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Hyperpolarization-activated, cyclic nucleotide-gated (HCN) ion
channels are both voltage- and ligand-activated membrane proteins
that contribute to electrical excitability and pace-making activity in
cardiac and neuronal cells. These channels are members of the
voltage-gated Kv channel superfamily and cyclic nucleotide-binding
domain subfamily of ion channels. HCN channels have a unique
feature that distinguishes them from other voltage-gated channels:
the HCN channel pore opens in response to hyperpolarizing
voltages instead of depolarizing voltages. In the canonical model
of electromechanical coupling, based on Kv channels, a change in
membrane voltage activates the voltage-sensing domains (VSD) and
the activation energy passes to the pore domain (PD) through a
covalent linker that connects the VSD to the PD. In this investiga-
tion, the covalent linkage between the VSD and PD, the S4-S5 linker,
and nearby regions of spHCN channels were mutated to determine
the functional role each plays in hyperpolarization-dependent
activation. The results show that: (/) the S4-S5 linker is not required
for hyperpolarization-dependent activation or ligand-dependent
gating; (i/) the S4 C-terminal region (S4c.em) is Not necessary for
ligand-dependent gating but is required for hyperpolarization-
dependent activation and acts like an autoinhibitory domain on
the PD; (iii) the S5y.term region is involved in VSD-PD coupling and
holding the pore closed; and (iv) spHCN channels have two voltage-
dependent processes, a hyperpolarization-dependent activation and
a depolarization-dependent recovery from inactivation. These re-
sults are inconsistent with the canonical model of VSD-PD coupling
in Kv channels and elucidate the mechanism for hyperpolarization-
dependent activation of HCN channels.
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yperpolarization-activated, cyclic nucleotide-gated (HCN)

ion channels are integral membrane proteins that play a
crucial role in regulating the membrane excitability of cardiac and
neuronal cells (1, 2). HCN channels are members of the voltage-
gated Kv channel superfamily, but they have key specializations
that make them unique (Fig. 1) (3-6): (i) HCN channels are
weakly selective for potassium compared with other voltage-gated
Kv channels, (ii) HCN channels are activated by the direct bind-
ing of cyclic nucleotides, and (iii) HCN channels are activated by
membrane hyperpolarization in contrast to most other voltage-
gated Kv channels, which are activated by membrane depolariza-
tion (7, 8). The hyperpolarization-dependent activation of HCN
channels is critical for their physiological function; however, the
underlying mechanism is still unknown (2).

Recently, two cryoelectron microscopy (cryo-EM) structures
of the human HCNI1 channel (hHCN1) were determined: one in
the absence and one in the presence of cCAMP, a physiological
ligand of HCN channels (PDB ID codes 5SU60 and 5U6P, re-
spectively) (9). These hHCN1 structures revealed that each of
the subunits comprising the hHCN1 channel tetramer contrib-
utes equally to the formation of a centralized pore that regulates
ion flow across the membrane (Fig. 14). Each HCN subunit has
distinct structural and functional domains (Fig. 1B): a transmembrane
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voltage-sensing domain (VSD: S1-S4) (Fig. 1B, blue), a trans-
membrane pore-forming domain (PD: S5-S6) (Fig. 1B, orange),
and a cytosolic C-linker (Fig. 1B, purple), and cyclic nucleotide-
binding domain (CNBD) (Fig. 1B, green). The hHCN1 struc-
tures also have several unexpected features. The first is a novel
cytosolic HCN domain (HCND) (Fig. 1B, red) located in the N-
terminal region proximal to the VSD. The second is that the
transmembrane domains are arranged so the VSDs and PDs are
not shared or swapped with other subunits (Fig. 14). This ar-
rangement of transmembrane domains differs from that of most
Kv channels, such as Kv1.2-2.1 (PDB ID code 2R9R) (10, 11),
but is similar to the structures of other ion channels in the CNBD
channel family (e.g., LliK, EAG, hERG, Tax4) (9, 12-16). Fi-
nally, the third unexpected feature of the hHCN1 channel is an
unusually long S4 helix compared with other voltage-gated
channels. The functional role of each of these features is not
completely known.

Opening a voltage-gated ion channel pore requires three
processes: (i) activation of the VSD, (ii) propagation of the ac-
tivation energy from the VSD to the PD, and (iii) structural
rearrangements in the PD that opens a pore gate for ions to flow
across the membrane. In all voltage-gated ion channels, in-
cluding HCN channels, the positively charged S4 helix in the
VSD acts as the membrane voltage-sensor and moves outward
with membrane depolarization and inward with hyperpolariza-
tion (17-19). The VSD is covalently linked to the PD by the S4-
S5 linker (Fig. 1B). In the canonical model of VSD-PD coupling,
based on Kv channels, the activation energy in the S4 of the VSD
passes to the S4-S5 linker via the covalent linkage and then from
the S4-S5 linker to the PD via a noncovalent interaction between
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Fig. 1. HCN channels: structure and function. (A) Top view of Kv1.2-2.1 (PDB
ID code 2R9R) and hHCN1 (PDB ID code 5U60) with subunits in different
colors. (B) A subunit of spHCN homology model labeled with VSD (blue), PD
(orange), C-linker (purple), CNBD (green), and HCND (red). Also shown is part
of the neighboring subunit (gray). (C and D) ZD7288-subtracted currents
measured in the absence of ligand (black, triangles), 1 mM cGMP (green,
squares), or 1 mM cAMP (red, circles) (Materials and Methods). (C) SpHCNwt
currents (D) SPpHCNcterm currents (diamonds). (E) GV curves with smooth
lines that represent Boltzmann fits (S/ Appendix, Table S1).

the S4-S5 linker and the S6 to open the pore gate (10, 11, 20—
24). However, HCN channels are opened by hyperpolarizing
voltage steps. It is thought that hyperpolarization-dependent
activation in HCN channels results from a reversed VSD-PD
coupling where the hyperpolarized state of the VSD is coupled
to pore opening (18, 25).

The goal of this investigation was to elucidate the molecular
mechanism underlying hyperpolarization-dependent activation in
HCN channels. Site-directed mutagenesis techniques were used to
mutate the S4-S5 linker and nearby regions of the spHCN channel
to determine the functional role each played in hyperpolarization-
dependent activation. Surprisingly, the S4-S5 linker was not required
for VSD-PD coupling. Instead, VSD-PD coupling required the S4
C-terminal (S4¢.erm) and the S5 N-terminal regions (SS5n.term). We
propose the S4¢ erm region, along with the S5n.(erm region, acts
to inhibit opening of the PD and hyperpolarizing voltages relieve
this autoinhibition. The S5n.(erm region also helps hold the pore
closed. Together, these results define a model for the mechanism
underlying hyperpolarization-dependent activation of HCN channels.

