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cAMP acts as a second messenger in many cellular processes.
Three protein types mainly mediate cAMP-induced effects:
PKA, exchange protein directly activated by cAMP (Epac),
and cyclic nucleotide—-modulated channels (cyclic nucleotide—
gated or hyperpolarization-activated and cyclic nucleotide—
modulated (HCN) channels). Discrimination among these
cAMP signaling pathways requires specific targeting of only
one protein. Previously, cAMP modifications at position N°® of
the adenine ring (PKA) and position 2'-OH of the ribose (Epac)
have been used to produce target-selective compounds. How-
ever, cyclic nucleotide-modulated ion channels were usually
outside of the scope of these previous studies. These channels
are widely distributed, so possible channel cross-activation by
PKA- or Epac-selective agonists warrants serious consideration.
Here we demonstrate the agonistic effects of three PKA-selec-
tive cAMP derivatives, N°-phenyladenosine-3',5'-cyclic mono-
phosphate (N°®-Phe-cAMP), N°-benzyladenosine-3’,5'-cyclic
monophosphate (N°-Bn-cAMP), and N°-benzoyl-adenosine-
3’,5'-cyclic monophosphate (N°-Bnz-cAMP), on murine HCN2
pacemaker channels. Electrophysiological characterization in
Xenopus oocytes revealed that these derivatives differ in appar-
ent affinities depending on the modification type but that their
efficacy and effects on HCN2 activation kinetics are similar to
those of cAMP. Docking experiments suggested a pivotal role of
Arg-635 at the entrance of the binding pocket in HCN2, either
causing stabilizing cation—r interactions with the aromatic ring
in N®-Phe-cAMP or N®-Bn-cAMP or a steric clash with the aro-
matic ring in N®-Bnz-cAMP. A reduced apparent affinity of
N®-Phe-cAMP toward the variants R635A and R635E strength-
ened that notion. We conclude that some PKA activators also
effectively activate HCN2 channels. Hence, when studying
PKA-mediated cAMP signaling with cAMP derivatives in a
native environment, activation of HCN channels should be con-
sidered.

This work was supported by grant DFG Research Unit 2518 Dynlon of the Deut-
sche Forschungsgemeinschaft (projects P2 (KU 3092/2-1) and P7 (GO 1367/
2-1)). F.S. is Head of Research and Development of the BIOLOG Life Science
Institute, which sells the cAMP analogs that were used in this study.

" These authors contributed equally to this work.

2To whom correspondence should be addressed. E-mail: jana.kusch@
med.uni-jena.de.

17978 J Biol. Chem. (2019) 294(47) 1797817987

cAMP, the first identified second messenger (1), plays a key
role in living organisms ranging from Dictyostelium to Homo
sapiens. It is involved in a wide variety of cellular processes,
including proliferation, differentiation, secretion, migration,
pacemaking, sensation, and apoptosis. The concentration of
cytosolic cAMP is controlled by the action of adenylyl cyclases,
catalyzing the conversion of ATP to cAMP, and cyclic nucleo-
tide phosphodiesterases, catalyzing the conversion of cAMP to
5'-AMP. In mammalian cells, four main types of proteins
respond to cAMP: PKA, exchange protein directly activated by
cAMP (Epacl and Epac2),’> CN-modulated ion channels (cyclic
nucleotide—gated channels and hyperpolarization-activated
and cyclic-nucleotide modulated (HCN) channels) (2) and the
relatively new class of Popeye domain— containing proteins (3).

HCN channels, as one type of CN-modulated ion channels,
are activated by hyperpolarizing membrane potentials as a pri-
mary stimulus but are secondarily stimulated by direct binding
of cyclic nucleotides, mainly cAMP, to intracellular binding
sites (4-10). Structurally, HCN channels belong to the super-
family of tetrameric voltage-gated ion channels (11). In these
channels, each subunit contains a voltage sensor domain and a
pore domain. In contrast to most other members of this super-
family, HCN channel subunits additionally contain a cyclic
nucleotide— binding domain (CNBD) in the C terminus, which
is connected to the membrane portion by a so-called C-linker
(12). It has been shown that the unoccupied CNBD together
with the C-linker has an inhibitory effect on channel gating,
which is relieved by CN binding (13). Such a relieving effect is
reflected by a shift of the steady-state activation curve to more
depolarized voltages, thereby increasing the maximum current
amplitude, accelerating activation and decelerating deactiva-
tion (14, 15).

The CNBD is a highly conserved structure (16). Combined
data from PKA, Epac, and ion channel studies illustrate that
CNBDs use a common mechanism to bind and sense cCAMP

3 The abbreviations used are: Epac, exchange protein directly activated by
cAMP; CN, cyclic nucleotide; HCN, hyperpolarization-activated and cyclic
nucleotide-modulated; CNBD, cyclic nucleotide- binding domain; N°-Phe-
cAMP, NS-phenyladenosine-3',5'-cyclic monophosphate; N°-Bn-cAMP,
N°-benzyladenosine-3’,5'-cyclic monophosphate; N°-Bnz-cAMP, N°®-ben-
zoyl-adenosine-3’,5'-cyclic monophosphate; RMSD, root mean square
deviation.
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HCN2 channel activation by N®-modified cAMP derivatives

(17). This similarity in the cAMP-binding mechanism of all
cAMP-responsive proteins makes it challenging to target only
one type of protein to discriminate between the different cAMP
signaling pathways. However, discrimination between two pro-
teins, PKA and Epac, could be realized and has been used widely
(e.g. (18-22). Although Epac tolerates 2'-OH modifications,
modifications at the N° position of the purine ring are not
accepted by this protein. However, such N°-modified deriva-
tives are often potent agonists for PKA and can be used to
exclude Epac activation (23). Notably, fully functional ion chan-
nels were often outside the scope when studying the selectivity
of cAMP derivatives.

