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Inner activation gate in S6 contributes to the state-dependent binding
of cAMP in full-length HCN2 channel
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Recently, applications of the patch-clamp fluorometry (PCF) technique in studies of cyclic nucleotide—gated
(CNG) and hyperpolarization-activated, cyclic nucleotide-regulated (HCN) channels have provided direct evi-
dence for the long-held notion that ligands preferably bind to and stabilize these channels in an open state. This
state-dependent ligand—channel interaction involves contributions from not only the ligand-binding domain but
also other discrete structural elements within the channel protein. This insight led us to investigate whether the
pore of the HCN channel plays a role in the ligand—whole channel interaction. We used three well-characterized
HCN channel blockers to probe the ion-conducting passage. The PCF technique was used to simultaneously moni-
tor channel activity and cAMP binding. Two ionic blockers, Cs* and Mg?*, effectively block channel conductance
but have no obvious effect on cAMP binding. Surprisingly, ZD7288, an open channel blocker specific for HCN
channels, significantly reduces the activity-dependent increase in cAMP binding. Independent biochemical assays
exclude any nonspecific interaction between ZD7288 and isolated cAMP-binding domain. Because ZD7228 inter-
acts with the inner pore region, where the activation gate is presumably located, we did an alanine scanning of the
intracellular end of S6, from T426 to A435. Mutations of three residues, T426, M430, and H434, which are located
at regular intervals on the S6 a-helix, enhance cAMP binding. In contrast, mutations of two residues in close prox-
imity, F431A and 1432A, dampen the response. Our results demonstrate that movements of the structural elements
near the activation gate directly affect ligand binding affinity, which is a simple mechanistic explanation that could
be applied to the interpretation of ligand gating in general.

INTRODUCTION

Ion channels mainly respond to two types of stimuli,
voltage and ligand (Hille, 2001). Hyperpolarization-
activated, cyclic nucleotide-regulated (HCN) channels,
which are regulated by both of these stimuli, open upon
membrane hyperpolarization and direct binding of in-
tracellular cAMP molecules (Robinson and Siegelbaum,
2003; Craven and Zagotta, 2006; Biel et al., 2009). HCN
channels belong to the superfamily of voltage-gated
K channels and share a similar topology with CNG and
EAG channels (Jan and Jan, 1990; Zagotta and Siegel-
baum, 1996; Kaupp and Seifert, 2002). Each func-
tional HCN channel contains four subunits. Within
each subunit, there is a transmembrane domain (TMD)
containing six transmembrane a-helixes (S1-56). The
S4 segment contains multiple positively charged resi-
dues and functions as the voltage sensor. However, in
contrast to most other voltage-gated channels, the S4
segment of the HCN channel moves inward in response
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to membrane hyperpolarization during channel open-
ing (Méannikko et al., 2002; Bell et al., 2004; Vemana
et al., 2004). The ion-conducting pore is comprised of
S5, S6, and the reentrant loop in between. The primary
sequence of HCN channels in this region, especially the
selectivity filter and S6, can be aligned perfectly to the
sequences from other potassium channels without gaps.
Downstream from the selectivity filter, S6 segments from
the four subunits assemble together and form the ion-
conducting passage. Similar to other K channels, the S6
segment in the HCN channel harbors an activation gate
that moves during channel gating and controls the ionic
flow (Hackos et al., 2002; Rothberg et al., 2003; Shin
et al., 2004; Webster et al., 2004; Swartz, 2005).

On the intracellular side, HCN channels contain a
canonical cyclic nucleotide-binding domain (CNBD),
homologous to the CNBD found in other proteins
such as cAMP-dependent protein kinase (PKA), cGMP-
dependent protein kinase (PKG), and CNG channels.
Intracellular cAMP molecules directly bind to the CNBD
and open the channel. cAMP-dependent gating increases

© 2012 Wu et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike—No Mirror Sites license for the first six months after the publi-
cation date (see http://www.rupress.org/terms). After six months it is available under a
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

