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Background: HCN2 channels are regulated by membrane potential and by the direct binding of cyclic nucleotides to their

carboxyl-terminal region.

Results: The flavonoid fisetin potentiates HCN2 channel activation.
Conclusion: Fisetin acts as a partial agonist for HCN2 channels by binding to the channel’s cyclic nucleotide-binding site.
Significance: HCN2 may be a target for the physiologic action of flavonoids such as fisetin.

The hyperpolarization-activated cyclic nucleotide-modu-
lated (HCN) channels are pacemaker channels whose currents
contribute to rhythmic activity in the heart and brain. HCN
channels open in response to hyperpolarizing voltages, and the
binding of cAMP to their cyclic nucleotide-binding domain
(CNBD) facilitates channel opening. Here, we report that, like
cAMP, the flavonoid fisetin potentiates HCN2 channel gating.
Fisetin sped HCN2 activation and shifted the conductance-volt-
age relationship to more depolarizing potentials with a half-
maximal effective concentration (EC;,) of 1.8 um. When applied
together, fisetin and cAMP regulated HCN2 gating in a nonad-
ditive fashion. Fisetin did not potentiate HCN2 channels lacking
their CNBD, and two independent fluorescence-based binding
assays reported that fisetin bound to the purified CNBD. These
data suggest that the CNBD mediates the fisetin potentiation of
HCN2 channels. Moreover, binding assays suggest that fisetin
and cAMP partially compete for binding to the CNBD. NMR
experiments demonstrated that fisetin binds within the cAMP-
binding pocket, interacting with some of the same residues as
cAMP. Together, these data indicate that fisetin is a partial ago-
nist for HCN2 channels.

With their unique gating and direct regulation by cyclic
nucleotides, the hyperpolarization-activated, cyclic nucleotide-
modulated (HCN)? channels fill specialized physiologic roles.
For example, HCN channels give rise to the “funny” current of
the heart, which underlies the pacemaking activity of the sino-
atrial node and cardiac rhythmicity (1). In the brain, HCN cur-
rents contribute to long term potentiation (2) and play an
essential role in chronic pain (3). Moreover, HCN dysfunction
is implicated in various diseases including epilepsy (4, 5) and
Parkinson disease (6).
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Four mammalian HCN genes have been identified (HCN1-4)
and encode for ion channels that are members of the voltage-
gated K™ channel superfamily (7). Like other voltage-gated
K™ channels, HCN channels are composed of four subunits
arranged around a centrally located, ion-conducting pore (8, 9).
Each channel subunit contains six transmembrane segments
(S1-S6), including a voltage-sensing domain (S1-S4) and a re-
entrant pore-forming loop between S5 and S6. Unlike other
members of this superfamily, HCN channels are only weakly
K*-selective, activated by hyperpolarizing voltages, and regu-
lated by the direct binding of cyclic nucleotides to their intra-
cellularly located, carboxyl-terminal region. This carboxyl-ter-
minal region includes a cyclic nucleotide-binding domain
(CNBD) and a C-linker that connects the domain to the pore (7,
10). The x-ray crystal structure of the C-linker/CNBD bound to
cyclic nucleotides has been solved for several HCN channels
(11-14). These nearly identical structures revealed that the
C-linker is composed of six a-helices (designated A'-F’), and
the CNBD includes four a-helices and an eight-stranded -roll.
Cyclic nucleotide binding to this domain potentiates the acti-
vation of HCN channels to various degrees depending on the
isoform. For HCN2, cAMP binding stabilizes the open state,
speeds activation, and shifts the voltage dependence toward
more positive potentials (15).

Recently, we reported that fisetin (2-(3,4-dihydroxyphenyl)-
3,7-dihydroxychromen-4-one) and structurally related fla-
vonoids potentiate EAG1 channels (16). EAG1 channels are
encoded by the KCNH1 gene and, like HCN channels, are
members of the voltage-gated K channel superfamily. Unlike
HCN channels, EAG1 channels open in response to depolariz-
ing voltages and are highly selective for K™ (17). All KCNH
channels, including EAG1, contain a cyclic nucleotide-binding
homology domain (CNBHD) in their carboxyl-terminal region
that shares sequence and structural similarity with the CNBD
of HCN channels (18 —20). The CNBHD in KCNH family chan-
nels does not bind cyclic nucleotides, and these channels are
not directly regulated by cAMP or cGMP (18, 21). However, we
found that flavonoids such as fisetin bind to the CNBHD of
EAGTI to stabilize the channel’s open state (16, 22).

Based on structural similarity between HCN and KCNH
channels, we hypothesized that fisetin may also bind to the
CNBD of HCN2 channels and regulate gating. Here, we dem-
onstrate that fisetin potentiates HCN2 channels in a manner
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similar to cAMP. Using inside-out patch clamp recordings, we
found that fisetin and cAMP regulated gating in a nonadditive
fashion. Further, fisetin did not potentiate channels lacking a
CNBD. Two fluorescence-based binding assays, as well as
NMR, reported that fisetin bound to the purified HCN2 CNBD.
Additionally we found that fisetin and cAMP partially com-
peted for binding, and NMR indicated that fisetin bound within
or proximal to the cAMP-binding pocket. Together, these
results indicate that fisetin is a partial agonist for HCN2.

