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Background: HCN channels are dually gated by membrane hyperpolarization and binding of cAMP.
Results: We identify cCMP as a novel regulator of heterologously expressed and native HCN channels.

Conclusion: HCN channels are cellular receptors for cCMP.

Significance: Modulatory effects of cCMP must be considered when studying physiological effects involving HCN channels.

Activation of hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels is facilitated iz vivo by direct binding of
the second messenger cAMP. This process plays a fandamental
role in the fine-tuning of HCN channel activity and is critical for
the modulation of cardiac and neuronal rhythmicity. Here, we
identify the pyrimidine cyclic nucleotide cCMP as another reg-
ulator of HCN channels. We demonstrate that cCMP shifts the
activation curves of two members of the HCN channel family,
HCN2 and HCN4, to more depolarized voltages. Moreover,
cCMP speeds up activation and slows down deactivation kinet-
ics of these channels. The two other members of the HCN chan-
nel family, HCN1 and HCN3, are not sensitive to cCMP. The
modulatory effect of cCMP is reversible and requires the
presence of a functional cyclic nucleotide-binding domain.
We determined an EC,, value of ~30 um for cCMP compared
with 1 pum for cAMP. Notably, cCMP is a partial agonist
of HCN channels, displaying an efficacy of ~0.6. cCMP
increases the frequency of pacemaker potentials from iso-
lated sinoatrial pacemaker cells in the presence of endoge-
nous cAMP concentrations. Electrophysiological recordings
indicated that this increase is caused by a depolarizing shift in
the activation curve of the native HCN current, which in turn
leads to an enhancement of the slope of the diastolic depolariza-
tion of sinoatrial node cells. In conclusion, our findings establish
cCMP as a gating regulator of HCN channels and indicate that
this cyclic nucleotide has to be considered in HCN channel-
regulated processes.

Hyperpolarization-activated cyclic nucleotide-gated (HCN)?
ion channels play a key role in controlling excitability of neu-
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rons and heart cells (1-3). In particular, the current produced
by HCN channels, called I; in heart or I, in neurons, is involved
in the generation of sinoatrial pacemaker potentials that trigger
the autonomous heartbeat (4). The four members of the HCN
channel family (HCN1-4) are principally gated by membrane
hyperpolarization (5-7). In addition, HCN channel activity is
enhanced by direct binding of cAMP to a cyclic nucleotide-
binding domain (CNBD) in the C terminus of the channels.
This type of channel regulation plays an important role in a
variety of physiological settings. For example, cAMP-depen-
dent up-regulation of /; in sinoatrial node (SAN) cells contrib-
utes to the increase in heart rate following sympathetic stimu-
lation (8), whereas down-regulation of I at low cAMP levels
leads to the decrease in heart rate in response to vagal stimula-
tion (9). cAMP-dependent regulation of I, is also implicated in
the modulation of neuronal circuit activity that controls com-
plex brain functions such as sleep phases (10), memory forma-
tion (11), and coincidence detection of sound (12).

The purine cyclic nucleotides cAMP and ¢cGMP are well
established second messengers that confer the cellular effects of
a wide range of hormones and neurotransmitters. By contrast,
the natural existence of the pyrimidine 3’,5’-monophosphates
cCMP and cUMP has been debated (13-17). However, recent
highly sensitive liquid chromatography/mass spectrometry
approaches have confirmed that many cell types contain micro-
molar concentrations of cCMP and cUMP (18). Although a
specific cCMP receptor has not yet been identified, it was
shown that this cyclic nucleotide cross-activates cAMP- and
cGMP-dependent protein kinases (19). In particular, cCMP
was found to relax aortic smooth muscle by activating cGMP-
dependent protein kinase type I (20). cCMP was also shown to
inhibit platelet aggregation via cGMP-dependent protein
kinase type I signaling (20). The CNBDs of cGMP-dependent
protein kinases reveal strong sequence homology to the CNBDs
of HCN channels (1). Given this structural relationship, we
wondered whether HCN channels may be also regulated by
interaction with cCMP. In support of this hypothesis, cCMP
was shown to affect native I;in excised patches from rabbit SAN
cells (21). In this study, we examined the functional interaction
between cCMP and each of the four HCN channel types. We