29

620 Jequeoe( G0 U0 3senb Aq pd61201 1102 dBl¥G6GEL1L/6Z/1/0v L 4pd-8jone/dBl/Bio-sseidnij/:dny woy pepeojumoq



the macroscopic current amplitude, shifts the channel
activation toward less hyperpolarizing potentials, speeds
up channel activation, and slows down channel deacti-
vation. So, how does cAMP binding trigger a series of
molecular events that result in the gate opening? Func-
tional assays performed on the full-length HCN chan-
nel as well as biochemical assays on purified C-terminal
fragments, including the C-inker (CL; the 90-aa pep-
tide downstream from S6) and the CNBD, support a
transition in the molecular symmetry from a dimer-
of-dimer to a gating ring-like tetrameric structure (Ulens
and Siegelbaum, 2003; Zagotta et al., 2003; Rosenbaum
and Gordon, 2004). The crystal structure of the CL-CNBD
fragment, which forms the core of the cAMP-dependent
gating machinery in both CNG and HCN channels, has
been published for mouse HCN2 (mHCN2), sea urchin
HCN, and human HCN4 channels (Zagotta et al., 2003;
Flynn et al., 2007; Xu et al., 2010). These crystal struc-
tures provide an atomic view over the local cAMP-CNBD
interactions and the assembly of the four subunits but
limited information regarding the coupling between
cAMP binding and channel opening.

The cAMP-dependent gating observed in HCN chan-
nels can be categorized within the realm of protein
allostery, a research theme broadly applied to not
only ligand-gated channels and receptors but also other
types of macromolecules such as protein enzymes.
Two general models for protein allostery exist: the
induced fit model and the preexisting equilibrium
model. The preexisting equilibrium model, also known
as the conformation selective model, postulates that
proteins in either the resting or active state coexist.
Although ligands are able to interact with the protein
in either state, they preferably bind to the protein in
the active state, which shifts the equilibrium from rest-
ing to active (Richards and Gordon, 2000; Altomare
etal., 2001; Wang etal., 2002; Zhou et al., 2004; Biskup
et al.,, 2007; Zhou and Siegelbaum, 2007). A similar
cyclic allosteric gating scheme exists for ligand-gated
ion channels; however, collecting the direct evidence
had been difficult, mainly because of the technical
challenges involved in specific measurement of ligand
binding affinity at a particular functional state. With
the advent of fluorescently labeled ligands, the patch-
clamp fluorometry (PCF) technique made simultane-
ous measurements of ligand binding and channel
activity feasible and has been successfully applied to
the study of CNG and HCN channels (Biskup et al.,
2007; Kusch et al., 2010; Wu et al., 2011). PCF results
clearly demonstrate that cAMP binds to the channels
in the closed state and, more importantly, binds to the
channels in the open state with greater affinity. Poten-
tially, this model of state-dependent ligand binding
can be applied as a general principle for ligand gating,
but resolving the corresponding structural basis remains
a daunting task.
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In this study, we aim to address which discrete elements
in the HCN channel contribute to the state-dependent
interaction between cAMP and whole channel protein.
We started from the channel pore and used three well-
characterized HCN channel blockers to probe the ele-
ments along the ion-conducting passage. Two ionic
pore blockers, Cs" and Mgg*, have no effect. However,
an open channel blocker, ZD7288, significantly reduces
the activation-dependent increase in ¢cAMP binding.
Following this lead, we performed an alanine scanning
of the intracellular end of S6 and identified multiple mu-
tations that affect cAMP binding. These results illustrate
an intriguing communication between the channel acti-
vation gate and the ligand-binding domain, which are
~50 A apart.

MATERIALS AND METHODS

PCF

Xenopus laevis oocytes were used for heterologously expressing
mHCN2 channels. cDNA of the mHCN2 channel in the pGH
vector was provided by S. Siegelbaum (Columbia University, New
York, NY). 50 ng of in vitro transcribed cRNAs was injected into
each oocyte. After 2-4 d of incubation at 17°C, injected oocytes
expressed a sufficient amount of HCN channels to allow for de-
tection. All of the following experiments were performed at room
temperature. For PCF measurements, ionic currents and optical
signals were collected from the membrane patch within the glass
pipette in the inside-out configuration. The standard recording
solution contained 110 mM KCI, 1 mM MgCl,, 1 mM EGTA, and
5 mM HEPES, pH 7.4 (adjusted with KOH). The pipette solution
and bath profusion solution are symmetrical. Zero Mg** solution
contained 110 mM KCI, 1 mM MgCl,, 1 mM EGTA, 1.5 mM EDTA,
and 5 mM HEPES, pH 7.4. High Mg% solution contained 110 mM
KCl, 6 mM MgCly, 1 mM EGTA, and 5 mM HEPES, pH 7.4.