EXPERIMENTAL PROCEDURES

Materials— 8-Fluo-cAMP was purchased from Axxora
(Farmingdale, NY). All other chemicals were purchased from
Sigma.

Electrophysiology—The cDNA encoding two versions of the
murine HCN2 channels, wild-type HCN2 and HCN2y 5,40, in
the pGHE vectors, were kindly provided by Steve Siegelbaum
and Bina Santoro (Columbia University, New York, NY). The
cRNA for these channels was transcribed using the T7
MEGAscript kit (Ambion) and expressed in Xenopus laevis
oocytes that were defolliculated and injected with the cRNA as
described previously (23). The vitelline membranes were man-
ually removed, and currents were recorded in the inside-out
patch clamp configuration (24) with an EPC-10 patch clamp
amplifier (HEKA Elektronik). Following excision, we observed
a slow decrease in the HCN2 current that required 20 -30 min
to stabilize. This run-down in current is thought to be mediated
by a depletion of phosphatidylinositol 4,5-bisphosphate in the
patch membrane (25, 26). Therefore, all electrophysiology
experiments were performed at least 30 min following excision
once the current level had reached steady state. Patch pipettes
were pulled from borosilicate glass and had resistances of 0.40 —
0.6 megaohms after fire polishing. Various solutions were
applied to patches with the RSC-100 solution changer (Bio-
Logic). Both intracellular (bath) and extracellular (pipette)
solutions contained 130 mm KCI, 10 mm HEPES, 0.2 mMm EDTA,
pH 7.2. Patches were held at 0 mV, and the HCN2 currents were
elicited by applying a series of 5-s voltage pulses (ranging from
—140 to —70 mV in 10-mV increments) followed by a 1-s volt-
age pulse to —40 mV. Currents were not leak-subtracted. Data
were acquired with Pulse software (HEKA Elektronik) and ana-
lyzed with Igor (WaveMetrics, Inc).

To measure the conductance-voltage relationships, peak tail
current amplitudes at —40 mV were normalized to the peak tail
current following a step to —140 mV. Plots of the normalized con-
ductance versus the test voltage were fit with a Boltzmann function

G 1

7:—,12 (Eq. 1)
oo 7))

where Vrepresents the test voltage, Vi, is the midpoint activa-
tion voltage, and s is the slope of the relation.

To determine the concentration-response relationship, a
plot of the change in the Vi, (AVi,) versus free fisetin concen-
tration was fit with a Hill equation
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AVi/, max

AVy, = ECo (Eq.2)
* ([Fisetin])

where AV, . represents the maximum shift in the Vi, EC,,
represents the half-maximal concentration, and # represents
the Hill coefficient.

Protein Expression and Purification—Two versions of the
HCN2 carboxyl-terminal region were purified for binding
assays and NMR experiments. A shorter version was used for
fluorescence anisotropy and NMR experiments. This protein
(HCN2\pp) is composed of residues 487—640 and includes
the C- and D-helices of the C-linker and the entire CNBD. For
protein expression, the DNA encoding HCN2 s was sub-
cloned into the pETM11 vector. A longer protein composed of
the entire C-linker and CNBD was used for fluorescence reso-
nance energy transfer (FRET) experiments. This protein
(HCN2¢ jinker/enpn-L586W) included residues 443— 645 and a
tryptophan substituted for a leucine at position 586 (21). For
protein expression, the DNA encoding HCN2¢ ;. ier/cNBD-
L586W was subcloned into the pETGQ vector (27).

For protein purification, the appropriate DNA was trans-
formed into BL21 (DE3) cells, grown at 37 °C, and induced with
1 mMm isopropyl-1-thio-B-D-galactopyranoside at an optical
density of 0.6-0.8. For NMR experiments, the bacteria were
induced in minimal media containing '*C-labeled p-glucose
(Cambridge Isotopes). After incubating overnight at 18 °C, the
BL21 (DE3) cells were lysed in an Emulsiflex-C3 (Avestin), and
the lysate was cleared by sedimentation for 45 min at 131,000 X
g at 4°C. The protein was then purified with Ni*"-nitrilotri-
acetic acid chromatography. The hexahistidine tag was
cleaved with either tobacco etch virus protease for HCN2 s
or thrombin protease (Calbiochem) for HCN2 j; \er/cnpD-
L586W. The HCN2 \sp protein was then purified with ion
exchange chromatography and used within 3 days of purifica-
tion for fluorescence anisotropy experiments. Fluorescence
anisotropy experiments with HCN2 s were performed in
the following solution: 150 mm KCI, 30 mm HEPES, pH 7.0.
For NMR, HCN2,5p was additionally purified with size
exclusion chromatography on a Superdex 200 column
(Amersham Biosciences) and used within 5 days of purifica-
tion. Following the Ni** -nitrilotriacetic acid chromatography,
the HCN2¢ j;ker/enpn-L586W was then further purified by
size exclusion chromatography on a Superdex 200 column
equilibrated with the buffer used for the FRET experiments
(150 mm KCI, 10% glycerol, 1 mm tris(2-carboxyethyl)phos-
phine, 30 mm HEPES; pH 7.5). Purified HCN2( ;. ver/cnBD-
L586W was stored in small aliquots at —80 °C and thawed
immediately before experimentation. Protein concentration
was determined by absorbance at 280 nm.

