs were collected
by centrifugation and resuspended in lysis buffer (500 mM Sucrose,
200 mM Tris pH 8, 0.5mM EDTA) and then osmotically shocked by
diluting them three times in a water solution containing 5 mM MgCl,
with 1h of stirring to release periplasmic NBs. The lysate was brought
to a concentration of 100 mM NaCl and then cleared by centrifugation
(14,000 x g for 30 min at 4 °C). NBs were purified by affinity chroma-
tography using HisTrap HP (GE Healthcare) pre-equilibrated with a
high-salt buffer (500 mM NaCl, 20 mM HEPES pH 7.5-, and 20-mM
Imidazole). The resin was washed with 10 CV of high-salt buffer, fol-
lowed by 10 CV of a low-salt buffer (150 mM NaCl, 20 mM HEPES pH
7.5-, and 20-mM Imidazole). NBs were eluted in 150 mM NaCl, 20 mM
HEPES pH 7.5-, and 300-mM Imidazole and loaded into a HiLoad 16/60
Superdex 75 prep grade size exclusion column (SEC) (GE Healthcare),
pre-equilibrated with 150 mM NaCl, and 20 mM HEPES pH 7.5. All
chromatographies were performed at 4 °C and monitored using the
AKTApurifier UPC 10 fast protein liquid system (GE Healthcare).

Electrophysiology on HEK293 cells

Patch clamp recordings were carried out on HEK293T cells or HEK293F
cells. HEK293T cells were cultured in DMEM high glucose medium
(Euroclone) supplemented with 10% FBS (Euroclone) and 1% Penicillin-
Streptomycin (Sigma). HEK293F were grown in Freestyle medium
(Thermo Fisher) supplemented with 10% FBS (Euroclone) and 1%
Penicillin-Streptomycin (Sigma). Both cell types were grown at 37 °C
degrees with 5% CO,. The cDNAs encoding full-length human HCN1,
human HCN4, mouse HCN4 and hERG were previously cloned in
pcDNA 3.1 mammalian expression vector, while full-length mouse
HCN2 and rabbit HCN4 were previously cloned in pCl mammalian
expression vector. When 70% confluent, cells were transfected (in a
35mm petri dish) with Turbofect transfection reagent (Thermo
Fisher). We used 1pg of each construct and 0.3 ug of GFP-containing
vector (pmax-GFP). For hHCNI1/rbHCN4 and rbHCN4 wt/rbHCN4
K531N heterotetramers, co-transfection of 1 ug of each cDNA was used.
K53IN, D448H and D448H_N456G mutations were introduced in
rbHCN4 cDNA by site directed mutagenesis using the QuickChange Il
XL kit (Agilent Technologies). The same approach was used to intro-
duce the double mutation H447D_G455N in mHCN4 cDNA. Oligonu-
cleotide sequences are provided in Supplementary Data 1.

24-48 h after transfection, cells were trypsinized and dispersed in
35mm petri dishes. Single GFP* cells were selected for patch clamp
experiments that were carried out at room temperature. Currents were
recorded in whole-cell configuration, using an ePatch (Elements srl) or
a Dagan 3900 A amplifier (Dagan Corporation). Signals acquired with