The PCF setups were constructed using a microscope (BX50WI;
Olympus) equipped with a 60x water immersion lens (LUMPlanFL).
A 473-nm DPSS (diode-pumped solid-state) laser was used as the
excitation light source. The following filter set was used for col-
lecting NBD fluorescence: exciter, D480/30; dichroic mirror,
DCBH05LP; emitter, D510LP. Optical signals were detected by an
electron-multiplying charge-coupled device camera (Cascade 1K;
Photometrics) and analyzed using Image] software (National Insti-
tutes of Health). A DAQ board (National Instruments) was used
for converting analogue and digital I/O. The laser light source,
the charge-coupled device camera exposure, and the amplifier
for patch-clamp recording were synchronized by TTL (transistor—
transistor logic) signals. The TurboReg program was used for
image alignment. For measuring the fluorescence signal specific
to excised membrane, a region of interest was selected around
the arc of membrane patch in the recording pipette. AF was de-
fined as the mean fluorescence intensity in the region of interest
with the background fluorescence subtracted. The AF value col-
lected at the holding potential of —40 mV (AF_,y), correspond-
ing to the binding of cAMP to the channels at a closed state, was
used as a reference to normalize the activity-dependent fluores-
cence signals collected along a voltage step (AAF). The fluores-
cent cAMP analogue, 8-NBD-cAMP, was obtained from Biolog.

Biochemical binding assays on purified mHCN2

C-terminal protein

The DNA fragment containing the CL and the CNBD of mHCN2
channel (D443 to H645) was cloned into the pSMT3 vector and
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expressed in Escherichia coli BL21 cells. A standard three-step
purification scheme, including Ni affinity chromatography, ion
exchange chromatography, and size exclusion chromatography,
was used to purify mHCN2 protein. After eluting from the
Ni-NTA column, the protein sample was incubated with Ulpl
protease to remove the His-Smt3 tag. After the last purification
step, purified protein sample was concentrated to 10 mg/ml
and flash frozen in liquid nitrogen. Before performing the bio-
chemical binding assays, protein samples were extensively dia-
lyzed to remove any residual bound cAMP molecules. Isothermal
titration calorimetry (ITC; iTC200 microcalorimeter; MicroCal,
Inc.) was used to measure the binding of cAMP to 100 pM of
purified mHCN2 protein. All ITC measurements were per-
formed at 37°C. The excitation and emission spectra of 5 pM
8-NBD-cAMP in complex with 20 pM of purified mHCN2 pro-
tein was measured by a photon-counting spectrofluorometer
(PC1; ISS, Inc.).

Online supplemental material

Fig. S1 shows experimental data on ZD7288’s effects on channel
conductance and cAMP binding in the presence of Mg*". Fig. S2
shows an ITC assay on the interaction between ZD7288 and the
CL-CNBD fragment; the ITC results of cAMP binding to the
CL-CNBD fragment are shown as positive control. Fig. S3 shows
the sequence alignment for pore S6 regions from HCN, CNG,
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-150 mV

and other K channels. Fig. S4 shows the structural modeling re-
sults based on KcsA and MthK structures. Online supplemental
material is available at http://www.jgp.org/cgi/content/full/
jgp.201110749/DC1.

RESULTS

Cs* and Mg?* block ionic conductance but have no effects
on cAMP binding

Previous research has established that the interaction
between cAMP and the full-length HCN channel is dy-
namic and depends on the channel’s functional state
(Kusch et al., 2010; Wu et al., 2011). This state-dependent
ligand—channel interaction should be the result of a con-
certed action by discrete structural elements. We first
studied the ion-conducting pore and separately tested
three well-characterized HCN channels blockers, Cs®,
Mg*, and ZD7288 (Fig. 1 A). Ionic current and cAMP
binding were simultaneously monitored by the PCF
technique, with 8-NBD-cAMP being used as a fluores-
cent indicator for cAMP binding. Previous biochemical