Results

Like other HCN channels, the sea urchin HCN channel (spHCNyr)
is hyperpolarization-activated and ligand-gated (26, 27). Recently,
cryo-EM structures were solved of the hHCNI1 channel in a closed
state (9). Interestingly, the hHCN1 S4 helix is longer than the
S4 helices of other voltage-gated channel structures. It was previously
proposed that an interaction between the C-terminal end of the
S4 and the C-linker has a role in hyperpolarization-dependent acti-
vation of HCN channels (9, 25, 28, 29). However, the S4 interacting
residues in hHCN1, HMTY, are not present in spHCNyw channels
(SI Appendix, Fig. S1). Despite missing the HMTY sequence,
spHCNwr channels are opened with hyperpolarizing volt-
ages and binding of ligand, indicating that these residues are
not required for hyperpolarization-dependent activation or cyclic
nucleotide-dependent gating. Therefore, a structural homology
model for spHCN channels was generated based on the hHCN1
structure (PDB ID code 5U60), but it is missing the four amino
acids (HMTY) at the C terminus of the S4 (Fig. 1B) (30). With
the HMTY sequence missing, the spHCNw1 homology model
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simply assumes that the S4 helix ends after the sequence
QWEQAF where four of these six residues are identical be-
tween hHCN1 and spHCNywt. The spHCNyw homology model
was used in this study to structurally represent the location of
different mutations.

SpHCNw channels expressed robustly in Xenopus oocytes.
Under symmetrical ionic conditions (Materials and Methods),
macroscopic spHCNw currents, recorded from excised inside-
out patches, were elicited from a holding potential of 0 mV to
more hyperpolarizing voltages using 2-s test pulses typically in
the range of 0 to —140 mV (Fig. 1C and SI Appendix, Fig. S2). At
the end of each experiment, 100 pM ZD7288, a specific HCN
channel blocker, was applied to subtract off leak and non-HCN
channel currents (SI Appendix, Fig. S2 E and F). As previously
shown, spHCNwr channels were activated by membrane hy-
perpolarization, not depolarization (26, 27). In response to
hyperpolarizing steps and in the absence of ligand, spHCNwr
channels rapidly activated and inactivated, producing only a
small transient current (Fig. 1C, black trace). However, in the
presence of the partial agonist cGMP (1 mM) or the full agonist
cAMP (1 mM, saturating concentration), SpHCNwr channels
rapidly activated but did not inactivate (Fig. 1C, green and red
traces, respectively). Instantaneous, leak-subtracted tail currents
were measured at the +40-mV tail pulse voltage, then normalized to
the maximum currents measured in the presence of 1 mM cAMP
(Fig. 1C and SI Appendix, Fig. S2). Conductance-voltage relation-
ships (GV curves) were plotted from these normalized tail currents
as a function of test pulse voltage and the G data were fit with the
Boltzmann function (Fig. 1E and SI Appendix, Table S1). The half-
activation voltages (V;,2), slopes (s), and fractional activation of the
partial agonist cGMP relative to the full agonist cAMP (G.gmp/
Gmaxcamp) Were consistent with those previously reported for
spHCNw channels (SI Appendix, Table S1) (31, 32).

SpHCN channels with the C terminus deleted, sSpHCNacterms
still exhibit hyperpolarization-dependent activation but do not
inactivate (Fig. 1D) (17, 33). In addition, there is a hyper-
polarizing shift in voltage dependence of SpHCN4cterm Channels
not observed in mMHCN1 pcterm 0r MHCN2,cnpp channels (Fig.
1E) (17, 33, 34). The lack of inactivation is consistent with pre-
vious reports that the C-terminal region of spHCN channels pro-
duces inactivation in the absence of cyclic nucleotide, which is
relieved by the binding of ligand (17). From these and previously
reported results, it is clear that the spHCN C-terminal region is
required for ligand-dependent gating but not hyperpolarization-
dependent activation.

Modular Gating Scheme for Interpretation of Mutant Effects. To
interpret complex changes in the GV relationships resulting
from our mutations, a modular gating scheme was adopted for
the hyperpolarization-dependent activation of spHCN channels
using a model developed by Horrigan and Aldrich (HA model)
(35) for BK channels (Fig. 2 and SI Appendix, Fig. S5). The HA
model assumes that the opening conformational change in the
PD is allosterically coupled to conformational changes in the
VSD and CNBD (Fig. 24). For example, the allosteric coupling
between the VSD and the PD means that activation of each VSD
causes an F-fold change in the closed-to-open equilibrium con-
stant of the PD, and conversely opening of the pore causes an F-
fold change in the resting-to-activated equilibrium constant of
each VSD. In the context of the HA model, an increase in just
the equilibrium constant for VSD rearrangement, H, produces a
simple depolarizing shift in the voltage dependence of activation,
with no change in fractional activation by cGMP (Fig. 2B).
However, an increase in the equilibrium constant of pore open-
ing, L, produces a large increase in the fractional activation by
c¢GMP. Finally, a decrease in the VSD-PD coupling, F, causes
primarily an increase in the steady-state conductance at depo-
larized voltages where spHCNy channels are normally closed.
Simultaneous fitting of the HA model to steady-state G curves
measured from spHCNyw channels in 1 mM cAMP and cGMP
provided a method to discriminate the mutational effects on the
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Fig. 2. The HA modular gating scheme used to describe hyperpolarization-
dependent activation. (A) Schematic of the HA model showing each func-
tional domain PD, VSD, and CNBD (Materials and Methods). The equilibrium
constants are L, H(V), and K. The coupling factors are C, F, and E. (B) Popen
vs. voltage predictions of the HA model for spHCNyr channels. Also shown
are predictions when VSD equilibrium constant H(V) is increased, the VSD-
PD coupling factor F is decreased, or the PD equilibrium constant L is in-
creased (WT: Hp = 0.024, Vi, = =9.63 mV, F = 10.1, L = 5.91, a_cAMP =1,
a_cGMP = 0.091, a_NocNMP = 0.0021; Increase H: Hy = 1; decrease F = 1.8;
increase L = 100).

energetics of pore opening, VSD rearrangements, and VSD-PD
coupling. While 1 mM cGMP was not fully saturating for most of
the spHCN constructs (e.g., for spHCNwt Gimm coMp/Gsat comp =
0.75), it was sufficient to assess the free energy change of pore
opening of the channels in these experiments (32). Many of the
mutant spHCN channels exhibited an increase in steady-state con-
ductance at depolarized potentials. To explain this behavior, the HA
model was parameterized, assuming that the resting state of the
VSD was autoinhibitory on the PD, inhibiting pore opening by a
factor F, and the activated (i.e., hyperpolarized) state of the VSD
removes this inhibition (Materials and Methods and Egs. 3 and 5).

The HA model provides adequate fits of the GV curves across
a broad spectrum of mutational effects by changing only four
parameters: Hy (the equilibrium constant for activation of the
VSD at 0 mV with an open pore), V (the slope-factor that
describes the voltage-dependent rearrangement of the VSD), L
(the equilibrium constant of pore opening with an activated VSD
and cAMP-bound CNBD), and F (the coupling coefficient be-
tween the VSD and the PD). The HA model was used to quan-
titatively validate our conclusions using just a few simplifying and
explicit assumptions. While the model is oversimplified, it pro-
vides a context for interpreting complex changes in the GV curves
produced by the mutations.

The HA model does not account for spHCN inactivation.
Inactivation is unique to spHCN channels and not readily ob-
served in other HCN channels (27). SpHCN inactivation is rapid
and thought to occur primarily from preopen closed states (36).
As a consequence of inactivation, spHCNw channels, in the
absence of ligand, produce only small transient currents (Fig. 1 C
and E). Because inactivation is poorly understood, it was not
included in the HA model. Therefore, in these experiments, the
HA model was fit only to the GV curves measured from channels
in the presence of cAMP or cGMP.