Fluorescence Measurements—Fluorescence intensity and
anisotropy were each recorded in a 100-um quartz cuvette with
a Fluorolog 3 spectrophotometer and FluorEssence software
(both from HORIBA Jobin Yvon). For fluorescence anisotropy
measurements, the spectrophotometer was outfitted with
Glan-Thompson polarizers. The fluorescence anisotropy was
recorded from 5 uM fisetin in solution with varying concentra-
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tions of HCN2ypp. Fluorescence anisotropy measurements
were made with 420 nm excitation and 490 nm emission light
and 13-nm slit widths as described previously (16, 28). Each
experiment was repeated three times, and the data were plotted
as mean * S.E.

To estimate the apparent binding affinity, plots of the fluo-
rescence anisotropy versus the total protein concentration were
fit with the following equations (29)

1 1
RL = E(Rt + L+ K, — \/<4(—Rt — L —K)?*—R X Lt>
(Eq.3)

where RL is the concentration of the free receptor-ligand com-
plex; R, and L, are total receptor and ligand concentrations,
respectively; and K, is the apparent binding affinity. The fluo-
rescence anisotropy, A, was then calculated from the following
equation
A= (A.— Ay XRL+A, (Eq. 4)

where A, is the fluorescence anisotropy of unbound fisetin, and
A, is the fluorescence anisotropy of fisetin at saturating con-
centrations of receptor. Data analysis and plot fittings were per-
formed in Igor.

For tryptophan-to-fisetin FRET, the fluorescence spectra of
4 uM HCN2 iver/onpn-L586W or 4 uM free tryptophan were
recorded in the absence and presence of 100 um fisetin. Sam-
ples were excited with 295-nm light, and emission spectra were
recorded from 300 to 500 nm with 5-nm slit widths. To account
for the decrease in excitation and emission intensities due to
the optical density, observed fluorescence intensities of the
sample were corrected for the inner filter effect according to the
equation (30)

Fci — Foi(1 0(0.1 X Azgs + 0.5 X A,’)) (Eq 5)

where F_, and F_; represent the corrected and observed fluores-
cence intensities at wavelength i nm, and A,o5 and A, are the
absorbance measured at wavelengths 295 nm and i nm, respec-
tively. Each experiment was repeated at least three times, and
the data were plotted as means. Data analysis and plot fittings
were performed in Origin (OriginLab Corp.).

Modeling Simultaneous Binding—To explore whether fisetin
and cAMP can simultaneously bind the CNBD, we created a
four-state model to fit our binding data. Fluorescence anisotro-
py-based binding experiments and Equation 4 were used to
determine the fisetin-to-CNBD binding affinity in 0 or 1 mm
cAMP. Igor was then used to calculate the roots of the fol-
lowing equations

Ly = L + [RL] + [RLA] (Eq.6)

Ar = A + [RA] + [RLA] (Eq.7)

Rr = R + [RL] + [RA] + [RLA] (Eq. 8)
RXL

Kg = W (Eq.9)
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R XA

Kan = RA] (Eq. 10)
RA X L

Kol = m (Eq.11)

where R, L, and A represent the concentrations of free
HCN2 g free fisetin, and free cCAMP respectively. Ry, L,
and A, represent the total concentrations of HCN2 - pp, fise-
tin, and cAMP respectively. [RL] is the concentration of
HCN2 psp bound to fisetin, [RA] is the concentration of
HCN2\zp bound to cAMP, and [RLA] is the concentration
of HCN2sp bound to both fisetin and cAMP. These fits were
scaled to the maximum and minimum fluorescence anisotropy
values determined experimentally, 0.25 and 0.0656, respectively.

NMR Spectroscopy—NMR spectra were recorded on a
Bruker Avance III spectrometer equipped with a cryoprobe and
operating at 600 MHz. Spectra were recorded at 25 °C in 30 mm
HEPES, 150 mm KCl, 10% D, 0O, 1% dimethyl sulfoxide (DMSO),
pH 7.5. All NMR spectra were collected on samples containing
175 uMm of either the wild-type or the M572T versions of the
HCN2pp protein. The HCN2 ., were measured alone or
in titrations with 175 uM fisetin or 175 um cAMP. All titration
data sets were collected using 'H,">C HSQC experiments. Data
were processed using NMRPipe/NMRDraw (31) and visualized
using NMRView (32).