Besides a systematic study performed by Ng et al. (24)
comparing binding and gating parameters for different
cyclic nucleotides in whole HCN channels, the effect of
purine ring modifications at cAMP on functional channels
have so far not been tested systematically. To contribute to
the urgent problem of developing cAMP analogs that can
discriminate between the different cAMP-binding proteins,
here we tested three N®-modified cAMP derivatives: N°-phe-
nyladenosine-3',5'-cyclic monophosphate (N°-Phe-cAMP),
N°®-benzyladenosine-3',5'-cyclic monophosphate (N°-Bn-
cAMP), and N°®-benzoyladenosine-3’,5'-cyclic monophos-
phate (N°-Bnz-cAMP), known to be activators of PKA, on
functional HCN2 channels. We show that all of them are
HCN2 channel activators with efficacies similar to cAMP
but with different apparent affinities. Docking and mutagen-
esis experiments revealed the specific interactions between
molecule and binding pocket that underlie those differences.

Results

Effect of the native ligand cAMP on HCN2 channels in oocyte
macropatches

HCN2 channels produce slowly activating inward currents in
response to hyperpolarizing voltage jumps. It has been shown
that the cyclic nucleotide—binding domain has an inhibitory
effect on channel gating that is relieved by cAMP binding (13).
Such a relieving effect is reflected by an increase in current
amplitude at a given voltage, by a shift of the voltage of half-
maximum activation, V;,,, to more depolarized values, and by
anacceleration of activation kinetics and a deceleration of deac-
tivation kinetics (14). This could also be observed here for
mHCN2 channels expressed in Xenopus laevis oocytes (Fig. 1).

Fig. 1, A and B, shows representative current traces and the
respective protocols used to determine channel activation at vary-
ing agonist concentrations at a given command voltage of —130
mV (Fig. 1A4) and to determine channel activation at varying volt-
ages at zero or saturating agonist concentrations (Fig. 1B), respec-
tively. The cAMP concentration required to cause EC,, a measure
of the apparent affinity of the agonist to the receptor, was deter-
mined by approximating the Hill equation (Equation 1) to relative
current amplitudes plotted against the cAMP concentration (Fig.
1C). Current amplitudes were obtained from tail currents at —100
mYV following an activating pulse of —130 mV. The EC,, value was
found to be 21.3 = 3.3 nu, and the Hill coefficient was 1.1 = 0.2.
From this, 10 um was defined as the saturating concentration for
all experiments.
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Figure 1. cAMP effects on steady-state and nonsteady state parame-
ters of mMHCN2 channel activation. A, protocol and representative cur-
rent traces to study concentration-dependent gating at a fixed command
voltage. Tail currents were obtained from a —100 mV pulse following an
activating —130 mV pulse. B, protocol and representative current traces
(exemplary of a saturating concentration of 10 um cAMP) to study voltage-
dependent gating at a fixed agonist concentration. A voltage family from
—70 mV to —150 mV was applied with 10-mV increments. Tail currents
were obtained from a —100 mV pulse following the variable test pulse. C,
concentration-response relationship for cAMP. Mean values for /],
were obtained from six to 13 recordings and plotted against the cAMP
concentration. The Hill equation (Equation 1) was approximated to the
data, yielding ECsy (21.3 = 3.3 nm) and H (1.1 £ 0.2), respectively. D,
steady-state activation relationship at zero and saturating [cCAMP]. Mean
values for relative current amplitudes (/1,,.,,) for zero cAMP (n = 14) and
for saturating cAMP of 10 um (n = 13) were plotted against the command
voltage. The Boltzmann equation was approximated to the data, yielding
Vi, = —117.8 = 1.5mV and a slope of z6 = 4.2 + 0.3 for zero and V, ,, =
—97.9 £ 1.9 mV and a slope of z8 = 4.2 = 0.3 for 10 um cAMP. E, activation
kinetics at different CAMP concentrations. Activation time constants were
obtained from approximating a monoexponential function (Equation 3)
to the current time courses, yielding 7, .. Mean values were obtained
from three to seven recordings. The protocol used is shown in A. F, activa-
tion kinetics at different command voltages at zero and saturating [CAMP].
Activation time constants were obtained from approximating a monoex-
ponential function (Equation 3) to the current time courses, yielding
Tavoltage- Mean values were obtained from 14 recordings for zero and 13
recordings for 10 um cAMP. The protocol used is shown in B.