The S4-S5 Linker Is Not Required for Hyperpolarization-Dependent
Activation or Ligand-Dependent Gating. The VSD and the PD are
connected by the S4-S5 linker, which, in the canonical model of
voltage-dependent coupling, acts as the molecular conduit un-
derlying electromechanical coupling between these two domains
(Fig. 1B) (10, 11, 20-24). This model supposes that movement of
each S4 pulls on the S4-S5 linker, which in turn opens a single
gate in the pore. Recently, it was demonstrated that split TEAG
or hERG channels with a break in the S4-S5 linker are still
activated by depolarizing pulses, indicating that the S4-S5 linker
is not required for depolarization-dependent activation in these
channels (37).
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To investigate the functional role of the S4-S5 linker in
hyperpolarization-dependent activation of spHCN channels,
split channels were made where the S4-S5 linker was broken or
completely eliminated. Split spHCN channels were produced
when the 767 amino acids of spHCNw were coexpressed as two
separate polypeptides: a VSD-containing polypeptide (#1-359)
and a PD-containing polypeptide (#360-767) (Materials and
Methods) (Fig. 3). The spHCN350.360) channels, resulting from
coexpression of the VSD and PD polypeptides, had a break in
the covalent linkage between the S4 helix and the S4-S5 linker.
The spHCN(359.363) channels, resulting from the coexpression of
the VSD polypeptide and a “truncated” PD polypeptide (#363—
767), had the entire S4-S5 linker removed. Amazingly, both
spHCN(359.360) and spHCN 350.363, channels were functional and
exhibited hyperpolarization-dependent activation and ligand-
dependent gating (Fig. 3 C and D and SI Appendix, Table S1).
SpHCN(359.363) channels exhibited nearly WT-like hyperpolarization-
dependent activation despite missing the entire S4-S5 linker (Fig.
3D). Interestingly, sSpHCN(350.360) channels, with a broken S4-S5
linker, exhibited a small steady-state conductance at depolarizing
voltages where spHCNwt channels were normally closed (Fig. 3 B
and C). This steady-state conductance in spHCN350.360) channels was
not due to incomplete assembly of the VSD and PD polypeptides
because a fourfold increase in VSD cRNA did not significantly
change the relative conductance at depolarized voltages (SI Appen-
dix, Fig. S3 A and C and Table S1). These results indicate that the
covalent linkage between the S4 and S5, the S4-S5 linker, is not
required for hyperpolarization-dependent activation or ligand-
dependent gating.

To mechanistically interpret the mutational effects observed in
spHCN channels with a broken S4-S5 linker, the cGMP and
cAMP GV curves were fit with the HA model (Fig. 3, dashed
lines). These split channels did not exhibit a large change in the
fractional activation by cGMP (G.omp/Gmaxcamp) at hyper-
polarizing voltages, suggesting that the mutations had little or no
effect on pore opening, L (Fig. 2). In the context of the model,
the primary effect was a 4.2-fold decrease in F for spHCN 359.360)
channels with the broken S4-S5 linker compared with spHCNwt
channels (Fig. 3 B and C and Table 1). The finding that the
steady-state conductance at depolarized voltages in SpPHCN359.360)
channels could be explained primarily by a decrease in VSD-PD
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Fig. 3. The S4-S5 linker is not required for hyperpolarization-dependent
activation or ligand-dependent gating. (A) Sequence alignment and ho-
mology model showing the S4 through S5 regions (#344-370) of spHCNwt
along with sequences defining split channels. Highlighted in blue are the
S4-S5 linker residues. (B-D) ZD7288-subtracted currents and GV curves: (B)
spHCNyt, (C) split spHCN(zs9:360), and (D) split sSpHCN(350:363). Fits of the
Boltzmann equation (smooth lines) (S/ Appendix, Table S1) and the HA
model (dashed lines) (Table 1).
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coupling, suggested that the intrinsic state preference of the pore
was biased toward opening and that the depolarized state of the
VSD acts to autoinhibit the PD. In contrast, spHCN(359.363)
channels, with a deleted S4-S5 linker, were fit well with F' con-
strained to the value for spHCNyr. The difference between the
effects of breaking the S4-S5 linker and deleting the S4-S5 linker
might be explained by steric hindrance of the untethered S4-
S5 linker attached to the PD in spHCN(350.360) channels. From
these results, it is clear that the S4-S5 linker is not required for
hyperpolarization-dependent activation or ligand-dependent gat-
ing in spHCN channels.

The S4 C-Terminal Region Is an Autoinhibitory Domain. If the S4-
S5 linker is not required for hyperpolarization-dependent acti-
vation of spHCN channels, then what is? The split channel
strategy was used to explore the role of the C-terminal region of
the S4 helix (S4c.term: #350-359) of spHCN channels. For these
experiments, VSD polypeptides were truncated at either S4¢ (erm
residue #355 (AEQAF) or #350 (AFVSQWEQAF) and then
each was coexpressed with the PD polypeptide (#360-767) (Fig.
4). Both spHCN355.360) and spHCN(350:360 split channels were
functional and exhibited ligand-dependent gating with a frac-
tional activation by cGMP similar to spHCNw channels (Fig. 4
C and D). In contrast, however, both of these channels exhibited
a complete loss of hyperpolarization-dependent activation. The
steady-state conductance for these mutant channels did not change
much over a voltage range of —100 to +100 mV. As a consequence
of these mutations, SpPHCN3ss.360) and spHCN(350.360) split chan-
nels resembled cyclic nucleotide-gated (CNG) channels. CNG
channels are voltage-independent, ligand-gated ion channels in the
CNBD channel family (16, 38, 39). These results show that the
S4¢ term region of spHCN channels is important for hyperpolarization-
dependent activation but not ligand-dependent gating.

The loss of hyperpolarization-dependent activation in SpHCN 35360
and spHCN350.360) channels could occur in a number of ways. In
the context of the HA model: (i) the PD polypeptides might not
coassemble with the VSD polypeptides, (ii) the PD might be
locked open (L >> 1), (iii) the VSDs might be locked in the
active conformation (Hy >> 1), or (iv) the VSD-PD coupling
might be lost (F = 1). Oocytes injected with only PD polypep-
tides did not produce spHCN currents, indicating that the PD
polypeptides alone were insufficient to yield functional channels
(81 Appendix, Fig. S3) (n = 10). Given that the fractional acti-
vation by cGMP for both spHCN3ss.360y and spHCN350:360)
channels was not different from spHCNy, changes in L were ruled
out because a locked-open pore would display a large increase in
fractional activation by cGMP. In addition, other mutations in the
same area [e.g., SPHCN(359:360) channels], which exhibited an ap-
preciable steady-state conductance at depolarized voltages and
were fit unambiguously by the HA model, could only be explained
by changes in the VSD-PD coupling (Table 1). Therefore, while we
cannot distinguish between the third and fourth possibilities for
SpHCN355.360) and spHCN 350:360), it seems clear that mutations in

Table 1. Parameters of HA model fits to cGMP and cAMP GV
data for split channels

Construct Ho Vh (mV) F L n
spHCNwr 0.024 + 0.01  -9.63 + 0.2 10.1* 591 +08 11
359:360  0.043 + 0.01 -9.49+07 240+0.1* 808+3.1 6
359:363  0.078 + 0.02" -122+0.7" 10.1* 511+15 4
355:360 1% 176 + 08 3
350:360 1% 296+03 3
350:363 1% 949+21 5
350:367 1% 82.6+58" 3
359:367  0.003 + 0.001 -11.3+02" 1.75+01% 853+19" 7

*Constrained.
TP < 0.05 by one-way ANOVA, #P < 0.05 by a one-way t test.
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Fig. 4. The S4cterm region is important for hyperpolarization-dependent
activation. (A) Sequence alignment and homology model with S4¢ erm resi-
dues in blue. (B-D) ZD7288-subtracted currents and GV curves: (B) split
SPHCN359:360), (C) split spHCNzs5.360), and (D) split spHCN 350:360)-

the area of the S4c tem resulted in a decrease in VSD-PD coupling
(see below).