-40 mV

Figure 1. Extracellular Cs" blocks
the ionic conductance but has
no effect on cAMP binding.
(A) A schematic model showing
the pore region and the CNBD in
HCN channels. (B) Voltage proto-
col (top), timing of image collec-
tion (middle), and ionic current
traces (bottom). The black line in-
dicates control condition without
Cs"; the red indicates 2 mM Cs*
added to the pipette (extracellu-
lar) solution. (C) Brightfield (BF)
images of the membrane patch
(indicated by arrows) and the cor-
6 responding fluorescence images
collected before (C) or near the
end of the hyperpolarizing volt-
age step (V). (D) Comparison of
current amplitude (top) and fluo-
rescence intensity (bottom) be-
tween control (black) and with
Cs' (red) in the pipette solution.
The difference in the current
amplitude between control and
Cs" was significant (independent
samples ¢ test: t=3.57, P <0.01).
No significant difference in the
fluorescence intensity was found
(independent samples ¢ test: ¢ =
0.05, P = 0.96). Error bars indi-
cate standard error.
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Figure 2. Intracellular Mg*" blocks the ionic conductance but
has no effect on cAMP binding. (A) A hyperpolarizing voltage
step was used to activate the channel. Tail current was measured
at 50 mV. (B) The corresponding current trace with no Mg?" or
6 mM Mg”. The inset shows an expanded view of the tail cur-
rents. (C) TTL signals from the charge-coupled device camera
exposure port showing the timing of image collections. A series
of images were collected before the voltage step (C, cAMP bind-
ing to the channels in the closed/resting state), immediately after
the voltage step (V, maximal cAMP binding to channels in the
open state), and during channel deactivation. (D) Raw fluores-
cence images collected before (C) and immediately after the volt-
age step (V) without Mgg+ in the bath solution. (E) Fluorescence
images collected with 6 mM Mg** in the bath. (F) Mg** significantly
inhibited both the inward macroscopic current (left, recorded at
—150 mV) and outward tail current (right, recorded at 50 mV;
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and electrophysiological characterizations have estab-
lished that 8-NBD-cAMP binds to and regulates the HCN
channel in a manner similar to cAMP (Wu et al., 2011).
We started with Cs*, which blocks HCN channel from
the extracellular side (Fain et al., 1978; Barnes and Hille,
1989). Extracellular Cs* interacts with residues either on
the extracellular side of the pore or deep in the selec-
tivity filter (DiFrancesco, 1982; Denyer and Brown, 1990).
Because the membrane patch in the recording pipette
was in the inside-out configuration, we added 2 mM Cs*
to the pipette solution and 0.1 pM 8-NBD-cAMP to the
bath solution. The membrane potential was held at
—40 mV, and a hyperpolarizing voltage step of —150 mV
was used to activate the channel (Fig. 1 B). Two images
were collected before (C) and near the end of the volt-
age step (V). Under the control condition (without Cs"),
a significant increase in ligand binding was observed
along with channel activation (Fig. 1 C, top). With 2 mM
Cs', the inward ionic current was completely abolished.
Impressively, the activity-dependent increase in cAMP
binding remained the same (Fig. 1, C [bottom] and D).
Thus, extracellular Cs® separates the ionic conductance
from the activity-dependent increase in cAMP binding.
These data suggest that the passage of ions through
the conducting pore is not a prerequisite for the dy-
namic interaction between cAMP and the functional
full-length channel. To a certain degree, the optical
detection of ligand binding in the absence of an ion-
conducting pore is reminiscent of the electrical isola-
tion of the gating charge movement for voltage-gated
channels. Both approaches provide quantitative mea-
surements of the stimuli that initiate channel gating.
Next we tested Mg®*, a divalent ion that blocks HCN
channels from the intracellular side (Lyashchenko and
Tibbs, 2008; Vemana et al., 2008). The Mg**-interacting
site has been mapped to the cysteine residue in the
CIGYG signature sequence within the HCN channel se-
lectivity filter (Vemana et al., 2008). Mutating this cyste-
ine to serine or threonine significantly reduces the
affinity to Mg®. To monitor the inhibition of outward
current by intracellular Mg*', we measured the outward
tail current at a holding potential of 50 mV (Fig. 2 A).
Adding 6 mM Mg** slightly reduced the inward cur-
rent but almost completely blocked the outward con-
ductance (Fig. 2 B, red trace; summary in Fig. 2 F).
Simultaneously, we measured the cAMP binding using
a 17-image protocol. Similar to the observation with
Cs', the activity-dependent cAMP binding was largely
preserved (Fig. 2, D and E; summary in Fig. 2 G).

independent samples ¢ test: t=6.74, P <0.01). (G) Time course of
fluorescence intensity changes without Mg** or with 6 mM Mg?*
in the bath. No significant difference was found (independent
samples ¢ test results at 3.65 s: ¢=0.11, P = 0.99). (F and G) Error
bars indicate standard error.
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These experiments support that blocking the ionic
conductance, either from the extracellular side by Cs*
or from the intracellular side by Mg*', has no direct
effect on cAMP binding. Molecular elements close to
the selectivity filter in the pore most likely do not con-
tribute to the state-dependent cAMP binding in the
full-length HCN channel.