the Dagan 3900 A were digitized using a Digidata 1550B (Moelcular
Devices). Patch-clamp signals were acquired with a sampling rate of
5kHz and lowpass filter at 1kHz. Patch pipettes were pulled from
1.5mm O.D. and 0.86 mm L.D. borosilicate glass capillaries with a P-97
micropipette puller (Sutter, Novato, CA) and had resistances ranging
from 3 to 6 MQ. For all HCN channels recordings, patch pipettes were
filled with a solution containing 10 mM NaCl, 130 mM KCI, 1mM
egtazic acid (EGTA), 0.5 mM MgCl,, 2 mM ATP (magnesium salt), and
5 mM HEPES-KOH buffer (pH 7.2), while the extracellular bath solution
contained 110 mM NacCl, 30 mM KCl, 1.8 mM CacCl,, 0.5 mM MgCl,, and
5 mM HEPES-KOH buffer (pH 7.4). For hERG channel recordings patch
pipettes were filled with a solution containing 130 mM KCI, 1mM
MgCl,, 5mM egtazic acid (EGTA), 5mM ATP (magnesium salt) and
10 mM HEPES-KOH buffer (pH 7.2), while the extracellular bath solu-
tion contained 140 mM NaCl, 4 mM KCl, 2.5 mM CaCl,, 10 mM Glucose,
5 mM HEPES-NaOH buffer (pH 7.45). Different volumes of nanobodies
or, for all controls, the same buffer used to purify the nanobodies were
added to either the pipette or bath solution to reach the concentration
indicated for each experiment in the intracellular or extracellular
solution, respectively. The NB purification buffer contains 150 mM
NaCl, 20 mM HEPES and 10% (w/v) Glycerol at pH 7.5 supplemented
with 1:1000 cOmplete™, EDTA free (Sigma-Aldrich). Both buffer and
nanobodies were stored at —-80 °C until the day of the experiment
where single-use aliquots were slowly thawed in ice. For washout
experiments, NB5 was incubated in the petri dish for 2 min after which
the NB-containing solution was removed, and patch clamp experi-
ments were carried out during continuous perfusion of control solu-
tion for up to 70min. Where indicated, adenosine 3’,5-cyclic
monophosphate (cAMP, Sigma-Aldrich) was added to the pipette
solution from a previously prepared 100 mM stock solution (powder
dissolved in milliQ water, pH adjusted to 7.0), to a final concentration
of 30 uM. Single-use aliquots were prepared and stored at 20 °C until
the day of the experiment.

To assess HCN channel activation curves, different voltage-clamp
protocols were applied depending on the HCN subtype: for HCN1
holding potential was 20 mV (1 s), with steps from =30 to -120 mV
(-10 mV increments, 3.5 s) and tail currents recorded at -40 mV (3.5 s);
for HCN2, holding potential was —20 mV (1), with steps from -40 to
-130 mV (=15 mV increments, 5 s) and tail currents recorded at -40 mV
(55). For HCN4 and hHCN1/rbHCN4 heterotetramers, holding poten-
tial was —20 mV (1), with steps from -30 to —150 mV (-15mV incre-
ments, 4.5s) and tail currents recorded at ~40 mV (4.5s). For hERG
holding potential was —80 mV (1 s), with steps from -60 mV to +60 mV
(A of +10 mV, 4 s) and tail currents were collected at =50 mV (6 s). Only
cells in which a 1 GQ seal or better was achieved were kept for analysis.
For I/V plots currents were normalized to cell capacitance, indicated as
Iss (pA/pF). Neither series resistance compensation nor leak correction
were applied.

Mean activation curves were obtained by fitting maximal tail
current amplitude, plotted against the preconditioning voltage step,
with the Boltzmann equation: y=1/[1+exp((V - Vy)/k)], where V is
voltage, y the fractional activation, Vy/, the half-activation voltage, and
k the inverse slope factor in mV (k = -RT/zF). Mean activation curves
were obtained by fitting individual curves from each cell to the
Boltzmann equation and then averaging all the obtained values. The
shift in Vy,, was plotted against NB5 concentration and fitted to a Hill
equation (Y =Ymax*(1/(1 + (Ky;»/x)nH))) to obtain K,/, the concentra-
tion for half-maximal shift.

Activation and deactivation time constants (t) were obtained by
fitting a single exponential function: I=Ilpexp(-t/1), to current traces
obtained with the activation protocol described above. Deactivation
time constants were obtained by fitting tail currents collected at =30,
-45, -60 and -75 mV after a fully activating pulse at -135 mV (3.5s).

To study NBS state dependence, current traces were recorded at
-90 mV using a repetitive activation protocol (1/30 Hz)* after the end
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of rundown (typically within 6 min). NB-buffer or 2 uM NB5 were added
to the bath solution while the cell was at its resting membrane
potential (RPM, no voltage command). Currents were fitted with a
single activation function as described above. Data were analyzed with
Clampfit (Molecular devices) and Origin (OriginLab) softwares and are
presented as mean + SEM.

Preparation of mouse and rabbit sinoatrial node (SAN) cells for
electrophysiology

Experiments were performed on 2-3-month-old male New Zealand
rabbits (Charles River) kept under 12 h:12 h light/dark cycles with ad-
libitum access to food and water. Rabbits were sedated with acepro-
mazine maleate (Calmivet® 0.250 mg/kg intramuscularly) and sacri-
ficed with Na*-penthobarbital (Euthasol® 70 mg/kg
intravenously + 1000U/kg heparin). The heart was quickly removed
and washed in oxygenated Tyrode solution (in mmol/L: NaCl 130, KCI
5.4, NaH,PO, 0.4, MgCl, 0.5, CaCl, 1.8, HEPES 25, glucose 22, pH
adjusted to 7.4 with NaOH).