To estimate V,,, relative current amplitudes were plotted
versus the command voltage. The Boltzmann equation was fit-
ted to the data points of individual recordings, yielding V;,,
under control conditions of —117.8 * 1.5 mV and after appli-
cation of 10 uM cAMP of —97.9 = 1.9 mV. Thus, the steady-
state activation was shifted by 19.9 = 1.2 mV to more depolar-
ized values because of cAMP binding (Fig. 1D). The slopes of
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Figure 2. Structure and apparent affinities of the three tested derivatives. A, molecular formulas for three N°>-modified derivatives known to activate PKA.
B, representative current responses before and after application of the respective ligand. Black traces represent recordings in the absence of the ligand, and
colored traces represent recordings during application of a saturating concentration of the respective ligand. Each ligand turned out to be an activator of
heterologously expressed HCN2 channels. C, concentration-response relationships for the three derivatives (colored symbols and fits) compared with mHCN2
WT data (black symbols and fits). The Hill equation (Equation 1) was approximated to the data to obtain ECs, and H. Error bars indicate S.E. D, box plot of ECs,
values obtained from C. Filled circles indicate individual recordings. Error bars indicate S.D. E, box plot of Hill coefficients obtained from C. Filled circles indicate

individual recordings. Error bars indicate S.D.

the curves were similar with and without cAMP (4.2 = 0.2 and
4.2 * 0.3 mV/e -fold change, respectively).
The time constant of activation, given as 7, ..., decreased
with increasing cAMP concentrations (Fig. 1E). Furthermore,
the time constant of activation decreased with increasing
hyperpolarizing voltages under control conditions without

cAMP as well as after application of 10 um cAMP (Fig. 1F).

All three tested cAMP derivatives were able to promote HCN2
channel activation

We tested three cAMP derivatives, used as PKA activators,
for their ability to activate HCN2 channels: N°-Phe-cAMP,
N®-Bn-cAMP, and N°-Bnz-cAMP (Fig. 24). In these deriva-
tives, a phenyl group, a benzyl group, or a benzoyl group,
respectively, is attached to the amino group in position 6 of the
adenine moiety. All three N°-modified derivatives have been
shown to be site-selective for site A of both PKA type I and II
(27-29).

To test whether the three cAMP derivatives are able to mod-
ulate HCN2 channels, channel activation was monitored at

17980 J Biol. Chem. (2019) 294(47) 1797817987

zero cAMP and in the presence of different agonist concentra-
tions. Representative current recordings for zero cAMP and
saturation are shown in Fig. 2B. All three derivatives caused an
increase in current amplitude and acceleration of the activation
kinetics, as known for cAMP (Fig. 1).

cAMP modifications at position N° affected the apparent
daffinity of the agonist for HCN2

To study the concentration dependence in more detail,
concentration—response relationships were recorded for each
derivative (Fig. 2C) and compared with the relationship for CAMP.
For all cases, the Hill equation (Equation 1) was approximated to
the relative currents of each individual recording. The results for
EC,, and the Hill coefficient, H, are summarized in Fig. 2, Dand E,
respectively. The nature of the N® modification had a major
influence on the apparent affinity (ECy . = 3.02 * 0.83 nm,
ECsopn = 512 * 1.03 nM, ECyy .., = 374 = 91.3 nm) (Fig. 2D).
Adding a phenyl or benzyl group to position N° shifted the ECs,
value to lower concentrations compared with native cAMP, caus-
ing an apparent affinity one order of magnitude higher than for

SASBMB
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Figure 3. Efficacy of the three tested derivatives. A, steady-state activation relationships at zero and saturating agonist concentrations. The graphs show the
relationships of the tested derivatives at saturating concentrations and in the absence of any ligand. Except for N®-Bnz-cAMP, for which 100 um was used as a

saturating concentration, the concentration was 10 um for saturation. ///

max are mean values obtained from three to six recordings. The Boltzmann equation

was approximated to the relative current values to yield V, ,, The results of the fits were as follows: —97.5 = 2.0 mV for N®-Phe-cAMP, —104.9 = 2.7 mV for
N6-Bn-cAMP, and —98.3 * 1.4 mV for N®-Bnz-cAMP. The slopes were 3.4 + 0.2,4.1 + 0.2,and 4.4 = 0.3, respectively. Band C, comparison of the efficiency of the
three derivatives compared with cAMP in two measures. B, box plots of |,,...//nax.came- Filled circles indicate individual recordings. Error bars indicate S.D. C, box

plots of AV, ,. Filled circles indicate individual recordings. Error bars indicate S.D.

cAMP. However, adding a benzoyl group shifted the EC, value to
higher concentrations, indicating an apparent affinity one
order of magnitude lower than for cAMP (Fig. 2D). The Hill
coefficients for the derivatives were not significantly differ-
ent from that for cAMP: Hy,,,, = 1.4 = 0.3, Hg, = 1.2 = 0.3,
and Hg,, = 0.9 = 0.2 (Student’s ¢ test, p = 0.05) (Fig. 2E).

Bnz

None of the cAMP modifications tested changed the efficacy

We used two measures to compare the efficacy of the cAMP
derivatives with that of native cAMP: the maximal agonist-in-
duced voltage shift (AV;,,,..,) and the maximal fractional
increase in tail current amplitude (7., agonist/max,canmp) OP-
served with saturating agonist concentrations (Fig. 3) (30).

