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Voltage-gated channels are normally opened by depolarization
and closed by repolarization of the membrane. Despite sharing
significant sequence homology with voltage-gated K1 channels,
the gating of hyperpolarization-activated, cyclic-nucleotide-gated
(HCN) pacemaker channels has the opposite dependence on mem-
brane potential: hyperpolarization opens, whereas depolarization
closes, these channels. The mechanism and structural basis of the
process that couples voltage sensor movement to HCN channel
opening and closing is not understood. On the basis of our previous
studies of a mutant HERG (human ether-a-go-go-related gene)
channel, we hypothesized that the intracellular linker that con-
nects the fourth and fifth transmembrane domains (S4–S5 linker)
of HCN channels might be important for channel gating. Here, we
used alanine-scanning mutagenesis of the HCN2 S4–S5 linker to
identify three residues, E324, Y331, and R339, that when mutated
disrupted normal channel closing. Mutation of a basic residue in
the S4 domain (R318Q) prevented channel opening, presumably by
disrupting S4 movement. However, channels with R318Q and
Y331S mutations were constitutively open, suggesting that these
channels can open without a functioning S4 domain. We conclude
that the S4–S5 linker mediates coupling between voltage sensing
and HCN channel activation. Our findings also suggest that open-
ing of HCN and related channels corresponds to activation of a gate
located near the inner pore, rather than recovery of channels from
a C-type inactivated state.
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The slow depolarization of specialized pacemaker cells is
mediated in part by a hyperpolarization-activated, monova-

lent cation-selective inward current called If in the heart (1, 2)
and Ih in neurons (3). The molecular basis of the pacemaker
current was discovered in 1998. Four different genes were cloned
that encode mammalian pacemaker channels (4–6), now most
commonly referred to as hyperpolarization-activated, cyclic-
nucleotide-gated (HCN) channels (7). These currents contribute
to changes in heart rate in response to neural input, generate
oscillatory activity in neural networks, and contribute to the
facilitation of repetitive neural activity (8).

The overall structure of HCN channels is very similar to that
of voltage-gated K1 (Kv) channels (see Fig. 1 A), yet HCN
channels open in response to membrane hyperpolarization
rather than depolarization, resulting in strong inward rectifica-
tion of the current–voltage relationship. Two competing models
have been proposed to account for this unique gating behavior
based on studies of SPIH (6), KAT1 (9, 10), and a mutant Shaker
K1 channel (11). One model proposes that at normal cellular
resting membrane potentials, HCN channels are in an inacti-
vated state and that membrane hyperpolarization allows chan-
nels to recover from inactivation and enter an open state (6, 11),
causing inward rectification in a manner similar to that observed
for human ether-a-go-go-related gene (HERG) K1 channels (12,
13). A second model proposes that the gating of HCN channels
is the inverse of Kv channel gating. In other words, channels are
normally in a closed state and hyperpolarization results in
channel activation.

Channels with gating characteristics similar to HCN have been
cloned from sea urchin sperm (SPIH) (6) and plants (KAT1)
(14). Several studies of KAT1 have provided indirect evidence
that favors the second model for hyperpolarization-dependent
opening of these channels. KAT1 appears to undergo inactiva-
tion at very negative membrane potentials (15). Moreover,
gating of KAT1 is not dependent on factors that normally alter
C-type inactivation in Kv channels (9), and activation appears to
be coupled to movement of S4 upon membrane hyperpolariza-
tion (10). Thus, whereas most indirect evidence suggests that
KAT1 channels activate at negative membrane potentials, the
mechanism of gating of other hyperpolarization-activated cation
channels such as SPIH (6, †) and HCN remains controversial and
its structural basis is unknown.

Extensive structure–function studies have established that the
positively charged S4 domain is the major voltage sensor of
voltage-gated channels (16, 17). From site-directed mutagenesis
studies, it is clear that the S4 domain of HCN channels has a
similar role (18, 19). Although outward rotation or translocation
of S4 clearly precedes opening of Shaker K1 channels (20, 21),
a recent study of KAT1‡ suggests that channel opening is
associated with inward movement of a voltage-sensing domain.
The structure that links movement of S4 to opening of the
activation gate is unknown and has been the subject of much
speculation. On the basis of its location at the intracellular end
of the S4 domain, the S4–S5 linker is a potential candidate for
the structural link between the voltage sensor and the activation
gate in Kv and HCN channels. Mutations in the S4–S5 linker of
Shaker (22), Kv2 and Kv3 (23), and HERG channels (24) alter
the voltage dependence and kinetics of activation gating.