C57BL/6) mice aged 84-90 days from both genders were obtained
from Charles River Laboratories, Italia S.r.l. Animals were kept in
pathogen-free conditions, with free access to food and water and were
exposed to 12 h light/dark cycles (light, 8 a.m. to 8 p.m.) in a thermo-
statically controlled room (21-22 °C).

SAN pacemaker cells were isolated from C57BL6) mouse or
New Zeland rabbit hearts as previously described®. Mice were
killed by cervical dislocation. Briefly, for both mice and rabbits,
heart was excised and immersed in normal Tyrode solution
(140 mM NacCl, 5.4 mM KCI, 1 mM MgCl,, 1.8 mM CaCl,, 5.5 mM D-
glucose, and 5mM HEPES (adjusted to pH 7.4 with NaOH) con-
taining heparin pre-heated at 37°C (mouse) or at room tem-
perature (rabbit). The SAN tissue was excised by cutting along the
crista terminalis and the interatrial septum and transferred into a
low-Ca*" solution containing 140 mM NaCl, 5.4 mM KCI, 0.5 mM
MgCl,, 1.2 mM KH,PO,, 50 mM taurine, 5.5 mM D-glucose, 1 mg/
mL BSA, and 5 mM HEPES-NaOH (adjusted to pH 6.9 with NaOH).
Enzymatic digestion was carried out for 25-30 min at 37 °C in the
low-Ca*" solution containing purified collagenase 1 and I
(0.15mg/mL Liberase medium Thermolysin, Roche, Mannheim,
Germany) and elastase (0.5 mg/mL, Worthington, Lakewood, NJ,
USA). The digested tissue was washed and transferred to a
modified “Kraftbrithe” (KB) solution containing 100 mM K-gluta-
mate, 10 mM K-aspartate, 25mM KCI, 10 mM KH,PO,, 2mM
MgS0O,4, 20 mM taurine, 5mM creatine, 0.5mM EGTA, 20 mM D-
glucose, 5mM HEPES, and 1 mg/mL BSA (adjusted to pH 7.2 with
KOH). Single cells were dissociated in Kraftbriihe solution at 37 °C
by manual agitation using a flame-forged Pasteur’s pipette. To
recover the automaticity of the SAN cells, Ca** was gradually
reintroduced in the cell’s storage solution to a final concentration
of 1.8 mM. Cells were used on the day of isolation.

Patch-clamp recordings of mouse and rabbit isolated SAN cells
Isolated mouse SAN cells were plated in glass bottom 35 mm Petri
dishes (Greiner, bio-one) coated with 1-2 yg/mL Laminin (Merck Life
Science S-r-l, L2020). If current was recorded in whole-cell config-
uration using an ePatch amplifier (Elements, Cesena, Italy) at 34 °C and
superfused with Tyrode solution supplemented with 2 mM BaCl, and
2 mM MnCl,. Electrodes had a resistance of 3-4 MQ when filled with a
solution containing 130 mM KCI, 10 mM NacCl, 0.5 mM MgCl,, 2mM
Mg-ATP, 1 mM EGTA and 5 mM HEPES (adjusted to pH 7.2 with KOH).

Rabbit SAN cells were harvested in 35 mm Petri dishes, placed
under the microscope and superfused at room temperature with
Tyrode solution. Action potentials and Ir current were measured by
perforated (escin 35 uM) and classical whole-cell patch clamp techni-
ques and recorded using a Axopatch 200B patch clamp amplifier
connected to Digidata 1550B interface (Molecular Devices). Electrodes

had a resistance of 3-4 MQ when filled with a solution containing
80 mM K-aspartate, 50 mM KCI, 1 mM MgCl,, 2 mM CaCl,, 5mM EGTA,
5mM HEPES, and 3 mM ATP-Na (adjusted to pH 7.2 with KOH). Pace-
maker activity in isolated SAN cells was recorded before and after
perfusion of 2 uM NBS. Analysis of action potentials parameters was
carried out as previously described (Baudot et al.)*.

