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ABSTRACT A growing number of nonsynonymous mutations in the human HCN4 channel gene, the major component of the
funny channel of the sinoatrial node, are associated with disease but how they impact channel structure and function, and, thus,
how they result in disease, is not clear for any of them. Here, we study the S672R mutation, in the cyclic nucleotide-binding
domain of the channel, which has been associated with an inherited bradycardia in an Italian family. This may be the best studied
of all known mutations, yet the underlying molecular and atomistic mechanisms remain unclear and controversial. We combine
measurements of binding by isothermal titration calorimetry to a naturally occurring tetramer of the HCN4 C-terminal region with
a mathematical model to show that weaker binding of CAMP to the mutant channel contributes to a lower level of facilitation of
channel opening at submicromolar ligand concentrations but that, in general, facilitation occurs over a range that is similar be-
tween the mutant and wild-type because of enhanced opening of the mutant channel when liganded. We also show that the bind-
ing affinity for cGMP, which produces the same maximum facilitation of HCN4 opening as cAMP, is weaker in the mutant HCN4
channel but that, for both wild-type and mutant, high-affinity binding of cGMP occurs in a range of concentrations below 1 puM.
Thus, binding of cGMP to the HCN4 channel may be relevant normally in vivo and reduced binding of cGMP, as well as cAMP, to
the mutant channel may contribute to the reduced resting heart rate observed in the affected family.

SIGNIFICANCE A growing number of nonsynonymous mutations in the human pacemaker channel of the sinoatrial node
are associated with disease but how they impact channel structure and function, and how they result in disease, is not clear
for any of them. Here, we study a mutation in a domain that binds the second messenger cAMP, which is associated with
an inherited bradycardia in an Italian family. We show that this mutation reduces the ability of cAMP to bind, but also
modifies the opening process such that the effect of reduced binding is minimized. This is because the mutation may
enhance opening of cAMP-bound channels. Finally, we show that the effect of cGMP is reduced, which may also contribute
to bradycardia in this family.

INTRODUCTION The funny current I; is modulated by (-adrenergic and
muscarinic stimulation, which, respectively, stimulates or
inhibits cAMP production by adenylyl cyclase (3-6). Facil-
itation of Iy channel opening occurs by the direct action of
cAMP on the cytoplasmic side of the channel with a half-
maximal cAMP concentration (ECsg) of 0.2 uM (6). Facil-
itation by cAMP is marked by a depolarizing shift in the
range of voltages over which the channel opens, ranging
from ~11 to 14 mV in the SAN and accounting for most

of the additive shift of ~18 mV seen upon maximal stimu-

HCN channels underlie the hyperpolarization-activated cur-
rent, so designated I, (hyperpolarization-activated) or I
(funny), which is a critical for spontaneous action potential
firing in the sinoatrial node (SAN) of the heart (1,2). Hyper-
polarization of the membrane potential opens HCN chan-
nels and permits the inward flow of sodium, and lesser
outflow of potassium, which contributes to the slow depo-
larization during diastole that leads to action potential

firing.
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lation with $-adrenergic and muscarinic agonists (7,8). Both
cAMP and ¢cGMP bind to sinoatrial HCN, and facilitate
opening to the same extent, but the former has an ECs,
that is >30-fold lower (0.2 vs. 7.85 uM) (6). The direct ac-
tion of cAMP on the cytoplasmic side of patches excised
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from SAN myocytes (6) suggested that the channel itself
contained a region to which this cyclic nucleotide binds.
Direct binding by cyclic nucleotides was confirmed when
the four mammalian HCN isoforms (HCN1-4) were cloned,
each containing a cyclic nucleotide-binding domain
(CNBD) in the cytosolic C-terminal region (9-12).

A preponderance of evidence supports a critical role for the
HCN4 gene, and the CNBD specifically, in cardiac pace-
making. Unstable and/or low heart rates were noted in mice
with overexpression of HCN4 channels that are insensitive
to cAMP due to either a mutation within the CNBD (13) or
a deletion of the CNBD altogether (14). Second, several mu-
tations in the HCN4 CNBD are associated with cardiac disease
(15-21). However, like most of the more than 20 disease-asso-
ciated mutations in HCN4 channel (19), how they impact the
HCN4 channel at the molecular and atomistic level remains
unclear.

Perhaps the best-studied disease-associated mutation in
the human HCN4 gene is S672R, in the CNBD, which
was shown to associate with a bradycardia phenotype in
an [talian family (18). Yet, even for this mutation, how chan-
nel function is impacted, and how altered channel function
results in resting bradycardia, is uncertain. The initial study
showed that the mutant HCN4 channel responded to cAMP
in a manner that was not much different than the wild-type
channel but that it was not as easily opened by hyperpolar-
ization (18). By contrast, another study showed that the af-
finity of a monomeric version of the C-linker and CNBD of
the HCN4 channel for cAMP was greatly reduced, as was its
potency in the chimeric channel containing the HCN2 trans-
membrane regions and the HCN4 C-linker and CNBD (22).

In his review of HCN4 mutations (23), DiFrancesco states
that “the results from the two studies cannot apparently be
reconciled, although several significant differences exist in
the experimental settings.” He also points out that there
are differences in the channels used by his group and the
Zhou group. He states that “clearly more experimental
data are required to investigate these differences.”

The unusual data and uncertainty surrounding this muta-
tion provided an incentive for our group to investigate using
different approaches. We measure the affinity of cAMP to a
naturally occurring tetrameric form of the wild-type and
S672R HCN4 C-terminal region using isothermal titration
calorimetry (ITC). This approach is novel and previously
suggested that cAMP binds to the HCN2 and HCN4 chan-
nels, but not HCN1 channels, with negative cooperativity
(24). We have combined measurements of cAMP binding
affinities and previous data on channel function obtained
by electrophysiology in a mathematical model of facilitation
of channel opening by this ligand (25). Our results suggest
that the S672R mutation reduces the binding affinity of
cAMP for the HCN4 channel but it may also enhance the
opening of the cAMP-bound channel which limits the func-
tional defect. We also show that the binding affinity of
cGMP, which binds to the wild-type and mutant channel
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with negative cooperativity, as does cAMP, is reduced by
the mutation. We propose that the reduction in binding affin-
ity for cAMP and ¢cGMP by the mutation reduces channel
activity under resting conditions, which contributes to the
resting bradycardia observed in this family.

METHODS

Cloning, site-directed mutagenesis, expression,
and purification

The C-terminal region used here (C-linker and CNBD) of HCN4 was cloned
into a modified pEt28 vector. A His-tag, maltose binding protein, and TEV
cleavage site was inserted in the N-terminal side of the construct of interest.
Site-directed mutagenesis was performed using the QuikChange protocol
(Agilent, Santa Clara, CA, USA). Expression and purification were done
the same way as previously by our group. Protein are expressed at 37°C in
E. coli Rosetta (DE3) pLacl cells (MilliporeSigma, Burlington, MA, USA),
induced at ODg( of 0.6 with 0.4 M IPTG, and inoculated for another 4 h
before harvesting. The cell pellets were resolubilized and lysed with sonicat-
ion in 250 mM KCI and 10 mM HEPES at pH 7.4 (buffer A), and the addition
of glycerol, 25 ug/mL DNase I and lysozyme, 0.4 mM EDTA, and 10 mM
PMSF. The constructs were applied to Talon (cobalt-bound-resin) columns
and eluted with 250 mM KCl and 500 mM imidazole at pH 7.4. The eluent
was dialyzed with TEV protease in buffer A for 2 h. The content was run on
another Talon column and the flow through was collected. The protein was
then charged in dialysis buffer with 10 mM KCI + 20 mM MES at pH 6.0
for 2 h and applied to a ResourceS column (GE Healthcare, Chicago, IL,
USA) at an increasing KCI concentration from 0 to 50%. The protein was
confirmed on an SDS-PAGE gel and was dialyzed in 150 mM KCI and
10 mM HEPES at pH 7.4. The protein was concentrated to 20 mg/mL, deter-
mined with spectrophotometry and the Edelhoch method.

