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Background: Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels control electrical activity through

tetramerization of an intracellular linker.

Results: NMR shows that the apo-cAMP-binding domain (CBD) of HCN4 destabilizes the tetramer through steric clashes.
Conclusion: The apo-HCN4 CBD structure is compatible with monomeric and dimeric but not with tetrameric HCN4.
Significance: The proposed mechanism explains HCN auto-inhibition and its relaxation by cAMP.

Hyperpolarization-activated cyclic nucleotide-gated (HCN)
ion channels control neuronal and cardiac electrical rhythmic-
ity. There are four homologous isoforms (HCN1-4) sharing a
common multidomain architecture that includes an N-terminal
transmembrane tetrameric ion channel followed by a cytoplas-
mic “C-linker,” which connects a more distal cAMP-binding
domain (CBD) to the inner pore. Channel opening is primarily
stimulated by transmembrane elements that sense membrane
hyperpolarization, although cAMP reduces the voltage required
for HCN activation by promoting tetramerization of the intra-
cellular C-linker, which in turn relieves auto-inhibition of the
inner pore gate. Although binding of cAMP has been proposed
to relieve auto-inhibition by affecting the structure of the
C-linker and CBD, the nature and extent of these cAMP-depen-
dent changes remain limitedly explored. Here, we used NMR
to probe the changes caused by the binding of cAMP and of
cCMP, a partial agonist, to the apo-CBD of HCN4. Our data
indicate that the CBD exists in a dynamic two-state equilib-
rium, whose position as gauged by NMR chemical shifts cor-
relates with the Vi, voltage measured through electrophysiol-
ogy. In the absence of cAMP, the most populated CBD state
leads to steric clashes with the activated or “tetrameric”
C-linker, which becomes energetically unfavored. The steric
clashes of the apo tetramer are eliminated either by cAMP
binding, which selects for a CBD state devoid of steric clashes
with the tetrameric C-linker and facilitates channel opening,
or by a transition of apo-HCN to monomers or dimer of
dimers, in which the C-linker becomes less structured, and
channel opening is not facilitated.
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Hyperpolarization-activated cyclic nucleotide-gated (HCN)?
ion channels contribute to electrical activity in neurons and
cardiomyocytes (1-22). Four homologous mammalian HCN
variants are known to date (HCN1-4) that share a similar mul-
tidomain organization with an N-terminal transmembrane
region and a C-terminal intracellular region (IR) (1). As for
closely related voltage-gated potassium channels, the HCN
transmembrane region is thought to form a tetrameric ion
channel, with each subunit of the tetramer composed of six
helices. The IR includes a linker with six additional helices
(A'=F’" or “C-linker”) that connect the transmembrane region
to a C-terminal cAMP-binding domain (CBD) (Fig. 1, 2 and b)
(1). Although HCN channels are primarily activated by hyper-
polarization of the membrane potential, their opening is vari-
ably facilitated by cAMP binding to the CBD, with HCN2 and
HCN4 responding strongly to cAMP, HCN1 responding to a
lesser extent, and HCN3 being unaffected by cAMP (1-4) or
exhibiting a negative cAMP-dependent shift in the half-maxi-
mal activation voltage (18). The cAMP-dependent modulation
of HCN4 activity is a key determinant for the increased heart
rate induced by B-adrenergic agonists (3, 4). This is because in
the absence of cAMP the CBD causes a tonic inhibition of the
HCN channel (21, 23), and binding of cAMP to the CBD relaxes
the inhibition of the inner gate, so that opening by hyperpolar-
ization occurs more easily (21-23).

The crystal structures of the cAMP-bound (holo) IR have
been solved for HCN1, -2, and -4 (Fig. 1¢) (1, 21, 22). No signif-

3 The abbreviations used are: HCN, hyperpolarization-activated cyclic nucle-
otide-modulated; CBD, cyclic AMP-binding domain; EPAC, exchange pro-
tein directly activated by cAMP; HN-NOE, proton nitrogen-nuclear Over-
hauser effect; HSQC, heteronuclear single quantum coherence; PRE,
paramagnetic relaxation enhancement; RDC, residual Dipolar coupling;
STD, saturation transfer difference; SEC, size exclusion chromatography;
r.m.s.d., root mean square deviation; IR, intracellular region; TD, tetramer-
ization domain; CCS, compounded chemical shift; PDB, Protein Data Bank;
MTSL, 1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl-methanethiosulfo-
nate; eCBD, extended CBD; PBC, phosphate-binding cassette.
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icant differences have been observed among the secondary, ter-
tiary, and quaternary structures of the holo-IR for these HCN
isoforms, which assemble to form a highly conserved homote-
tramer with a 4-fold rotational symmetry (1, 21, 22). Although
linker tetramerization is cAMP-dependent, the inter-subunit
contacts in the tetramer are mediated by the linker helices
A’-D’, which are located more than 20 A away from the cAMP-
binding site in the CBD. The HCN CBD is composed of a con-
tiguous B-subdomain and a noncontiguous a-subdomain (Fig.
1a). The B-subdomain forms a 3-barrel that contains the phos-
phate-binding cassette (PBC; Fig. 1c), whereas the all-helical
a-subdomain includes an N-terminal A-helix, directly con-
nected to the C-linker, and two C-terminal helices critical for
HCN activation (Fig. 1, a and ¢, B and C) (1). In the cAMP-
bound structure of HCN, the B—C helices, which are in close
proximity to the PBC and cAMP, separate the PBC from the
N-terminal helices E'—F'—A, which are collectively referred to
as the N3A motif (Fig. 1c) (24). This a-subdomain tertiary
structure is denoted as the “N3A out/B-Cin” topology, where in
and out refer to the orientation relative to the PBC and the
B-subdomain.

Although the holo-IR structure provides an invaluable pic-
ture of the IR in its active state, it is still unclear how the apo-IR
causes tonic inhibition of the HCN channel, and how cAMP
releases this inhibition. As a first step toward addressing this
question, the crystal structure of the tetrameric apo-HCN2 IR
was solved, but it was found to be virtually identical to that of
the holo-HCN2 IR (r.m.s.d. = 0.5 A), with the exception of
partial uncoiling of the F’-helix and of the C-terminal half of the
C-helix, which was unresolved (25). However, it has been sug-
gested that the similarity between the apo- and holo-HCN2 IR
tetramer structures might at least in part be due to crystal pack-
ing and a co-crystallized bromide ion mimicking the cAMP
phosphate (25), as also observed for other apo-CBDs (26, 27).
Furthermore, size exclusion chromatography and analytical
ultracentrifugation indicate that in solution the IR of HCN2
and HCN4 is primarily monomeric in the apo-form, with min-
imal or no tetrameric IR detected (11, 21). However, only sparse
structural information is currently available on the apo-IR
monomer.

Solution FRET data on the monomeric HCN2 IR point to
large scale movements in the CBD C terminus upon cAMP
binding, resulting in a cAMP-induced disorder to order transi-
tion for the distal half of the C-helix coupled to a possible rear-
rangement of the F’-helix (25). The above studies begin to iden-
tify potential alterations in the C-linker and CBD that occur
upon cAMP binding to facilitate HCN opening, but it remains
still unclear how these alterations actually promote oligomeri-
zation of the C-linker and if other conformational or dynamic
changes are also required for the cAMP-dependent control of
the gating ring that disinhibits channel opening. To address
these questions, more information is needed on the changes
caused by cAMP binding to the apo-IR HCN monomer.