RESULTS

Fisetin Potentiated HCN2 Channels—To determine whether
fisetin regulates HCN2, we measured its effects on the kinetic
and steady-state properties of the channels (Fig. 1). For these
experiments, HCN2 channels were expressed in X. laevis
oocytes and studied in the inside-out configuration of the patch
clamp technique. Currents were elicited by voltage steps to
hyperpolarizing potentials ranging from —70 to —140 mV, in
—10-mV increments. Fig. 1A depicts representative recordings
of HCN2 currents before (black) and during (red) application of
30 uM fisetin. The conductance-voltage relationship was mea-
sured from tail currents recorded at —40 mV. In 13 separate
experiments, 30 uM fisetin significantly shifted the Vi, of the
conductance-voltage relationship from —126.8 £ 1.6 mV to
—117.9 £ 1.6 mV (p < 0.01, Student’s paired ¢ test), reflecting a
facilitation of channel opening (Fig. 1D). To study HCN2 kinet-
ics, the rate of activation was quantified by fitting single expo-
nentials to the slow component of the currents evoked by steps
to —140 mV. 30 uM fisetin sped the time constant of activation
(1) at =140 mV from 1.08 == 0.08 t0 0.73 = 0.05s (1 =9) (p =
0.01, Student’s paired ¢ test) (Fig. 1D). To determine the con-
centration dependence of fisetin on HCN2 channels, the
change in the Vi, of the conductance-voltage relationship was
plotted versus fisetin concentration and fit with a Hill equation
(Fig. 1C). Fisetin potentiated HCN2 currents with an ECg, of
1.8 = 0.3 wm and a Hill coefficient of 1.9 = 0.3 (n = 3). Together,
these results indicate that fisetin potently and reversibly poten-
tiated HCN2 channels.

Fisetin and cAMP Had Nonadditive Effects on HCN2
Currents—Fisetin potentiation of HCN2 channels resembled
the channel’s regulation by cAMP, thereby suggesting that fise-
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FIGURE 1. Fisetin potentiated HCN2 and was nonadditive with cAMP. A
and B, representative current traces (A) and conductance-voltage relation-
ships (B) of HCN2 channels recoded in the inside-out patch configuration in
the following conditions: control (black), with 30 um fisetin (red), with 10 mm
cAMP alone (blue), or with 30 um fisetin and 10 mm cAMP (purple). C, repre-
sentative plot of the concentration response of fisetin application to an
excised inside-out patch and fit with Equation 2. The EC;, for this patch was
1.8 um. D, box plot distributions of the change in the Vi, of the conductance-
voltage relationship and the -fold change in the time constant for the rate of
activation at —140 mV (n = 8-13).

tin and cAMP may use similar mechanisms to stabilize the
channel’s open state. We reasoned that if the regulators share a
common mechanism, they may have nonadditive effects. Con-
versely, if fisetin and cAMP act independently to promote
channel opening, they would have additive effects on the cur-
rent. To discern between these two possibilities, we applied 0 or
30 pM fisetin with 0 or 10 mm cAMP to inside-out patches
expressing HCN2 channels and recorded their hyperpolariza-
tion-evoked currents (Fig. 14). Each channel regulator shifted
the Vi, of the conductance-voltage relationship; the Vi, was
shifted by 8.9 = 0.9 mV for fisetin and by 17.5 = 1.1 mV for
cAMP (Fig. 1, B and D). Together, however, fisetin and cAMP
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yielded an intermediate shift of 14.9 = 1.2 mV, n = 8, which was
not significantly different from the shift evoked by cAMP alone
(p = 0.33, Student’s paired ¢ test) (Fig. 1, B and D). Similarly,
fisetin and cAMP individually sped the rate of activation at
—140 mV by 1.5-fold for fisetin, to 0.73 = 0.05 s, and by 2.8-fold
for cAMP, to 0.38 = 0.07 s, » = 7-9 (Fig. 1, B and D). When
applied together, however, fisetin and cAMP again produced an
intermediate acceleration of the rate of activation by 2.2-fold, to
0.49 * 0.08 s (Fig. 1D). Again, this intermediate acceleration
was not significantly different from the cAMP-evoked acceler-
ation of channel activation (p = 0.31, Student’s paired ¢ test).
Combined, these data indicate that fisetin and cAMP had non-
additive effects on HCN2 channels. These findings are consis-
tent with the hypothesis that cAMP and fisetin potentiate HCN2
channel gating through a common mechanism. Interestingly,
fisetin inhibited the current in the presence of 10 mm cAMP
(Fig. 1, A and B), suggesting that fisetin inhibition results from
binding to a second site that is noncompetitive with cAMP.