ITC

ITC was performed, in general, as described in our previous publications (24—
26). Each protein was diluted to 200 uM in dialysis buffer (150 mM KCI1 +
10 mM HEPES [pH 7.4]). At this concentration, we found that the wild-type
and mutant HCN4 C-terminal protein is present mainly in tetrameric form
(24) (see Fig. 2). Cyclic AMP and cGMP were utilized at 2 mM and injected
into the sample cell 1 uL at a time, for a total of 40 injections. The experi-
ments were performed at 25°C and five to eight replicates were compiled
for each protein-ligand combination. The heat needed to compensate for
the temperature difference between the sample and reference cell was re-
corded for each injection, and heat was integrated to obtain kilocalories per
mole of injectant. Fitting was carried out using a two-independent site bind-
ing model in Origin 7.0 (MicroCal ITC add-on, Malvern Panalytical, Mal-
vern, UK). From fitting, binding affinity, the thermodynamics of binding
and stoichiometry of the interaction were determined. The procedure we uti-
lized here has been described in more detail previously (27-29), as well as in
the MicroCal tutorial guide and in a recent publication from our lab (25).

Dynamic light scattering

To determine the oligomerization state of the HCN4 C-linker/CNBD, we
used dynamic light scattering (DLS). The HCN4 protein was diluted to
12.5, 25, 50, 100, or 200 uM in a 50 uL mixture, in the absence or presence
of ligand (at a 10:1 ratio of ligand/protein). The mixture was spun for 2 min
at 6000 rpm to get rid of debris, before applying it to a 384-multiwell mi-
crotiter plate. The hydrodynamic radii were measured at 22°C using a
DynaPro plate reader II (Wyatt Technology, Santa Barbara, CA, USA),
and autocorrected and converted to molecular weights based on parameters
of a globular protein. Five readings were averaged per acquisitions, and ten
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acquisitions were again averaged per well. Acquisitions with values of
polydispersity over 30% were discarded.

Thermal melting experiments

Melting curves were done either in the absence or presence of cAMP or cGMP.
The HCN4 protein was diluted to 50 uM, and the ligand to 500 uM (if any).
Samples for the experiments were 50 uL in total, containing the protein, ligand,
and 1x SYPRO Orange solution (Invitrogen, Waltham, MA, USA) according
to the manufacturer’s instructions. The samples were inserted and fluorescence
was detected in a DNA Engine Opticon 2 Real-Time PCR machine (Bio-Rad,
Hercules, CA, USA) with SYBR green filter. The dye fluoresced upon binding
to hydrophobic residues, which were exposed during thermal denaturation.
The temperature increased from 25 to 95°C at 0.5°C intervals, and each tem-
perature was held for 15 s. The y axis of the melting curve was the normalized
fluorescence, which is related to the fraction of unfolded protein. Negative con-
trol (dye in buffer) was subtracted from individual trials. Maximal fluorescence
was obtained when the protein was completely unfolded, and it decreased
when the dye dissociated from the protein. Residual signal could be due to
the dye binding to aggregated protein. The inflection point on the melting curve
corresponds to Ty, (mid-unfolding temperature) and was alternatively deter-
mined with the first derivative (ARFU/dT) of the fluorescence intensities.

A model of the cAMP-induced depolarizing shift
in the channel activation curve

The steady-state model developed here for the HCN4 channel is adapted
from that which we used to examine cAMP-induced facilitation of the
HCN2 channel (25). Here, we briefly describe the model and how it has
been adapted for the HCN4 channel. This model uses the Boltzmann equa-
tion with a slope that is unaltered by cAMP, which was shown previously
for both the wild-type and mutant HCN4 channels (18). For one active bind-
ing site, the model is described by the following diagram.

The open and shaded squares represent a site that is available or not for
cAMP binding, respectively, while an open circle is a subunit that is bound
by cAMP. The solid and open small circles in the center represent a channel
that is closed and open, respectively. k;’ , kj are the rate constants of channel
opening and closing, respectively, when the channel is bound with j cAMP
molecules, where j =0,1 for the one binding site scheme and j =
0,1,2,3,4 in the full model. a*,d’ are the association (binding) and disso-
ciation (unbinding) rate constants, respectively, of cAMP bound to a chan-
nel in state s. The superscript s represents a channel in an open state (s = 0)
or a closed state (s = c¢).

In the above scheme, on the right, a channel in open and closed state is
represented, by O; and Cj, respectively. The subscript j is number of cAMP
molecules bound to the channel and cAMP is represented by the letter A.

The top two states exist only in the absence of cAMP and at steady state,

K5[Co] = k[0g) =2 = T = 1. 6

K
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This comes from the Boltzmann expression of channel opening f, =

-1

{1 + exp (%)] , where it is assumed that voltage is fixed at V =V}, or
fo =0.5 (i.e., [Og] = [Co)) in the absence of cAMP and, therefore, k§ =
ki = ko. Square brackets represent the number of channels in each state.
The differential equations that describe the time evolution of the four channel

states satisfy the constraint [T] = [Co] + [Ci] 4 [Oo] + [01] = constant.
Cyclic AMP binding is assumed to be much faster than the change in

structure associated with channel opening and closing, and therefore

K ko<<d‘[A],a’[A], d[A], &°[A], i = 0,1). ()

R
Thus, the cAMP binding process is expected to reach a steady state rela-
tively quickly and
a’[Al[Co] =
a’[A][0,]

d[C]
d’[0]

= [Alc] = K] o
=[A][0o] = K°[0,]
where K¢ = d°/a“,K° = d°/a° are the dissociation constants for the closed
and open channels, respectively.

The numbers of channels in closed and open states, respectively, are,

[C] = [Co] +C1 = [Co] + % [Co]

1+ gt ) [Co]=[Co] = —5(C]
QP Ta—

I+ =2

K¢
[0} = 0p + [01] = [00} +%[OO]
_ ] — 0] —
= (1+8)od=rod ol @
Ko
Ky
& — 0
Ky
AP~ |} — camp — || —camP
ao) |'dy agl [ dy
K
C1 OO
K
Similarly,
[A]
c,l = cl-Tc] = K __ic
[C\] = [C] - [Cy] 1+[ﬂ.H
K ®)
[4]
0,] = [0] -0, = K __10
[01] = [0] = [Oy] 1+@[]
KO

Because [T] = [C] 4 O] is a constant, the differential equations govern-
ing the time evolution of [O] yields the following fraction of open
channels



pold_ L ©)
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where
A A
1+ Kou 1+ K(.U ke k¢
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1+ 1+ = ‘ 0
Kc K°
(7

are, respectively, the rate constants of channel opening and closing in the
presence of cAMP at the dose of [A].
The Boltzmann expression of the HCN activation curve is:

1
V—-Vi\’
1 +exp <
q
where Vis the test voltage (mV), V/, is the half-activation voltage (mV) and
q is the slope factor (mV).

If AV>0 is the shift of the activation curve induced by the addition of
cAMP, then the shifted curve is described by

fo(V) = ®)

1
l+exp| —
q
atV =V,
1 —AV
F=f(V,) = :>ex(—):i—1
( h) | (—AV) p q
+exp| ——
q
— 1=F _ L
F L,
(10)
Therefore,
[A]
1+
+ K Ke
L(l) ko 1—1-@
AV([A]) = gin( =25 ] = gIn —27’(;‘ .
Lc kO 1+K('u
Ke
[A]
1 4
+ Ko

The following predictions can be made.
For [A] =0,

0

AVy = AV(0) = qln(k—0> =ghn(1) =0. (12

kg
For [A] = o,
AV, = AV(2) = gn () = gk, K, =< =K
= = ain ) = an(k), K = =0
(13)
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Therefore, if AV,,>0, K1>1, i.e., k{>k{ is necessary to produce a positive
shift in the activation curve.

The model may be extended to the case where all four subunits are avail-
able for cAMP binding.

LW — 1: —
0 Je
4[] ,6lA” 4[A)’ [A]*
k() kl) kl) kO k()
DTNy UKk URgKiKs | RgkiksRs (Y
|4 A o[ | 4[AT [A)*
Ky KK KeKSKs  KKSKSKS
LW = 1: —
c J()
o AAL L 6[A L 4AP A
kL kL kL C k(‘
A TN T T S ST
14 YA o[ 4 [A]*
Ky " KgK; ' KgK(KS ' KgKTKSKS
Above, the dissociation constants are defined as
a3
K= (s=c0,j=0,1,2,3). (16)
a;
J
We then may introduce the following dimensionless quantities
ke 1%
C=TL k0 =L (i=0,1,2,3,4
K, k;aK, k;,?(l 9 Ly &y Dy )7
thus k§ = ki = 1 and
2 3 4
B PO PO VAR
TR T KK T KKK T KGK{KSKS
a7
A 2 3 4
N P ) PO VR
[ TN T G T TS
(18)

Notice that a2 # (a.)” if K # K¢. Thus, the powers in these expres-
sions are not powers in the ordinary sense. We use these unusual defini-
tions to make the long expressions appear simpler. However, when all
of the binding constants (K and Kj) are identical, they become real
powers. Therefore,

[@) _ poko T aKje+ 6K902 + 4302 + KGa
o 0 1 +4a+ 602 +4a + o
4 o i
_ o=l
- 04 -
Zi:ocfai.