VOLUME 287 +NUMBER 32-AUGUST 3, 2012


http://www.jbc.org/cgi/content/full/M112.357129/DC1

also studied the co-modulation of HCN channel activity by
combinations of cAMP and cCMP. Finally, we set out to study
the consequences of cCMP-dependent HCN channel regula-
tion in native SAN cells.

EXPERIMENTAL PROCEDURES

Electrophysiology in HEK293 Cells—HEK293 cell lines stably
expressing murine HCN1-4 were maintained as described
(22). Currents were measured from HEK293 cells stably
expressing one of the four murine HCN channel types at room
temperature using the whole-cell voltage-clamp technique.
The extracellular solution was composed of 110 mm NaCl, 30
mwm KCl, 1.8 mm CaCl,, 0.5 mm MgCl,, and 5 mm HEPES (pH
adjusted to 7.4 with NaOH). The intracellular solution con-
tained 130 mm KCl, 10 mm NaCl, 0.5 mm MgCl,, 1 mm EGTA, 5
mM HEPES, 3 mm MgATP, and 0.5 mm NaGTP (pH adjusted to
7.4 with KOH). cAMP (Sigma), cCMP (BioLog), and cUMP
(BioLog) were added to the intracellular solution at the indi-
cated concentrations. Steady-state activation curves were
determined by hyperpolarizing voltage steps from —140 to —30
mV in 10-mV increments from a holding potential of —40 mV
for 1.8 s (for HCN1 and HCN2, pulse interval of 10 s) or 3.6 s
(for HCN3 and HCN4, pulse interval of 20 s), followed by a step
to —140 mV (see Fig. 1A). Currents measured immediately
after the final step to —140 mV were normalized by the maxi-
mal current (,,,) and plotted as a function of the preceding
membrane potential (see Fig. 14, arrowheads). The data points
were fitted with the Boltzmann function: (I — I, )/(I .. —
L) = (1 —exp((V,, — Vy5)/k)), where I, is an offset caused
by a nonzero holding current, V,, is the test potential, V,, 5 is the
membrane potential for half-maximal activation, and k is the
slope factor. The deactivation kinetics were measured at —40
mV following a prepulse of —140 mV, and the time constant
was determined by fit with a monoexponential function start-
ing after the initial deactivation delay.

Electrophysiology on SAN Cells—SAN cells were isolated
from 6 —8-week-old adult female mice using standard proce-
dures (23). Measurements in SAN cells were performed in the
whole-cell configuration. Single SAN cells were plated onto
poly-L-lysine-coated coverslips. The pipette solution contained
130 mm potassium aspartate, 10 mm NaCl, 2 mm CaCl,, 2 mm
MgCl,, 5 mm EGTA, 2 mm NaATP, 0.1 mm NaGTP, and 5 mm
creatine phosphate (pH adjusted to 7.2 with KOH). I; was
recorded at room temperature in bath solution containing 138
mM NaCl, 4 mm KCl, 1 mm CaCl,, 1 mm MgCl,, 5mMEGTA, 10
mMm HEPES, 10 mm glucose, 2 mm BaCl,, and 0.3 mm CdCl, (pH
adjusted to 7.2 with NaOH). Currents were recorded by step-
ping from a holding potential of —35 mV to test potentials
ranging from —150 to —40 mV in 10-mV increments for 5.5 s,
followed by a step to —150 mV for 0.5 s before stepping back to
the holding potential. Action potentials were recorded at 33 =
0.5 °C in bath solution containing 140 mm NaCl, 5.4 mm KCI, 1
mM MgCl,, 1.8 mm CaCl,, 10 mm HEPES, and 10 mMm glucose
(pH adjusted to 7.4 with NaOH). The effect of cCMP and cAMP
was tested by adding cCMP or cAMP to the pipette solution as
indicated. Changes in liquid junction potentials were either cal-
culated using JPCalc software (24) or directly measured by a
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free-flowing KCl electrode. The liquid junction potential was
—13.9 mV for solutions used for action potential recording.