Voltage-independent spHCN 355360y and spHCN(350.360) split
channels exhibited ligand-dependent gating with a fractional
activation by cGMP that was similar to spHCNwrt. For the
purpose of fitting the HA model to the cGMP and cAMP GV
data of spHCN(3s5.:360) and spHCN3s0.:360) split channels, the
parameter F was constrained to 1. This removes the coupling
between the VSD and PD. An identical fit, however, would be
produced if Hy >> 1. Compared with spHCN359.360) channels
(Fig. 4), the HA model fit the GV data for spHCN3s5.350) and
spHCN350:360) split channels with only a 4.5- and 2.7-fold change
in L, respectively. In the context of the model, deleting the
SpHCN S4¢ term region uncoupled the VSD from the PD and
resulted in channels that were only activated by ligand-binding to
the CNBD. These results demonstrate that the S4c e, region is
not required for ligand-dependent gating but it is necessary for
VSD-PD coupling in spHCN channels.

The S5y-term IS Important for VSD-PD Coupling and Holding the Pore
Closed. In addition to the S4 helix in the VSD, the S4-S5 linker is
also covalently linked to the S5 helix of the PD. Is the S5n_term
(#363-367) region involved in hyperpolarization-dependent ac-
tivation, ligand-dependent gating, or pore opening of spHCN
channels? To test for effects on ligand-dependent gating, the
SSN-term region was deleted in split channels with disrupted
VSD-PD coupling. In these experiments, two truncated PD
polypeptides were each coexpressed with the VSD polypeptide
truncated at residue #350 to eliminate VSD-PD coupling (Fig.
5). One PD polypeptide started at residue #363 to remove
only the S4-S5 linker [spHCN(350.363)] and the other PD poly-
peptide removed both the S4-S5 linker and the SSn.term Tegion
[spHCN(350:367)]- The currents from both spHCN(350.363) and
spHCN350:367) split channels were largely voltage-independent,
although some decay was observed with voltage steps from —100
to +100 mV (Fig. 5 C and D). These mutant channels exhibited
ligand-dependent gating; however, the fractional activation by
c¢GMP for spHCN350.367) channels was substantially larger than
SpHCNWT, SpHCN(350;360), or SpHCN(350:363) channels (FlgS 3B
and 5), suggesting that the SSnem region is involved in holding
the pore closed.

To test for effects on hyperpolarization-dependent activa-
tion, the SS5n.erm region was deleted in split channels with
functional VSD-PD coupling. The full VSD polypeptide (#1-
359) was coexpressed with either the PD polypeptide that
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Fig. 5. The S5y.term region helps keep spHCN channels closed. (A) Sequence
alignment and homology model with S4c_term and S5y.term residues in blue.
(B-D) ZD7288-subtracted currents and GV curves: (B) split SpHCN3s0:360) (C)
split spHCN350:363), and (D) split spHCN350:367).

removed only the S4-S5 linker [SspHCN(350.363)] or the PD poly-
peptide that removed both the S4-S5 linker and the SS5xn.term
region [SpHCN(350.367y] (Fig. 6). Both spHCN3s9.363y and
SpHCN(350.367) split channels were functional and exhibited
hyperpolarization-dependent activation and ligand-dependent
gating. Interestingly, neither exhibited inactivation in the ab-
sence of ligand (Fig. 6 B and C). The GV curves of spHCN(359.367)
split channels, in which the SS5y.ierm region was deleted,
exhibited a substantial increase in the fractional activation by
c¢GMP and an appreciable conductance at depolarizing voltages
where spHCN 350:363) split channels were closed. Like SpHCN 359360
channels, the conductance at depolarized voltages in SpHCN 350.367)
channels was not due to incomplete assembly of the VSD and PD
polypeptides, as a fourfold increase in VSD cRNA did not signifi-
cantly change the relative conductance at depolarized voltages (SI
Appendix, Fig. S3 B and D and Table S1). Together, these results
suggest that the SSy.erm region is involved in hyperpolarization-
dependent activation as well as holding the pore closed.

To interpret the mutational effects observed when the S5n_term
region was deleted, the GV curves were fit with the HA model
(dashed lines, Figs. 5 and 6). The main effect of deleting the
S5N-term Te€giON in voltage-independent spHCN350.367) channels
was an increase in the fractional activation by cGMP. The HA
model fit the data for voltage-independent spHCN350.367)
channels with a greater than 27-fold increase in the equilibrium
constant, L, compared with SpHCN350.360) channels (Fig. 5 B and D
and Table 1). Similarly, the HA model fit the GV curves of voltage-
dependent spHCN(359:367) channels with a 16-fold increase in the
equilibrium constant, L, compared with spHCN(359:363) channels
(Fig. 6 B and C). In addition, there was over a fivefold decrease
in F for the voltage-dependent spHCN(359:367) channels. There-
fore, in the context of the model, the mutational effects of de-
leting the SS5n.erm region were interpreted as a shift in the
closed-to-open equilibrium of the PD toward opening and a
large decrease in VSD-PD coupling. These results support the
conclusion that the SS5n.(erm region plays a role in both VSD-PD
coupling and in holding the pore closed in spHCN channels.

Role of Conserved Residues in S4c.im Region. When the S4cierm
residues FVSQWEQAF (#351-359) were deleted, spHCN 350:360)
split channels were no longer hyperpolarization-activated (Fig. 4D).
Many of these residues are conserved within the HCN channel
family, which has the consensus sequence motif R(Y/F)xxQWExxF
(8I Appendix, Fig. S1). In addition, the hHCN1 structures re-
veal that several of these conserved residues form electrostatic
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interactions with other nearby residues in the resting state (9).
To explore the functional role of this motif, two mutant chan-
nels were made by substituting alanine for amino acids EQAF
(spHCN-A4: #356-359) or F351+QWEQA (spHCN-A6:
#351,354-358), respectively, in the full-length polypeptide
(#1-767) (Fig. 7). Both spHCN-A4 and spHCN-A6 channels
were functional and exhibited hyperpolarization-dependent ac-
tivation, ligand-dependent gating, and inactivation in the ab-
sence of ligand. Interestingly, the GV curves measured from
these channels in the absence of ligand had a distinctive bell
shape (Fig. 7 C and D). Also, as seen in some of the split
channels, spHCN-A4 and spHCN-A6 channels in the presence
of cAMP exhibited an appreciable conductance at depolarizing
potentials where spHCNwr channels are normally closed.
The HA model did not produce adequate fits to the G} data
of spHCN-A6 channels. However, the HA model did fit the
GV data of spHCN-A4 channels with a fourfold decrease in
F compared with spHCNw channels (Fig. 7C, dashed lines, and
Table 2). In the context of the model, the primary effect of the
alanine mutations in spHCN-A4 channels was a decrease in
VSD-PD coupling, which is consistent with our earlier conclu-
sion that deletions of the S4c_icrm are associated with a decrease
in coupling.