A clue to a potential mechanism for the ‘‘inverted’’ gating
scheme of HCN channels was revealed in our previous study of
mutant HERG K1 channels (24). Mutation of basic residues in
the S4–S5 linker of HERG greatly accelerated the rate of
channel deactivation, and, depending upon the specific muta-
tion, either increased or decreased the rate of activation. In
addition, one mutation (D540K) disrupted channel closure and
caused the channel to open slowly in response to hyperpolar-
ization, similar to activation of HCN channel current. Hyper-
polarization-dependent gating of D540K HERG channels was
steeply voltage-dependent and saturated at 2160 mV (24),
suggesting that inward movement of the S4 domain mediated the
hyperpolarization-induced channel opening. We hypothesized
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that, similar to D540K HERG, the S4–S5 linker might be a
crucial link in the hyperpolarization-dependent gating pathway
of HCN channels. We used an alanine-scanning mutagenesis
approach to identify residues in the S4–S5 linker of HCN2 (Fig.
1A) that when mutated, interfered with normal channel closure.
Some S4–S5 linker mutations nearly abolished voltage-
dependent gating as though the link between voltage sensing and
channel activation was severed. We conclude that the S4–S5
linker physically couples the movement of the S4 domain to
channel opening and closing, and that hyperpolarization-
dependent opening of HCN channels corresponds to opening of
an activation gate and not to recovery from an inactivated state.

Materials and Methods
HCN2 channel cDNA was cloned from Marathon-Ready
(CLONTECH) mouse brain cDNA into the pSP64T oocyte
expression vector (19). To facilitate subcloning, the very G1C-
rich N-terminal portion of the HCN2 channel (encoding amino
acids 2–130) was deleted. The wild-type N-terminal-truncated
channel is referred to as WT ntHCN2. The biophysical proper-
ties of ntHCN2 channels were similar to full-length HCN2
channels, except that the voltage dependence of activation was
shifted by 212 mV (19). All mutations were introduced into
ntHCN2 cDNA as described previously (25). Restriction map-
ping and DNA sequencing of the PCR-amplified segment were
used to confirm the presence of the desired mutation and the
lack of extra mutations. Complementary RNA (cRNA) for
injection into oocytes was prepared with SP6 Capscribe (Roche)
after linearization with EcoRI. RNA concentration was quan-
tified by UV spectroscopy and gel electrophoresis.

Stage IV and V Xenopus laevis oocytes were isolated and
injected (26, 27) with 30 ng of cRNA encoding WT or mutant
ntHCN2 channels. The oocytes were cultured in Barth’s solution
supplemented with 50 mgyml gentamycin and 1 mM pyruvate at
18°C for 1–3 days before use in voltage-clamp experiments.

For voltage-clamp experiments, oocytes were bathed in a
modified ND96 solution containing (in mM): 96 NaCl, 4 KCl,
1 MgC12, 1 CaC12, 5 Hepes; pH 7.6. Currents were recorded
at room temperature (23–25°C) by using standard two-
microelectrode voltage-clamp techniques (28). The voltage
dependence of ntHCN2 channel activation was determined
from a holding potential of 230 or 0 mV. Instantaneous tail
currents measured at 2110 or 2130 mV were corrected for
leak by subtracting the average value of leak (less than 2150
nA at 2130 mV) recorded from a matched set of uninjected
oocytes for each experiment. Normalized tail current ampli-
tude (It) was plotted vs. test potential and fitted with a
Boltzmann function,

It 5 ~1 2 min-Po!y@1 1 exp~~V 2 V1/2!/k!# 1 min-Po ,

to obtain the voltage required for half-maximal activation (V1/2)
and the slope factor (k), a measure of the voltage dependence of
channel gating. This equation was also used to obtain the
minimum open probability (min-Po, defined as the minimum
value of relative tail current). Data are expressed as mean 6
SEM (n 5 number of oocytes).