4 oMATT3 C
L1 +Zi:lKiCiHj:Oaj

(19)
1+ Z?:]C?Hfzoo‘;
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where of = [A]/KS, o =[A]/K7,(j =0,1,2,3). C# is the i-combination of
a set of four, i.e., the number of distinct ways of picking i objects out of a set
of four without repetition.

When 2—" = 1, there is a shift as a function of cAMP concentration for
channels with four active binding subunits:

S okCla
L@ e
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= ¢ln

It can be confirmed that, at [A] =0, & = o = 0 for all /> 0. In this case,
AV(0) = 0.Whereas at [A] = o, i.e., at saturating levels of cCAMP,

AV() = ¢ln [i—;] = gln [%} = ¢In(K,). (22)
4 4

The following,

K =L (=1,23,4), (23)

measures the bias between the rate of channel opening and that of channel
closing after the channel is bound to j cAMP molecules.

In most known instances to date, K;>1 for all j = 1,2,3,4. Also, K4>
K3 >K,>K;.

Thus, binding of cAMP to the channel facilitates the opening of the chan-
nel. When more cAMP molecules are bound, the ratio between the opening
rate and the closing rate is higher and a stronger bias toward channel open-
ing exists. This bias is estimated quantitatively by the model.

To fit the HCN4 channel, we began with the parameters used for the
HCN2 channel and used the binding data for the wild-type HCN4 C-termi-
nal tetramer. We adjusted the closing rates of the bound channel relative to
the closing rate of the unbound channel, mainly for the fourth site bound,
while keeping K; < K> < K3 < Kj.

This model assumes that the binding affinity of cAMP is the same for
both the closed and open states of the HCN4 channel. In the experiments
carried out measuring activity and the effect of cyclic nucleotides in excised
patches, we consider the HCN4 channels to have reached a steady state and
not a thermodynamic equilibrium. Therefore, we did not apply detailed bal-
ance to the model.
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RESULTS

Location of the S672R mutation in the HCN4
C-terminal region

Alterations in the regions surrounding the ligand in the
mutant structure suggest potential modifications to cAMP
binding or to allosteric events that are downstream of ligand
binding. Serine 672 is a highly conserved residue among
HCN isoforms that is located in the seventh 3 sheet of the
CNBD, which resides in the C-terminal cytoplasmic region
of the HCN2 channel (Fig. 1, A and B). A previously solved
structure of the HCN4 S672R C-terminal region showed that
the structure of the region surrounding the residue is disrup-
ted by the mutation (22) (Fig. 1 C). This part of the C-termi-
nal region contains the CNBD and C-linker, which connects
the CNBD to the pore. The mutant and wild-type structures
are shown in this figure. Although not in direct contact with
the ligand, residue 672 is near the ligand and close to other
residues, e.g., two well-conserved residues, arginine 669
and threonine 670, which make contacts with the phosphate
group of the cyclic nucleotide and are likely important for
tight binding as seen in the HCN2 isoform (25,30,31). Other
examples are the positions of two other residues, R624 and
E625, which are modified as shown here, and the $4-35
loop, which is disordered.

The region of the HCN4 channel shown here is used for
subsequent experiments (below).

Cyclic AMP and cGMP promote oligomerization of
both the wild-type and mutant HCN4 C-linker/
CNBD

Previously, oligomerization of the HCN2 C-linker/CNBD
was found to occur as a function of its concentration and
it was markedly promoted by cAMP binding (24,32,33).
The promotion of oligomerization of this C-terminal region
by cAMP binding led to the proposal that, in the full-length
channel, cAMP promoted intersubunit interactions just
below the pore facilitated opening (32). Using DLS, we pre-
viously found that an increase in oligomerization of this
C-terminal region of HCN2 and HCN4 is dependent upon
the concentration of the protein as well as the presence of
cAMP (24). We found that molecules that promoted oligo-
merization of this C-terminal region of HCN2 were full ag-
onists, whereas molecules that did not oligomerize this
region acted as partial agonists (26).

Here, we compared the oligomeric nature of the wild-type
and S672R HCN4 C-linker/CNBD, and the effect of cAMP
and cGMP on its oligomerization using DLS. In the HCN2
channel, this region provides tonic inhibition to the pore
which is relieved by the binding of cAMP and facilitates
opening (34). We found that saturating concentrations of
both cyclic nucleotides increased the estimated molecular
weight of the C-terminal region for both the wild-type and
mutant HCN4 channels (Fig. 2). The maximum value of
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FIGURE 1 Location of serine 672 in the HCN4
C-terminal region. (A) Cartoon of the HCN4 channel
showing one of the four HCN subunits. Each
contains six transmembrane segments (S1-S6),
including voltage sensor (S4), along with the S5
and S6 segments that are proposed to form the ion
conducting pore. The C-terminal end comprises the
C-linker and the cyclic nucleotide-binding domain.
The red dot shows the approximate location of the
S672R mutation studied here. (B) Sequence align-
ment of the C-terminal region of the four mamma-
lian HCN isoforms. Gray horizontal bars and black
arrows represent « helices and § strands, respec-
tively. Residues highlighted in black and dark gray
TEGNI ) represent those that are identical and conserved,
respectively. The red arrow shows the serine residue
that is mutated to arginine in the patients who exhibit
bradycardia. (C) The fragment of HCN4 C-linker/
CNBD (i.e., 521-739) of HCN4 co-crystallized
with cAMP (PDB: 30TF, dark gray) and represented
with a stick backbone. On the left, this is overlaid
with the same ligand but for the S672R mutant
construct (PDB: 4HBN, light gray) after aligning
the peptide main chain atoms. In both cases, cAMP
is displayed with molecules as spheres. The middle
and right structures are of the wild-type and mutant,
respectively, and shows the location and alteration of
specific residues and regions, and the overall differ-
ences between them more closely. To see this figure
in color, go online.
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the estimated molecular weight for both wild-type and
mutant protein reflects the predominance of tetramers at
the higher concentrations. Because we found that oligomer-
ization by cAMP correlates with facilitation of opening in
the HCN2 channel (26), our data are consistent with the
original study showing that the maximum effect of cAMP
on the HCN4 channel, a depolarizing shift of the activation
curve of about 15 mV, was unaltered by the S672R mutation
(18). We did not find that oligomerization as a function of
protein concentration, and in the absence of cyclic nucleo-
tide, was affected by the mutation.

Cyclic AMP and cGMP bind to the wild-type and
mutant HCN4 C-terminal tetramer with negative
cooperativity but with lower affinity to the mutant

To determine if the mutant HCN4 C-terminal region has
altered ligand binding, ITC was used to measure and
compare the binding affinity of cAMP to the C-terminal re-
gion between the wild-type and mutant HCN4 channel. As
shown above, this region forms mainly a tetramer in solution
when present in high concentrations (24). Using a high con-
centration of wild-type protein (200 uM), we found that
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FIGURE 2 Cyclic AMP and cGMP promote olig-
omerization of the wild-type and S672R mutant
HCN4 C-linker/CNBD. Plots of average apparent
H molecular mass versus concentration of the wild-
type (left) and S672R (right) HCN4 C-linker/
CNBD without ligand (open squarelcircle) or with
a saturating concentration of cAMP (black) or
c¢GMP (gray) as determined by DLS. The population
of tetramers (~90 kDa) increases with increasing
amount of wild-type or mutant protein. The addition
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cAMP produced a two-phase pattern in the binding isotherm
that could be best fitted with a two-independent binding site
model (Fig. 3 A); this yielded high- and low-affinity binding
values of 0.06 and 0.69 uM, respectively (Fig. 3 B). We
also noted that the stoichiometry of binding (N), which
also arises from the fitting, is lower for the high-affinity
binding event than for the low-affinity binding event.
Thus, we suggest a ratio of 1:3 for cAMP binding to the
high-affinity versus low-affinity sites. These results are
similar to what we found for the HCN4 C-linker and
CNBD previously (24).