Alanine substitutions were used to explore the role of indi-
vidual residues in the conserved S4c erm motif, R(Y/F)xxQWE
(Fig. 8). To identify residues in the S4c.(erm region of spHCN
channels that were important for hyperpolarization-dependent
activation, the following individual mutant spHCN channels were
made: R350A, F351A, Q354A, W355A, and E356A. Each of these
mutant channels was functional and exhibited hyperpolarization-
dependent activation, ligand-dependent gating, and inactivation in
the absence of ligand (Fig. 8 B—F). Only spHCN-W355A channels
produced currents too small to confirm inactivation in the absence
of ligand (Fig. 8F). Interestingly, R350A and E356A mutant
channels exhibited an appreciable conductance at depolarizing
potentials, where spHCNw, F351A, Q354A, and W355A channels
were all closed. In addition, the GV curves measured from R350A,
F351A, and E356A mutant channels in the absence of ligand
showed a distinctive bell shape (Fig. 8 B, C, and F). The arginine
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Fig. 6. The S5y.term region is involved in VSD-PD coupling. (A) Sequence
alignment and homology model showing S4-S5 linker and S5y.term residues
in blue. (B and C) ZD7288-subtracted currents and GV curves: (B) split
SpHCN(359;363) and (C) Sp'it SpHCN(3592357).
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Fig. 7. Mutations in the S4cierm region reveal two voltage-dependent
processes. (A) Sequence alignment and homology model with S4c ierm resi-
dues highlighted in orange or blue. (B-D) ZD7288-subtracted currents and
GV curves: (B) intact spHCNy, (C) spHCN-A4, and (D) spHCN-A6.

and glutamate residues are conserved between spHCN and
hHCNI and appear to form interactions with residues in nearby
transmembrane helices (Fig. 84 and SI Appendix, Fig. S1) (9).
These results suggest that the R350A and E356A mutations per-
turbed hyperpolarization-dependent activation and that specific
interactions in the S4c ;m are important for VSD-PD coupling.

In the context of the model, the primary effects of the R350A
and E356A mutations were about a 3.5-fold and 3-fold decrease
in F, respectively, compared with spHCNyw channels (Table 2).
The larger F effect observed with the QWE deletions in split
channels relative to the individual point mutations of QWE
could result from either subthreshold effects of Q354A and
W355A, or the fact that the QWE deletion removes the poly-
peptide backbone in addition to the side chains. An additional
effect of the R350A mutation was a greater than 86-fold increase
in H, the equilibrium constant for the VSD resting-to-activated
transition, which accounts for the large depolarizing shift in the
GV curve (SI Appendix, Table S1). The R350 residue is the
final positive charge in the spHCN S4 helix and breaking a
putative R350:D300 interaction probably contributes to the
energetics and voltage dependence of the VSD resting-to-
activated transition (Fig. 84). In contrast, fits of the HA
model to the F351A and Q354A GV curves were similar to
spHCNwr channels (Table 2). In the context of the model,
R350A caused an increase in the equilibrium constant, H,, for
the VSD resting-to-activated transition, and both R350A and
E356A mutations decreased the energetics of VSD-PD cou-
pling. These results support the conclusions that the S4c.term
region exerts an autoinhibitory effect on the PD and that
specific interactions involving residues the S4c erm are im-
portant for VSD-PD coupling.

Predicted S5y.term—S6c.term Salt-Bridge Is Important for Holding the
Pore Closed. Previously, Sanguinetti and coworkers (29) demon-
strated a salt-bridge interaction in mouse HCN2 channels be-
tween an arginine in the S5n_¢erm and an aspartate in the S6¢_term-
A homologous interaction is predicted for residues R367 and
D471 of spHCN channels (Fig. 84). To test the functional role of
this putative interaction in spHCN channels, residues R367 and
D471 were individually mutated to alanine. Each of these mutant
channels was functional and exhibited hyperpolarization-
dependent activation and ligand-dependent gating, but neither
inactivated in the absence of ligand (Fig. 8 G and H). For both
mutant channels, however, there was a large increase in the
fractional activation by cGMP compared with spHCNyw chan-
nels (SI Appendix, Table S1). An increase in fractional activation
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was seen not only in cGMP but also in the absence of ligand.
Therefore, it seemed likely that the R367A and D471A muta-
tions were affecting the closed-to-open equilibrium of the PD.
For both of these mutants, the fractional activation by cGMP
was essentially equal to 1, indicating that L must be greater
than 500, assuming that we could detect a 2% difference in
conductance between cGMP and cAMP at hyperpolarizing
voltages (Fig. 8 G and H, dashed lined, and Table 2). This
corresponds to a greater than 85-fold change in L relative to
spHCNwt. The other parameters for the HA model fits were
similar to spHCNw channels. So, in the context of the model, the
R367A and D471A mutations shifted the closed-to-open transi-
tion toward opening consistent with the interpretation that an
interaction between the SS5n.ierm and the S6¢ erm is important for
holding the pore closed.

Inactivation Is Voltage-Dependent. SpHCN channels undergo an
inactivation process that is rapid and thought to occur primarily
from preopen closed states (SI Appendix, Fig. S44). Previously, it
was proposed that the mechanism underlying inactivation in
spHCN is a reclosure of the activation gate in the form of slip-
page or desensitization to voltage (36). However, the molecular
mechanism for inactivation is still unknown. In spHCNywr
channels, inactivation is eliminated by the binding of cyclic nu-
cleotide to the CNBD or the deletion of the C terminus (Fig. 1).
In this investigation, one of the striking features of many of the
mutant channels measured in the absence of ligand was a bell-
shaped GV curve, which was due to the combination of activation
and inactivation. This was particularly obvious in the mutant chan-
nels spHCN-A4 and spHCN-A6 (Fig. 7 C and D) and spHCN-
R350A and spHCN-E356A (Fig. 8 B and F). These steady-state
bell-shaped GV curves cannot arise from a voltage-independent in-
activation transition that is coupled to hyperpolarization-dependent
activation (SI Appendix, Fig. S4). They can occur (7) if the inactivation
transition itself is intrinsically voltage-dependent or (i) if inactivation
is coupled to a voltage-dependent transition that is distinct from
hyperpolarization-dependent activation. The bell-shaped GV curves
indicate that there are two separate voltage-dependent processes with
opposite voltage dependences that are coupled to channel opening.
The right half of the GV curve arises from a hyperpolarization-
dependent activation of the channel while the left half of the GV
curve arises from a depolarization-dependent recovery from
inactivation. Fitting these GV curves with a function equal to
the product of two Boltzmann equations reveals an equivalent
charge movement for inactivation of ~three electronic charges
(SI Appendix, Table S1). These results suggest that inactivation
in spHCN channels is voltage-dependent.