For determination of the slope of the diastolic depolarization
(SDD), the local means of several (n = 25—45) successive spon-
taneous action potentials were averaged. The diastolic depolar-
ization was defined as the phase of the action potential in the
interval between the maximal diastolic potential and the time
when the voltage derivative (dV/d¢) overtakes a threshold of 0.5
mV/ms (25). In experiments involving HEK cell lines and SAN
cells, data were acquired at 10 kHz using an Axopatch 200B
amplifier and pCLAMP 10.2 (Molecular Devices). Voltage-
clamp data were analyzed off-line using Clampfit 10.2 and Ori-
gin 6.1.

Planar Patch-clamp Technology—To examine the kinetics of
HCN channel activation by intracellular cCMP, the planar
patch-clamp technology combined with a fast internal perfu-
sion system (Port-a-Patch, Nanion Technologies, Munich,
Germany) was used (26). Currents were recorded using an
EPC-10 patch-clamp amplifier (HEKA, Lambrecht, Germany)
and PatchMaster acquisition software (HEKA). Data were dig-
itized at 40 kHz and filtered at 2.8 kHz. Fast and slow capacitive
transients were cancelled by the compensation circuit of the
EPC-10 amplifier. All recordings were obtained at room tem-
perature. The extracellular solution was composed of 110 mm
NaCl, 30 mm KCI, 1.8 mm CaCl,, 0.5 mm MgCl,, and 5 mm
HEPES (pH adjusted to 7.4 with NaOH). The intracellular solu-
tion contained 70 mm KCI, 60 mm KF, 10 mm NaCl, 0.5 mm
MgCl,, and 5 mm HEPES (pH adjusted to 7.4 with KOH). Cur-
rents were evoked from a holding potential of —40 mV by
applying 5-s voltage pulses to —100 mV every 10 s. The effects
of cyclic nucleotides were examined by exchanging the stan-
dard internal solution with internal solutions supplemented
with either cCMP or cAMP using the internal perfusion system.
To monitor the time course of HCN channel rundown, the cells
were internally perfused with the standard internal solution
without cyclic nucleotides.

Modeling—The crystal structures of CNBDs of murine
HCN2 and human HCN4 were used (Protein Data Bank codes
1Q43 and 3U11) as receptors for docking (27, 28). Calculations
were carried out with MOE (Molecular Operating Environ-
ment) 2010.10 (Chemical Computing Group, Montreal, Can-
ada). The binding site selection was based on the Site Finder
module of MOE, marking the cyclic nucleotide-binding pocket
with dummy atoms (29). Different ligand placement methods
available in MOE (Triangle Matcher, Alpha PMI, and Alpha
Triangle) were used to estimate the binding energies of cAMP
and cCMP toward HCN2 and HCN4. Binding affinities were
estimated with the London dG scoring function after a force
field-based refinement and rescoring. During refinement, a
tethered rearrangement of side chains within 6 A of the ligand
was allowed. The MMFF94s force field with a generalized Born
solvation model was used for all docking calculations. Plots and
figures were created with MOE.