For the mutant C-terminal protein, cAMP also produced a
two-phase binding pattern with negative cooperativity, but
lower values for binding affinity were obtained; 0.53 and
5.05 uM for the high- and low-binding affinities, respec-
tively. The biphasic pattern is apparent because the release
of heat for each of two binding events differs in magnitude
and saturates over separate ranges of cyclic nucleotide con-
centration. For both the high- and low-affinity binding of
cAMP, the decrease in affinity produced by the mutation
is about sixfold (Fig. 3 B).

We next examined cGMP binding to the wild-type and
mutant HCN4 channel C-terminal tetramer. For cGMP bind-
ing to wild-type HCN4, a two-phase pattern in the binding
isotherm was again best fitted with a two-independent bind-
ing site model (Fig. 3 A); this yielded high- and low-affinity
binding K, values of 0.16 and 1.74 uM, respectively. These
K4 values for cGMP binding in the wild-type HCN4 channel
suggest that this molecule may be an important facilitator of
HCN4 opening in vivo. For the mutant C-terminal region,
c¢GMP also produced a two-phase binding pattern with nega-
tive cooperativity, but higher Ky values, 0.88 and 9.95 uM
(Fig. 3 B; Table 1). These data suggest that a reduction of
cGMP binding to the HCN4 channel may also contribute
to the resting bradycardia in patients carrying the S672R
HCN4 mutation.

The thermodynamics of the interaction of cAMP and
cGMP with the wild-type and mutant channel were also
determined from the measurements of heat by ITC (Fig. 3
(). Here, the low-affinity binding of cAMP to both the
wild-type and mutant HCN4 C-terminal tetramer was asso-
ciated with favorable enthalpy and unfavorable entropy,
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whereas both were favorable for the high-affinity binding
event. This pattern is similar to what we found previously
for cAMP binding to the wild-type HCN2 and HCN4 C-ter-
minal region (24) and to what we found for cGMP binding
to this region of HCN2 (26).

A comparison of cAMP and cGMP binding to the wild-
type HCN4 C-terminal tetramer shows differences. For
high-affinity binding, the change in favorable enthalpy
was smaller for cGMP than for cAMP but the change in
favorable entropy was larger for the former. The resulting
change in free energy of binding was less for cGMP than
for cAMP. The mutation reduced the favorable change in
enthalpy and increased the favorable change in entropy for
cAMP binding but, overall, reduced the free energy of bind-
ing. By contrast, the mutation did not have an effect on the
change in enthalpy for cGMP binding, but reduced the
favorable change in entropy; thus, the free energy of binding
was reduced. The difference between cAMP and cGMP
high-affinity binding may be due to the difference in config-
uration when bound, as observed in the solved HCN4 C-ter-
minal structures; cAMP binds in the anti-configuration,
whereas cGMP binds in the syn-configuration (33,35,36).

For low-affinity binding to the wild-type, the favorable
change in enthalpy and unfavorable change in entropy
were a bit smaller for cGMP, which resulted in a smaller
free energy of binding compared with cAMP. The mutation
had similar effects on cAMP and cGMP low-affinity bind-
ing; it increased the favorable change in enthalpy but
increased the unfavorable change in entropy, which reduced
the free energy of binding compared with the wild-type
fragment.

The thermal stability is similar between the wild-
type and mutant HCN4 C-linker/CNBD and
between the ligand-bound and unbound forms of
this region

Thermal melting experiments were performed to determine
and compare the mid-unfolding temperature between the
wild-type and S672R C-terminal proteins. We found that
thermal stability was similar between the wild-type and
mutant C-linker/CNBD; unfolding temperatures T,,, which
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FIGURE 3 cAMP and cGMP bind to the mutant C-linker/CNBD with negative cooperativity but with lower binding affinity than to the wild-type. (A) Plots
of heat produced upon progressive injections of cAMP and cGMP to 200 uM HCN4 C-terminal region, measured by ITC. The inflections in the top plot arise
from injections of cNMP where each inverted peak shows the heat difference between the sample and reference compartment. The peaks decrease in magni-
tude as binding sites become saturated. The lower plot shows values determined by integration of the area under the peaks from the upper plot versus the ratio

(legend continued on next page)
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were determined from the inflection points, were ~39°C for
both constructs (Fig. 4). Furthermore, the addition of either
cAMP or c¢cGMP did not greatly alter the unfolding.
Different concentration ratios of proteins to ligands were
examined, but the temperature was always in the same range
regardless of the combination. These data suggest that the
mutation, and ligand binding, do not greatly impact the ther-
mal stability of the protein.

A mathematical model suggests that the mutation
promotes opening of the HCN4 channels bound
to cAMP

We next used a mathematical model to determine how the
mutation might affect the facilitation of HCN4 opening by
cAMP. The model was developed initially for the HCN2
channel by our group (25) and is also discussed in greater
detail in the Methods sections of this paper. In brief, the
model is made up of ten states that represent the tetrameric
HCN4 channel in the closed and open state either without
cAMP or bound by one to four molecules of ligand
(Fig. 5 A). This model uses the dissociation constants deter-
mined by ITC from cAMP binding to the HCN4 C-terminal
tetramer.

We originally developed the model (25) for the HCN2
channel that possessed one, two, three, or four functional
binding sites for which data describing the relationship be-
tween concentration and depolarizing shift in the activation
curve were available (30). Because we used binding affin-
ities obtained by ITC, we carried out the fitting in a less con-
ventional way.

We first fit the model to the shift versus cAMP concentra-
tion data that were obtained from a HCN2 channel with one
binding site. We used the high-affinity value obtained by
ITC. The equilibrium constant for opening and closing of
the ligand-bound channel (K;) was constrained by the
maximum effect of cAMP binding on the shift of the activa-
tion curve. To fit the data, the closing rate of the single-site
channel, bound to one molecule of cAMP, was adjusted rela-
tive to the closing rate of the unbound channel.

We next used the model to fit the shift versus cAMP con-
centration data that were obtained for the HCN2 channel
containing two functional sites. The closing rate for the
channel with one ligand bound was already determined
(above) and the closing rate for the second site channel
was adjusted relative to the closing rate of the unbound
channel to fit the shift versus cAMP concentration data for
a HCN2 channel with two functional sites. In this case,
the low binding affinity value was used. Here, too, the equi-

librium constant (K;) for opening and closing of the doubly
bound channel was constrained by the maximum effect of
cAMP binding to the two-site channel. However, the
maximum effect of cAMP for the HCN2 channel with one
binding site was smaller than for the HCN2 channel with
two sites; therefore, K, > K;. The opening and closing rates
for the second site were then fixed and the data were fit using
the model in the same way as for the HCN2 channel with
three functional sites. The entire process was then repeated
for the last time to fit the shift versus concentration data for
the channel with four functional sites. The equilibrium con-
stants (K3 and then K,) were constrained by the maximum
effect of cCAMP for the channel with three and four func-
tional sites, respectively. Thus, the relative values for the
equilibrium constants for opening were Ky > K3 > K, >
K. The low binding affinity for cAMP was used for the third
and fourth site, as for the second site. The one high-affinity
site and three low-affinity sites in the model arises from the
stoichiometry of cAMP binding to the HCN2 C-terminal
tetramer in the ITC experiments.

The model predicted the effects of a subset of mutations
in the CNBD of the HCN2 channel on the relation between
the concentration of cAMP and the depolarizing shift in the
activation curve. The mutations were notable in that they did
not affect the gating of the channel in the absence of ligand
and, because the model predicted the concentration response
relations using ITC-determined values of Ky, they appeared
to impact mainly the binding affinity of cAMP and not the
opening and closing of the liganded channel. The model
also suggested that the difference in potency between
cAMP and cGMP, both of which produce a similar
maximum effect, was due to differences in their effects on
the opening and closing of the HCN2 channel as well as
to differences between them in binding affinity.

Here, we use the model to estimate the difference in how
binding and gating contribute to the actions of cAMP be-
tween the mutant and wild-type HCN4 channel.