Herein, we probe by NMR the cAMP-dependent changes in
the apo-HCN4 IR monomer in solution. For this purpose, we
utilized an HCN4 construct, i.e. human HCN4(563-724), that
is stabilized in the monomeric state through the deletion of the
A’, B'-helices required for tetramerization (11, 13, 21). This
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HCN4 segment spans the linker helices C'—F’ as well as the
CBD and is referred to here as the “extended CBD” or “eCBD”
(Fig. 1b). The eCBD was analyzed by NMR in the apo-form and
bound to either cAMP or the cCMP partial agonist. Surpris-
ingly, our comparative NMR analyses reveal that cAMP binding
to the HCN4 eCBD monomer does not significantly affect the
C’- and D’-helices of the C-linker, which remain predomi-
nantly unstructured when monomeric. However, cAMP drives
a drastic change in the remaining eCBD from tetramerization-
incompetent to tetramerization-competent structures. The
apo-eCBD exists in a pre-equilibrium between these states, in
which tetramerization-incompetent conformations prevail.
Tetramerization incompetency arises from the orientation of
the B-subdomain relative to the E’-, F'-, and A-C-helices
observed in the absence of cAMP, which is sterically incompat-
ible with the tight CBD packing required for tetramerization,
explaining why the apo-IR is primarily monomeric. Overall, our
experiments support a mechanism proposed to rationalize not
only why the apo-CBD contributes to the tonic inhibition of the
inner gate, but also how cAMP releases this inhibition and facil-
itates channel opening.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—HCN4(563-724) and
HCN4(579 -707) were subcloned into a pET302NT-His vector
(Invitrogen) as a rare codon-optimized fusion construct with
small ubiquitin-like modifier (SUMO) connected to the N ter-
minus of HCN4 by a tobacco etch virus (TEV) protease-cleav-
able linker. Both HCN4 constructs were then expressed in the
Escherichia coli strain BL-21(DE3). Cells were grown in M9
minimal media and induced with 0.5 mM isopropyl 8-p-1-thio-
galactopyranoside at an optical density of 0.6 — 0.9 (A = 600 nm)
and further incubated at 18 —20 °C for 16 h. After harvesting,
the cells were resuspended in the lysis buffer (10 mm HEPES,
pH 7.4, with 250 mm KCl and 10% glycerol) and lysed by French
press. The cell lysate was centrifuged, and the supernatant was
further purified by nickel-nitrilotriacetic acid affinity chroma-
tography with wash buffer (10 mm HEPES, pH 7.4, with 250 mm
KCl, 10 mMm 2-mercaptoethanol, and 20 mMm imidazole) and elu-
tion buffer (10 mm HEPES, pH 7.4, with 250 mm KCI, 10 mm
2-mercaptoethanol, and 250 mMm imidazole). The Hisg-small
ubiquitin-like modifier (SUMO) was cleaved by His,-tagged
tobacco etch virus (TEV) protease prior to a second Ni** col-
umn purification to remove both the cleaved His,-small ubiq-
uitin-like modifier and tobacco etch virus (TEV) protease. The
cleaved protein was further purified by gel filtration on a Super-
dex 75 column.

General NMR Spectroscopy—All NMR spectra were recorded
at a temperature of 27 °C, unless otherwise specified, using a
Bruker AV 700 spectrometer equipped with a TCI cryo-probe or
Bruker AV III 850 MHz Ascend ™ spectrometer equipped with a
PATXI probe and processed with NMRpipe (28) employing linear
prediction, unless otherwise specified, and a resolution enhancing
60° shifted sine squared bell window function. All spectra were
analyzed with Sparky (29) using Gaussian line-fitting. Assign-
ments were obtained either through triple-resonance three-
dimensional experiments (i.e. HNCO, HNCA, HN(CO)CA,
CC(CO)NH, H(CCCO)NH, HCCH-TOCSY, CBCA(CO)NH,
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and HNCACSB) (30) and/or through spectral comparisons if no
ambiguities were present. For the triple-resonance data acqui-
sition, uniformly '*N- and '*C-labeled HCN4(579 —707) was
concentrated to 500 um in 20 mMm MES, pH 6.5, 100 mm KCl, 1
mM DTT, 2 mMm EDTA, 2 mMm EGTA, 0.02% sodium azide, and
5% *H,O. The secondary structure probabilities were deter-
mined using the secondary chemical shifts via the PECAN soft-
ware (31). Other specific NMR experiments are discussed
below.

Affinity Measurement—Titration of 10 um HCN4(563-724)
with cAMP was performed at 25 °C in 20 mMm potassium phos-
phate buffer, pH 6.5, 50 mm KCl, >99% D,O. Saturation trans-
fer difference (STD) one-dimensional spectra were acquired
using a 50-ms spin-lock to minimize interference from protein
signals (32). The spectral width was 8389.26 Hz centered at 4.72
ppm. Spectra were digitized with 16 K complex points. The
on-resonance saturation frequency was 0.57 ppm, and the off-
resonance reference frequency was 30 ppm. The STD amplifi-
cation factor (STD,) was calculated as the product of the STD/
STR (saturation transfer reference) ratio for the cAMP ribose
H1' singlet peak at 6.2 ppm, with the ratio of total cAMP and
HCN concentrations. STD_; values were then normalized
with Equation 1,

<v> = (STDaf,[cAMP] - STDaf,[cAMP]:o)

/(STDaf,[cAMP]pIateau - STDaf,[cAMP] = 0) (Eq- 1)

with (v) = [PL]/[P] ..., where PL is protein-ligand complex, and
P is apoprotein. Error bars were determined starting from the
spectral noise. Binding isotherms where then fitted using the
quadratic equation derived from the dissociation constant
equilibrium equation K, = [P][L]/[PL]. The K, value was deter-
mined by minimizing the experimental versus calculated (v)
r.m.s.d.

Chemical Shift Analysis—Uniformly '°N-labeled HCN4(563—
724) was concentrated to 100 M in 20 mm MES, pH 6.5, 100 mm
KCl, 1 mm DTT, 2 mm EDTA, 2 mm EGTA, 0.02% sodium azide,
and 5% *H,O. Stock solutions of cCMP (Biolog) and cAMP
(Sigma) were prepared using the same buffer as for the protein
solution. Starting from the apo samples, stock solutions of the
cyclic nucleotide ligands (25 mm) were titrated into the protein
solution to full saturation (the final concentrations of ligands were
2.5 mm for cAMP and 5 mm for cCMP). Sensitivity enhanced
15N-'H heteronuclear single quantum coherence (HSQC) spectra
with 190 (¢,) and 1024 (t,) complex points and spectral widths of
31.82 and 14.06 ppm for the *°N and "H dimensions, respectively,
were recorded with 16 scans and a recycle delay of 1.0 s. The 'H
and '°N carrier frequencies were set at the water resonance and in
the middle of the amide region, respectively. The combined '°N
and "H chemical shifts (§,;; + 0.2 8,5, from the HSQC spectra of
apo and cAMP, cCMP-bound HCN4(563-724) were analyzed
using the chemical shift projection analysis, according to previ-
ously published protocols (33, 34).

HN-NOE Measurements—HN-NOE data were acquired as
reported previously (35, 36) and processed without linear
prediction. A 10-s recycle delay was used to include a 5-s
proton saturation period. Data were collected in 10 sets of
saturated and unsaturated spectra using uniformly '°N-la-
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beled HCN4(563-724) and HCN4(579 -707) samples con-
centrated to 100 um in 20 mm MES, pH 6.5, 100 mm KCI, 1
mMDTT,2mMEDTA,2mMEGTA, 0.02% sodium azide, and
5% *H,O. All spectra were co-added before processing using
NMRpipe, resulting in a total 40 scans per serial file for each
HN-NOE experiment (with and without 'H saturation). The
steady-state HN-NOE values were computed as the ratio of
the intensities in saturated to unsaturated spectra. The
errors on the HN-NOE values were gauged based on the
standard deviation between fit heights in replicate spectra.