Toyield AV} ,5 haw Vi,- values before and after application of
saturating agonist concentrations were estimated by fitting the
Boltzmann equation to steady-state activation relationships
(Fig. 3A). There was no difference between AV, ... of cCAMP
and either one of the tested derivatives (16.1 * 2.3 mV for
cAMP, 18.3 = 1.4 mV for N°-Phe-cAMP, 18.6 = 2.4 mV for
N®-Bn-cAMP, and 22.3 *+ 1.1 mV for N®-Bnz-cAMP) (Fig. 3B).

To yield the maximal fractional increase in tail current
amplitude, we determined the tail current amplitudes at a
test pulse of —100 mV, following a hyperpolarizing pulse of
—130 mV, for each cAMP derivative at saturating concentra-
tions and related that to the maximum tail current amplitude of
10 um cAMP in the same patch. All derivatives caused a fractional
current of around 1.0, suggesting that they all cause a similar cur-
rent increase as cCAMP (Fig. 3C). The values were 1.02 = 0.14 for
N®-Phe-cAMP, 0.98 = 0.05 for N°-Bn-cAMP, and 1.00 *+ 0.02 for
N°-Bnz-cAMP (Fig. 3B). Thus, both measures led us conclude that
the modifications performed in the tested cCAMP derivatives did
not affect the efficacy of the agonists.

None of the cAMP modifications tested changed activation
kinetics

Fig. 4 summarizes the results regarding activation kinetics
upon hyperpolarizing voltage jumps. First, we studied the con-
centration dependence of these kinetics. For this purpose, we
applied the agonists at different concentrations, covering a
wide range, and recorded the currents at a nearly saturating
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Figure 4. Activation kinetics for the tested cAMP derivatives. A, activation
kinetics in dependence on agonist concentration at a given command volt-
age of —130 mV. 7, ., Values, obtained from approximating a monoexpo-
nential equation (Equation 3) to the current time courses, are plotted against
the cAMP concentration. Mean values were obtained from three to nine
recordings. Black symbols in each plot illustrate the case for cAMP. The proto-
colusedis shownin Fig. 1A. B, activation kinetics in dependence on command
voltage at a saturating agonist concentration. 7, ,,iage Values were plotted
against the command voltage. Open symbols represent recordings in the
absence of ligands and filled symbols in the presence of saturating agonist
concentrations. Mean values were obtained from three to 19 recordings. The
protocol used is shown in Fig. 1B.

voltage of —130 mV. Kinetics were quantified by 7, .,,. ob-
tained from approximating a monoexponential equation
(Equation 3) to the current time courses. The values were plot-
ted against the normalized concentration, which is the ratio of
applied concentration and apparent affinity [agonist]/EC,,
(Fig. 4A). Such normalization was required because large differ-
ences in the EC, values for the derivatives and cAMP did not
allow comparison at absolute concentrations. As a result, the
concentration dependence of 7, ... for derivatives could be
superimposed with that of cAMP.

Second, we studied the voltage dependence of activation
kinetics. For this purpose, we applied a family of hyperpolariz-
ing voltages at saturating agonist concentrations and in the
absence of agonists, respectively. The results are shown in Fig.
4B. Analogous to the concentration dependence, the voltage
dependence of T, could be superimposed with that of

a,voltage
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steric clash

(extended)

Figure 5. Predicted binding modes of the tested cAMP derivatives. A-D, predicted binding modes of cAMP (A, gray; crystallographic pose (PDB code 1Q50
(25) shown in gold), N®-Phe-cAMP (B, blue), N°-Bn-cAMP (C, orange), and N°-Bnz-cAMP (D, magenta). In A-C, hydrogen bonds to and from protein side chains are
depicted as dashed yellow lines, hydrogen bonds to and from the protein main chain as dashed green lines, and cation-1r interactions as dashed blue lines. E,
predicted binding mode of the cAMP fragment in N°-Bn-cAMP extended with a benzoyl group as found in N®-Bnz-cAMP. The steric clash with Arg-635 resulting
from this extension is highlighted (red box), explaining the inverted binding mode of N°-Bnz-cAMP shown in D.

cAMP. From these results, we conclude that all derivatives had
a similar accelerating effect as the native ligand.

Molecular docking suggests a pivotal role of Arg-635 for
determining the binding behavior of N°>-modified derivatives

To determine the structural basis of the higher apparent
affinities of N°-Phe-cAMP and N°-Bn-cAMP and the lower
apparent affinity of N°-Bnz-cAMP, we predicted and compared
the binding modes of cAMP, N°-Phe-cAMP, N°-Bn-cAMP, and
N°®-Bnz-cAMP in mHCN2] by molecular docking (Fig. 5). The
selected docking protocol was able to reproduce the crystallo-
graphically determined binding mode of cAMP with a heavy-
atom RMSD of 0.60 A (Fig. 54), indicating that the binding
modes of the N°®-substituted derivatives can be reliably pre-
dicted. The predicted binding modes of the cAMP moiety of

17982 J Biol Chem. (2019) 294(47) 1797817987

N°®-Phe-cAMP and N°-Bn-cAMP deviate only marginally from
the native binding mode of cAMP (heavy-atom RMSDs of
0.73 A and 0.91 A, respectively; Fig. 5, B and C). Docking scores
(XP GScores) for all three compounds were in a similar range
(cAMP, —13.53 kcal mol ~*; N®-Phe-cAMP, —10.20 kcal mol ™ %;
N°®-Bn-cAMP, —11.54 kcal mol ™ %).