Can these two voltage-dependent processes be isolated? Yes,
hyperpolarization-dependent activation is isolated from in-
activation by applying ligand, which removes inactivation (25, 36,
40). To isolate the voltage-dependent inactivation, two mutant
channels were studied that did not undergo hyperpolarization-
dependent activation: (i) spHCNxowg channels had S4 residues
#354-356 deleted from the full-length channel polypeptide and

Table 2. Parameters of HA model fits to GV data for mutant
full-length channels

Construct Ho Vh (mV) F L n
spHCNwr 0.024 + 0.01  -9.63 + 0.2 10.1* 591+08 11
Ad 0.020 + 0.009 -7.78 +0.5 255+ 0.1* 3.14+0.05 3
R350A 2.07 +1.03" -135+1.0" 286+03* 401+11 3
F351A  0.008 + 0.002 -10.5 + 0.2 10.1* 462+09 3
Q354A  0.040 + 0.020 -10.0 = 1.4 10.1* 292+10 3
E356A  0.024 + 0.003" —11.1 £ 0.3 3.31 + 0.04* 129+34" 3
R367A  0.003 + 0.001 -8.97 + 0.4 10.1* >500%* 3
D471A  0.006 + 0.003 —10.0 + 1.1 10.1* >500* 3

*Constrained.
TP < 0.05 by one-way ANOVA, #P < 0.05 by a one-way t test.
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(ii) spHCNoar channels had S4 residues #357-359 deleted
(Fig. 9). Both mutant channels were functional and exhibited
ligand-dependent gating but not hyperpolarization-dependent
activation in cAMP. However, both channels exhibited some
inactivation with hyperpolarizing pulses in the absence of ligand
(Fig. 9 C and D). The GV curves measured from channels in the
presence of cAMP were largely voltage-independent in the range
of —100 to +100 mV. However, in the absence of ligand, both
channels exhibited a voltage-dependent increase in conductance
with depolarizing voltage steps. This is particularly evident in
the GV curve for spHCNoap, Which was fit with a Boltzmann
function and suggested an equivalent charge movement of ~three
electronic charges, similar to the charge movement seen for in-
activation in mutant channels with bell-shaped GV curves.
These results suggest that the increase in conductance is due to
the depolarization-dependent recovery from inactivation. There-
fore, spHCNw channels have two separate voltage-dependent pro-
cesses: a hyperpolarization-dependent activation and a depolarization-
dependent recovery from inactivation.

Discussion

The goal of this study was to elucidate the mechanism underlying
hyperpolarization-dependent activation of HCN channels. Site-
directed mutagenesis techniques were used to perturb the S4-S5
linker and nearby regions of the spHCN channel to determine
the functional role each played in VSD activation, pore opening,
and VSD-PD coupling. The major findings of this investigation
are: (i) the S4-S5 linker is not required for hyperpolarization-
dependent activation or ligand-dependent gating; (i) the
S4c_term region is not necessary for ligand-dependent gating
but is required for hyperpolarization-dependent activation
and acts like an autoinhibitory domain on the PD; (iii) the S5n.term
region is involved in VSD-PD coupling and holding the pore
closed; and (iv) spHCN channels have two voltage-dependent pro-
cesses, hyperpolarization-dependent activation and depolarization-
dependent recovery from inactivation.

In the canonical model of voltage-dependent coupling, based
on depolarization-activated Kv channels (e.g., Shaker and Kv1.2-
2.1), the positively charged S4 moves outward in response to
depolarizing voltage pulses and in doing so it pulls on the S4-
S5 linker, which in turn opens a pore gate (10, 11, 20-24). Re-
cently, however, a noncanonical coupling mechanism was pro-
posed for Kv channels that involves interactions between the
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S4 and S5 helices (22, 37, 41, 42). Both the movement of the
S4 and the location of the pore gate are conserved between
hyperpolarization-activated HCN channels and depolarization-
activated Kv channels (26, 31, 43-45). In spHCN channels,
breaking or deleting the entire S4-S5 linker does not disrupt
hyperpolarization-dependent activation or cyclic nucleotide-
dependent gating (Fig. 3). Similarly, the S4-S5 linker can be
broken and even deleted entirely from depolarization-activated
rEAG and hERG channels without disrupting depolarization-
dependent activation (37, 41, 42). Therefore, the S4-S5 linker is
not required for VSD-PD coupling, hyperpolarization-dependent
activation, or ligand-dependent gating of spHCN channels.
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Fig. 9. Deletion of QAF reveals a depolarization-dependent activation.
(A) Sequence alignment and homology model with S4c.term residues high-
lighted in blue or orange. Voltage protocol included a 1.5-s prepulse
(=100 mV), 500-ms test pulses (—100 to +100 mV), and tail pulse (~100 mV).
(B-D) ZD7288-subtracted currents and GV curves: (B) spHCNwr, (C) SPHCNaqwey
and (D) spHCNqap channels. (Inset) Enlargement of tail currents.
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The hHCN1 channel structure revealed that the VSD and PD
are not shared or swapped between subunits (9). In addition to
hHCNI1, the VSDs and PDs of other channels in the CNBD
subfamily are also not swapped, including a depolarization-activated
rEAG channel, a depolarization-activated hERG channel, a voltage-
independent (Tax4) channel, and a bacterial CNG channel (LIK) (5,
9, 12, 15, 16, 46). Therefore, the difference between depolarization-
dependent activation and hyperpolarization-dependent activation
cannot be explained by a lack of domain swapping between subunits
of the PDs.

For many depolarization-dependent Kv channels (e.g.,
Shaker), the intrinsic state preference of the pore is biased toward
closing (47). In contrast, the spHCN channel pore prefers being
open, a conclusion supported by the many mutations in this study
that decreased coupling and resulted in an appreciable steady-
state conductance at depolarized voltages. Like spHCN chan-
nels, the pore of depolarization-dependent rEAG channels is also
biased toward opening (37, 41, 42). Therefore, the difference be-
tween depolarization-dependent activation and hyperpolarization-
dependent activation cannot be explained by an intrinsic open-state
preference of the pore.

Hyperpolarization-dependent activation is a defining property
of the entire HCN channel family. What is the mechanism of
hyperpolarization-dependent activation in HCN channels? We
propose a simple model to explain hyperpolarization-dependent
activation in HCN channels (Fig. 10). The movement of the S4
voltage sensor, caused by hyperpolarizing voltage steps, relieves an
allosteric inhibitory effect on the PD produced by the VSD, which
allows the pore to open. Pore opening is further stabilized by the
binding of cAMP to the CNBD. This model can explain the in-
trinsic open-state dependence of the PD and hyperpolarization-
dependent activation in spHCN channels.