H/H Exchange—Amide proton H/H exchange spectra were
acquired as described previously (32, 35) using the HCN4(563—
724) construct. The protein was concentrated to 100 uMm in 20
mM MES, pH 6.5, 100 mm KCl, 1 mm DTT, 2 mm EDTA, 2 mm
EGTA, 0.02% sodium azide, and 5% *H,O. The cAMP-bound
sample was prepared by adding 1 mm cAMP in the buffer.

Residual Dipolar Coupling (RDC) Measurements—The resid-
ual dipolar couplings were measured in the presence and absence
of pfl (Alsa Biotech) using the sensitivity-enhanced IPAP-type
'H,"*N HSQC experiment (37, 38). The spectra were acquired
with 128 (¢;) and 1024 (t,) complex points and spectral widths of
31.82 and 14.06 ppm for the *°N and "H dimensions, respectively,
with eight scans and a recycle delay of 1.0 s. HCN4(579 —707) was
concentrated to 200 uM in 20 mm MES, pH 6.5, 100 mm KCl, 1 mm
EDTA, 1 mm DTT, 0.02% sodium azide, and 5% *H,O. The aniso-
tropic sample of HCN4(579-707) was prepared with a 6 mg/ml
final concentration of pfl phage.

NOE Measurements—Methyl-Methyl NOEs were measured
using a 'H-"*C HSQC-NOESY-'H-"*C HSQC experiment (39)
for ILV methyl selectively ['H,'?C]-labeled U-[*H,"°N]
HCN4(579-707). The protein was expressed in deuterated M9
media, and 1 h prior to induction, 100 mg of methyl-'*C-a-
ketoisovaleric acid and 100 mg of methyl '*C-a-ketobutyric
acid were added to the media. The protein was concentrated to
250 uMm in 25 mm phosphate buffer, pH 6.5, 100 mm KCI, 99%
*H,0. The mixing times were 200 and 300 ms. The NOESY-'°N
HSQC and *N-HSQC-NOESY-*N HSQC experiments (30)
were acquired using uniformly *C**N-labeled HCN4(579 —
707). The mixing time was 130 ms. The protein was concen-
trated to 250 uM in 20 mm MES, pH 6.5, 100 mm KCl, 1 mm
EDTA, 1 mm DTT, 0.02% sodium azide, and 5% *H.,O.

Spin Labeling and Paramagnetic Relaxation Enhancement
(PRE) Analysis—The spin label 1-oxyl-2,2,5,5-tetramethylpyr-
roline-3-methyl-methanethiosulfonate (MTSL) was covalently
attached to the free cysteine residue in HCN4(579 -707). The
reducing reagent was exchanged using a PD10 column before
the addition of MTSL (35). The reduced HCN4(579 —707) was
incubated with a 3-fold molar excess of MTSL for 3 h at room
temperature. The PREs were quantified through oxidized
versus reduced rates cross-peak intensities (40) in sensitivi-
ty-enhanced '"H'>N HSQC spectra with 256 (¢,) and 1024 (¢,)
complex points and spectral widths of 31.82 and 14.06 ppm
for the '°N and "H dimensions, respectively. Ninety six scans
were recorded with a recycle delay of 1.50 s. After recording
the data for the paramagnetic state, 5 mm DTT was added to
obtain the diamagnetic control. The diamagnetic sample was
incubated at room temperature for 1 h, after which we
repeated the same experiments carried out for the paramag-
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netic sample (35). HSQC intensity ratios were then calcu-
lated as I,,/I..4 where I, is the intensity of signal with
MTSL, and 1,4 is the intensity in the reduced sample with
DTT.

Structure Calculations by CS-Rosetta (41-52)—The RASREC
algorithm from the CS-Rosetta (43, 45) methodology was
employed to calculate the structures of HCN4. In addition to
chemical shift and residual dipolar couplings, distance restraints
were generated from remote homologous structures using the
CS-HM protocol (41, 51). Homologous protein structures and
their alignment to the target sequence were determined with
HHSEARCH (version 2.0.16). The generated alignments spanned
residues 588 =705, which are nearly the entire modeled region of
HCN4. Fragments were picked through the Rosetta3 fragment
picker (42, 43) using backbone chemical shifts. From the RASREC
pool, which was set to a size of 500, we selected the 10 lowest
energy structures as final models. A second calculation was carried
out with additional distance restraints derived from methyl-
methyl and methyl-HN NOEs in an ILV-labeled sample. Atomic
coordinates of apo-HCN4(579-707) have been deposited in the
Protein Data Bank with entry code 2MNG.

RESULTS

cAMP Binding to the Monomeric HCN4 eCBD Causes Perva-
sive Structural Changes in the E'-C-Helices—As a first step in
the validation of the HCN4 construct used in our initial NMR
studies, i.e. the human HCN4(563-724) (eCBD; Fig. 1), we
monitored cAMP binding through STD experiments (Fig. 2a).
Fig. 2a shows the cAMP-binding isotherm for the HCN4 eCBD,
which exhibits a clear dose-response pattern with a well defined
plateau, indicative of specific cAMP/eCBD interactions. In
addition, nonlinear fitting to a 1:1 binding model resulted in a
K, value in the 1-9 uM range, which is consistent with affinities
previously reported for monomeric HCN4 and longer HCN4
constructs at similar concentrations (11, 21). We then acquired
HN HSQC spectra of the HCN4 eCBD in the absence of cAMP
and in the presence of saturating amounts of cAMP (Fig. 2b) to
probe at residue resolution the effect of cAMP binding.

The apo- versus holo-HSQC comparison reveals dramatic
changes in chemical shifts for the large majority of the eCBD
residues (Fig. 2b). A plot of the ppm variations versus residue
number indicates that cAMP binding has a pervasive effect on
the eCBD region from the E’- to the C-helix (Fig. 2¢). It is nota-
ble that cAMP results in major ppm changes >average not only
in the cAMP contact regions, which are nested within the
B-subdomain (i.e. PBC and the base-binding region), but also in
the a-subdomain, including helices that are both N- and C-ter-
minal to the B-subdomain (Fig. 2, ¢ and d). These observations
point to the presence of cAMP-dependent structural changes
that are not confined only to the B- and C-helices, but extend to
the E'—A segment as well, i.e. the N3A motif (Fig. 2, ¢ and d).
Unlike the N3A, the C'-D’ region, which is part of the HCN IR
tetramerization domain (i.e. helices A’-D’), displays only rela-
tively minor, below average, chemical shift variations (Fig. 2c).
This finding is in agreement with the absence of major changes
in self-association upon cAMP binding to the HCN4 eCBD, as
expected due to the deletion of the A’, B’ segment required for
tetramerization (11, 21, 22). In addition, analytical SEC con-
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firms that the HCN4 eCBD remains predominantly monomeric
even after cAMP binding (Fig. 1, d and e), as also shown by
Chow et al. (11). A minor shift toward larger elution volumes
is observed upon cAMP binding to the eCBD (Fig. le), in
agreement with a more compact structure for the cAMP-
bound than the apo-eCBD. To further probe the functional
relevance of this cAMP-dependent structural change, we
have extended our apo versus holo comparative NMR anal-
yses to a partial agonist, i.e. the cCMP cyclic nucleotide,
which results in lower activation efficacies than cAMP (5,
53). Therefore, cCMP is an excellent tool to establish corre-
lations between NMR observables of HCN4 fragments and
functionally relevant electrophysiological measurements for
full-length integral HCN4 channels.