Compared with cAMP, the predicted binding modes of
N®-Phe-cAMP and N°-Bn-cAMP reveal stabilizing cation—1r
and/or m—1r stacking interactions between the additional phe-
nyl ring and the side chain of Arg-635 (Fig. 5, A-C), which can
explain the higher apparent affinities of these two deriva-
tives. This interaction may be more stable in the case of
N®-Phe-cAMP because of the more restricted conforma-
tional freedom of the N°-ring bonds compared with the less
restricted N°-benzyl carbon bond in N®-Bn-cAMP, which
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can explain the higher apparent affinity of N°-Phe-cAMP
compared with N®-Bn-cAMP.

In contrast to the N°-Phe and N°-Bn derivatives, the orien-
tation of the cAMP moiety in the predicted binding mode of
N°-Bnz-cAMP did not match the crystallographic pose (RMSD
0f 8.66 A) but was instead inverted (Fig. 5D) and associated with
a markedly lower docking score (—6.11 kcal mol™ ). To deter-
mine why N°-Bnz-cAMP cannot adopt the binding mode favor-
able for cAMP and the other N®-substituted derivatives, we
used the predicted binding mode of N°-Bn-cAMP as a template
and replaced the benzyl moiety with a benzoyl moiety. Because
of the planarity of the amide group in N°-Bnz-cAMP, the phe-
nyl ring is then forced into an orientation in which it inevitably
clashes with Arg-635 (Fig. 5E), resulting in a strongly disfavor-
able interaction.

Substituting Arg-635 at the entrance of the binding pocket
prevented the higher apparent affinity of N®-Phe-cAMP

The arginine at position 635 was substituted with either ala-
nine for neutralization (R635A) or glutamate for charge rever-
sal (R635E). If Arg-635 is indeed involved in the higher appar-
ent affinity of N®-Phe-cAMP and N°®-Bn-cAMP, then the
mutations should cause an apparent affinity that resembles that
of cAMP to WT channels. To test this, the concentration-acti-
vation relationship was tested for N°>-Phe-cAMP in both R635A
and R635E. Both constructs, R635A and R635E, formed func-
tional channels and expressed in high densities in Xenopus
oocytes. First, we tested whether those constructs are still reac-
tive to 10 um cAMP. As for WT channels, we found a substan-
tial current increase and an acceleration of the activation speed
(Fig. 6A). When studying the concentration-response relation-
ships for N°-Phe-cAMP, we found, as expected, that the EC,,
values for both constructs were increased (Fig. 6, B and C),
27.7 = 5.5 nMfor R635A and 33.9 =+ 5.3 nM for R635E. They are not
different from the EC,, values found for cAMP (21.3 = 3.3 nm) in
WT channels.

Discussion
PKA agonists activate HCN2 channels

Here we performed a comparative study of three cAMP
derivatives, N°-Phe-cAMP, N°-Bn-cAMP, and N°®-Bnz-cAMP,
earlier described as activators of PKA, to investigate their
effects on HCN2 channels. In the last decades, these derivatives
have been shown to be useful tools when discrimination
between activation of PKA and Epac was required (18-22).
Interestingly, all three tested derivatives turned out to also be
activators for HCN2 channels heterologously expressed in
Xenopus laevis oocytes by promoting HCN2 channel gating in
the presence of a primary hyperpolarizing voltage stimulus.

To study the agonistic effect in more detail, we determined
the concentration—activation relationship and quantified EC,,
as a measure of the apparent affinity and the Hill coefficient of
activation. The apparent affinity was considerably affected by
the type of N® modification: Substituting one of the N°-bound
hydrogens with a phenyl or benzyl group dramatically increased
the apparent affinity (seven times and four times higher than
cAMP, respectively), whereas a benzoyl ring decreased it (18 times
lower than cAMP). However, because EC,, is a function of both
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Figure 6. Response to N°-Phe-cAMP after charge neutralization or rever-
sal at position Arg-635 in the CNBD. A, representative current traces for
R635A and R635E at zero and saturating cAMP. B, concentration-activation
relationships for mHCN2, R635A, and R635E. The Hill equation (Equation 1)
was approximated to the relative currents to obtain ECs, and the Hill coeffi-
cient. C, box plot of ECs, values. Filled circles indicate individual recordings.
Error bars indicate S.D. EC,, values obtained with N°-Phe-cAMP for R635A and
R635E, respectively, are not different from the ECs, value obtained for cAMP
and mHCN2 (Student’s t test).

binding affinity and efficacy, this parameter alone does not allow
any interpretation of the mechanisms behind the agonist-depen-
dent differences. The Hill coefficients for all agonists were similar
to the Hill coefficient for cAMP. Even though this parameter is
often used to describe the magnitude of cooperativity in ligand
binding to allosteric systems, we hesitate to interpret those num-
bersin detail because, when derived from electrophysiological mea-
surements, the Hill coefficient is just an empirical description
without physical meaning because it depends on both binding and
gating (31).