Results
Alanine-Scanning Mutagenesis of the S4–S5 Linker. HCN channel
function was assayed by recording properties of current induced
by 3-s hyperpolarizing pulses from a holding potential of 230
mV, a potential where WT ntHCN2 channels were nearly
completely closed. Representative currents for an oocyte ex-
pressing WT ntHCN2 channels are shown in Fig. 1B. WT
ntHCN2 channels were activated, after a short delay, by hyper-
polarization to potentials more negative than 260 mV. The
activation of WT ntHCN2 channels after the delay phase was

monoexponential, having a time constant of 342 6 24 ms (n 5
18) at 2120 mV. Current reached a steady-state level in less than
1 s at a test potential of 2140 mV. The voltage dependence of
channel activation was assessed by plotting the instantaneous
current measured at 2130 mV immediately after each test pulse.
The half-point (V1/2) and slope factor for this relationship were,
respectively, 284 6 0.2 mV and 7.7 6 0.1 mV (n 5 8; Fig. 1C,
filled squares). Note that the minimum normalized tail current
(min-Po) was greater than zero, indicating that a small propor-
tion of HCN2 channels remained open at these potentials. For
WT ntHCN2 channels, min-Po was 0.08 6 0.002 (n 5 8).

The amino acid sequences of HCN channels are most similar
to the eagyerg family of K1 channels. On the basis of our
observation that HERG channels containing a single mutation
of the S4–S5 linker (D540K) disrupt the closed state and allow
reopening in response to hyperpolarization (24), we hypothe-
sized that mutations in the S4–S5 linker of HCN2 channels might
also alter channel gating. To test this hypothesis, we individually
mutated to Ala 17 of the 19 residues (Q322–I340) located in the
ntHCN2 S4–S5 linker. The two Ala residues (A334, A336)

Fig. 1. Alanine-scanning mutagenesis of the S4–S5 linker of ntHCN2 chan-
nel. (A) Schematic of a single HCN2 subunit showing location and amino acid
sequence of the S4–S5 linker. (B) Representative whole-cell recordings of WT,
F327A, and W323A ntHCN2 channel currents elicited with 3-s pulses, applied
from a holding potential of 230 mV in 10-mV increments to potentials ranging
from 2140 to 230 mV. The tail currents were measured at 2130 mV. Arrow
indicates zero current level. (C) Voltage dependence of ntHCN2 channel
activation. Currents recorded at 2130 mV immediately after each test pulse
were normalized to the largest current, then plotted as a function of test
potential. The resulting data were fitted to a Boltzmann function to obtain
the V1/2 and slope factor (k) for the relationship (see Table 1 for values). (D) Bar
graph of min-Po for all S4–S5 linker Ala mutant channels. The number of
oocytes is indicated above each bar.
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located in this region were not mutated. In most cases, mutation
of a single S4–S5 linker amino acid to Ala affected the voltage
dependence or kinetics of ntHCN2 current activation (e.g.,
F327A, W323A, Fig. 1 B and C). The effect of individual
mutations on the voltage dependence of activation and the time
constant for current activation at 2120 mV is summarized in
Table 1. Mutation of three different residues, E324, Y331, and
R339, to Ala caused an increase in min-Po (Fig. 1D). The min-Po
was 0.31 6 0.003 for E324A (n 5 11), 0.58 6 0.005 for Y331A
(n 5 9), and 0.34 6 0.003 for R339A (n 5 11) ntHCN2 channels.
The effects of point mutations in these three residues were
studied in greater detail.

Aromatic Residue at Position 331 Is Required for Normal Channel
Closure. Y331A ntHCN2 channel currents were recorded at test
voltages ranging from 150 mV to 2120 mV from a holding
potential of 0 mV. Tail currents were measured at 2110 mV.
Step changes in membrane potential elicited large instantaneous
currents, and at potentials negative to about 240 mV, a further
increase of time-dependent inward current (Fig. 2A). Unlike WT
channels, Y331A ntHCN2 channels conducted significant out-
ward currents at potentials positive to the reversal potential of
230 mV. The relatively large instantaneous component of
current indicated that these channels failed to close completely
even at potentials as positive as 150 mV. Additional mutations
of Y331 were investigated to determine whether other amino
acid substitutions also disrupted channel closure. The instanta-
neous currents conducted by Y331S, Y331D (Fig. 2 A), and
Y331K (not shown) ntHCN2 channels were even greater than
observed for Y331A channels. The V1/2 for voltage-dependent
activation of Y331A and Y331S channels was shifted to more
positive potentials and the slope factor increased compared with
WT ntHCN2 channels (Tables 1 and 2), but these changes could
not account for the dramatic increase in min-Po (Fig. 2B). In
contrast, Y331F channels opened and closed relatively normally
(Fig. 2 A), having a min-Po of 0.09 6 0.001 (n 5 7). Thus, Phe,
but not Ser, could adequately replace Tyr at position 331. This
finding indicates that an aromatic residue, and not a hydroxyl
group, is important at position 331 for normal gating. In

summary, an aromatic residue at position 331 in the S4–S5 linker
of HCN2 channels was required for normal channel gating. On
the basis of its position in the middle of the S4–S5 linker, it is
unlikely that mutations of Y331 would directly affect the move-
ment of the S4 domain. However, Y331 might be part of a
structural linker that normally couples the movement of the S4
to opening of the activation gate.