HCN4 eCBD Exists in a Dynamic Equilibrium of Function-
ally Relevant Channel Inhibition-competent and -incompe-
tent States—The overlay of the HN-HSQC spectra of
hHCN4(563-724) in the absence and presence of saturating
concentrations of cAMP or cCMP indicates that several res-
idues far from the ligand contact sites (i.e. PBC, base-binding
region, and C-helix) exhibit a linear pattern (Fig. 3, a and b).
The linearity of this pattern is consistent with the eCBD of
HCN4 sampling a dynamic equilibrium between two states
that exchange fast in the NMR chemical shift time scale. This
means that the observed chemical shifts are linearly
weighted averages of the chemical shifts of the two exchang-
ing states and as such they reflect the position of the equilib-
rium. In this respect, it is notable that the relative order of
the peak positions (apo < cCMP < cAMP) appears in agree-
ment with the ranking of the respective Vi, voltages mea-
sured through patch clamp electrophysiology for full-length
HCN4 channels (53).

To further explore the relationship between the NMR peak
positions and the HCN channel efficacies, we computed the
distribution of relative fractional activations for cCMP to
cAMP based on the NMR chemical shifts (X in Fig. 3, ¢, d, and g)
and we compared the average NMR-based activations to the
ligand-induced change in Vi, voltages (AV,, in Fig. 3%). The
X-distribution appears Gaussian and defines an average NMR-
based fractional activation for cCMP, which is about half that
observed for cAMP (Fig. 3g). This cCMP versus cAMP reduc-
tion is within error in agreement with the 50% reduction in the
AV, for cCMP relative to cAMP, measured by electrophysiol-
ogy of the full-length HCN4 channel (Fig. 3/1). These observa-
tions suggest that the two states involved in the eCBD dynamic
equilibrium sensed by NMR are inhibition-competent and -in-
competent, respectively, and that the cyclic nucleotide-depen-
dent modulation of the position of the eCBD equilibrium is a
key determinant of HCN channel gating. Hence, we have inves-
tigated further the structural changes caused by binding of
cAMP to the eCBD.

cAMP Binding to the Monomeric HCN4 eCBD Stabilizes the
PBC Helix and Distal Half of the C-helix—To gain further
insight into the structural changes caused by cAMP binding to
the HCN4 eCBD, we evaluated the secondary structure proba-
bilities based on the secondary chemical shifts in both apo- and
holo-forms (Fig. 4, 4 and b). The secondary structure profile of
the cAMP-bound monomeric HCN4 eCBD matches well with
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FIGURE 1. Construct design and architecture of cAMP-bound HCN. The linker and CBD regions are displayed in gray and red, respectively. g, sequence
alignment of the CBDs of human HCN2 and human HCN4. The location of a-helices and B-strands is shown using red rectangles and arrows, respectively, and
was inferred from the crystal structure of cAMP-bound HCN4 (PDB code 30TF) (22). b, domain organization of the intracellular region of HCN4. The human
HCN4(563-724) and (579-707) constructs were investigated by NMR. ¢, structure of HCN4(563-724) bound to cAMP (PDB code 30TF) (22). d-f, analytical SEC
data of human HCN4. d, effect of dilution on apo-HCN4(563-724). Two different concentrations (100 and 40 um) were injected in the column. e, apo versus cAMP
SEC profiles of HCN4(563-724) injected as a 100 um solution. f, SEC profile of apo-HCN4(579-707) injected as a 100 um solution. Analytical SEC was preformed
with a Superdex 75 10/30 column (GE Healthcare) at 4 °C. Buffer contained 20 mm MES, pH 6.5, 100 mm KCl, T mm DTT with or without 1 mm cAMP. mAU,

milli-absorbance unit.
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FIGURE 2. Binding of cCAMP to human HCN4(563-724) mapped by STD NMR and chemical shift perturbations. g, binding isotherm for the titration of
cAMP into a 10 um HCN4(563-724) solution monitored through the STD amplification factor (STD,,) normalized to the plateau value and plotted versus the total
cAMP concentration. The solid line represents the binding isotherm corresponding to a K, value of 5 um, and the dashed lines correspond to K, values of 1 and
9 um. b, "H-">N HSQC spectra of 0.1 mm HCN4(563-724) acquired in the absence (black) and presence (red) of 2.5 mm excess cCAMP. Representative peaks are
labeled. ¢, compounded 'H,"N chemical shift (CCS) differences between apo- and cAMP-bound HCN4(563-724) plotted against the residue number. The
secondary structure of cAMP-bound HCN4 is reported as dotted lines at the top of this panel. d, map of apo- versus holo-CCS differences onto the structure of
cAMP-bound HCN4(563-724) (22). cAMP is shown as black sticks. Residue color code: 0.10 ppm = CCS < 0.25 ppm is shown in brown, 0.25 ppm = CCS < 0.50
ppm in purple, and 0.50 ppm = CCSin red.

22210 JOURNAL OF BIOLOGICAL CHEMISTRY SASBMB  VOLUME 289-NUMBER 32- AUGUST 8, 2014

GTOZ “TT SUNC U0 SBUI01IGIG [RAILSZ - UBLOLBN | LUNIIUSZ Z}OYW PH e /1070 [ Mmmy/:dny WwoJy papeo umod


http://www.jbc.org/

Auto-inhibition of HCN Channel Opening

'H shift (ppm) .
a 755 750 745 740 7.35 b g_
cAMP 110.2 £2123.0 cCMP Apo
O 1104 Z % 1232} ((OPF-------- @ ............
“ @ 1063  Z 1234 S
cCMP = 110.88 7.6 75 7.4
Apo 3 T '
S592 p 111.0~ H shift (ppm)
C d 1 UL T LI LI T I LI I UL I L T LI L LI T I T
FCVCDREVEY A /By CELTEN ]
€ 0.8 TRV TR U VAN -
Q. B -

0.25("5N)

600 620 640 660 680 700 720

{1 M A _

-1 Ll 1l I Ll 1l I Ll I L1l I Ll I Ll I L1l I L1l I 1

600 620 640 660 680 700 720

560 580
g 30 1
25
820 D i
8T o
215 o 0
i 3 L
;10
z | -0.51-
[ R
ol 0
0 0.5 1.0 15 560 580
Fractional activation X
by cCMP relative to cAMP
h f
AV,, Fractional activation X
N N 0.5r
10 —1.0 < ok
Zsk —o05 -0.5-
i T -1
0 0.0 560 580
cAMP cCMP

600 620 640 660 680 700 720
Residue Number

FIGURE 3. Fractional activation by cCMP partial agonist quantified through the comparative chemical shift analysis of apo versus cCMP versus cAMP
HCN4(563-724). a and b, representative HSQC cross-peak for HCN4(563-724) in the apo-form and bound to excess cAMP or cCMP (2.5-5.0 mm). ¢, schematic
illustration of the vectors utilized for the projection analysis of NMR chemical shifts. d, compounded chemical shift profile of cCMP relative to apo. e, cos(6)
residue profile. The angle 0 is defined in c. f, residue-specific fractional shifts (X) toward activation caused by cCMP binding. X is defined in c. X was computed
only for residues with an apo versus cAMP-compounded chemical shift greater than a 0.05 ppm. X values > 1 are off-scale. g, distribution of fractional shifts
toward activation from f, computed using the chemical shift projection analysis (33). The experimental distribution was fitted to a gaussian function. h,
comparison between the NMR-based average relative % of active state in the cCMP-saturated HCN4(563-724) sample and the AV, voltage changes caused
by cCMP binding to full-length HCN4 channels measured through electrophysiology (53).