In Fig. 5 B, the model is first used to fit concentration
response data for the wild-type HCN4 channels (solid blue
squares), which were obtained from patches excised from
HEK cells that were transiently transfected with the HCN4
channel and measured using patch-clamp electrophysiology
(18). The fitting was carried out by adjusting the closing rates
of the bound channel relative to the unbound channel. We
used the values of cAMP binding to the tetrameric HCN4
C-terminal region, which were determined by ITC (Fig. 3;
Table 1). Importantly, we assumed that the values for binding
affinity determined by ITC approximate those that occur un-
der steady-state measurements of channel activity in the

of injected ligand to protein. The solid line through the values represents a two-independent binding site model, which yielded values for affinity and ther-
modynamics. (B) Bar plot of dissociation constant (Kg) for the high- and low-affinity binding events for cAMP and cGMP. The values represent the mean *
SE. (C) A bar graph showing the changes in enthalpy, entropy and free energy upon binding of the wild-type and mutant HCN4 C-terminal region tetrameric
protein to cAMP or cGMP. The values represent the mean + SE. A significant difference between the wild-type and mutant values e free energy (AG) of
cAMP and cGMP binding is represented by two stars (**) and one star (*), respectively, for both high- and low-affinity binding events.
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Values obtained from binding and stability experiments

TABLE 1

Thermofluor

Isothermal titration calorimetry

Low affinity

Kq (uM)

High affinity

n

T (°C)
39.56 = 021 12

n

N

—TAS (kcal/mol) AG (kcal/mol)

AH (kcal/mol) -TAS (kcal/mol) AG (kcal/mol) N AH (kcal/mol)

Kq (uM)

Wild-type apo
Wild-type +

39.26 = 0.20 12

—8.44 = 0.09 0.60 = 0.01 7

5.86 = 0.78

—14.30 = 0.86

—10.00 = 0.17 0.11 = 0.006 0.69 = 0.10

—7.64 £ 0.66 —2.36 = 0.66

0.06 = 0.02

cAMP
Wild-type +

—7.89 £ 0.07 0.64 = 0.02 6 38.95 = 0.22 12

1.74 = 023 —13.64 = 1.38 575 = 1.35

—9.29 = 0.05 0.11 £ 0.01

—4.94 + 0.61 —4.35 = 0.61

0.16 = 0.02

cGMP

S672R apo

39.21 = 022 12

—7.25 = 0.07 0.85 = 0.02 8 39.70 = 0.23 12

9.34 = 0.61

—16.60 = 0.60

—8.64 = 0.12 0.15 = 0.003 5.05 = 0.56

0.53 £ 0.10 —3.83 = 099 —4.81 = 0.90

S672R +

cAMP
S672R +

—6.83 = 0.04 0.85 = 0.07 5 39.38 = 0.19 12

—8.36 = 0.18 0.18 = 0.003 9.95 = 0.58 —19.03 £ —2.85 12.19 = 2.85

—4.55 £ 0.59 -3.81 £ 0.59

0.88 = 0.27

cGMP

The table summarizes the dissociation constants (Ky) in uM for comparison of the wild-type and mutant S672R, which were obtained by ITC. The stoichiometry of the interaction (V) and the associated

thermodynamic parameters (AG, AH, and TAS) obtained by fitting are also shown here. For ITC and thermofluor experiments, the number of replicates is represented by “n” and, for the latter, the melting

temperature is represented by T,,. The values represent the mean * s.e.m.
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FIGURE 4 The mutant and wild-type HCN4 C-termini have similar ther-
mal stability, which is not greatly altered by cAMP and cGMP. Plots of
normalized fluorescence versus temperature. The melting curve is
sigmoidal and is correlated to the fraction of unfolded protein. The mid-un-
folding temperature (T,,) is determined at the inflection point; the values are
included in Table 1. Wild-type data are presented in squares and mutant
data in circles; open symbols represent protein in apo condition, while solid
black or gray symbols are proteins bound with saturating cAMP or cGMP,
respectively. The T, is not largely changed by the mutation or by adding
ligand.

excised patch experiments. The high-affinity value was used
for binding of cAMP to the first site and the low-affinity value
was used for the binding of cAMP to the second, third, and
fourth sites. This comes from the stoichiometry of the inter-
action that was obtained by ITC, which suggests that one site
binds with high affinity and three sites bind with low affinity.
The value for g (the slope factor from the Boltzmann equa-
tion) was set at 8.7 mV for the wild-type and mutant channel,
which was obtained from the original study of the S672R mu-
tation for the experimental data that were fit here (18). This
slope factor is a determinant of the maximum shift produced
by cAMP or cGMP in our model (see Methods). We also
assumed that this value of ¢ was not affected by cyclic nucle-
otide binding. By adjusting the closed to open transitions,
we were able to fit the wild-type data using the experimen-
tally determined binding values (Fig. 5 B, green solid line;
Table 2).

To assess the effect of the mutation on the channel, we
first substituted the values for the mutant channel binding af-
finity into the model without altering the wild-type values
for the closed to open transitions of the channel bound to
cAMP or other parameters. We did adjust the transition be-
tween the closed and open channel in the absence of cAMP
because the original functional studies showed that, without
ligand, the range of activation and opening was shifted to
more negative potentials by ~9 mV, with no change in slope
(18). The theoretical concentration response curve gener-
ated by the model (Fig. 5 B, red solid line) is shifted well
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FIGURE 5 The S672R mutation promotes opening of the liganded HCN4 channel. (A) A diagram of the model used for the facilitation of channel opening
by cAMP binding to the HCN4 channel. The closed and open states are on the left (solid center circles) and right (open center circles), respectively. (B) Plots
of the shift in the HCN4 channel activation curve versus the concentration of cAMP. The individual data points represent data published previously (18),
which were obtained by patch-clamp electrophysiology, for the wild-type (solid blue squares) and mutant (solid red circles) HCN4 channel, which were
overexpressed in HEK cells by transient transfection. The solid green line is the theoretical fit to the experimental shifts in current activation for the
wild-type HCN4 channel, using values for cAMP binding to the wild-type C-terminal region and values for the closed to open rates that were adjusted
to fit the wild-type experimental data points. The solid red line is the theoretical curve using values for binding that were determined for the mutant C-terminal
region and using the rates for the gating transitions that were determined from the wild-type fit. The solid purple line represents the theoretical fit to the
experimental shifts in current activation for the mutant channel using the values for binding of cAMP to the mutant C-terminal region and rate values for
the gating transitions that were adjusted to fit the mutant experimental data points. The solid blue line represents the theoretical curve using the wild-type
values of cAMP binding but the gating transition parameters obtained from the fit to the mutant data. The two sets of values of the parameters of the model for
this set of four curves are shown in Table 2. (C) Plots of the shift in the mHCN2-h4 channel activation curve versus the concentration of cAMP. The individual
data points represent data published previously, which were obtained by patch-clamp electrophysiology, for the wild-type (solid blue squares) and mutant
(solid red circles) HCN4 channel, which were injected in Xenopus oocytes. The solid green line is the theoretical fit to the experimental shifts in current
activation for the mHCN2-h4 channel, using values for cAMP binding to the wild-type C-terminal region and values for the closed to open rates that
were adjusted to fit the wild-type experimental data points. The solid red line is the theoretical curve using values for binding that were determined for
the mutant HCN4 C-terminal region and using the rates for the gating transitions that were determined from mHCN2-h4 fit. The solid purple line represents
the theoretical fit to the experimental shifts in current activation for the mutant mHCN2-h4 channel using the values for binding of cAMP to the mutant
C-terminal region and rate values for the gating transitions that were adjusted to fit the mutant experimental data points. The two sets of values of the pa-
rameters of the model for this set of four curves are shown in Table 3. The green dash-dotted line is the theoretical curve for the wild-type HCN4 channel
redrawn here for direct comparison. Note the smaller maximum effect and reduced slope of the concentration response curve for the wild-type HCN4 chan-
nel. To see this figure in color, go online.

to the right of the mutant channel experimental data (solid
red circles) as well as the wild-type data. This suggests
that the mutation may alter the opening and closing rates
of the ligand-bound channel as well as reducing the binding
affinity of the channel for cAMP.
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Based on the above findings, we next adjusted the closed
to open transitions, but still using the mutant binding affin-
ities, to fit the mutant concentration response data. The
mutant data are well fitted by these adjustments (Fig. 5 B,
purple solid line; Table 2), which suggests, perhaps