ZD7288 blocks channel conductance and also reduces
dynamic cAMP binding

Next, we asked whether other molecular elements in
the pore, especially the activation gate near the intracel-
lular end of S6, play a role in cAMP binding. We tested
ZD7288, an open channel blocker which is specific for
HCN channels (BoSmith et al., 1993). The interacting

>

site has been mapped to the intracellular end of S6,
where the activation gate is presumably located (Rothberg
et al., 2002; Shin et al., 2004). ZD'7288 carries a unit of
positive charge but is an organic molecule with a mo-
lecular weight of 293, making it different from Cs" and
Mg** in both the binding site and the blocking mecha-
nism. We applied ZD7288 at a concentration of up to
100 pM and observed a moderate reduction in cAMP
binding (Fig. SI1). To magnify the blocking effects, we
tested a hypothesis that had been surprisingly over-
looked by previous studies. Because both ZD7288 and
Mg” interact with the inner pore region and carry
positive charges, they may compete with each other in
blocking the HCN channel. To test this possibility, we
increased the amount of EDTA in our solution to reduce
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Figure 3. Intracellular Mg** reduces the efficacy of ZD7288 in blocking HCN channel conductance. (A) Macroscopic currents blocked
by 100 pM ZD7288 (application indicated by the blue bar). The black line indicates 6 mM Mg*" added in the bath solution; the red line
indicates 0 Mg®. The difference between 0 Mg* and 6 Mg®" at time 255 s is statistically significant (independent samples ¢ test: ¢=13.85,
P <0.01). (B, top) Voltage protocol used. (middle) Current traces recorded with 6 mM Mg2* in the bath solution. (bottom) 0 Mg2*. Current
traces recorded with ZD7288 are shown in blue. Control traces without ZD7288 are shown in either black (6 mM Mgg*) or red (0 MgQ*).
(C) Washing off the ZD7288 block (blue bar) by exposing the membrane patch to different concentrations of Mg** (open bar). The red
line indicates without Mg?'; the black line indicates 6 mM Mg?'; the green line indicates 20 mM Mg?**. Recovery of HCN current was tested
in the absence of Mg?". (A and C) Error bars indicate standard error. (D) Corresponding voltage protocol and representative current traces.
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the free Mg”* concentration. Without Mg, the block-
ade of ionic current by ZD7288 was faster and more
complete (Fig. 3, A and B). Similarly, the wash off of
ZD7288 block was also affected by Mg*, as exposing
the membrane patch to 20 mM Mg*" significantly im-
proved the recovery of channel conductance (Fig. 3,
C and D). These results clearly demonstrate the com-
petition between Mg®* and ZD7288 in blocking HCN
channel conductance.

Next, we tested whether the binding of cAMP in the
presence of ZD7288 would be different in the absence of
Mg**. We used the same voltage protocol to activate the
channel but two separate optical recording schemes
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during channel activation (Fig. 4 A) or deactivation
(Fig. 4 B). In contrast to the condition with Mg** where
only a moderate effect was observed, ZD7288 reduced
the maximal cAMP binding by nearly 40% in the absence
of Mg* (Fig. 4, G-F). To determine whether ZD7288
directly binds to or interferes with the local interac-
tion between cAMP and isolated CNBD fragment, we
performed biochemical assays on purified mHCN2
CL-CNBD fragments. As expected, using ZD7288 at a
concentration up to 300 pM had no effect on the fluo-
rescence spectra of 8-NBD-cAMP or the binding of
cAMP to the purified mHCN2 C-terminal protein
(Fig. 5, A and B). We also did ITC experiments and