Mutations of R339 and E324 Also Disrupt HCN2 Channel Closure. The
R339A mutation caused an increase in min-Po. If an electrostatic
interaction between R339 and another residue near the gate of
HCN2 were important for channel closure, then mutation of
R339 to a nonbasic residue would also be predicted to disrupt
channel closure. As expected, R339Q and R339C ntHCN2
channels could not close properly (Fig. 3A). We also expected
that charge reversal of R339 would cause disruption of gating.
While this was true for R339E, it was not the case for R339D

Fig. 2. Mutation of Y331 disrupts ntHCN2 channel closure. (A) Representa-
tive current traces for Y331A, Y331S, Y331D, and Y331F ntHCN2 channels.
Holding potential was 0 mV and test potentials were 2120 to 140 mV for
Y331A, Y331S, and Y331D channels. Holding potential was 230 mV and test
potentials were 2140 to 230 mV for Y331F channels. Arrow indicates zero
current level. (B) Voltage dependence for activation of WT and Y331 mutant
ntHCN2 channels. V1/2 and k for each relationship are shown in Table 2.

Table 1. Voltage dependence and kinetics of current activation
for HCN2 channels containing Ala point mutations in the
S4–S5 linker

Channel V1/2, mV k, mV n tact, ms n

ntHCN2 284.2 6 0.2 7.7 6 0.1 8 342 6 24 18
Q322A 281.8 6 0.7 8.3 6 0.1 9 489 6 27 9
W323A 268.1 6 1.2 6.4 6 0.3 8 180 6 19 8
E324A 255.0 6 0.9 8.4 6 0.4 10 172 6 7 8
E325A 282.2 6 1.0 7.7 6 0.3 8 311 6 19 8
I326A 280.8 6 0.5 8.5 6 0.3 10 365 6 14 8
F327A 298.8 6 0.8 8.2 6 0.3 7 721 6 54 7
H328A 2109 6 0.3 7.1 6 0.7 5 826 6 80 5
M329A 280.1 6 1.2 8.4 6 0.5 4 185 6 16 6
T330A 283.7 6 0.2 7.5 6 0.2 10 313 6 13 10
Y331A 262.9 6 1.2 13.4 6 1.0 9 203 6 10 6
D332A 272.3 6 0.6 7.0 6 0.2 12 160 6 5 8
L333A 273.8 6 0.9 7.1 6 0.8 8 223 6 9 9
S335A 281.6 6 0.4 7.5 6 0.3 5 275 6 78 6
V337A 290.0 6 0.8 8.0 6 0.4 4 454 6 11 6
M338A 287.8 6 1.1 8.9 6 0.3 6 517 6 22 8
R339A 272.5 6 1.3 8.6 6 0.4 11 248 6 13 10
I340A 296.6 6 1.1 7.3 6 0.5 5 535 6 16 11

V1/2, potential of half-maximal current activation; k, slope factor of the
activation curve; tact, time constant for current activation at 2120 mV; n,
number of oocytes.

Table 2. Voltage dependence of activation for Y331, R339, and
E324 mutant ntHCN2 channels

Mutant V1/2, mV k, mV n

Y331S 276.0 6 1.0 10.5 6 1.0 6
Y331D 280.7 6 4.0 7.7 6 4.1 22
Y331K 275.4 6 1.3 7.7 6 0.8 11
Y331F 299.8 6 0.8 5.7 6 0.1 7
R339E 256.6 6 0.9 12.8 6 0.8 12
R339Q 264.4 6 1.1 12.8 6 0.8 22
R339C 262.4 6 1.5 12.4 6 0.6 13
R339D 274.8 6 0.5 7.5 6 0.4 8
E324Q 275.4 6 1.3 7.7 6 0.4 6
E324K 278.7 6 0.6 7.4 6 0.2 13
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(Fig. 3A). The min-Po for R339E was 0.65 6 0.002 (n 5 12). In
contrast, the min-Po for R339D was 0.17 6 0.004 (n 5 8), only
about twice as large as WT ntHCN2 channels. This was an
unexpected result because Asp and Glu differ by only a single
methylene group.