Previous work by Yellen and coworkers (28, 31, 40) shows that
cross-linking either the S4¢ ierm, the S4-S5 linker, or the S5y term tO
the C-linker region results in spHCN channels that are “locked
closed” or “locked open.” While the S4-S5 linker is not required for
VSD-PD coupling in spHCN channels, cross-linking the S4-S5
linker to the C-linker is likely to trap the VSD or PD of spHCN
channels in a resting or activated conformation. In addition, Ryu
and Yellen (40), using locked-open and locked-closed mutants of
spHCN channels, show that the voltage dependence of gating
charge movement (QV curves) shifts to either positive voltages for
locked-open channels or negative voltages for locked-closed chan-
nels (28, 40). Their VSD-PD coupling factors ranged from 3 to 7,
somewhat less than the estimates of the VSD-PD coupling factor, F,
in this study (Tables 1 and 2). For the HA model, a coupling factor
of 37 would produce significantly more conductance at depolarized
voltages than was observed for spHCNwt channels or some of the
mutant channels. Overall, however, these results suggest that VSD—
PD coupling in spHCN channels is weak compared with Shaker
and Kv channels, which have coupling factors >100 per voltage
sensor (48). Also interesting, Prole and Yellen (25) cross-linked
the S4c icrm residue F359C to the C-linker residue K482C and
caused spHCN channels to exhibit depolarization-dependent
activation. The GV curve for the “reversed” gating of these
locked-open F359C:K482C channels is similar to spHCNagar
channels where deletion of S4c .;m residues reveals a depolarization-
dependent activation process (Fig. 9D). Together, these results sup-
port the conclusion that there are two voltage-dependent processes in
spHCN channels: a hyperpolarization-dependent activation and a
depolarization-dependent recovery from inactivation.

Previously, it was proposed that the mechanism underlying
inactivation in spHCN channels is a reclosure of the activation
gate in the form of “slippage” or desensitization to voltage (36).
This mechanism proposes that movement of the VSD creates a
strain on the coupling between the VSD and the PD that can slip
before channel opening, resulting in stable closure of the activation
gate even at activating voltages. However, our findings that
hyperpolarization-dependent activation of spHCN channels in-
volves relief of autoinhibition of the pore by the VSD is in-
compatible with a slippage mechanism for inactivation. Slippage
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Fig. 10. Model of hyperpolarization-dependent activation for HCN chan-
nels. Hyperpolarization causes movement of the VSD (blue) which relieves
autoinhibition of the PD (orange). The binding of cyclic nucleotide (red) to
the CNBD (green) removes autoinhibition of the PD.

in a channel with autoinhibition would occur more from the resting
closed state and would result in activation (i.e., channel opening)
not inactivation. In addition, the finding that inactivation is in-
trinsically voltage-dependent also suggests that it is moving charge
in the membrane electric field, which is also not expected for
slippage. For these reasons, it seems likely that inactivation involves
a mechanism other than slippage or desensitization to voltage.

Materials and Methods

Molecular Biology and Channel Expression. The sea urchin HCN channel
(spHCNy7) cDNA (a gift from U. B. Kaupp, Molecular Sensory Systems, Center
of Advanced European Studies and Research, Bonn, Germany; GenBank:
Y16880) was subcloned into the high-expression vector plasmid pGEMHE
between the 5’ and 3’ Xenopus f-globin gene UTR (27, 49). Site-directed
mutagenesis was performed using PCR and confirmed by Sanger DNA se-
quencing (Genewiz). For protein expression in Xenopus oocytes, cRNAs were
synthesized by runoff in vitro transcription following the manufacturer’s
protocol for the HiScribe T7 ARCA mRNA Kit (with tailing) [New England
Biolabs; catalog (cat.) #E2060S]. Cyclic nucleotides (cAMP: adenosine-3',5'-
cyclic monophosphate; cat. #A6885 and cGMP: guanosine-3',5'-cyclic mono-
phosphate; cat. #G6129) were purchased from Sigma-Aldrich. An HCN
channel specific pore-blocking compound, ZD7288, was purchased from
Tocris (Tocris BioScience; cat. #1000). All other chemicals were purchased
through Fisher Scientific.

Split spHCN channels were generated from two separate constructs. One
construct, VSD-polypeptide, contained the cDNA sequence encoding all the
amino acids from residue 1 to 359 followed by a stop codon. The second
construct, PD-polypeptide, started with a methionine codon and contained a
cDNA sequence encoding the amino acids starting with residue 360 through
to the end of the C terminus (residue 767). For generating split spHCN
channels, oocytes were injected with 50 nl of a 1:1 ratio of VSD-encoded cRNA
and PD-encoded cRNA. Oocytes were incubated at 16-18 °C until used for
patch-clamp recordings experiments.

Homology Model of spHCN. Structures of the hHCN1 channel were recently
solved using cryo-EM [(9); pdb:5u60, 5u6bpl. SWISS-MODEL, a web-based
protein structure homology-modeling server, used the hHCN1 structures as a
template to generate a spHCN homology model based on a protein se-
quence alignment (spHCN #160-675; hHCN1 #106-620) (30). The structure
figures were made using PyMOL software (Schrodinger).

Electrophysiology. All procedures were conducted in accordance with In-
stitutional Care and Use Committee (IACUC)-approved protocols overseen by
the Office of Animal Welfare at the University of Washington. Xenopus
oocytes were harvested and injected with cRNAs as previously described (32,
33). SpHCN currents were recorded using the patch-clamp technique from
excised, inside-out patches (50). All recordings were made at room tempera-
ture (20-22 °C). Recording electrodes were made from borosilicate glass
(Warner Instruments, cat. #G150-4) that was polished to resistances of 0.4-0.8 mQ.
Both the extracellular and intracellular solutions contained (in mM): 130 KCl,
0.2 EDTA, and 3 Hepes at pH 7.2. Cyclic nucleotides, 1 mM cAMP and 1 mM
cGMP, were applied to the intracellular surface of patches using a rapid
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solution changer (RSC-100, Biologic). Typically, HCN currents were isolated by
leak subtracting currents recorded in a solution containing 1 mM cAMP and
100 pM ZD7288 at the end of each experiment (S/ Appendix, Fig. S2 E and F)
(28, 32). Macroscopic currents were low-pass filtered at 2 kHz and digitized at
10 kHz by an EPC10 amplifier (HEKA Instruments Inc.), then analyzed using
PatchMaster software (HEKA Instruments Inc.). Data were stored in files for
offline analysis using Igor software (Wavemetrics, Inc.) or Excel software
(Microsoft Corp.).

Data Analysis. For conductance-voltage relationships (GV curves), the relative
conductance was determined by measuring the instantaneous tail currents
typically at +40 mV which were then normalized to the maximum conduc-
tance measured in 1 mM cAMP. The resulting GV curves were fit with the
Boltzmann function in the form:

c ( 1-A A) -
Gmax,camp 14el-(v-1y)ss)

where G/Gmax,camp is the relative conductance as a fraction of the maximum
conductance in cAMP, V is the membrane voltage, Vi, is the half-maximal
activation voltage, s is the slope representing the steepness of the voltage-
dependence, and A is the relative conductance at depolarized voltages. It is
noteworthy that spHCN channels were slow to activate and did not always
reach steady-state at the end of a 2 sec test pulse voltages, which caused
a slight negative shift in Vy,. In some cases, it was necessary to fit the
data with an equation equal to the product of two Boltzmann functions
in the form:

G = ( 1-8 +B>*<L+C) [21
Graxanr ~ \y , o(-(v-e,) ) N A7)

where the parameters Vy,;, and Vi, . are half-maximal voltages, s, and s. are
slopes, and B and C are the relative conductance at depolarized and
hyperpolarized voltages, respectively. All curve fittings were performed us-
ing IGOR Pro software (Wavemetrics Inc.). In each figure, the data from in-
dividual experiments are shown while the summary data are reported as
mean + SEM (S/ Appendix, Table S1).