TABLE 2 Parameters of the mathematical model used to
simulate concentration response data for the HCN4 channel
expressed in HEK cells

cAMP Wild-type S672R
q 8.7 8.7
Ky site 1 0.06 0.53
Ky site 2 0.69 5.05
Kq site 3 0.69 5.05
K site 4 0.69 5.05
ko© 1 2.85
Ky 1 0.35
k{ 0.05 2
K, 1.11 1.11
kS 0.07 0.8
K, 1.5 1.5
kS 0.07 14
K; 1.7 1.7
kg 0.03 100
K, 3.08 3.08

The table summarizes the sets of parameters of the mathematical model
used for data and curves shown in Fig. 5 B, showing the concentration of
cAMP versus the depolarizing shift of the activation curve. The units of

@

q” are in mV, Ky values are in uM, while k£ and K are dimensionless.
The value for ¢ comes from the experimental data which were fit with
the Boltzmann relation in (18).

surprisingly, that the mutation promotes opening from the
bound closed states even though it reduces the binding affin-
ity of the channel for cAMP and inhibits the opening of the
channel in the absence of cAMP. This result provides a
possible explanation for the similarity in the range of con-
centrations over which cAMP promotes opening between
the mutant and wild-type channels. Nevertheless, it is
notable that the two concentration response relations are
not identical but differ in steepness. In particular, the mutant
channel relation is steeper and, at 0.3 uM, the value for the
shift is twice as large for the wild-type channel as it is for the
mutant channel (18). The smaller effect at lower concentra-
tions of cAMP fits with the larger high-affinity value for Ky,
which was measured for the mutant channel by ITC.

Next, we utilized the wild-type binding values in the math-
ematical model with the mutant gating parameters. This pro-
duced a concentration response curve (Fig. 5 B, blue line;
Table 2) that was left shifted compared with the experimental
data for the wild-type and mutant channels as well as to the
theoretical relations fitted to those data (Fig. 5 B, green and
purple lines). Notably, this curve was left shifted by an abso-
lute amount that is similar to the right shift of the theoretical
relation, which was determined using the wild-type gating
parameters and the mutant binding affinities (Fig. 5 B, red
line; Table 2). These two curves (the red and blue lines)
help to visualize how both binding affinity and gating transi-
tions contribute to the position of the cAMP concentration
response relation in the HCN4 channel, without altering the
maximum shift produced by this ligand.

The curves using the mutant gating parameters (blue and
purple) are steeper than those using the wild-type gating pa-
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rameters (green and red), which suggests that the mutation
has a larger effect on the gating parameters at the higher
concentrations of cAMP. This is borne out by the values
of ki in Table 2, which show that they are larger than those
for the wild-type channel, and larger for the third and fourth
binding sites than for the first and second binding sites.

The equilibrium constants were not different between
the mutant and wild-type gating parameters. Thus, the
model predicts that the maximum effect of cAMP on
HCN4 channels with one, two, or three binding sites would
be the same. The model also predicts that the differences in
the concentration response relations between the wild-type
and mutant channels are due to differences in the relative
rates of closing and opening of the HCN4 channels bound
to cAMP.

A mathematical model suggests that the mutation
inhibits the opening of an HCN2 channel
containing the C-linker and CNBD of the HCN4
channels bound to cAMP

We next used the model to fit concentration response data
for mouse HCN2 channels that have the HCN4 C-linker
and CNBD (mHCN2-h4) (22,35). These data were obtained
from patches excised from Xenopus oocytes that were in-
jected with the mHCN2-h4 channel and measured using
patch-clamp electrophysiology. The values of cAMP bind-
ing to the tetrameric HCN4 C-terminal region, which were
determined by ITC, were utilized in the same way as for
the HCN4 channel data (Fig. 3; Table 1). By adjusting the
closed to open transitions, as well as the equilibrium con-
stants for the opening of the bound channel, we were able
to fit the data for the chimera (purple squares) using the
experimentally determined binding values (Fig. 5 C, green
line; Table 3). The equilibrium constants for the opening
and closing of the channel bound to cAMP were also
adjusted because of the larger maximum cAMP-induced
shift in the activation curve when all four sites were occu-
pied, which was obtained by experiment.

To assess the effect of the mutation on the mHCN2-h4
channel, the values for the mutant channel binding affinity
were substituted into the model without altering the wild-
type mHCN2-h4 values for the closed to open transitions
of the channel bound to cAMP. Here, as above, the transition
between the closed and open channel in the absence of
cAMP was also considered because the range of activation
and opening was shifted to more negative potentials by
~ 6 mV. The theoretical concentration response curve is
shifted to the right of the wild-type channel data (Fig. 5 C,
red line) but not as far to the right as the experimental
data for the mutant (red solid circles). To fit those data,
further adjustments to the closed to open transitions, which
inhibit opening, were necessary to fit the mutant data (Fig. 5
C, purple line). Together, these changes suggest that the mu-
tation may alter the opening and closing rates of the ligand-

Biophysical Journal 121, 1166-1183, April 5, 2022 1177



Ng et al.

TABLE 3 Parameters of the mathematical model used to
simulate concentration response data for the HCN2-h4 channel
expressed in Xenopus oocytes

cAMP Zhou_JBC mHNC2-H4 Zhou_Cell S672R
q 8.7 8.7
Ky site 1 0.06 0.53
K, site 2 0.69 5.05
Ky site 3 0.69 5.05
K, site 4 0.69 5.05
ko® 1 2.85
Ky 1 0.35
k{ 2 2
K, 1.1 1.05
kS 0.8 1.5
K> 1.5 2
kS 8 0.3
K; 3 4
k§ 100 1
K, 6 10

The table summarizes the sets of parameters of the mathematical model
used for the curves in Fig. 5 C, showing the concentration of cAMP versus

“

the depolarizing shift of the activation curve. The units of “q” are in mV, K4
values are in uM, while k and K are dimensionless. Because the values of ¢
were not available for the chimera, we used the same value for g as for the
full-length HCN4 channel from (18).

bound mHCN2-h4 channel as well as the binding affinity for
cAMP as for the human HCN4 channel. However, the effect
of the mutation is opposite in the two types of channels; it
inhibits the opening of the ligand-bound mHCN2-h4 chan-
nel, when expressed in Xenopus oocytes, and promotes
opening of the ligand-bound human HCN4 channel, when
expressed in HEK cells. This can be seen in the values of
kS and kg in Table 2, which are smaller for the mutant chan-
nel than for the wild-type channel.

The height of the mHCN2-h4 mutant data and curve is
also higher than that for the mHCN2-h4 data and curve,
by about 5 mV. In the model, we simulated this by
increasing the equilibrium constants of opening and closing
of the bound channel (K,_4). This also suggests an effect of
the mutation on gating.

Fig. 5 C also shows the theoretical concentration response
curve for the wild-type human HCN4 channel (green dash-
dotted line), which is the green line in Fig. 5 B. This line
does not reach the same height as the mouse HCN2-h4
line (green line), indicating a smaller maximum effect of
cAMP; it is also less steep and shifted to larger concentra-
tions of cAMP. According to the model, these differences
can be explained by differences in the rate and equilibrium
constants between the open and closed states of the ligand-
bound channel. The differences between the curves for the
human HCN4 and mHCN2-h4, together with the difference
in the effect of the mutation on these two HCN channels,
suggest that the transmembrane domains or the expression
system (oocytes versus mammalian cells) influence the
cAMP-induced shift in the activation curve and the interac-
tion of cAMP with the binding site.
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DISCUSSION

A previous study (18) identified a mutation in the CNBD of
the HCN4 channel, S672R, which was associated with
bradycardia in an Italian family. In that study, this mutation
caused a hyperpolarizing shift in the activation curve of the
channel without greatly affecting the potency or maximum
effect of cAMP. It was proposed that the hyperpolarizing
shift of the activation curve would lessen the contribution
of the funny current to the sinoatrial pacemaker, which re-
sults in bradycardia. A subsequent study (22) suggested
that the mutation reduced the binding affinity and potency
of cAMP. However, the lower potency was observed in a
chimera of mouse HCN2 and human HCN4, whereas po-
tency was not greatly affected when wild-type and mutant
HCN4 channels were expressed in HEK cells and the
cAMP concentration response curves were compared in
the original study (18). Furthermore, it was suggested that
the large reduction in potency observed in the HCN2-
HCN4 chimera would result in chronotropic incompetence,
a feature that was not observed in those patients with brady-
cardia (23).