To address the question of why the tested agonists show
those clear differences in their apparent affinities, we deter-
mined the efficacy, the ability of a ligand to elicit a response
upon binding to a receptor (32), compared with unmodified
cAMP. Two parameters were quantified: the maximum extent
of shifting the steady-state activation to more depolarized volt-
ages, AV, ,, and the ability of increasing the current in channels
maximally activated by voltage. For both parameters, none of
the three agonists differed from cAMP, indicating a similar effi-
cacy of the native ligand and the three derivatives. Following a
definition formulated by Colquhoun (31), according to which
efficacy is determined by the sum of transduction events that
follow the initial binding reaction, in HCN2 channels, those
transduction events are similar whether matter they bind
N°-Phe-cAMP, N°-Bn-cAMP, N°-Bnz-cAMP, or the native
ligand cAMP. Provided that cAMP is a full agonist in HCN2
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Figure 7. Comparison of relative apparent affinity for PKA and HCN2. A, apparent affinities for CAMP derivatives were related to apparent affinities for
unmodified cAMP. Among the tested derivatives, the best discrimination can be realized with N°-Bnz-cAMP. Data for PKA were obtained from Refs. 29, 34-36.
Filled symbols represent PKAl and empty symbols PKAII. B, sequence alignment comparing the distal parts of the C-helix sequences of mouse and human HCN
isoforms with those from A and B sites in regulatory subunits of human PKAl and Il. Alignments and structure predictions (a-helix C marked in green) are shown
as proposed by Berman et al. (39), who used a structure and transformation method (SAT). Prediction of the HCN C-helix follows a suggestion from Lee and
MacKinnon (40). The asterisks mark Arg-635 mutated herein. Positively charged residues are shown in red and negatively charged in blue.

channels (33), those data further suggest consideration of all
three N°-modified derivatives also as full agonists.

In addition to those steady-state parameters, we quantified
the activation kinetics of the macroscopic current time course
following a hyperpolarizing voltage jump. The kinetics of a
macroscopic current reflect the kinetics of the underlying
channels and are determined by the rate at which a new equi-
librium occurs after a perturbation. We compared the effect of
the N°-modified derivatives under two conditions: at varying
voltages in the presence of a saturating agonist concentration
and at varying concentrations at a saturating voltage. For both
conditions, the activation time constants for each of the three
derivatives were not different from the activation time con-
stants for cAMP. This supports the interpretation of efficacy
that the transduction events that follow the initial binding reac-
tion are similar for all tested agonists. Together, those data led
us to suggest that the N®-modified derivatives tested here are
differently potent in HCN2 channels because they differ in their
ability to bind to the HCN2 binding sites.

Arginine 635 in the CNBD affects apparent dffinities

We performed docking experiments to identify molecular
interactions between N° derivatives and binding site residues
that might underlie the observed differences in apparent affin-
ities. The binding modes of N°-Phe-cAMP and N°-Bn-cAMP
are stabilized by a cation—m and/or - stacking interaction
between the additional phenyl moiety and the side chain of
Arg-635. The higher apparent affinity of N°>-Phe-cAMP com-
pared with N°®-Bn-cAMP is likely explained by the more
restricted conformational freedom of the amino-phenyl side
chain in the former case, which leads to a reduced loss in con-
figurational entropy upon binding. In contrast, the benzoyl
moiety in N°-Bnz-cAMP enforces coplanarity of the two aryl
systems, which would lead to a clash between the phenyl ring
and Arg-635 if the cAMP moiety of N°-Bnz-cAMP adopted the
usual binding mode in the cAMP binding site. Based on these
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results, we hypothesized that the cation— and/or 7 stack-
ing interaction between the phenyl ring and Arg-635 is the
main cause of the differential apparent affinities of N°-Phe-
cAMP and N°®-Bn-cAMP versus N°-Bnz-cAMP.

To test this hypothesis, we either neutralized or reversed the
charge at position 635 by replacing the arginine with either
alanine (R635A) or glutamate (R635E). Neutralization resulted
in an apparent affinity of N°>-Phe-cAMP similar to the apparent
affinity of cAMP for mHCN2 WT channels. From this result,
we suggest that now N°-Phe-cAMP interacts with R635A in a
similar manner as cAMP with the mHCN2 WT. Reversing the
charge by replacing the arginine with a glutamate led to an
apparent affinity of N°-Phe-cAMP slightly lower than that of
cAMP for mHCN2 WT channels. This might be caused by a
repulsive force between the aromatic ring of N°-Phe-cAMP and
the negative side chain of the newly introduced glutamate.
Together, these data support the hypothesis resulting from the
docking experiments, proposing a stabilizing or destabilizing
interaction between N°® modifications and Arg-635. A role of
Arg-635 for binding and selectivity was discussed earlier by
Zhou and Siegelbaum (30). They described this residue as being
involved in discriminating between cAMP and cGMP without
contributing to efficacy.

Usability of N° modifications in cAMP to discriminate between
PKA and HCN channels

What can we learn from the results presented here regarding
discrimination between PKA and HCN channel activation? To
compare the apparent affinities of the derivatives at HCN2
channels with that at PKA, we plotted relative EC,, values
for PKAI and PKAII obtained from the literature (ECg,/
ECso, canp) versus relative EC;, values for HCN2 obtained here
(Fig. 7) (29, 34-36).