Statistics—For electrophysiological data, statistical analysis
was performed by one-way analysis of variance. Data are pre-
sented as means * S.E. (n = number of recorded cells). Values
of p < 0.05 were considered significant.
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FIGURE 1. Modulation of HCN2 current by cCMP. A, voltage step protocol
and family of current traces of HEK293 cells stably expressing HCN2 without
(left) and with (right) 1 mm cCMP in the pipette solution. B, normalized activa-
tion curves of HCN2 in the presence (H) and absence (@) of 1 mm cCMP. The
solid lines are the fits to the Boltzmann equation with the following parame-
ters:in the absence of cCMP (n = 15), Vs = —102mVand k = 6.34mV;and in
the presence of cCMP (n = 14), V, s = —93.8 mV and k = 6.53 mV. C, normal-
ized current traces of HCN2 in the absence and presence of 1 mm cCMP.
Currents were evoked by a hyperpolarizing step to —140 mV from a holding
potential of —40 mV, followed by a voltage pulse to —40 mV. Maximal cur-
rents at —140 mV were normalized. D, display of current traces during HCN2
channel deactivation at —40 mV (area within the dotted box in C).

RESULTS

Regulation of HCN2- and HCN4-mediated Currents by
cCMP—We studied the effect of cCCMP on 1, in a HEK293 cell
line stably expressing HCN2 (Fig. 1). Fig. 1A shows represent-
ative families of current traces measured in the whole-cell
mode under control conditions and after intracellular applica-
tion of 1 mm cCMP via the patch pipette. cCMP had two effects
on the HCN2-mediated current. First, it shifted the voltage
dependence of activation to ~8 mV more positive values
(Vos(—compy = —102 * 0.67 mV (n = 15) and V54 comp) =
—93.8 = 0.54 mV (n = 14)) (Fig. 1B). Second, cCMP affected
the activation and deactivation kinetics of the current. In the
presence of cCMP, the current activated significantly faster
than in the absence of cCMP (1, at —140 mV = 185 = 9.3 ms
(n = 14) versus 307 * 10.5 ms (n = 15) in the absence of cCMP)
(Fig. 1C). As expected for the action of a gating activator, deac-
tivation at —40 mV was slower in the presence of cCCMP (T .,c.
at =40 mV = 462 * 23.5ms (n = 13) versus 363 = 23 ms (n =
15) in the absence of cCMP) (Fig. 1, C and D).

Among the four members of the HCN channel family, only
HCN?2 and HCN4 are profoundly regulated by cAMP, whereas
HCN1 and HCN3 are only weakly sensitive (if at all) to cAMP
(1). We tested whether a similar range of sensitivity is also seen
for cCMP. Indeed, there was no significant effect of cCMP on
the V,, ; of HCN1 (Fig. 2, A and D) and HCNS3 (Fig. 2, Band D).
In contrast, cCCMP shifted the V, ; of HCN4 to a comparable
extent (about +10 mV) as observed for HCN2 (Fig. 2, Cand D).
cUMP, which is chemically closely related to cCMP, activated
HCN?2 and HCN4 in a comparable way as cCMP (supplemental
Fig. S1).
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FIGURE 2. Effect of cCMP on activation of HCN channels. A-C, activation
curves of HCN1 (A), HCN3 (B) and HCN4 (C) in the presence (M) and absence
(@) of 1 mm cCMP. The solid lines are the fits to the Boltzmann equation with
the following parameters: for HCN1 in the absence of cCMP (n = 14), Vs =
—70.2mVand k = 6.57 mV; for HCN1 in the presence of cCMP (n = 15), V5 =
—69.5 mV and k = 7.09 mV, for HCN3 in the absence of cCMP (n = 12),
Vo5 = —95.8 mV and k = 9.30 mV; for HCN3 in the presence of cCMP (n =
15), Vo5 = —97.5mV and k = 11.2 mV; for HCN4 in the absence of cCMP (n =
16), Vs = —101 mV and k = 9.71 mV; and for HCN4 in the presence of cCMP
(n=15),Vo5=—91.1mVand k = 12.3 mV.D, summarized V, ; data of the four
HCN channels in the absence (white bars) and presence (black bars) of 1 mm
cCMP. The V, 5 shift induced by cCMP in HCN2 and HCN4 is highly significant
(p < 0.001).