that observed for the E'~C region of the crystal structure solved
for holo-tetrameric HCN4 IR (Fig. 4a) (21, 22). However, the
C’, D’ segment of the IR tetramerization domain does not
adopta clear secondary structure in the monomeric HCN4 (Fig.
4a), although it is helical in the tetrameric form (21, 22). The
flexibility in the N-terminal region of the HCN eCBD monomer
is confirmed by the presence of fast exchanging amides and by a
pattern of decreasing HN NOE values detected when moving
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from the D’-helix toward the N terminus (Fig. 4c). Further-
more, order parameter computations support a disordering of
the A’'—~D’-helices upon tetramer dissociation into monomers
(Fig. 4d).

The apo-HCN4 eCBD exhibits a secondary structure profile
that is remarkably similar to that of the holo-form but for two
notable exceptions, the PBC and the distal half of the C-helix
(Fig. 4b). In the absence of cAMP, the PBC helix between (36
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FIGURE 4. Secondary structure and picosecond-nanosecond dynamic profile of apo- and cAMP-bound human HCN4(563-724). NMR chemical shift-
based secondary structure of HCN4(563-724) in the presence of excess CAMP (a) and in the apo-form (b). Helical and strand probabilities are reported as
positive and negative values, respectively. a and b, residues for which HN assignments are not available are flagged with a dot. ¢, HN-NOE versus residue plot
for HCN4(563-724) in the presence of excess cAMP (red) and in the apo-form (black). The circles at the bottom of ¢ denote the presence of fast H/H exchange
as indicated by the observation of CLEANEX cross-peaks in the apo-form (empty circles) and in the presence of excess cAMP (red filled circles). d, changes in
methyl order parameters (S for the region-spanning helices A’-D’ as computed based on the HCN4 structure (chain A of PDB code 30TF) either as an isolated
monomer (filled circles) or assembled as a tetramer (open circles). Computations were executed through the “S2” software (81). These computations do not
consider the possible unfolding of the A’-D’-helices upon tetramer dissociation, and therefore it is possible that the experimental order parameters for the
monomer are lower than those computed here. e, CCS differences between apo-human HCN4(579-707) and apo-human HCN4(563-724). Dashed lines outline
the secondary structure as per the PDB code 30TF (22).

and 7 is not observed (Fig. 4b). Although some PBC residues
could not be assigned due to line broadening indicative of
millisecond to microsecond dynamics, the lack of significant
helical probabilities in the apo-PBC is consistent with a
destabilization of the PBC helix, which is clearly observed in
the holo-eCBD (Fig. 4a). The destabilization of the apo-PBC
is also supported by the observation of fast exchanging
amides (Fig. 4¢). The other major change in secondary struc-
ture caused by cAMP is in the C-helix region spanning resi-
dues 705-715, which is unstructured in the absence of cAMP

22212 JOURNAL OF BIOLOGICAL CHEMISTRY

(Fig. 4b) but becomes structured in the presence of cAMP
(Fig. 4a). The cAMP-induced structuring of this segment is
independently supported by a consistent increase in the HN
NOE values upon cAMP binding and by the cAMP-induced
protection of several C-helix amides that are fast exchanging
in the apo-form (Fig. 4c). Interestingly, no major changes in
secondary structure are observed for the rest of the a-sub-
domain (Fig. 4, 2 and b), suggesting that the marked cAMP-
dependent HN chemical shift variations observed for helices
E’-B (Fig. 2, c and d) arise primarily from changes in tertiary
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FIGURE 5. Proposed structural model for apo-human HCN4(579-707). g, overlay of 10 representative structures of apo-HCN4(579-707) as refined through
CS-Rosetta. The ribbon represents the average structure of the ensemble. b, apo (average, orange) versus cAMP-bound (gray and red) CBD comparison. The holo-HCN4
structure was obtained from the PDB code 30TF (22). Upon cAMP removal, the A-helix rotates around its axis and slightly tilts thus moving the N3A motif closer to the
PBC and the B-barrel (N3A in orientation). Unlike the N3A region, the B/C-helices move away from the PBC upon removal of cAMP (B/C out orientation). ¢, apo (orange)
versus holo-N3A overlay, revealing that the cAMP-dependent N3A movement occurs in first approximation as a rigid-body, i.e. the average relative orientation of the
helices within the N3A motif does not change significantly upon cAMP binding. The ribbon represents the average structure of the ensemble, similarly to a. d, “hybrid”
HCN4 hypothetical model arising from the overlay of the N3A motifs from the active-state IR region (i.e. A’-8 segment from the A protomer of the PDB structure 30TF;
linker is in light gray and CBD component is in red) and from the inactive state average structure (i.e. E'-B segment of apo-HCN4(579-707) shown in orange). Helices
C’'-D’ from an adjacent protomer are shown in dark gray to illustrate the elbow-shoulder inter-molecular contacts that stabilize the tetramer. Surfaces are shown for
the IRtetramerization domain residues thatin the holo-tetramer are in contact with the 3-subdomain, and for the apo-HCN4 structure. The arrow and black jagged oval
highlight the site of steric clashes between the apo -barrel and the IR tetramerization domain, as quantified in Table 2.
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structure. This type of helical re-orientations is best probed TABLE1
through RDCs, which are highly sensitive to both hinge and ~ Structural statistics of Apo HCN4 (579-707)
on-axis rotations of helices (54, 55). To facilitate the meas- Residues 131
urement of RDCs, we reduced the overlap in the helical spec- ReESt“;if:FS raint 450
. . . . olutionary restraints
tral regions, which are typically less dispersed than 3-sheets, “Total HIN RpCs 115
by deleting the N- and C-terminal disordered residues (i.e. Residues with good” TALOS™ prediction 94
563-578 and 708 —724). These segments are to a large extent A\;fﬁfg r.m.s.d. to mean structure (A) 090 + 0.19
. t .90 = 0.

unstructured in the apo-eCBD as shown by both the second- Hzcavyo;?);:?ésn(\IG) ) 143+ 016
ary chemical shifts and the decreased HN NOE values (Fig. 4, Ramachandran statistics (CING)
b and c¢). Hence, removal of these regions is not expected to ﬁesigues in nlllost fzvofed regions 89.6%

e g . esidues in allowed regions 10.4%
significantly perturb the rest of the apo-HCN4 eCBD. This Residues in generously allowed regions 0.0%
prediction is supported by the overall minimal chemical shift Residue in disallowed regions 0.0%

“ 129 residues for HCN4(579-707) and two additional residues from the restric-

differences observed between the apo(563-724) and the apo
(579-707) HCN4 constructs (Fig. 4e). Furthermore, the ana-
lytical SEC elution profile confirms that apo-HCN4(579 —
707) remains monomeric (Fig. 1f). Thus, this construct is
ideal for further NMR studies on the structure adopted by
the apo-eCBD monomer.