The very high apparent affinity of N°-Phe-cAMP as well as
the very low one of N°-Bnz-cAMP for HCN2 channels brings
the N° position into focus for the search for discriminating ago-
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nists. However, in the case of N°-Phe-cAMP, the apparent
affinity for PKA Iand PKAII has also been shown to be relatively
high, with a factor of ~2.4.and ~2.8 higher for PKAI and PKAII,
respectively, compared with cAMP (29). Thus, the discrimina-
tion between HCN and PKA is not very strong.

N°®-Bn-cAMP was also very potent for HCN2 channels,
whereas it was in most cases less potent than cAMP in PKAI
(29, 34, 36). The differences are not very high; however, a benzyl
ring in the N°® position could be at least one of several modifi-
cations in the cAMP molecule to yield discrimination between
HCN2 and PKAIL A discrimination to PKAII is questionable
because the apparent affinity has been shown to be either
unchanged (29) or two times better than for cAMP (36).

The derivative with the best discrimination ability found
here is N°-Bnz-cAMP. It is a potent agonist of PKAI, with a
similar apparent affinity as cAMP (29, 35), but a relatively poor
agonist of HCN2, with an apparent affinity 18 times worse than
cAMP. This is a very important finding because N°-Bnz-cAMP
is a well-established tool for studying cAMP-mediated signal
transduction in a wide range of cellular processes (e.g. 23, 37,
38). Discrimination between PKAIIl and HCN2 is expected to be
less strong because N°-Bnz-cAMP is two times less potent to
PKAII than cAMP (29, 35).

The C-helix of CNBDs (green bars in Fig. 7) acts as a hydro-
phobic lid covering the base moiety of the cyclic nucleotide and
thereby capping the binding pocket (39). Is the positively
charged Arg-635 at the C-terminal end of this C-helix a unique
feature of HCN channels and can it be used for further discrim-
ination approaches? The alignment in Fig. 7 shows that, with
the exception of mHCN4, Arg-635 is highly conserved in
mouse and human HCN channel isoforms, which allows spec-
ulation regarding an important role in ligand binding. A com-
parison with A and B sites of PKAI and PKAII shows that there
isno such arginine at the C-terminal ends of the PKA C-helices.
However, there is an interesting pattern of charged amino acids
right before R635 that reads negative—positive—X—negative—
positive and can be found in most HCN channels. This pattern
is also present in A sites of PKA RI and, slightly modified, in
PKA RII, although not as part of the C-helix sequence but in the
consecutive loop directly behind. Such a pattern could not be
found in any B sites of PKA presented here. Another pattern in
HCN CNBD:s is a strong positive spot at the N-terminal part of
the C-helix followed by negative residues two positions C-ter-
minal from that. Again this pattern can be found in A sites of
PKA RI and additionally in RII but not in B sites. Those differ-
ences might be responsible for N°-Phe-cAMP, N°-Bn-cAMP,
and N°-Bnz-cAMP preferring A sites over B sites (34, 41).

Because the C-helix is the most variable structure of CNBDs
(39), residues in that helix are potential key players in de-
termining protein-specific ligand selectivity. After comparing
sequences of HCN CNBDs with A sites and B sites, we speculate
that there is a greater similarity between binding to HCN
CNBDs and A sites than between HCN CNBDs and B sites.
Thus, to identify further cAMP derivatives with a higher degree
of discrimination between HCN and PKA than shown here, we
propose to focus on the unique characteristics of binding to B
sites.

SASBMB

In summary, our analysis shows that possible cross-activa-
tion of CN-modulated ion channels should be taken into
account when CN-dependent cellular processes are investi-
gated with N°-modified derivatives. To overcome this problem,
we further suggest that, even with a missing all-or-nothing
principle in protein activation by cyclic nucleotides, carefully
performed concentration—activation relationships can be used
to identify a concentration range in which selective protein
activation is possible.

Experimental procedures
X. laevis oocytes as a heterologous expression system

Surgical removal of oocytes was performed under anesthesia
(0.3% tricaine, MS-222, Pharmaq Ltd., Fordingbridge, UK)
from adult females of the South African claw frog X. laevis. The
oocytes were treated with collagenase A (3 mg/ml, Roche) for
105 min in Ca*"-free Barth’s solution containing 82.5 mm
NaCl, 2 mm KCl, 1 mm MgCl,, and 5 mm Hepes (pH 7.5). After
this procedure, oocytes of stages IV and V were manually dis-
sected and injected with cRNA encoding either mHCN2 chan-
nels of Mus musculus (NM_008226) or the mHCN2 mutants
R635A and R635E, respectively. After injection with cRNA, the
oocytes were cultured at 18 °C for 2—6 days in Barth’s solution
containing 84 mm NaCl, 1 mm KCl, 2.4 mm NaHCO,, 0.82 mm
MgSO,, 0.41 mm CacCl,, 0.33 mm Ca(NOs),, and 7.5 mm Tris
(pH 7.4). The procedures had approval from the authorized
animal ethical committee of the Friedrich Schiller University
Jena. The methods were carried out in accordance with the
approved guidelines. Oocytes harvested in our own laboratory
were complemented with ready-to-use oocytes purchased from
Ecocyte Bioscience (Dortmund, Germany).