Purine cyclic nucleotides activate HCN channels by binding
in a reversible way to the intracellular CNBD. We tested
whether cCMP exerts its effects in a similar manner. To this
end, we measured currents from a HEK293 cell line stably
expressing HCN4 using a planar patch-clamp setup (Port-a-
Patch) that allows rapid internal perfusion and washout of solu-
tions. Both cAMP (Fig. 34) and cCMP (Fig. 3B) led to a pro-
found increase in the current at —100 mV that was fully
reversible after washout. However, although a 100-fold higher
concentration was used for cCMP than for cAMP (100 versus 1
uM), the maximal increase in the current amplitude obtained
with cCMP was significantly smaller than that obtained with
cAMP (~1.3-fold for cCMP versus 1.7-fold for cAMP at —100
mV). The drop in the current amplitude below the initial level
after washout of the cyclic nucleotides was caused by HCN
channel rundown. It occurred to the same extent when the cells
were perfused with internal solution without cyclic nucleotides
(Fig. 3, A and B). The weaker effect of cCMP was also reflected
in the extent of the shiftin V|, ;, which was +10.2 £ 1.11 mV for
100 um cAMP (n = 7; Vys—campy = —111 * 424 mV and
Vosc+eampy = —101 £ 3.32 mV) and +5.6 £ 0.67 mV for 100
pMm cCMP (n = 8 Vys5_cempy = —110 £ 232 mV and
Vosc+ecmpy = —105 + 2.56 mV). The more negative V, 5 values
obtained with the planar patch-clamp technique (Fig. 3, C and
D) compared with the conventional whole-cell mode (Fig. 2, C
and D) probably reflect the fact that phosphatidylinositol 4,5-
bisphosphate, an important coactivator of HCN channel gating,
is washed out during the internal perfusion in the planar patch-
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FIGURE 3. Effects of cCMP and cAMP on HCN4 currents determined upon
internal perfusion with planar patch-clamp system. A, time course of
HCN4 currents from five cells recorded during a series of 6-s hyperpolarizing
pulsesfrom —40to —100 mV. Currents were measured 3 s after the beginning
of individual hyperpolarizing pulses and normalized to the current before
application of T um cAMP (H). Application and washout of cAMP are indicated
by closed and open bars, respectively. HCN channel rundown without appli-
cation of cAMP was monitored (C]). Inset, current traces recorded at the indi-
cated time points. B, time course of HCN4 currents recorded from six cells with
application of 100 um cCMP (@). The protocol was as described for A. HCN
channel rundown was monitored without application of cCMP (O). C, activa-
tion curves of HCN4 before and 15 s after internal application of 100 um cAMP.
The solid lines are the fits of a Boltzmann function to the data with the follow-
ing values: V, s = —112mV and k = 11.7 mV for the control and V, s = —100
mVand k = 12.6 for cAMP (n = 7). D, activation curves of HCN4 beforeand 15 s
after internal application of 100 um cCMP. The solid lines are fits of a Boltz-
mann function to the data with the following values: V, s = =111 mVand k =
9.55mV for the controland V, s = —105 mV and k = 9.69 mV for cCMP (n = 8).

clamp measurements, similar to what is observed for the
excised inside-out patch configuration (30 -32).