cAMP Binding Causes a Shift in the o-Subdomain Tertiary
Structure from an “N3A in/B—C out” to an “N3A Out/B-C In”
Topology—A 10-structure model of apo-HCN4(579 -707) was
built (Fig. 5a and Table 1) by CS-Rosetta using chemical shifts,
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tion site (Asn and Ser).
? “Good” TALOS™ predictions are defined as in Ref. 82.

homology restraints, and RDCs (Fig. 6a) (41-52). Overall, the
model is well converged, as supported by local r.m.s.d. values
below 0.2 A for most residues (Fig. 6b). Selected regions exhibit
rm.s.d. >0.2 A, including the N and C termini, the F'—helix,
the 82-3 and B4-5 loops as well as the PBC (Fig. 6b). These
local r.m.s.d. maxima match well with local minima in the
HN NOE profile of apo-HCN4(579 -707) (orange plot in Fig.
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FIGURE 6. Validation of the structural model for apo-human HCN4(579-707). g, experimental versus back-calculated RDC comparison for apo-human
HCN4(579-707). The experimental backbone amide RDCs (red dotted line) show overall good agreement with the back-calculated RDCs (blue lines). Black dots
represent residues for which cross-peaks were overlapping in the HSQC spectra. b, comparative analysis of the residue-specific local r.m.s.d. and HN-NOE
profiles of apo-human HCN4(579-707). The dotted ovals highlight regions corresponding to local maxima and local minima in the r.m.s.d. and HN-NOE values,
respectively. The secondary structure is reported as dashed lines. The local r.m.s.d. was computed using the structure bundle shown in Fig. 5a. ¢, distance
distribution for the Me-Me NOEs measured for apo-HCN4(579-707). Histogram showing the number of observed NOEs in apo-HCN4(579-707) for different
distance ranges. Methyl-methyl distances have been calculated between methyl carbon atoms. All the observed NOEs correspond to distances less than 8 A.
d, PRE profile for apo-human HCN4(579-707) spin-labeled at Cys-586. The PREs were quantified in terms of relative HSQC intensity attenuations (/,,//,.4; filled
circles) and were compared with the average amide distances from the sulfur atom of Cys-586 computed based on the apo-human HCN4(579-707) structures
(open circles). The I, /I,.4 ratios <0.8 are expected to correlate linearly with distances, unless internal dynamics is present. Significant contributions from spin
labels at other Cys sites (i.e. Cys-662 and Cys-679) were ruled out as follows. Cys-679 is well structured (HN-NOE =0.8 and its side chain is inaccessible to solvent:
the solvent-accessible surface area in the apo-structure is 0 A?). For Cys-662, the corresponding side chain solvent-accessible surface areais 1 A2 and, although
the HN NOE value for this residue is not available, the profile of amide distances from Cys-662 does not match the experimental intensity data. The dotted ovals
indicate local deviations between the PRE ratios and the distances calculated based on the structures, possibly arising from the presence of structural
dynamics.

6b, dotted ovals), suggesting that the increased r.m.s.d. val-  used as restraints in the structural refinement. Further CS-Ro-
ues observed in these segments reflect genuinely enhanced setta iterations, with Me-Me and NH-involving NOEs explicitly
picosecond-nanosecond local dynamics rather than simplya included as restraints did not result in increased convergence
lack of experimental restraints. nor in different models. In addition, the CS-Rosetta structures

To further validate the structural model of apo-HCN4(579—  are supported by PRE measurements for an apo-HCN4(579 —
707) built by CS-Rosetta based on chemical shifts, evolutionary ~ 707) sample in which a spin label was covalently linked to the
restraints, and RDCs, we measured methyl-methyl NOEsinan endogenous Cys-586 (Fig. 6d). PRE values quantified as oxi-
ILV-methyl protonated but otherwise deuterated sample of dized versus reduced intensity ratios (/,/I,.q) are expected to
apo-HCN4(579-707) (Fig. 6¢). Because of the extensive degree  vary linearly with distances when less than ~0.8 (40) and should
of deuteration, both spin diffusion and transverse relaxationare  exhibit a trend similar to that of the amide distances from Cys-
reduced relative to fully protonated samples. This allows the 586 predicted from the CS-Rosetta model. The PRE versus dis-
measurement of NOEs for long range distances (=8 A), which  tance linearity is apparent in Fig. 6d, except for regions experi-
are sensitive to tertiary structure changes, such as those occur-  encing enhanced dynamics and greater flexibility, such as the
ring in the HCN4 eCBD upon cAMP binding. As shown in Fig.  F’-helix, the PBC, and the C terminus (Fig. 6, » and d). The local
6¢, the CS-Rosetta structures are in agreement with the exper-  flexibility in these regions contributes to the localized devia-
imental methyl-methyl NOEs, although the latter were not tionsfrom thelinear/ /I, .4 versusdistance trend. We conclude
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TABLE 2

Auto-inhibition of HCN Channel Opening

Potential energies of steric contact among structural elements of the active state and “hybrid” tetramer structures of HCN4

aA’-aB'/B-core intra-monomer
contact energy” (kcal/mol)

aC’-aD'/B-core inter-monomer

Total IR tetramerization
domain/B-core”

contact energy” (kcal/mol) contact energy (kcal/mol)

Structure aA overlay” N3A overlay” aA overlay” N3A overlay” aA overlay” N3A overlay”
NMR 1 ~10" ~10° ~10? —6.12 ~10? ~10°
NMR 2 ~10° >10° ~10° ~10° ~10° >10°
NMR 3 ~10° ~10° >10° ~10° >10° ~10°
NMR 4 ~108 ~107 ~10* ~10° ~108 ~107
NMR 5 ~10° >10° ~10° ~10?* ~10° >10°
NMR 6 —7.49 ~1.93 ~107 —2.13 (~107) ~107 —4.06 (~107)°
NMR 7 >10° >10° >10° ~108 >10° >10°
NMR 8 >10° ~10° —7.01 ~10° >10° ~10°
NMR 9 ~10° ~10° ~10° —12.05 ~10° ~10°
NMR 10 ~10* >10° ~10* ~10* ~10* >10°
NMR median average ~108 ~10° ~107 ~10° ~10° ~10°
Active state tetramer? —16.83 —11.84 —28.67

“ The energies of steric contact between structural elements X and Y were computed from the van der Waals (VDW) energies using NAMD as follows: contact E (X versus
Y) = VDW (X and Y together) — VDW (X alone) — VDW (Y alone). The CHARMM 27 force field was used to calculate the van der Waals energies.

® For each NMR-derived “hybrid” tetramer, energy values for two structures are listed in each row as follows: a structure consisting of the «A’—aF’ segment of the active
state structure (PDB code 30TF), and the aA—aC segment of the respective NMR structure, grafted together via aA helix backbone overlay (first value); and a structure
consisting of the «A’—aD’ segment of the active state structure (PDB code 30TF), and the «E’'—aC segment of the respective NMR structure, grafted together via aE'—aA

region (N3A) backbone overlay (second value).

¢ The number in parentheses is the contact energy arising from the inter-molecular aB/C versus 3-core clash.

4 Tetramer derived from structure 30OTF obtained from the RCSB Protein Data Bank.

that the CS-Rosetta structures of the apo-HCN4(579 —707) are
supported not only by the measured chemical shifts and RDC
values, but also by independent NOE and PRE measurements.