Fisetin Did Not Potentiate HCN2 Channels Lacking Their
CNBD—One possible explanation for the nonadditive potenti-
ation of HCN2 by fisetin and cAMP is that fisetin acts via the
CNBD. To directly test this hypothesis, we asked whether the
flavonoid could potentiate HCN2 channels lacking their CNBD
(HCN2y 56410p)- This previously characterized channel is trun-
cated in the carboxyl-terminal region immediately before the
CNBD and is not regulated by the direct binding of CAMP (15).
Fig. 2A shows representative recordings from the HCN2y 5540,
channels before, during, and after washout of 30 um fisetin.
Fisetin application did not shift the Vi, of the conductance-
voltage relationship, which was —120.6 = 1.1 mV without and
—120.0 = 2.0 mV with 30 uM fisetin (n = 6) (p = 0.78, Student’s
paired ¢ test) (Fig. 2C). Furthermore, fisetin did not speed the
rate of activation of HCN2y 5,60, at =130 mV (Fig. 2C), which
had a time constant of 1.41 = 0.53 s in the absence of and 1.43 =
0.50 s in the presence of 30 uM fisetin (n = 6) (p = 0.24, Stu-
dent’s paired ¢ test). These data demonstrate that the CNBD is
required for fisetin potentiation of HCN2 channels.

The HCN2y 5,64, currents, however, were markedly reduced
in the presence of fisetin (Fig. 2A4). Specifically, 30 umMm fisetin
reduced the maximum current at —130 mV by an average of
45.6 £ 3.7%, n = 6. This inhibition was reminiscent of the
inhibition seen in wild-type HCN2 channels in the presence of
cAMP (Fig. 2, A and B). We hypothesize that, in addition to
potentiation mediated by the CNBD, fisetin can also act as
inhibitor or blocker at a site outside the CNBD.

Fisetin Bound to Purified HCN2 CNBD—The inability of fise-
tin to potentiate HCN2y 556, indicated that the CNBD is
required for the fisetin regulation of gating. Experiments on this
mutant channel, however, did not provide information on the
location of the fisetin-binding site. To explore the possibility
that fisetin binds to the CNBD, we employed two fluorescence-
based binding assays. The first binding assay was based on
FRET, which reports the proximity of two fluorophores and is a
reliable indicator of molecular interactions (30). Fisetin is a fluo-
rescent flavonoid whose absorbance spectrum overlaps with
the emission spectrum of tryptophan (16), indicating that FRET
between these two fluorophores could report binding of the
flavonoid to a tryptophan-containing protein. However, the
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FIGURE 2. Fisetin did not potentiate HCN2 channels lacking their CNBD. A and B, representative current traces (A) and conductance-voltage relationships
(B) of HCN2y 556,10, channels recorded in the inside-out patch clamp configuration before (black), with 30 um fisetin (red), or after washout (gray). C, scatter plots
of Vi, values of the conductance-voltage relationship or the time constants of activation at —130 mV, with 30 um fisetin (n = 6).

HCN?2 C-linker/CNBD has no endogenous tryptophan resi-
dues. Previously, we engineered an HCN2 construct con-
taining a tryptophan in the cAMP-binding pocket and used
this protein to report cAMP binding to the isolated CNBD
(HCN2¢ | inker/enpp-L586W) (21). Here, the tryptophan
fluorescence of the purified HCN2 | 1\ ker/cnpp-L586W pro-
tein was recorded in the absence (black trace) and presence of
100 M fisetin (red trace) (Fig. 3A). With fisetin, the tryptophan
fluorescence intensity of HCN2_; ier/cnpn-L586W at 348 nm
decreased by ~20%, thereby reporting that fisetin bound to
HCN2( | inker/enep-L586W. Consistent with tryptophan-to-
fisetin FRET, we also found that the fluorescence intensity of
fisetin at 500 nm greatly increased (Fig. 3A). By contrast, 100
uM fisetin had nominal effects on the fluorescence of free tryp-
tophan (Fig. 3B), indicating that changes in tryptophan fluores-
cence were induced by fisetin binding and were not the result of
nonspecific interactions.

In addition to FRET, we used a second binding assay that
measured changesin fluorescenceanisotropy of the fisetin. Fluo-
rescence anisotropy reports the tumbling rate of a fluorescent
molecule in solution. When a small fluorophore binds a much
larger protein, the fluorophore will have a slower rate of tum-
bling, measured as increased fluorescence anisotropy. Being
both small and fluorescent, fisetin is an ideal candidate for a
fluorescence anisotropy-based binding assay (16). The fluores-
cence anisotropy of 5 uM fisetin was measured in the presence
of various concentrations of purified HCN2 55, ranging from
1 to 400 um. As expected for a ligand-receptor interaction, the
fluorescence anisotropy of fisetin increased as the concentra-
tion of HCN2.pp, increased. The steady-state fluorescence
anisotropy was plotted against the total protein concentration
and fit with Equation 4 (see “Experimental Procedures”) (Fig.
3C). From this calculation, we found that fisetin bound the
purified HCN2sp with an apparent affinity of 63 um (n = 3).
Together results from these binding experiments indicate that
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FIGURE 3. Fisetin bound to the purified HCN2 CNBD. A and B, the
inner filter-corrected and background-subtracted emission spectra of
HCN2 ¢ nker/enen-L586W, recorded in the absence (black) or presence (red) of
100 um fisetin (A) and of 4 um free tryptophan in solution recorded in the
absence (black) or presence 100 um fisetin (red) (B). A. U., absorbance units. C
and D, fluorescence emission spectra were normalized to the maximum flu-
orescence in the absence of fisetin. The averaged fluorescence anisotropy of
fisetin (C) or 8-fluo-cAMP (D) plotted versus total concentration of purified
HCN2c\gp (n = 3). Error bars represent the S.E. These data were fit with Equa-
tion 4 to give an apparent binding affinity of 63 um for fisetin, and 176 nm for
8-fluo-cAMP.