To address the apparent discrepancy of previous results
on the S672R mutant HCN4 channel, and to understand
its effects in the context of negatively cooperative binding
of cAMP, we carried out binding on a tetrameric HCN4
C-terminal region and applied a mathematical model of
cAMP-induced facilitation of channel opening. We found
that cAMP and cGMP bind to both the wild-type and mutant
tetrameric HCN4 C-terminal regions with negative cooper-
ativity, as we found previously for cAMP binding to the
wild-type HCN4 as well as for the binding of cGMP and
cAMP to the corresponding HCN2 channel region (24,26).
We also found that the high- and low-binding affinity of
both cAMP and cGMP for the tetrameric HCN4 C-terminal
region is reduced by the S672R mutation by about sixfold. A
reduction in binding affinity is not surprising given the
location of the residue, which is a region that engulfs the nu-
cleobase (adenine or guanine) and is also near the phos-
phate-binding cassette, which binds strongly to the
phosphate group of the cyclic nucleotide. A previous study
that solved the structure of the HCN4 S672R C-terminal re-
gion showed that the structure of the protein surrounding the
residue is disrupted by the mutation (22) (see Fig. 1).

To determine how the mutation affects the response of the
channel to cAMP, we applied a mathematical model for
HCN4 channel opening, using the concentration response
relations which were determined previously for the human
channel expressed in HEK cells (18). We show that the
model, which incorporates negatively cooperative binding,
fits the concentration response for the wild-type HCN4
channel. By substituting cAMP binding affinities of the
mutant HCN4 channel, but using the values for closed to
open transition rates determined for the wild-type, the curve
is shifted to the right and does not fit the concentration



response data for the mutant channel. To fit the mutant data,
the closed to open transition rates were adjusted in a manner
that suggests that the mutation promotes opening when
cAMP is bound to a greater extent than in the wild-type
channel. Thus, the concentration response data for the
wild-type and mutant channels span a similar range of
cAMP concentrations. An effect of the mutation on how
the channel opens and closes when bound to cAMP suggests
a role for this residue in transmitting and transducing infor-
mation from the C-terminal ligand binding region to the
pore. Such a role is also supported by the effect of the mu-
tation on opening in the absence of ligand, although it in-
hibits, rather than promotes, opening of the pore when
cAMP is not bound.

Interestingly, the fitted curve for the mutant channel is
steeper and the effect of cAMP on the shift in channel acti-
vation at 0.3 uM is approximately twice as large in the wild-
type channel compared with the mutant. This difference
could alter the contribution of the HCN4 channel to pace-
making but more detailed analysis and modeling would be
required to determine how action potential firing might be
affected. We also applied the mathematical model to a sec-
ond set of data, namely concentration response relations that
were determined from a chimeric HCN channel, mHCN2-
h4 (22,35). This channel is made up of the mouse HCN2
channel N-terminal region, including the transmembrane
domains, and the mouse HCN4 C-terminal regions, consist-
ing of the C-linker and CNBD. This chimera was expressed
in Xenopus oocytes, either with or without this bradycardia-
associated mutation in the CNBD, and the effect of cAMP
on the activation curve was determined from excised
patches by patch-clamp electrophysiology.

The mathematical model was fitted to the mHCN2-h4
channel data using the binding affinities that were deter-
mined for the wild-type HCN4 C-linker and CNBD and
by adjusting the gating parameters. Substitution of the
mutant binding affinities, but keeping the values for closed
to open transition rates determined for the mHCN2-h4 chan-
nel, resulted in a curve that is shifted to larger concentra-
tions of cAMP. However, this curve, again, does not fit the
experimental data for the mutant mHCN4-h4 channel.
But, in this case, the closed to open transition rates were
adjusted in a manner that suggests that the mutation inhibits
opening when cAMP is bound. This is the opposite effect of
the mutation on cAMP-induced facilitation of opening
compared with its action on the human HCN4 channel ex-
pressed in HEK cells.

There are also other differences in the action of cAMP on
these two channels without the mutation. The maximum ef-
fect of cAMP is larger, and the concentration response rela-
tion is steeper, for the mHCN2-h4 channel than for the
human HCN4 channel. Our model suggests that these differ-
ences are also linked to the actions of cAMP on gating.
Thus, it may not be surprising that the effects of the muta-
tion are different between the two channels although the un-
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derlying mechanism is not clear. Nevertheless, in both cases,
the effects of the mutation suggest a role for this residue in
connecting the binding of cAMP with the opening of the
pore. Also, the mutation shifts the activation curve to
more negative voltages in a way that is independent of
cAMP in the human HCN4 channel and this is probably
true for the mHCN2-h4 channel. More studies, where the
two channels are examined side-by-side in the same expres-
sion system, will be required to compare the actions of
cAMP and to determine if these differences might be attrib-
uted to the interaction of the C-linker and CNBD with the
transmembrane domains or if the difference is due to the
expression system.

Both the isoform and expression system are thought to in-
fluence the opening and closing of HCN channels. For
example, the position of the I activation curve is more pos-
itive when the HCN2 and HCN4 isoforms are expressed in
neonatal ventricular myocytes compared with HEK cells
(37). Those authors also showed that the position of the acti-
vation curve is more positive for HCN4 compared with
HCN?2 in both cardiomyocytes and HEK cells, evidence
that the structure of the isoform is also important. Findings
from various labs have suggested that the effect of cAMP on
a given HCN isoform may or may not depend on the expres-
sion system and recording conditions. For example, the
maximum shift in the activation curve of about ~18 vs.
~19 mV, and a potency for the shift in the mid-point of
about 0.1 and 0.07 uM, were found when measured in
patches excised from HCN2-expressing Xenopus oocytes
and HEK cells, respectively (31,38). Notably, in these two
studies, cCAMP increased the amplitude of current as well
shifting the activation curve to less-negative voltages, which
may be a characteristic of the HCN2 channel but not of the
other isoforms. By contrast, cAMP, delivered at I mM via
the pipette solution in the whole-cell configuration or at
100 uM applied directly in excised patches, shifted the acti-
vation curve by about 17 and 11 mV, respectively, when
measured in HCN4-expressing HEK cells but it had no ef-
fect when applied in the same ways to HCN4-expressing
CHO cells (39). A strong effect on the activation curve
was also observed when cAMP was applied to HCN2-ex-
pressing CHO cells, which was comparable with its effect
on HCN4-expressing HEK cells. The absence of an effect
of cAMP on the HCN4 isoform expressed in CHO cells
may be due to isoform-specific interactions with proteins
expressed in one cell type but not another (40).

The influence of the C-linker and more distal regions of
the C-terminus on the maximum effect of cAMP has been
studied (34,41,42), but transmembrane and N-terminal do-
mains may also play a role. The data we modeled here
showing the difference in effect of cAMP on the HCN2-
h4 chimeric channel and the HCN2 channel when measured
in patches excised from Xenopus oocytes (35) suggest that
the interaction of the C-linker and CNBD with the trans-
membrane domain may be important. Using a HCN2
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channel with a HCN4 transmembrane domain, it was shown
that the position of the activation curve without influence
from cAMP is more negative than the wild-type HCN2
channel (43). Thus, both the degree of autoinhibition of
opening and its relief by cAMP may be regulated by trans-
membrane domains. An interaction of the voltage-sensing
regions with the C-terminus has also been proposed based
on signals from a fluorescent analog of cAMP when bound
to the HCN2 channel, which occur before current onset dur-
ing a hyperpolarizing pulse delivered by patch-clamp elec-
trophysiology (44).