Interaction of cCMP with the CNBDs of HCN Channels—W'e
used computer-based docking approaches to examine the bind-
ing of cCMP and cAMP to the crystal structures of the CNBDs
of HCN2 (27) and HCN4 (28, 33, 34). Fig. 4 (A and B) shows
molecular surface illustrations of the HCN2 CNBD with either
cAMP or cCMP. There was no principal difference in the anal-
ogous models for HCN4 (data not shown). The residues of the
CNBD that interacts with cyclic nucleotides are same for cCMP
and cAMP. Specific interactions of Arg-591 and Thr-592 with
the phosphor-bound oxygens of the sugar moiety and between
the hydroxyl group and Gly-581/Glu-582 are observed (dashed
blue lines). The aromatic part of the ligand interacts with Val-
564 and Arg-632. The non-polar hydrogen atoms of Arg-632
potentially contribute to 7 stacking of cAMP more than cCMP
(dashed red lines). Less specific interactions are observed for
Ile-545, Leu-574, Phe-580, Ile-583, Cys-584, Ala-593, and Val-
595 (data not shown). Three different placement methods (see
“Experimental Procedures”) were used to estimate the differ-
ence in binding energies. A lower affinity was estimated for
cCMP than for cAMP (AAG = 0.53 kcal/mol for HCN2 and
1.46 kcal/mol for HCN4), averaging over the three methods. In
agreement with this difference, the apparent experimental
affinity of cCMP was ~30 times lower than that of cAMP (for
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HCN2, ECyocconpy = 29 v and ECyoeanpy = 1 M) (Fig. 5, A
and B). Moreover, in agreement with the planar patch-clamp
measurements, the maximal shift in V;, ; by cCMP at the satu-
rating concentration was only ~60% of that by cAMP (Fig. 5B).
Together, these results suggest that cCMP is a partial agonist of
HCN channels. To confirm this hypothesis, we measured the
effect of cCMP in the presence of cAMP (Fig. 5, C—F) on heter-
ologously expressed HCN2 channels. As expected for a partial
agonist, saturating concentrations of cCMP, when applied
together with high concentrations of cAMP, led to a slight but
highly significant hyperpolarizing shift in V,, ; compared with
the V, - seen with high concentrations of cAMP alone (shifts in
V.5 0£12.6 = 0.6 mV with 10 um cAMP, 8.56 = 0.5 mV with 10
uM cAMP and 1 mMm ¢cCMP, and 7.7 = 0.5 mV with 1 mm cCMP)
(Fig. 5, A, C and D). The cyclic nucleotides exerted an additive
effect on the activation of HCN channels when both were
applied together at lower concentrations, around their respec-
tive EC,, values. Under these conditions, V, 5 was shifted to
more depolarized potentials compared with the application of
cAMP alone (shifts in V,, 5 of 5.8 = 0.7 mV with 1 um cAMP,
7.0 £ 0.5 mV with 50 um cCMP, and 10.0 = 0.8 mV with 1 um
cAMP and 50 um cCMP) (Fig. 5, E and F). To exclude that
cCMP effects result from interactions with residues outside of
the CNBD, we determined the activation curve in an HCN2
mutant that is deficient for cAMP binding due to the presence
of R591E and T592A (HCN2(R591E/T592A)) (Fig. 5, G and H)
(34). In this mutant cCMP, no longer led to a shift in V, , indi-
cating that an intact CNBD is required for conferring the mod-
ulatory action of cCMP.

c¢CMP Increases the Frequency of Sinoatrial Pacemaker
Potentials—We wondered whether cCMP modulation of HCN
channels could exert physiological effects in vivo. To this end,
we determined the effect of cCMP on sinoatrial pacemaking
(Fig. 6). Fig. 6A shows representative pacemaker potentials of
murine SAN cells under control conditions and after intracel-
lular application of 1 mMm cCMP or cAMP via the patch pipette.
Both cyclic nucleotides significantly increased the firing rate of
pacemaker potentials (Fig. 6, A and B). The effect was quanti-
tatively stronger for cAMP than for cCMP (increase of 46 * 5%
versus 19 = 5% by 1 mm cAMP or cCMP, respectively). In agree-
ment with the partial agonistic nature of cCMP, the increase in
the firing frequency induced by co-application of saturating
¢cCMP and cAMP concentrations was smaller than that
observed with cAMP alone (357.6 * 9 beats/min (# = 9) with 10
uM cAMP + 1 mm cCMP versus 393.0 = 12.7 beats/min with 10
uM cAMP (n = 10); p < 0.05). Like cAMP, cCMP enhanced the
frequency of pacemaker potentials by increasing the SDD (Fig.
6, Cand D). As observed for HCN4, which is the principal HCN
channel isoform underlying cardiac I; (35), cCMP shifted the
activation curve of I; by about +5 mV, which is somewhat less
than the shift induced by saturating cAMP (+10 mV) (Fig. 6, E
and F).