fisetin binds to the CNBD and are consistent with the hypoth-
esis that fisetin binding to the CNBD mediates the potentiation
of HCN2 channels.

To determine the affinity of the CNBD for cAMP, we mea-
sured the anisotropy of the fluorescent cyclic nucleotide 8-fluo-
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ropy of 5 um fisetin measured in the presence of 0 (empty circles) or 1 mm
cAMP (solid circles) and plotted against the total concentration of purified
HCN2\gp- The dashed lines are fits of the model in Afor O (red) or 1 mm (purple)
cAMP. The parameters used in the modelfits are as follows: L = 5 um, Ay = 0
or 1 mm, K, = 63 um, Ky = 176 nm, Ky = 210 um.

cAMP with varying concentrations of HCN2 ., ranging from
1 nM to 100 uM (Fig. 3D). Fitting a plot of the steady-state ani-
sotropy versus the HCN2 s concentration with Equation 4
yielded an apparent affinity of 176 nwm, consistent with previous
measurements (12, 13, 33, 34).

Fisetin and cAMP Partially Competed for CNBD Binding—
The data thus far indicate that cAMP and fisetin both bind to
the CNBD to potentiate HCN2 channel gating. We next sought
to determine whether fisetin competes with cAMP for binding
to the purified CNBD. To do so, we used fluorescence anisot-
ropy to determine whether cAMP altered the affinity of fisetins
for the CNBD. The fluorescence anisotropy of 5 uM fisetin was
measured with 1 mM cAMP and varying concentrations of the
HCN2 s ranging from 1 to 400 um (Fig. 4B, closed circles).
Fitting these data with Equation 4 yielded a dissociation con-
stant of 210 uM (not shown): an over 3-fold increase from the 63
uM K, determined in the absence of cAMP (Figs. 3C and 435,
open circles). These data indicate that the binding of cAMP
inhibits the binding of fisetin, suggesting competition between
the two agonists.

Although the affinity was decreased, apparently fisetin was
still able to bind the CNBD even in the presence of 1 mm cAMP
(about 1000 times the affinity for cAMP (Fig. 3D) (12, 13, 33,
34)). Two possible mechanisms could explain fisetin binding to
the CNBD in the presence of cCAMP. The cAMP could bind the
CNBD with a similar or lower affinity than fisetin. We believe
that this is not the case as we have found the affinity of cAMP
for the isolated CNBD to be 176 nMm. Alternatively, the finding
that fisetin may bind the CNBD even in the presence of satu-
rating cAMP could indicate that both regulators bind the pro-
tein simultaneously. One way they could both bind is shown in
Fig. 4A. This four-state model assumes only partial competition
between cAMP and fisetin binding to the CNBD. Although
both cAMP and fisetin can bind simultaneously, the binding of
fisetin is lower affinity when cAMP is bound (and likewise the
binding of cAMP is lower affinity when fisetin is bound). Using
the apparent binding affinities of fisetin for the CNBD deter-
mined by fluorescence anisotropy (63 um in the absence of
cAMP, and 210 um with 1 mm cAMP), and a K, of 176 nm for
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cAMP, the partial competition model can explain the decreased
binding affinity of fisetin in the presence of cAMP (Fig. 4B).

Fisetin and cAMP Bound to the Same Site—Our data indicate
that fisetin and cAMP partially compete for binding to the
CNBD. This partial competition could result either directly
from fisetin and cAMP binding to overlapping sites or indi-
rectly from cAMP inducing a conformational change in the
fisetin-binding site. To determine whether the two regulators
bind overlapping sites, we used 'H,"*C HSQC NMR spectros-
copy to monitor and compare the binding sites for the two
ligands. Spectra derived from these two-dimensional experi-
ments contain a peak for each carbon-hydrogen bonded pair in
the protein. The peaks have predictable properties depending
on the bond pair they originate from (35). We found that at
equimolar concentrations of the protein and ligands, cAMP
and fisetin induced overlapping chemical shift perturbations in
the HCN2 pp spectrum (Fig. 54). When compared with
cAMP, fisetin evoked smaller perturbations, which was
expected given the lower affinity of fisetin and the differences
between the chemical structures of the two compounds.