Reports of recent structures (solved by cryoelectron mi-
croscopy) and functional data have identified two novel re-
gions that may control the maximum effect of cAMP in an
HCN isoform-specific manner. The HCN domain is a region
in the N-terminus, just before the first transmembrane
domain, and was originally shown to be critical for func-
tional expression of the HCN2 channel in mammalian cells
(45,46). This region, consisting of three helices, makes con-
tacts with voltage-sensing transmembrane regions and the
C-linker and contributes to both voltage-dependent and cy-
clic nucleotide-dependent gating (47-50). Specific interac-
tion of the HCN domain with residues in the A’ and B’
helices were found to regulate the maximum effect of
cAMP in HCN1, HCN2, and HCN4 isoforms, as well as
the potency of this ligand on the HCN2 channel. The
HCN domain, like the voltage-sensing region and C-
linker/CNBD, is not conserved between isoforms and,
thus, it may contribute to gating differently between them.
A second region that may control the effect of cAMP is
formed by residues in the S4-S5 linker and B’ helix of the
C-linker and, together, may coordinate a magnesium ion
in the HCN4 channel but not in the HCN1 channel (50). Mu-
tation of certain residues abolishes the effect of cAMP in the
HCN4 channel but not the HCN1 channel, while removal of
magnesium appears to abolish the effect of cAMP in HCN4
but not in HCN1 or HCN2. Thus, this ion coordination site,
which connects the transmembrane regions and the C-
linker/CNBD, may provide a contribution to cAMP action
that is unique to the HCN4 channel isoform. Notably,
another residue in the A’ helix of the HCN4 channel has
also been shown to control cAMP potency (20), while a res-
idue triplet located in the A’ helix can reverse the effect of
cAMP on the HCN2 channel (51). Together, the findings
suggest that a mutation, such as S672R in the CNBD, which
affects both binding and gating, could produce variable, or
even opposite, effects that depend on the sequence of the
N-terminus and transmembrane domains, including the
HCN domain and tetrad formed by the S4-S5 linker and
proximal C-linker.

The different effect of the S642R mutation on the potency
and maximum shift of cAMP between the HCN4 channel in
HEK cells and the HCN2-h4 chimera in Xenopus oocytes
could be further examined by keeping in mind the possible
roles of isoform structure and expression system. For
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example, by expressing the HCN2-h4 channel in HEK cells,
it would be possible to compare the effects of the S672R
mutation on the action of cAMP between this chimera and
the HCN4 channel. If the potency and maximum effect of
cAMP on the HCN2-h4 channel were also unchanged by
the mutation, then it is probable that the reduction of po-
tency and increase in maximum effect observed by Xu
et al. in this chimera were due to its expression in Xenopus
oocytes. If, however, the potency of cAMP was reduced and
the maximum effect increased by the mutation on the
chimera in HEK cells, as it was in Xenopus oocytes, then
further experiments could be undertaken in HEK cells to un-
derstand what specific differences in the N-terminus and
transmembrane regions between HCN2 and HCN4 channels
were responsible for the different effects of cAMP on the
wild-type HCN4 and the HCN2-h4 chimera. To understand
the roles of regions outside of the C-linker and CNBD on
regulation by cAMP and the effect of mutations, it would
be helpful to carry out experiments that can account for
the expression system and experimental conditions where
possible.

Our model was originally developed using the HCN2
channel (25). The rates of opening and closing were deter-
mined using concentration response data for channels con-
taining one, two, three, or four binding sites (30). The
equilibrium constant for each of the four binding sites was
also determined using concentration response data for
HCN?2 channels containing one, two, three, or four binding
sites. Importantly, the math model was able to predict the
concentration response curves for single alanine substitu-
tions that were shifted to higher concentrations of cAMP.
These substitutions reduced the binding affinity as deter-
mined by ITC and, in the absence of ligand, had no effect
on gating. Thus, the cAMP-induced shift in the activation
curve could be explained, and predicted, by reduced binding
affinity only.

Here, we have determined theoretical values for the equi-
librium constant, and rates of opening and closing, for
HCN4 channels with one, two, or three of sites bound
with cAMP. These numbers offer predictions that can be
tested in the future by determining the concentration
response relation for mutant HCN4 channels containing
one, two, or three binding sites. The mutation studied here
in HCN4 differs from the alanine mutations studied in the
HCN?2 channel in that it causes a shift in the activation curve
in the absence of ligand. Hence, it is perhaps not surprising
that this mutation may have a direct effect on cAMP gating
as well as an effect on its binding. The nature of how gating
is modified by the mutation, and the role of the wild-type
residue in gating, remains to be determined.

The K4 values for cGMP binding in the wild-type HCN4
channel are approximately 0.16 and 1.74 uM for the high-
and low-affinity binding events, respectively (Fig. 3;
Table 1). These values suggest that cGMP is an important
modulator of the channel in the human SAN under normal



conditions in vivo. The binding affinity of cGMP is a bit
weaker than that for cAMP (with Ky values = 0.06 and
0.69 uM for the high and low binding events, respectively),
which might make it difficult for the former to compete for
the binding site when cAMP levels are high. However,
cGMP may be elevated in pacemaker cells when cAMP is
scarce and it could help to prevent excessive bradycardia un-
der these conditions, e.g., at rest where vagal tone is domi-
nant and acetylcholine levels are elevated (52-54).
Cholinergic stimulation in sinoatrial pacemaker cells has
been shown to increase HCN activity via nitric oxide forma-
tion (55).

Our study also shows that the S672R mutation reduces the
binding affinity of cGMP for the HCN4 channel. Given the
potential role of ¢cGMP in facilitating wild-type HCN4
opening in vivo, as mentioned above, it seems reasonable
to suggest that the reduced ability of the mutant channel
to bind cGMP may contribute to reduced channel activity
and bradycardia under resting conditions in patients car-
rying the S672R HCN4 mutation. It would be interesting,
in the future, to determine the concentration response rela-
tion for the effect of cGMP on the HCN4 channel expressed
in different systems.

The data in this study support an asymmetric functional
and structural model for the facilitation of the HCN4 chan-
nel, which we recently proposed also for the HCN2 channel
(25). In this model, the initial binding of cAMP and cGMP
occurs with a distinct thermodynamic signature (24,26),
which was also observed here for both ligands and for
both the mutant and wild-type HCN4 channel. The high-af-
finity binding of cAMP and ¢cGMP occurs with favorable
changes in entropy and enthalpy, whereas the change in en-
tropy is unfavorable for the low-affinity binding event
despite an even larger change in enthalpy. Thus, negatively
cooperative binding of ligand to the HCN2 and HCN4 C-ter-
minal region is driven by the change in entropy. A similar
pattern of thermodynamics has been observed for the
dimeric catabolite activator protein, which may have
distinct structural consequences (56,57). It is interesting
that high-affinity cAMP binding is driven by a smaller
change in entropy than cGMP, whereas the S672R mutation
impacts the change in entropy for high-affinity binding of
cAMP but not cGMP. Thus, it will be of great interest to
determine the impact of the mutations on the structure of
a full-length HCN4 channel that is intermediately liganded
as well as fully liganded.

Our data show that the mutation, and binding of cAMP or
c¢GMP, do not greatly impact the stability of this protein in
response to temperature, nor do they impact oligomerization
as a function of protein concentration or in response to
either cyclic nucleotide. This corresponds to alterations in
function that might be considered modest, e.g., hyperpolar-
ization-activated opening of the channel occurs but is
shifted to more negative voltages and the maximum effect
of cAMP, as well as the impact of cAMP on the oligomeri-
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zation of the C-terminal region, are not altered, although the
binding affinity of this ligand is reduced and the opening of
the liganded channel is promoted. Likewise, the crystal
structure of the identical HCN4 protein studied here shows
local perturbations but conformation is not greatly modified
globally. Nevertheless, NMR analyses of a monomeric
version of this protein (58,59) have shown that this mutation
alters the dynamics of the bound and apo states beyond the
local region of this residue. These changes in dynamics are
more extensive than the alterations observed in the crystal
structure, and favor an inactive conformation and an in-
crease in the rate of cAMP unbinding and, overall, are
thought to reflect remodeling of the free energy landscape
by the mutation (60).

In summary, our data and modeling lead us to propose
that the S672R mutation reduces cAMP binding but pro-
motes the opening of the liganded HCN4 channel, such
that the shift in the activation curve by this ligand spans a
range of concentrations that is similar to that of the wild-
type channel. We also noted that the effect of cAMP may
be modestly reduced in the submicromolar range of concen-
trations, which may impact channel opening under resting
conditions in the SAN. Thus, we propose that both inhibi-
tion of channel opening, as shown previously (18), and
reduced binding of cAMP, contribute to mutant HCN4 chan-
nel dysfunction and contribute to the bradycardia observed
in patients with this mutation. Our data also suggest that
c¢cGMP may modulate HCN4 channel function in the SAN
and limit bradycardia at rest but that it does so to a lesser
extent in patients who possess the S672R mutation. Finally,
our study shows that combining measurements of channel
activity with direct measures of ligand binding and mathe-
matical analysis of gating can deepen understanding of
how HCN channels, and ligand-gated ion channels in gen-
eral, function, and are impacted by disease-associated muta-
tions, at the molecular and atomistic level.
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