Modeling the Allosteric Activation of spHCN Channels. GV relations for both
wild-type and mutant spHCN channels were fit using a modular gating
scheme adapted from a model developed by Horrigan and Aldrich for BK
channels (HA model, Fig. 2) (35). In the HA model, the gating mechanism was
viewed as a series of allosterically coupled conformational changes in dif-
ferent modules (domains) of the channel (Fig. 2A). This modular gating
scheme assumes the PD has only one pore gate which is coupled to four VSDs
and four CNBDs. Each domain was modeled as a reversible transition be-
tween two conformational states: the PD had a closed (Cpp) and open (Opp)
state, the VSD had a depolarized (Rysp) and hyperpolarized (Aysp) state, and
the CNBD had a resting (Rcngp) and activated (Acngp) state. The voltage-
dependent equilibrium of the VSD between the Rysp and Aysp states was
coupled to the voltage-independent equilibrium between Cpp and Opp
states of the PD such that opening was F-fold more favorable when each
VSD was in the Aysp state (and reciprocally each VSD equilibrium was F-fold
more favorable when the PD was open). Similarly, the Cpp to Opp transition
was coupled to the activated state of each CNBD such that opening was
C-fold more favorable when each CNBD was in the Acygp State (and re-
ciprocally the CNBD activation was C-fold more favorable in the open state).
Finally the HA model allowed for direct coupling between the VSD and
CNBD modules (E).

The HA model was parameterized assuming that the allosteric coupling
between the VSDs and the PD and between the CNBDs and PD were auto-
inhibitory at rest (Fig. 2A and S/ Appendix, S5). The equilibrium constant of
the Cpp to Opp transition of the PD at hyperpolarized voltages in the pres-
ence of cCAMP was defined as L. The equilibrium constant of the Rysp to Aysp
transition of the VSD with an open pore was defined as H. Finally, the
equilibrium constant of the Rengp to Acnep transition of the CNBD was de-
fined as K. In our HA model, the equilibrium constant K was not the bi-
molecular equilibrium constant for cyclic nucleotide binding. Instead, it was
the equilibrium constant between the Rengp and Acnep States of the CNBD
with bound cAMP or ¢cGMP. The partial agonism of ¢cGMP was reflected in
the different K values for cAMP and cGMP which was shown previously using
DEER spectroscopy on the isolated C-linker/CNBD of HCN channels (51). For
an auto-inhibitory mechanism, the Rysp state of the VSD caused the opening
equilibrium constant to decrease to L/F?, and the Rengp State of the CNBD
caused the opening equilibrium constant to decrease to L/C’. The VSD
module was parameterized as auto-inhibitory because a large number of the
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mutations in this paper increased the conductance at depolarizing voltages
without changing the apparent L at hyperpolarizing voltages. The HA
models parameterized as auto-excitatory and auto-inhibitory are thermo-
dynamically equivalent and predict identical values of F, so the changes in
VSD-PD coupling predicted by the model do not depend on this parame-
terization. The steady-state open probability was calculated from the HA
model using the following equation:

_ L/(C*F*)*(1+H/E+K/E+HK/E)*

T L/(CAFA)% (14 HJE + K/E + HK/E)* + (1+ H/(FE) + K/(CE) + HK / (CEF))*
[31

where the voltage-dependent equilibrium constant for the VSD was

given by:

Po

H(V)=HpeV/VW, [4]

Since there is no evidence to support coupling between the VSD and CNBD
domains, the coupling factor between these two domains, E, was assumed to
be 1. As a result, normalized conductance-voltage relationships were cal-
culated from the HA model using the following equation:

GvV) axLx(1/F+H/F)* {ﬂ) 5]
Gmax, cAMP ™ (1+H/F)* +axLx (1/F+H/F)* \ L
where
1+K\*
*= <c+/<) t6]

All the mutations in this investigation were made outside the CNBD domain and
therefore the factors K and C were assumed to be unchanged by the muta-
tions. In other words, the effect of the mutations were assumed to be on the
energetics of modules outside the CNBD. Since the conformational changes
outside the CNBD are thought to be structurally identical (although with dif-
ferent energetics) when either cAMP or ¢cGMP are bound to the CNBD, the
changes in fractional activation (Gcgmp/Gmax,camp) by our mutations are as-
sumed to arise from cyclic nucleotide-independent changes in the free energy
of opening. This assumption has been verified for a large number of mutations
and modification of CNG and HCN channels (4, 32, 33, 52, 53). Here, L was
defined as the equilibrium constant for opening in the presence of saturating
cAMP so a_cAMP was constrained to 1. The value for a_cGMP (0.091) was
experimentally determined from previous noise analysis studies that de-
termined the open probability of spHCNyt channels in saturating cAMP and
c¢GMP at hyperpolarized voltages (32).

The fits of the HA model to the GV data were unique when the relative
conductance at depolarized voltages was significant. One parameter that was
not always well determined from the fitting was F for channels where the
open probability at depolarizing voltages was low. Previously, Yellen and
colleagues showed that cadmium block of spHCN-T464C channels in the
presence of cCAMP predicts an open probability of 6 x 107 at depolarized
voltages (28). Therefore, for channels where the open probability at depo-
larized voltages was low, which includes spHCNyy, the VSD-PD coupling
factor was constrained to F equal to 10.1, which corresponds to an open
probability of 6 x 10~% at depolarized voltages.

Our threshold for being able to measure the coupling coefficient F was a
steady-state conductance in cAMP at depolarized voltages that was more
than 3% of the conductance at hyperpolarized voltages. This was more than
two standard deviations larger than the relative conductance measured at
depolarized voltages in spHCNyr (see S/ Appendix, Table S1). At this
threshold, F equal to 4 for the wild-type value of L. This calculation illustrates
that F would have to be decreased more than two-fold to observe it. For this
reason, small changes in F were not interpreted. The conclusions in this
paper were based on mutations that produce large changes in F (e.g.,
spHCN-A4 or spHCN-E356A) or were expected to produce large changes in F
but did not (e.g., SpPHCN359:363))-

The HA model was simultaneously fit to the GV curves at 1 mM cAMP and
¢GMP using a global fit function in IGOR Pro software (Wavemetrics Inc.). For
most spHCN mutants, the GV fits had four free parameters: H, (the equi-
librium constant for activation of the VSD at 0 mV with an open pore), Vy
(the slope-factor that describes the voltage dependent rearrangement of
the VSD), L (the equilibrium constant of pore opening with an activated
VSD and cAMP-bound CNBD), and F (the coupling coefficient between the
VSD and the PD). V, is the voltage change that produced an e-fold change in
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H and is defined by V,; = kT/z where k is Boltzmann’s constant, T is tem-
perature in °K, and z is the equivalent gating charge. For some mutants, the
fitting parameters that were poorly determined were held constant as in-
dicated in the text. The model occasionally predicted a small hyperpolarizing
shift in the GV curve for cGMP and a lower fractional activation by cGMP at
depolarized voltages. This limitation of the model could be largely alleviated
by removing the constraint that £ was equal to 1. Data were tabulated as
mean + SEM (Tables 1 and 2). Statistical comparisons were made using an
online one-way ANOVA for summary data followed by a Tukey HSD post-
hoc test at a confidence level of 95% (http://statpages.info/anovalsm.html).
In addition, an online one-way t test was used to compare the difference of
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