Taking advantage of the fact that methyl groups from
methionines have resonances in a region that is distinct in a
'H,"*C HSQC spectrum, we could monitor methionine reso-
nances without having to assign the spectrum. The HCN2 51,
protein contains six methionines, including a single methionine
residue (Met-572) positioned at the entrance of the cAMP-
binding pocket (Fig. 5B). Because of its proximity to and hydro-
phobic interaction with the cAMP purine ring (14, 36), we pre-
dicted that the Met-572 methyl resonance would be perturbed
by the presence of a ligand in the binding pocket. Indeed, we
found that cAMP caused a significant chemical shift in one
resonance within the methionine region of the spectrum. Nota-
bly, this resonance was completely absent in the spectra of
HCN2psp with the M572T mutation, which was previously
shown not to alter cAMP affinity (Fig. 5D) (13). Otherwise, the
spectra of M572T HCN2 . p in the absence and presence of
cAMP were nearly identical to those of wild-type HCN25p
(Fig. 5C). These data indicate that cAMP interacts with Met-
572 as predicted by the x-ray crystal structure (14).

Remarkably, the Met-572 resonance was also shifted with
fisetin (Fig. 5B). The smaller chemical shift perturbation
observed for fisetin is consistent with the lower affinity of the
CNBBD for fisetin when compared with cAMP. The behavior of
Met-572 in these titration experiments indicates that cAMP
and fisetin both interact with Met-572 and therefore occupy
partially overlapping sites within the known binding pocket for
cAMP. Thus, we conclude that fisetin binds within or proximal
to the cAMP-binding pocket.

DISCUSSION

Here, we report that the flavonoid fisetin regulates HCN2
channels. Like cyclic nucleotides, fisetin speeds channel activa-
tion and shifts their voltage dependence toward more depolar-
izing potentials. Fisetin bound to the purified HCN2 s, and
did not potentiate channels lacking this domain. We also show
that fisetin partially competes with cAMP for binding to the
cAMP-binding pocket and use NMR spectroscopy to show that
that fisetin binds within the cAMP-binding pocket. These
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FIGURE 5. Fisetin bound within the cAMP-binding pocket. A, representative '>C HSQC spectra of methyl groups in HCN2ygp. Unbound HCN2 g is shown
in black (both panels). HCN2gp after the addition of 175 um fisetin is shown in red (top panel). Shown in green is HCN2 g, after the addition of 175 um cAMP
(bottom panel). B, selected Met-e resonances from the previous panel indicate similar perturbations from the addition of fisetin (top panel) and cAMP (middle
panel). The structure of HCN2 i er/cnep With CAMP (3BPZ) and Met-572 is highlighted. C, similar to A but with HCN255-M572T. D, the top panel is similar to B
but with HCN2gp-M572T. The bottom panel contains a structural overlay of HCN2 (lighter gray, red methionine) and HCN4 (darker gray, green threonine)
indicating similarities in the binding pockets and position of the affected methionine residue.

results suggest that fisetin binds to the CNBD and potentiates
activation, similar to cAMP. Deletion of the CNBD, however,
revealed that in addition to potentiating channel gating, fisetin
also inhibits or blocks HCN channels at a site distinct from the
CNBD.

Fisetin acts as a partial agonist for HCN2 channels. Partial
agonists have the ability to bind to and activate a receptor, but
are unable to elicit the full response. Like cAMP, fisetin shifts
the conductance-voltage relationship toward more depolariz-
ing potentials and speeds channel activation, but fisetin elicits
only half of the shift of cAMP in the Vi, or speeding of the rate
of activation. We hypothesize that this difference in potentia-
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tion is due to the fact that fisetin does not interact with all of the
HCN2 residues that coordinate cAMP. Therefore, the energy of
fisetin/CNBD binding may not be sufficient to fully evoke the
change in conformation evoked by cAMP binding to the same
site. Alternatively, the inability of fisetin to elicit a complete
potentiation of HCN2 currents could be explained by fisetin
binding to both the cAMP pocket to fully potentiate and a sec-
ondary site on the channel to inhibit the current. Indeed, fisetin
inhibits wild-type HCN2 channels in the presence of saturating
cAMP and mutant HCN2y 5,4, channels, thereby suggesting
that fisetin is able to bind a second site on the channel, outside
the CNBD, to reduce the current. However, the fisetin-induced
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reduction in HCN2y 5,4, current was not accompanied by
any shift in the conductance-voltage relationship nor a change
in the rate of channel activation as seen in the wild-type chan-
nel. Thus, this inhibition would not explain the difference in the
shift of the conductance-voltage relationship or rate of activa-
tion of the wild-type channel elicited by fisetin when compared
with cAMP. Rather, it seems likely that fisetin acts as a true
partial agonist on HCN2 channels.