Because the min-Po of E324A ntHCN2 channels was increased
and had a V1/2 for activation shifted by 130 mV, we explored the
effects of other mutations of this residue (Fig. 4). The most
conservative mutation, E324D, resulted in a nonfunctional
channel as judged by lack of measurable currents. Replacement
of Glu with Gln, a polar residue with a similar-sized side group,
resulted in a channel with relatively normal gating (min-Po 5
0.11 6 0.002; V1/2 5 275 6 1.3 mV; n 5 6). Compared with
E324A, a charge-reversing mutation (E324K) had a similar V1/2
of 279 6 0.6 mV but a reduced min-Po of 0.25 6 0.002 (n 5 13).
Compared with Y331 or R339, mutation of E324 had less effect
on min-Po, indicating that E324 is less important than these other
residues for normal gating of HCN2 channels.

R318QyY331S ntHCN2 Channels Are Constitutively Open. We hypoth-
esized that elimination of the aromatic residue at position 331 in
the S4–S5 linker disrupted channel closure by interfering with
the normal coupling between voltage-dependent S4 movement
and closure of the activation gate. The large instantaneous and
small time-dependent component of current for Y331S, Y331A,
Y331D, and Y331K ntHCN2 channels suggested that channels
remained largely open at 0 mV. In a previous study, we found
that channels having a mutation of a basic residue (R318Q) in
the S4 domain of ntHCN2 failed to open in response to
membrane depolarization, yet mutant protein was still expressed
at the surface membrane about half as effectively as WT HCN2
protein (19). If Y331 mutations disrupt channel closure by

interfering with the normal coupling between voltage-
dependent S4 movement and closure of the activation gate, then
we predicted that the second mutation Y331S could rescue the
function of R318Q ntHCN2 channels. As we reported previ-
ously, R318 ntHCN2 channels do not express detectable currents
(Fig. 5A). Addition of a second mutation (R318QyY331S)
resulted in functional expression. However, unlike Y331S
ntHCN2 channel current, steps in membrane potential elicited
instantaneous currents without a time-independent component
(Fig. 5B). Although R318QyY331S ntHCN2 channels appeared
to be constitutively open, the I–V relationship still exhibited
rectification (Fig. 5C). Rectification of whole-cell currents could
result from either an intrinsic decrease in single channel con-
ductance (29) or pore block by intracellular cations as described
for Kir inward rectifier K1 channels (30, 31). These findings

Fig. 3. Effects of R339 mutations on ntHCN2 channel gating. (A) Represen-
tative current traces for R339A, R339Q, R339C, R339E, and R339D ntHCN2
channels. Holding potential was 230 mV and test potentials ranged from
2140 to 230 mV for R339A and R339D. Holding potential was 0 mV and test
potentials ranged from 2120 to 140 mV for R339Q, R339C, and R339E ntHCN2
channels. Arrow indicates zero current level. (B) Voltage dependence for
activation of WT and R339 mutant ntHCN2 channels. V1/2 and k for each
relationship are shown in Table 2.

Fig. 4. Effects of E324 mutations on ntHCN2 channel gating. (A) Represen-
tative current traces for E324A, E324Q, and E324K ntHCN2 channels. The
holding potential was 0 mV and test potentials were from 2140 to 0 mV for
E324Q and 2120 to 0 mV for E324A and E324K. Arrow indicates zero current
level. (B) Voltage dependence for activation of WT and E324 mutant ntHCN2
channels. V1/2 and k for each relationship are shown in Table 2.

Fig. 5. R318QyY331S ntHCN2 channels are constitutively open. (A) R318Q
ntHCN2 channel currents were undetectable. (B) R318QyY331S ntHCN2 chan-
nel currents activate instantaneously and have no time-dependent compo-
nent, unlike Y331S channel currents (Fig. 2A). Currents were elicited from a
holding potential of 230 mV with 1-s pulses to potentials of 2140 to 120 mV,
applied in 10-mV increments. (C) Current–voltage relationships for R318Q and
R318QyY331S HCN2 channel currents.
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suggest that mutation of Y331 to a nonaromatic residue can lock
most channels in an open state that circumvents the requirement
for voltage-dependent movement of the S4 domain.