+50mV

Deactivation

16

Figure 4. ZD7288 blocks ionic conduc-
tance and reduces activity-dependent
cAMP binding. (A, top) Voltage protocol
used for channel activation (—150 mV)
and tail current recording (50 mV).
(middle) Time course of image collec-
tion. (bottom) Current traces of con-
trol (black) and with 100 pM ZD7288
(red). (B) The same experimental pro-
tocol used as in A except fluorescence
images were collected during channel
deactivation (50 mV). (C) Brightfield
(BF) image of the patch pipette and
fluorescence images collected before
(0), at the beginning (1), and near
the end (16) of channel deactivation.
Control without ZD7288. (D) Bright-
field and fluorescence images col-
lected during channel deactivation with
7ZD7288 added in the bath solution.
(E) Normalized fluorescence intensity
change during channel activation. The
fluorescence intensity measured from
image 0 was used as a reference. The
black line indicates control; the red
line indicates 100 pM ZD7288. At 5.45 s,
the difference between control and
ZD7288 was significant (independent
samples ¢ test: t=2.46, P < 0.05). (F) Nor-
malized fluorescence intensity change
during channel deactivation. The black
line indicates control; the red line in-
} dicates 100 pM ZD7288. At 3.65 s, the
\}\ difference between control and ZD7288
iii was significant (independent samples
‘Eg‘ t test: ¢t = 2.96, P < 0.05). Because of
aiii photobleaching, the fluorescence in-
‘ﬁi tensity measured near the end of the

2 3 4 5 6 0 1 2
Time (s)
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Time (s)

time course was slightly lower than
that at the beginning. (E and F) Error
bars indicate standard error.

620 Jequeoe( G0 U0 3senb Aq pd61201 1102 dBl¥G6GEL1L/6Z/1/0v L 4pd-8jone/dBl/Bio-sseidnij/:dny woy pepeojumoq



confirmed that ZD7288 had no direct interaction with
isolated CL-CNBD (Fig. S2). Together with the afore-
mentioned PCF results, it is clear that ZD7288, an open
channel blocker in close contact with the activation gate
in S6, blocks the ionic conductance and allosterically
reduces cAMP binding. Given the distance between the
inner pore region and the core in the CNBD, these obser-
vations indicate a direct contribution by the activation
gate or the nearby residues to the state-dependent cAMP
binding in the full-length channel. Furthermore, these
results manifest the absolute necessity of interpreting
ligand gating at global, whole channel protein level.

Residues near the activation gate in S6 contribute

to dynamic cAMP binding

To strengthen the connection between the inner pore
and the dynamic cAMP binding, we did an alanine scan-
ning of the intracellular end of S6, from T426 to A435
(Fig. 6 A). Among them, two residues, M430 and 1432,
have been shown to interact with ZD7288 (Cheng et al.,
2007; Chan et al., 2009). Each of the alanine mutant
channels were characterized by PCF. In the wild-type
(WT) mHCN2 channel, near the peak of channel acti-
vation, the dynamic cAMP binding (AAF) was almost
doubled (199 = 12%) when compared with the resting
level measured at —40mV (AF_j,,v). Among the nine
alanine replacement mutant channels tested, the activity-
dependent cAMP binding was affected in several of them
(Fig. 6, B-D). In the H434A mutant channel, although
no obvious change in ionic current was detected, the
AAF was increased by almost threefold (388 + 35%). In
contrast, the [432A mutation reduced the maximal cAMP
binding to 128 + 4%, which is significantly lower than
that of the WT channel. Moreover, the 1432A mutation

A B

clearly separates the Kkinetics of channel opening
from that of cAMP binding. This is a novel observa-
tion because all previous PCF studies on either CNG
or HCN channels show a close correlation between
channel activation and ligand binding (Biskup et al.,
2007; Kusch etal., 2010; Wu et al., 2011). Collectively,
these mutagenesis experiments are particularly rele-
vant because they directly link the structural elements
near the activation gate in S6 to the ligand binding in
whole channel protein.