Molecular biology

The mouse HCN2 (accession number NM_008226) channel
and the modified subunit variants were subcloned in front of
the T7 promoter of pPGEM-HCN?2. The point mutations R635E
and R635A were introduced by overlapping PCR using the fol-
lowing primers: PCR 1 forward, 5'-TCATACTCGCGCGCGG-
CCCCAAGGTTTC-3’ (restriction site MauBI, outer primer);
PCR 1 reverse, 5'-CTTCTTGCCTATCTCATCTAGCCGGT-
CAATAGC-3' (R635E) or 5'-CTTCTTGCCTATGGCATCT-
AGCCGGTCAATAGC-3" (R635A); PCR 2 forward, 5'-GCT-
ATTGACCGGCTAGATGAGATAGGCAAGAAG-3" (R635E)
or 5'-GCTATTGACCGGCTAGATGCCATAGGCAAG-
AAG-3' (R635A); PCR 2 reverse, 5'-AGCAGGGTTGGTC-
TAGAGTCACAAGTTGGAAGAG-3' (restriction site Xbal,
outer primer). In a third PCR, the PCR products of PCR 1 and 2
were used as a template using the outer primers. The resulting
fragment was subcloned into the pGEM-HCN2 subunit. Cor-
rectness of the sequences was confirmed by restriction analysis
and sequencing (Microsynth SEQLAB). cRNAs were prepared
using the mMESSAGE mMACHINE T7 Kit (Ambion).

Electrophysiological experiments

Macroscopic currents were recorded using the patch clamp
technique in the inside-out configuration. All measurements
were started after a delay of 3.5 min to minimize rundown phe-
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nomena. Patch pipettes were pulled from quartz tubing whose
outer and inner diameters were 1.0 and 0.7 mm (Vitrocom),
respectively, using a laser puller (P-2000, Sutter Instrument).
The pipette resistance was 1.2—-2.1 megaohm. The bath solu-
tion contained 100 mm KCl, 10 mm EGTA, and 10 mm Hepes
(pH7.2), and the pipette solution contained 120 mm KCl, 10 mm
Hepes, and 1.0 mm CaCl, (pH 7.2). For parts of the experiments,
different concentrations of cAMP, N°-Phe-cAMP, N°-Bn-
cAMP, or N°-Bnz-cAMP (BIOLOG LSI, Bremen, Germany)
were applied with the bath solution. A saturating concentration
of 10 um cAMP was applied to each patch to define the maxi-
mum current amplitude. An HEKA EPC 10 USB amplifier
(Harvard Apparatus) was used for current recording. Pulsing
and data recording were controlled by the Patchmaster soft-
ware (Harvard Apparatus). The sampling rate was 5 kHz. The
holding potential was generally —30 mV.

Quantification and statistical analysis

Concentration—activation relationships were analyzed by
approximating the Hill equation to each individual recording
using the OriginPro 9.0G software.

I/1.x = 1/[1 + (ECso/[agonist])] (Eg. 1)

I is the actual current amplitude at a given agonist concen-
tration, /,,,,, the maximal current amplitude at a saturating con-
centration of 10 um cAMP, EC,, the concentration of half-
maximum activation, and H the Hill coefficient. Current
amplitudes were generally obtained from tail currents at a
—100 mV pulse following an activating —130 mV pulse and
corrected for leak currents obtained from a short —100 mV
pulse at the beginning of each trace. Values for EC,and H were
yielded for each individual recording and averaged. Steady-
state activation curves were analyzed by fitting the Boltzmann
equation to each individual recording using the OriginPro 9.0G
software.

I/ ax = 1/[1 + exp(z6F(V — V,,,)/RT)] (Eq.2)

V., is the voltage of half-maximum activation and z6 the
effective gating charge. F, R, and T are the Faraday constant, the
molar gas constant, and the temperature in Kelvin, respectively.
Iis the actual current amplitude and I, the maximum current
amplitude at the saturating hyperpolarizing voltage of —150
mV specified for each patch.

The time courses of current activation were fitted with a

single exponential starting after an initial delay.

I(t) = A X exp[—t/7] (Eq.3)

A is the amplitude, t the time, and 7 the time constant for
activation.

Experimental data are given as mean * S.E. Statistical anal-
ysis was performed by an unpaired Student’s ¢ test. A value of
p < 0.05 was accepted as statistically significant.

Molecular modeling and docking experiments

Three-dimensional structures of the anionic species of
cAMP, N°-Phe-cAMP, N°-Bn-cAMP, and N°-Bnz-cAMP were
generated in Maestro (Schrodinger, LLC) and prepared using
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the LigPrep workflow (Schrodinger, LLC). One monomer
(chain A) of the crystal structure of cAMP-bound mHCN2J (25)
was prepared using the Protein Preparation Wizard in Maestro;
the program was evoked to cap the termini with acetyl and
N-methyl amide moieties and to convert selenomethionine res-
idues back to methionine residues. The potential grid for dock-
ing was centered on the cocrystallized cAMP, and the ligand
length was set to 16 A or less. The dimensions of the inner box
that restricts the region in which the diameter midpoint of each
ligand can be located were set to 10 X 10 X 10 A. No con-
straints, rotatable OH- and SH-groups, or excluded volumes
were defined. Molecular docking was performed with Glide
(Schrodinger, LLC) using the Extra Precision (26) mode with
default options.
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