Discussion
We found that mutation of several specific residues located in the
S4–S5 linker of ntHCN2 channels disrupted channel closure. At
least three mechanisms could explain mutation-induced disrup-
tion of channel closure. First, the voltage sensor could be trapped
in a position that favors the open state. Second, mutation of
residues that form the activation gate could trap or stabilize the
channel in the open state (32, §), despite normal voltage-
dependent translocation of the voltage sensor. Third, the mech-
anism that couples voltage sensing to channel opening could be
disrupted in a manner that favors the open state. We found that
mutation of only three residues (E324, Y331, R339) of the S4–S5
linker affected min-Po. On the basis of the location of these
residues, it is unlikely that their mutation would have any direct
affect on movement of the S4 domain, or configuration of the
activation gate, a structure believed to be formed by the S6
domains (33, 34). Mutation of specific residues in the S4–S5
linker apparently bias channels toward an open state even in the
absence of voltage sensor movement. Thus, we favor the third
mechanism, implying that the S4–S5 linker constitutes a link
between the voltage sensor movement and the opening and
closing of the activation gate as previously proposed for Shaker
channels (34, 35).

Most mutations of R339 disrupted channel closure and in-
creased min-Po, including replacement with a small hydrophobic
residue (Ala), a polar residue (Gln), a cysteine, or an acidic
residue (Glu). However, replacement with the other basic amino
acid (Asp) only slightly increased min-Po. Clearly, R339 is a
crucial residue, but simple features such as the charge or bulk of
its side chain cannot account for its role in gating. Mutation of
Y331 to nonaromatic residues (Ala, Ser, Lys, or Asp) disrupted
channel closure. Only replacement of Tyr with another aromatic
residue, Phe, resulted in channels with normal gating behavior.
In addition, mutation of single amino acids near this Tyr residue
had no significant affect on gating (e.g., T330A, D332A). The
requirement for an aromatic residue at position 331 for normal
channel function suggests the possibility that Y331 may interact
by p-orbital stacking with another aromatic residue, perhaps one
located within the activation gate.

If the S4–S5 linker constitutes the link between voltage sensor
movement and HCN2 channel opening and closing, then it
should be possible to disconnect channel opening from voltage
sensing. We tested this hypothesis by comparing the function of
channels containing a single S4 domain mutation (R318Q) or a
double mutation (R318QyY331S). In our previous study of the

S4 domain of HCN2 channels (19), we found that the R318Q
mutation abolished function, but did not prevent trafficking and
insertion of the channels into the plasma membrane, suggesting
that loss of function was caused by a failure of the S4 domain to
move properly in response to a change in transmembrane
potential. Introduction of a second mutation (Y331S) into
R318Q HCN2 rescued function, but also changed the gating in
an important way. R318QyY331S channels were always open,
having no time-dependent component of current (i.e., min-Po 5
1). By contrast, Y331S ntHCN2 channel current exhibited a
time-dependent component of current, albeit reduced compared
with wild-type current. The lack of time-dependent gating of
R318QyY331S channels suggests a disconnection between the
normal requirement for voltage sensing and channel activation;
however, we cannot rule out the possibility that addition of the
Y331S mutation to R318Q HCN2 locks the S4 domain in the
activated position.

Taken together, our findings suggest that the S4–S5 linker
couples S4 movement and channel opening. This model implies
that hyperpolarization-dependent opening of HCN pacemaker
channels is due to an activation process located near the inner
pore region. A similar conclusion was reached for other hyper-
polarization-activated cation channels. Block of HCN1 and
SPIH channels by the drug ZD7288 also supports the idea that
the activation gate for these channels is located near the intra-
cellular side of the pore (36). The binding site for this drug is
composed of residues on the S6 domain that line the inner pore.
Analysis of a mutant channel revealed that access to this site and
subsequent trapping inside the pore was modulated by activa-
tion, consistent with the idea that trapping occurred when the
activation gate closed. Finally, modification by intracellular Cd21

of Cys residues introduced near the intracellular end of the SPIH
channel pore was also shown to be gated by activation.† These
findings support the view that opening of HCN and related
channels corresponds to activation of a gate located near the
inner pore, rather than recovery of channels from a C-type
inactivated state.

Our findings suggest a possible model for voltage-dependent
gating of the HCN2 channel. At potentials near 0 mV, the S4–S5
linker stabilizes the activation gate in a closed conformation.
Membrane hyperpolarization causes inward rotation or translo-
cation of the S4 domain, twisting of the attached S4–S5 linker,
and a destabilization of this interaction that in turn permits the
S6 domains to twist apart and increase the aperture of the inner
pore region (‘‘opening’’ of the activation gate). Mutation of a
critical residue in the S4–S5 linker (i.e., Y331, R339, or, to a
lesser extent, E324) disrupts the stabilizing interaction between
the two domains and energetically favors the open state of the
channel.
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