A fluorescence anisotropy-based binding assay reported that
fisetin bound to the CNBD in a concentration-responsive man-
ner. However, we observed a significant disparity in the affinity
measured by fluorescence anisotropy, 63 um (Fig. 3C), when
compared with the potency determined by electrophysiology,
1.8 uM (Fig. 1D). This discrepancy between affinity and potency
could indicate that the binding site of the purified CNBD is not
the binding site that potentiates channel gating. However, it
seems more likely that the higher potency of fisetin on the intact
channel reflects gating and cooperativity in the intact tetra-
meric channel not present in the isolated monomeric CNBD
(37). Indeed, similar discrepancies have been reported for the
affinity of cAMP. The affinity of cAMP for the isolated HCN2
C-linker/CNBD has been measured by various methods includ-
ing fluorescence anisotropy with fluorescent cAMP analogs
and isothermal titration calorimetry, with K, values ranging
from 100 nm to 3 um (12, 13, 33, 34). Here, we report the K, of
the HCN2\pp for 8-fluo-cAMP to be 176 nM. This affinity of
cAMP for the isolated C-linker/CNBD is ~1-30-fold lower
than the 100 nm EC;, determined with electrophysiology (13,
33, 34, 38, 39). Therefore, despite differences in affinity and
potency, the data presented here implicate the CNBD as the
fisetin-binding site for HCN2 potentiation.

Our data suggest that the binding sites in the CNBD for fise-
tin and cAMP partially overlap. Therefore, we were surprised to
detect fisetin binding to the CNBD in the presence of a saturat-
ing concentration of cAMP (Fig. 4B). We expected that in the
presence of 1 mm cAMP (about 1000X the K;) and 5 uM fisetin,
there would not be any fisetin binding to the purified CNBD.
The finding that fisetin still bound the CNBD even in the pres-
ence of saturating cAMP (albeit with a lower affinity) could
suggest that fisetin binds to a secondary binding site, distinct
from the pocket where cAMP binds. However, there were vir-
tually no resonances in the NMR spectra that were perturbed by
fisetin that were not also perturbed by cAMP. Thus, we favor an
alternative hypothesis that the cAMP-binding pocket can
simultaneously accommodate both ligands. Because fisetin
interacts with M572, we predict that fisetin interacts with the
HCN2 residues that typically interact with the purine ring of
cAMP. With fisetin occupying the purine portion of the bind-
ing site, the cyclic phosphate portion may still interact with the
ribose and cyclic phosphate portion of cAMP.

Fisetin is not the first plant compound shown to potentiate
HCNZ2 channels. Another abundant plant metabolite, genistein,
regulates HCN2 (40). A well known inhibitor of tyrosine kinase
(41), genistein is an isoflavone and accordingly has a phenyl
group substituted at position 3 of the pyrone ring instead of
position 2 in flavonoids (42). Like fisetin, genistein shifts the
Vi, of the conductance-voltage relationship of HCN2 to
more depolarizing potentials. Genistein, however, potenti-
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ated HCN2y5,64,, channels, whereas fisetin did not.
Because genistein did not require the CNBD to regulate
HCN2 channels, we predict that it acts via a distinct
mechanism.

To our knowledge, this is the first report of flavonoid binding
to a cyclic nucleotide-binding pocket. However, this is not the
first instance of flavonoids interacting with proteins that bind
purine ring-containing second messengers. Several flavonoids
have been identified as competitive inhibitors for ATP- and
adenosine-binding sites (42, 43). For example, many of the
cyclin-dependent kinases (CDKs) are inhibited by flavonoids,
and CDKG6 has been crystallized bound to fisetin (44). Compar-
ing the fisetin-occupied ATP-binding site of CDK6 with the
ATP-occupied site of the closely related CDK2 reveals that fise-
tin interacts with the CDK residues that typically coordinate
the purine ring of ATP (44, 45). However, the purine ring-bind-
ing sites in the ATP-binding pocket of CDK and the cAMP-
binding pocket of HCN are not conserved. We predict that a
conserved binding domain is not required, rather that shared
chemical properties between fisetin and the purine rings of
cAMP and ATP allow them to bind to the same structures.
Accordingly, we predict that fisetin will more broadly bind
receptors for other purine ring-containing compounds such as
caffeine, NAD ™, and/or coenzyme A.

The results presented here characterize fisetin as a novel par-
tial agonist for HCN2 channels. Moreover, these results may
shed light on the physiologic targets of flavonoids in general
and fisetin in particular. Flavonoids are secondary plant metab-
olites synthesized by all vascular plants (42). A flavonoid-rich
diet has been correlated with several measures of health includ-
ing improved learning and memory (46, 47), protection against
Alzheimer and Parkinson diseases (48, 49), reduced mortality
from coronary heart disease (50), and a reduced risk of cancer
(51). Although the molecular mechanisms that account for
many of these physiologic effects has yet to be determined,
HCN2 channels should be included in the growing list of poten-
tial targets of flavonoids.
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