Next, we sought to determine whether a pattern
could be identified based on the PCF results for the
nine mutations (Fig. 6 E). Interestingly, the three ala-
nine mutations that enhanced cAMP binding, T426A,
M430A, and H434A, are distributed at regular intervals
on S6 and form a cluster on one side of the a-helix. In
contrast, the two mutations that dampened cAMP bind-
ing, F431A and 1432A, are located in proximity but on
the opposite side of the a-helix. These results prompted
us to look for the location of these residues in S6. We
used the Kv1.2 crystal structure as a template to model
the S5-pore-S6 region of mHCN2 channel (Fig. 6 A and
Fig. S3). As illustrated in the HCN S5-pore-S6 model,
the side chains of T426, M430, and H434 point toward
the S6 segment of a neighboring subunit, whereas the
side chain of 1432 is in contact with the S6 from an-
other neighboring subunit (Fig. 6 F). We also used
representative bacterial potassium structures that are
presumably in either closed (KcsA) or open (MthK)
state as templates for modeling (Fig. S4). However,
without additional experimental evidence, excavating
the corresponding structural details would be difficult.
Nevertheless, in conjunction with the aforementioned
experimental results, these experiments suggest that
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KcsA: DLYPVTLWGRCVAVVVMVAGITSFGLVTAALATWFVGRE
Kvl.2: DMVPTTIGGKIVGSLCAIAGVLTIALPVPVIVSNFNYFY
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Figure 6. Alanine scanning of residues near the intracellular end of S6. (A) Alignment of primary sequences from mHCN2, MthK,
KcsA, and Kvl.2 channels. Selectivity filter and S6 segment are indicated by red squares. Numbers on the top refer to the residue posi-
tions in mHCN2. Asterisks indicate the sequence number for the mHCN2 channel. Underlining indicates the region scanned by alanine
replacement. Green and magenta letters indicate that the corresponding alanine replacements either increase (green) or decrease
(magenta) the dynamic cAMP binding. (B) Normalized macroscopic current traces for WT (black), mHCN2/1432A (magenta), and
mHCN2/H434A (green) channels. Voltage step and timing of fluorescent image collection are shown on top of the current traces.
(C) Representative fluorescence images for 1432A and H434A mutant channels. Timing of fluorescence image collection is shown in B.
(D) Profiles of cAMP binding in response to a hyperpolarizing voltage step for WI' mHCN2 (black), mHCN2/1432A (magenta), and
mHCN2/H434A (green) channels. Fluorescence intensities are normalized to the value collected at —40 mV. (E) Summary of the PCF
results. The mHCN2 channel contains two endogenous alanine residues in this region, A429 and A435. A435 was tested by a glycine
replacement. A429 was not tested so the result represents the WT channel value. Independent samples ¢ test shows that each of the fol-
lowing alanine mutants, T426A, M430A, F431A, 1432A, and H434A, are significantly different from WT (A429; P <0.01). (D and E) Error
bars indicate standard error. (F) Structure model of the S5-pore-S6 region from the mHCN2 channel. The crystal structure of Kv1.2/2.1
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corresponding to channel activation, movements of the
gate or the elements near S6 are directly coupled to the
ligand sensitivity in the full-length channel. These re-
sults provide a simple but reasonable interpretation of
the implementation of cAMP-dependent gating in the
HCN channel.

DISCUSSION

Mainly relying on the technique of PCF, recent stud-
ies on cAMP-gated CNG and HCN channels provide
direct evidence supporting the long-held notion that
ligands bind to the channels in open state at a higher
affinity and thus stabilize the open state (Biskup et al.,
2007; Kusch et al., 2010; Wu et al., 2011). The primary
goal of the current study was to determine the contri-
butions to state-dependent cAMP binding by discrete
subdomains within the full-length channel. Starting at
the ion-conducting pore, we used three classical HCN
blockers. Different from two ionic blockers that effectively
block the ionic conductance but have no effect on cAMP
binding, ZD7288, an open channel blocker for HCN
channels, significantly reduces the activity-dependent
cAMP binding. Further alanine scanning experiments
confirmed the involvement of the intracellular end of S6,
presumably where the inner activation gate is located.
Our mutagenesis experiments establish the essential
connection between the movements of the inner pore
and the cAMP binding to the CNBD. Among the nine
residues tested, 1432A mutation has the strongest effect
in dampening the increase in cAMP binding upon
channel activation. Interestingly, the location of 1432 in
mHCN2 corresponds to the middle residue in the PXP
motif of Kv channels, which generates a kink near the
intracellular end of S6 and has profound effects on the
gating of Kv channels. The residue between two pro-
lines could be valine (in most Kv channels, HCN1) or
isoleucine (in Kv2.1, HCN2-4). In HCN channels, mul-
tiple lines of evidence suggest that this location criti-
cally affects both voltage- and cAMP-dependent gatings.
1432 in HCN2 or the corresponding V379 in HCN1 has
a strong interaction with ZD7288. The corresponding
Alanine replacement mutations significantly affect the
opening rate in response to membrane hyperpolarization
(Cheng et al., 2007; Chan et al., 2009). In our PCF ex-
periments, the 1432A mutation clearly separates chan-
nel opening and cAMP binding: channel opening
becomes much faster, but cAAMP binding is severely damp-
ened. This is significant because previously published
PCF studies show slightly different but closely matched
profiles of the two processes (Biskup et al., 2007;

Kusch et al., 2010; Wu et al., 2011). It is possible that
1432 as well as nearby residues play a pivotal role in in-
tegrating two gating processes and balance the ener-
getic input from voltage sensor movement and cAMP
binding. Because of unknown mechanisms, the 1432A
mutation disrupts this balance and favors the voltage-
dependent channel opening.