The structures of the apo-HCN4 eCBD reveal several critical
differences relative to its holo-form (Fig. 5b). In apo-HCN4 the
axis of the B-helix is tilted away from the PBC through a hinge
rotation that moves the C-helix outward relative to the cAMP-
binding site in the B-subdomain (i.e. “B-C out” arrangement,
Fig. 5b). The movement of the C-helix away from the S-sub-
domain allows the E’- and F’-helices to move closer to the PBC
(i.e. “N3A in” arrangement, Fig. 50) primarily through a rota-
tion of the A-helix around its axis. Hence, the a-subdomain
tertiary structure topologies in apo -and holo-HCN4 are
reversed. The eCBD a-subdomain topology is “N3A in/B-C
out” before cAMP binding but switches to “N3A out/B-C in”
after. This switch in a-subdomain topology does not signifi-
cantly alter the orientation of the N3A helices E'—F'-A relative
to each other (Fig. 5¢) but changes the orientation of the B-sub-
domain relative to the N3A motif (Fig. 5, b and d).

To explore how the cAMP-dependent -subdomain/N3A
reorientation affects the packing of the CBD within the
tetramer, and in turn the propensity of the HCN4 IR to
tetramerize, we superimposed the N3A motif of the apo-HCN4
structure solved here to the N3A region of the holo-HCN4
tetramer (PDB code 30TF) (22) and analyzed how the packing
of the B-subdomain is affected by the absence of cAMP (Fig.
5d). In the presence of cAMP, the B1-2 turn of the B-sub-
domain is in close contact with a surface defined by two contig-
uous helices, helix B’ from the same protomer as the 3-sub-
domain and helix D’ from an adjacent protomer in the tetramer
(Fig. 5d). The B’- and D’-helices are respective parts of the
“elbow” and “shoulder” contacts that stabilize the tetramer. In
the absence of cAMP, the B-subdomain moves toward the IR
tetramerization domain, resulting in steric clashes between
the B-barrel and the B'/D’ elbow/shoulder surface (Fig. 54).
The steric hindrance with the B’/D’-helices leads to a
marked surge in van der Waals interaction energies, as sum-
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marized in Table 2, and hence to a destabilization of the
tetramer. Overall, the apo-HCN4 eCBD structure is not
compatible with the tight packing imposed by tetrameriza-
tion of the HCN IR. Upon cAMP binding, the B-subdomain
reorients removing the steric clashes with the IR tetramer-
ization domain, thereby stabilizing the tetramer and explain-
ing why cAMP causes a transition from tetramerization-in-
competent to tetramerization-competent states.

DISCUSSION

A Model of HCN Auto-inhibition and cAMP-dependent Acti-
vation—Our data support a model for the IR of HCN4 in which the
C-linker region spanning the IR tetramerization domain, i.e. heli-
ces A'-D’, remains intrinsically unstructured or only partially
structured when the IR is monomeric (Fig. 7, a—d), whereas the
rest of the IR, including the CBD, exists in a dynamic equilibrium
between auto-inhibited and active states (Fig. 7, a and b). In both
states, the internal structures of the N3A and -barrel remain
largely conserved, but they are oriented differently in relation to
each other. In the auto-inhibited state, the N3A motif is in close
proximity to the B-barrel (N3A in, Fig. 7a) because of an outward
movement of the C-terminal B—C-helices (B/C out, Fig. 7a), which
would otherwise clash with the N3A in arrangement. In the active
state, the CBD switches to a swapped topology, where the N3A
adopts an “out” orientation distal from the 3-subdomain because
the B/C-helices are tilted in an “in” arrangement (Fig. 7). In the
absence of cAMP, the auto-inhibited versus active equilibrium is
shifted toward the former state, whereas the latter has greater
affinity for cAMP and is therefore favored when the cyclic nucle-
otide is available to bind.

A key determinant of the selectivity of cAMP for the active
state is its ability to stabilize the C-terminal half of the C-helix,
which serves as a lid for capping the adenine base (Fig. 7¢) (1, 3,
56). The active versus inactive selectivity of cCAMP results in the
coupling between the cAMP binding and the conformational
equilibria of the eCBD, which is described by the allosteric ther-
modynamic cycle depicted in Fig. 7, a—d. In all four states of the
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FIGURE 7. Proposed model for auto-inhibition of HCN4 by the IR, spanning the IR tetramerization domain (i.e. helices A’-D’), shown in gray, the
N3Aand the remaining part of the CBD, both shown in either orange (Inhibited) or red (Active). The N3A motif (triangle) is composed of helices E'-F'-A,
which are N-terminal to the B-subdomain of the CBD. The CBD includes also helices B-C, which are C-terminal to the B-subdomain and function as a lid for
cAMP. The N3A orientation is kept constant in all the panels. Dashed lines denote unfolded or partially unfolded segments. a-d, four-state thermodynamic
cycle for the cAMP-dependent allostery of the monomeric HCN4 IR, resulting from the coupling of the cAMP-binding equilibrium (i.e. apo versus holo) and the
conformational change equilibrium (i.e. inhibited versus active). e and f, models for the tetrameric HCN4 IR. Dotted lines indicate helices from distinct but
adjacent protomers within the tetramer. Tetramerization promotes folding of helices A’-D’. However, the apo-tetramer is unstable due to steric clashes
between the B-subdomain and the IR tetramerization domain, which are highlighted as yellow suns. The allosteric conformational transition driven by cAMP
binding changes the relative orientation of the N3A and B-subdomain, eliminating the steric clashes that destabilize the apo-tetramer, as shown in g. f
illustrates the apo-tetramer versus holo-tetramer comparison. h and j, schemes of the apo (h), holo (j), and apo versus holo (i) HCN4 intracellular region tetramer
viewed parallel to the 4-fold axis, denoted by the + sign in the center of each tetramer. Similarly to e- g, yellow suns indicate steric clashes, and red filled ovals
represent cAMP molecules.

cycle for the monomeric IR, the C-linker region spanning the IR
tetramerization domain remains largely unstructured, regard-
less of cAMP availability or the position of the auto-inhibitory
equilibrium (Fig. 7, a—d).

The four helices of the C-linker composing the IR tetramer-
ization domain, i.e. A'=D’, are stabilized upon tetramer forma-
tion by “elbow-shoulder” swapped contacts between the A'—B’
motif of one protomer and the C'—D’-helices of the adjacent
subunit (Fig. 7, e—g) (1, 21, 22). The stabilized D’-helix in the
tetramer recruits and orients the contiguous N3A motif with
respect to the IR tetramerization domain (1, 21, 22, 25). How-
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ever, in the absence of cAMP, the N3A in/B-C out tertiary
structure of the apo-eCBD leads to a steric clash between the
B-subdomain and the elbow-shoulder surface defined by helix
B’ of the same protomer and helix D' of the adjacent protomer
(Fig. 7, eand /), making an apo-tetramer unstable. By switching
the N3A in/B-C out to the N3A out/B-C in conformation,
cAMP binding effectively removes the steric hindrance that
destabilizes the apo-tetramer (Fig. 7, fand i), resulting in a sta-
ble holo-tetramer (Fig. 7, g and j). This simple model (Fig. 7)
explains why apo monomeric IR is tetramerization-incompe-
tent (Fig. 7, a, ¢, and /) and why tetramerization competence is
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FIGURE 8.Proposed models for apo-HCN dimer of dimers. Schemeillustrating why in the apo-HCN dimer the eCBD does not necessarily lead to steric clashes,
unlike in the apo-tetramer (Fig. 7, e and h). The color codes are as in Fig. 7. As in Fig. 7, dashed lines denote regions that are only partially structured or
unstructured, and dotted rectangles indicate helices belonging to an adjacent protomer. g, stepwise dissociation of the unstable apo-tetramer into dimers, in
which the structuring effect of self-association is preserved for only a single elbow-shoulder interface per dimer. The increased linker flexibility in the dimer
relative to the tetramer allows the B-subdomain of the CBD to move and relax the steric clashes (suns with “X"), as shown in panels b and ¢, which correspond

to the two different protomers within the dimer.

restored by cAMP (Fig. 7, ¢, g and j). Because tetramerization of
the HCN2 and HCN4 IR in solution appears to reflect a process
promoted by cAMP in the full-length channel (1, 11, 21, 57), we
propose that the scheme in Fig. 7 represents one of the possible
molecular mechanisms for auto-inhibition of opening by the IR
and its relaxation by cAMP in the full-length HCN channel.