DISCUSSION

Here, we have demonstrated that the pyrimidine cyclic
nucleotide ¢cCMP is an activator of HCN channel gating.
Within the HCN channel family, HCN2 and HCN4, the two
channels that are also known to be regulated by cAMP and
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FIGURE 4. cCMP binds to CNBD of HCN2 channels. Structural models of a portion of the CNBD of HCN2 with bound cAMP (A) and cCMP (B) are shown (upper).
The pocket is visualized by a molecular surface (hydrophobic (green) and hydrogen bonding (magenta)). Interactions between the protein and cyclic nucleo-
tide are shown schematically (lower). Dashed lines indicate 7 stacking (red) and hydrogen bonding (blue). The border of the binding pocket is marked by dashed

green lines.

c¢GMP, displayed profound regulation by cCMP. In contrast,
gating of HCN1 and HCN3 was not affected by cCMP. cCMP
induced a shift in the HCN2 and HCN4 activation curves by
about +6 —8 mV. This voltage shift is significantly smaller than
that observed for cAMP (+10-12 mV), suggesting that cCMP
is a partial agonist of HCN channels. In agreement with this
model, in HCN2, cCMP diminished the maximal voltage shift
induced by cAMP when co-applied with cAMP. Beside its
effects on the voltage dependence of activation, cCMP affected
gating kinetics. Like cCAMP, cCMP accelerated the speed of acti-
vation, whereas it slowed down channel deactivation. On a
structural level, the stimulatory effect of cCMP requires the
presence of a functional CNBD because it was completely lost if
two key residues that are required for cyclic nucleotide binding
were mutated (R591E/T592A in HCN2). Our docking experi-
ments suggest that cCMP interacts with the same principal res-
idues within the CNBDs of HCN2 and HCN4 as cAMP. The
apparent affinities determined in our electrophysiological
experiments are ~1 um for cAMP and 30 um for cCMP, thus
yielding an approximate difference of AAG = 2.0 kcal/mol. The
computational estimate of 0.5-1.5 kcal/mol determined in
docking experiments matches this value quite well. It should be
noted that docking approaches in general can hardly take the
flexibility of the binding pocket into account, including rear-
rangements after ligand binding, as they are well documented
for other cyclic nucleotide-binding proteins (36 —38). Further-
more, it is difficult to estimate absolute binding energies, as
scoring functions are always calibrated to a specific training set.
Nevertheless, the good agreement found in our study gives
great confidence that the binding mode of the ligands and their
relative difference in affinity are produced correctly. In our
docking model, the anchoring of the sugar moieties within the
binding pocket of HCN2 or HCN4 is almost identical for cAMP
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and cCMP. The observed difference in binding affinity most
likely is based on how the delocalized 7 systems (38) of cAMP
and cCMP interact with hydrophobic parts of Val-564 and Arg-
632. Consequently, the ligand is shifted slightly within the bind-
ing pocket, allowing a slightly better fit for cAMP than for
c¢CMP. Molecular dynamics simulation in combination with
mutagenesis demonstrated that Arg-632 is essential for high
ligand efficacy due to its selective stabilization of cyclic nucle-
otide binding to the open channel (39). Thus, it is tempting to
speculate that the somewhat weaker interaction of Arg-632
with cCMP compared with cAMP may explain why cCMP is
only a partial agonist of HCN channels.