To obtain I activation curve, a hyperpolarizing voltage step pro-
tocol was applied consisting of six steps from —135 mV (2.2 s) to -35 mV
(9.2s) with 20 mV and 2 s increments, starting from -35mV holding
potential and followed by a 1.2's pulse at 135 mV. For all activation
curve analysis, the current was obtained by subtracting the current at
the beginning of the step to the steady state current. Mean activation
curves were obtained by fitting maximal tail current amplitude, plotted
against the preconditioning voltage step, with the Boltzmann equa-
tion, as described above.

hiPSC maintenance, 2D cardiac differentiation and patch-clamp
recordings
A previously characterized male healthy control hiPSC line (named
RDES) was used for this study and maintained in cell culture as
described in a previous publication”’. Once the cells reached
approximately 70-80% confluence, a second layer of reduced growth
factor Matrigel (0.04 mg, Corning) was applied in StemFlex medium.
Differentiation was carried out using a cardiac sheet protocol adapted
for spontaneously beating ventricular-like hiPSC-CMs". Starting on
day 9, the medium was replaced every 2 days with RPMI
1640 + B27 supplemented with insulin, along with T3 hormone (3,3’,5-
Triiodo-L-Thyronine) (Sigma, T2877) and liposoluble cAMP (N6,2’-O-
Dibutyryladenosine 3’,5’-cyclic monophosphate sodium salt) (Sigma,
D0627), both known to enhance hiPSC-CM electrophysiological and
morphological features*®*°,

For single-cell experiments, once the cells reached maturity (day
37), hiPSC-CMs were dissociated and seeded at a density of 2.5 x 10*
cells/mm? in 40-mm polystyrene dishes (TPP, Techno Plastic Prod) pre-
coated with hES-qualified Matrigel (Corning). Patch-clamp experi-
ments were carried out 1 week later at 37 °C in the same conditions
described above for rabbit SAN cells.

Contractility assay on human cardiac sheets

Paired contractility experiments on 2D spontaneously beating cardiac
sheet were performed on day 37 in 6-well plates using a Zeiss LMS800
confocal microscope with a 10X lens in Tyrode’s solution at 37 °C.
Twenty-five-second edge capture videos were recorded of sponta-
neously contracting regions before and after incubation of 2 M NB5
for 2min. Video data were processed using Zen Software (Zeiss) to
extract raw recordings. A custom MATLAB script was then used to
convert video frames into signals, which were subsequently analyzed
to characterize contractility properties as previously reported'®?**,

Statistics and reproducibility

The number of independent samples is indicated in either figure
legends or Supplementary Information file, and for all data shown
source data are provided as a Source data file. Unless specified, all
values represent the mean+SEM of independent experiments. No
statistical method was used to predetermine sample size. The experi-
ments were not randomized. The Investigators were not blinded to
allocation during experiments and outcome assessment. Statistical
significance was determined by either two-tailed Student’s ¢ test for
unpaired data, two-tailed Student’s ¢ test for paired data or one-way
analysis of variance (ANOVA) with Fisher’s test, as indicated for each
experiment in either the figure legend or in the Supplementary Infor-
mation file. Statistical analysis was performed using Origin 2021b
(OriginLab). Statistical significance was defined throughout as follows:
*p < 0.05, *p < 0.01, **p < 0.001.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information file,
and from the corresponding authors upon request. The source data
underlying Figures and Supplementary Information are provided as a
Source data file. Previously published PDB codes are: 7NP3. Source
data are provided with this paper.

Code availability

The MATLAB script used in this study constitutes proprietary software
that has been patented (application n° CA 3113884 Al), and therefore,
the core algorithmic code cannot be publicly released due to intel-
lectual property and confidentiality restrictions. The aspect of the
manuscript covered by the application is the image-analysis software
for automated tracking of cell contractions. While the core code can-
not be deposited in a public repository, derived datasets, analysis
parameters, and processed outputs generated during this study are
available upon request to the corresponding authors, in compliance
with institutional and legal regulations. Please contact Dr. Helene
Ayari-Delanoe (helene.delanoe-ayari@univ-lyonl.fr), there are no
restrictions on granting access to the output data. Access requests will
be processed within approximately 20 days, and the data will remain
available for 6 months after access has been granted. Patent informa-
tion can be accessed at the following link: https://patents.google.com/
patent/CA3113884A1/en?q = (adrien)&inventor=moreau&assignee=
Adrien+MOREAU.
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