The proposed mechanism (Fig. 7) explains several other pre-
viously reported observations on the activation of HCN trun-
cation mutants (23). For example, the scheme of Fig. 7 rational-
izes why deletion of the C-terminal C-helix results in an HCN2
channel that remains auto-inhibited both in the absence and
presence of cAMP (23). The C-helix truncation does not affect
significantly the apo-form, where the C-helix is already partially
unstructured and in an out orientation (Fig. 7a). However, the
C-helix deletion removes the lid for cAMP and thus the N3A
in/B-C out to N3A out/B-C in conformational switch does not
take place when cAMP binds. Furthermore, the mechanism of
Fig. 7 explains why the deletion of the whole CBD activates the
HCN channels, mimicking the action of cAMP binding to the
wild-type HCN (23). In the absence of the CBD, the steric
clashes that destabilize the apo-tetramer (Fig. 7, e and /) are
effectively eliminated, allowing tetramerization, and presum-
ably facilitation of opening in the full-length channel, to occur
even in the absence of cAMP.

The model of Fig. 7 is also supported by other independent
observations. For instance, the structure of the HCN2 IR solved in
the absence of cCAMP reveals a tetramer in which both the N3A
and the B-barrel preserve the same orientation relative to the IR
tetramerization domain (TD) as observed in the cAMP-bound
tetramer (25). This observation has two key implications. The first
is that, as posited in the proposed model (Fig. 7, e—j), the position-
ing of the N3A motif relative to the TD is dictated primarily by the
tetramerization, rather than by cAMP availability. The second is
that, once the N3A is positioned relative to the TD, the in orienta-
tion of the 3-barrel is incompatible with the tetramer and, if the
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tetramer is imposed through the use of high concentrations, as in
the case of crystallization, the 3-barrel is forced to shift to the out
orientation to relieve the steric clashes with the TD and fit in the
tightly packed tetramer, as observed (1, 25).

The tetramerization-induced shift of the eCBD from the
N3A in/B-C out to the N3A out/B-C in state, which exhibits
higher affinity for cAMP, is also independently confirmed by
experiments showing that the tetrameric forms of the HCN2
and HCN4 IR bind cAMP with affinities significantly higher
than those measured for the monomeric IR (11). Therefore,
cAMP binding and tetramerization appear mutually coupled
and an enhancement in one promotes the other. This mutual
coupling may explain the differences in cAMP sensitivities
observed for different HCN isoforms (21). Overall, the cur-
rently available data support the mutual exclusivity between the
apo-eCBD N3A in/B-C out topology and the formation of a
tightly packed HCN tetramer. Nevertheless, it should be noted
that the apo-eCBD N3A in/B-C out structure might be compat-
ible with oligomeric forms of the IR other than tetramers.

The model of Fig. 7 is consistent with the presence of dimers
(Fig. 8). This is because not only apo-monomers but also
apo-dimers may release the steric hindrance identified in the
apo-tetramer (Fig. 7, e and /1) due to the intrinsic flexibility of
the A'-D’ region (Fig. 7a). In the scheme of Fig. 7, e and /4,
the presence of steric clashes between the B-subdomain and
the B'/D’ elbow/shoulder surface of the TD requires the
simultaneous structuring through self-association of both
the A'B’ and the C'D’-helical pairs belonging to the same
protomer as the B-barrel causing the hindrance. If either one
of these A’B’ or C'D’ pairs is not fully structured, then the
orientation of the N3A motif relative to the TD is not fully
defined, given the intrinsic dynamics observed for the TD
region in the absence of self-association (Fig. 84). The steric
clashes generated by the B-subdomain can then be effec-
tively reduced by a rigid-body movement of the N3A and

JOURNAL OF BIOLOGICAL CHEMISTRY 22217

GTOZ “TT SUNC U0 SBUI01IGIG [RAILSZ - UBLOLBN | LUNIIUSZ Z}OYW PH e /1070 [ Mmmy/:dny WwoJy papeo umod


http://www.jbc.org/

Auto-inhibition of HCN Channel Opening

B-subdomain away from the TD, without the need of a N3A
in/B-C out to N3A out/B-C in shift of the eCBD. This is the
case for HCN dimers (Fig. 8), in which the C'D’ of one
protomer is not stabilized by the A’'B’ of an adjacent
protomer or vice versa. Hence, in the dimer, unlike in the
tetramer, the A’B" and C'D’ pairs cannot both be simulta-
neously stabilized though self-association, and thus steric
hindrance is released even without cAMP (Fig. 8). We con-
clude that the model of Fig. 7 is fully consistent with the
apo-HCN IR existing not only as a monomer but also as a
dimer of dimers (Fig. 8), as proposed previously based on
electrophysiological measurements (57, 58).

Our data also suggest a possible mechanism for the action of
c¢CMP, which has been shown to act as a partial agonist using
electrophysiological methods (1, 53). Partial agonism could
arise either from a different conformational change occurring
in response to the partial agonist or from a structural change
that is similar to the alteration produced by the endogenous
allosteric effector, but it corresponds to a reduced shift in the
position of the auto-inhibitory equilibrium (59). Our results
support the second hypothesis, whereby cCMP exhibits a lower
tetramerization-competent versus tetramerization-incompe-
tent state selectivity than cAMP. Consequently, the tetramer-
ization-competent state is more stable when bound to cAMP
than ¢cCMP, resulting in a reduced equilibrium shift upon
c¢CMP binding to the CBD.

Last but not least, the model of Fig. 7 reveals that the HCN
eCBD exhibits similarities with the allosteric conformational
switch previously observed for PKA (60-69) and distinct dif-
ferences from EPAC, which is another pivotal eukaryotic cAMP
receptor with a structurally homologous «/3-CBD (70-75). In
the EPAC CBD, the cAMP-dependent structural changes are
mainly confined to the helix C-terminal to the 8-subdomain
(34). Upon cAMP binding, this helix tilts toward the PBC and
during the hinge rotation the helix partially unfolds, unlike
what was observed in HCN. In addition, unlike HCN, in EPAC
no major cAMP-dependent rearrangements are observed for
the N3A motif, whereas a clear N3A in/B-C out to N3A out/B-C
in shift was reported for both CBDs of the regulatory subunit of
PKA (24, 60-75), similarly to bacterial CNG channels (76). In
this respect, the HCN CBD resembles more closely that of PKA
rather than that of EPAC. However, it is likely that differences
may still exist between the CBDs of PKA and HCN. For
instance, for one of the PKA CBDs, the apo pre-equilibrium
does not appear to be as highly skewed toward the inactive state
as in the CBD of the apo-HCN IR (35), explaining why the
regulatory subunit of PKA, unlike HCN (11), binds cAMP with
a low approximate nanomolar affinity. The differences in bind-
ing and allosteric properties among different eukaryotic CBDs
will facilitate the selective targeting of CBDs as required for
therapeutic purposes (77— 80).
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