The physiological relevance of cCMP is currently discussed
controversial. So far, specific enzymes that synthesize or
degrade cCMP have not been identified. However, there is
recent evidence that soluble guanylyl cyclases possess the
capacity to synthesize cCMP in the presence of the activator
nitric oxide (40). Moreover, it was shown that cCMP can relax
vascular smooth muscle and inhibit platelet activation via acti-
vation of cyclic nucleotide-dependent protein kinases (19 —20).
The exact concentrations of cCMP and cUMP in intact tissues
have not been determined. However, in cell lines from various
species and tissue origins, cCCMP concentrations under basal
conditions are in the same range as cGMP concentrations,
ranging from 30 to 70 um (18). These concentrations are
well in the range required to modulate HCN channel activity
(ECsoccmpy = 30 um). In support of a physiological role of
cCMP, we have shown that this cyclic pyrimidine has the
potential to increase heart rate by activating sinoatrial /; and
thereby enhance the SDD in SAN pacemaker cells. In this con-
text, it is important to note that owing to its partial agonistic
activity, cCMP action could be complex in a physiological set-
ting. If present alone, cCMP is an activator of HCN channel
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FIGURE 5. cAMP and cCMP display different gating efficacies in HCN2.
A, activation curves of HCN2 for different cCMP concentrations as indicated.
B, shift in V, 5 versus concentrations of cAMP (black circles) and cCMP (red
circles) for HCN2. Data represent means * S.E. of 7-19 cells. C, activation
curves of HCN2 in the absence of cyclic nucleotides (black circles), in the pres-
ence of 10 um cAMP (red circles), and in the presence of 10 um cAMP + 1 mm
cCMP (green circles). D, shift in the activation curves from the experiments
shown in A and C. E, activation curves of HCN2 in the absence of cyclic nucle-
otides (black circles), in the presence of 1 um cAMP (red circles), in the presence
of 50 um cCMP (green circles), and in the presence of 1 um cAMP + 50 um cCMP
(blue circles). F, shift in the activation curves from the experiments shown in E.
G, activation curve of an HCN2 mutant with an impaired CNBD (HCN2(R591E/
T592A) (HCN2EA)) in the absence (green circles) and presence (red circles) of
1000 um cCMP. H, V,, 5 values for the experiments shown in G. ***, p < 0.001.

gating. If cCMP and cAMP are both present in the microenvi-
ronment of an HCN channel complex, cCMP could either
enhance or dampen cAMP effects depending on the actual con-
centrations of both cyclic nucleotides. It should also be consid-
ered that cCMP could exert some of its physiological effects by
activating PKA (19). For example, phosphorylation of calcium
channels (Ca,1.3), ryanodine receptors, or phospholamban by
PKA would also accelerate diastolic depolarization (for review,
see Ref. 41). In neuronal circuits involving HCN channel activ-
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FIGURE 6. Regulation of sinoatrial pacemaking by cCMP. A, representative
spontaneous action potentials of murine SAN cells recorded with the control
intracellular solution or the intracellular solution containing cCMP or cAMP.
B, firing rate with the control intracellular solution or the intracellular solution
containing cAMP and/or cCMP at the concentrations indicated. C, increase in
the SDD induced by cAMP and cCMP. D, quantification of the effect of CAMP
and cCMP on the SDD. E and F, steady-state activation curves (E) and V5
values (F) of SAN cell [ measured in the absence of cyclic nucleotides (H) or in
presence of either cCCMP (V) or cAMP (O). A typical family of /s traces obtained
from murine SAN cells is shown in the inset in E. The numbers of tested cells
are given in parentheses in B, D, and F.*, p < 0.05; **, p < 0.01; ***, p < 0.001.

ity, cCCMP up-regulation of [,, may also be relevant. Further
studies will be required to dissect the specific contribution of
cAMP- and cCMP-dependent regulation of HCN channel
activity. To this end, it will be necessary to determine the for-
mation and degradation of cyclic nucleotides at high temporal
and spatial resolution. This work provides an important basis
for such follow-up studies because it indicates that cCMP
effects must be taken into account to obtain a comprehensive
view of physiological processes involving HCN channels.
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