It remains to be determined how H434A leads to
such a dramatic increase (aboutfourfold) in the activity-
dependent cAMP binding. Given the locations of 1432
and H434, situated on opposite sides of the S6 a-helix,
a rotational motion in S6 might occur during channel
opening. So, how does the movement of the activation
gate influence cAMP binding that occurs distantly? The
structural elements located in between should play im-
portant roles. One possible candidate is the CL region
between S6 and CNBD that has been repeatedly shown
to be critical for the efficacy of ligand gating in both the
CNG and HCN channels (Zong et al., 1998; Paoletti
etal., 1999; Craven and Zagotta, 2004; Zhou et al., 2004;
Hua and Gordon, 2005). Moreover, the CL is in direct
contact with the S4-Sb linker in the TMD, which is an-
other possible candidate mediating the allosteric cou-
plings. The interaction between the S4-S5 linker and
the CL has been studied in various types of channels
(Chen etal., 2001; Decher et al., 2004; Prole and Yellen,
2006). Based on the TMD structure of the Kv channel
and the HCN channel C-terminal structure, the S4-S5
linker should be in close proximity of the first a-helix
in the CL. Further studies are needed to clarify the
synergistic actions that involve each structural element
in this critical region: the S4-S5 linker, the CL, and
the activation gate.

The aforementioned PCF results suggest that the
functioning state of the HCN channel critically deter-
mines its binding affinity to intracellular cAMP mole-
cules. This actually explains an observation that has
been puzzling since the discovery of ZD7288 decades
ago. In the whole cell preparation, ZD7288 blocks the
ionic conductance but at the same time induces a nega-
tive shift in the voltage-dependent channel activation
(Harris and Constanti, 1995). Based on the aforemen-
tioned results, ZD7288 does not simply block the ionic
current but also significantly reduces cAMP binding,
which explains the negative shift in the presence of
ZD7288 and physiological concentration of cAMP. No-
ticeably, many other HCN channel blockers, including
Ivabradine, a clinically approved drug for reducing heart
rate, share similar binding sites and blocking mecha-
nisms with ZD7288. It would be interesting to study
whether those HCN channel blockers also have an effect

chimera (Protein Data Bank accession no. 2R9R; Long et al., 2007) was used as the template for modeling. Side chains of T426, M430,
and H434, of which the corresponding alanine replacement mutations increased cAMP binding, are shown in green. Side chains of F431
and 1432, of which the alanine replacement mutations reduced cAMP binding, are shown in magenta.
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on the binding affinity to cAMP. Furthermore, the com-
petition between ZD7288 and Mg*' in binding to and
blocking the HCN channel is a surprising observation.
In Kv channels, Mg** interferes with the binding of
positively charged small organic compounds such as
spermine to the inner pore (Lopatin et al., 1994; Yang
etal., 1995). Our results raise the possibility that intra-
cellular Mg** at the millimolar range may have a direct
effect on compounds that target the inner pore region
in HCN channels.

The mechanism by which ligands bind to and alloste-
rically regulate protein function continues to be a
central theme in the biophysical study of proteins, in-
cluding enzymes and ion channels (Monod et al., 1965;
Changeux and Edelstein, 2005; Henzler-Wildman et al.,
2007). It remains an intriguing question as to how the
ligand binding site cross talks with the activation site at
which protein fulfills its function. The unique biophysi-
cal properties of the HCN channel, which is dually reg-
ulated by voltage and ligands, make it an ideal research
target. Following the observation that ligands open the
channel by specifically binding to and stabilizing the
channels in the open state, we went one step further to
show that the inner activation gate is directly involved
in the state-dependent ligand—channel interaction.
Our experiments shed light on not only the molecular
mechanism of the cAMP-dependent gating in the HCN
channel but also the implementation of protein allo-
stery in other ligand-gated channels and receptors.
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