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abstract

 

Hyperpolarization-activated, cyclic nucleotide–gated ion channels (HCN) mediate an inward cation
current that contributes to spontaneous rhythmic firing activity in the heart and the brain. HCN channels share
sequence homology with depolarization-activated Kv channels, including six transmembrane domains and a posi-
tively charged S4 segment. S4 has been shown to function as the voltage sensor and to undergo a voltage-depen-
dent movement in the Shaker K

 

�

 

 channel (a Kv channel) and in the spHCN channel (an HCN channel from sea
urchin). However, it is still unknown whether S4 undergoes a similar movement in mammalian HCN channels. In
this study, we used cysteine accessibility to determine whether there is voltage-dependent S4 movement in a mam-
malian HCN1 channel. Six cysteine mutations (R247C, T249C, I251C, S253C, L254C, and S261C) were used to as-

 

sess S4 movement of the heterologously expressed HCN1 channel in 

 

Xenopus

 

 oocytes. We found a state-dependent
accessibility for four S4 residues: T249C and S253C from the extracellular solution, and L254C and S261C from
the internal solution. We conclude that S4 moves in a voltage-dependent manner in HCN1 channels, similar to its
movement in the spHCN channel. This S4 movement suggests that the role of S4 as a voltage sensor is conserved
in HCN channels. In addition, to determine the reason for the different cAMP modulation and the different volt-

 

age range of activation in spHCN channels compared with HCN1 channels, we constructed a COOH-terminal–
deleted spHCN. This channel appeared to be similar to a COOH-terminal–deleted HCN1 channel, suggesting
that the main functional differences between spHCN and HCN1 channels are due to differences in their COOH
termini or in the interaction between the COOH terminus and the rest of the channel protein in spHCN channels
compared with HCN1 channels.
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I N T R O D U C T I O N

 

Hyperpolarization-activated, cyclic nucleotide–gated
ion channels (HCN) channels are members of the su-
per family of voltage-gated ion channels and are acti-
vated by membrane hyperpolarization (Santoro and
Tibbs, 1999; Robinson and Siegelbaum, 2003). The
opening of the channel generates an inward current
that raises the membrane potential of a cell toward
threshold. This inward current enables HCN channels
to regulate rhythmic activity in cells such as “pace-
maker” cells in the heart or neurons in the thalamus
(Santoro and Tibbs, 1999; Robinson and Siegelbaum,
2003). HCN channels share the greatest sequence ho-
mology with depolarization-activated Kv channels (San-
toro and Tibbs, 1999). Both HCN and Kv channels are
tetramers, with each subunit containing six transmem-
brane segments, a positively charged S4 segment, a
pore loop between S5 and S6, and a GYG sequence mo-
tif in the selectivity filter (see Fig. 2 A). However, HCN
channels, unlike Kv channels, possess a cyclic nucle-
otide binding domain at the COOH terminus, which al-
lows intracellular, second-messenger molecules, like

cAMP or cGMP, to modulate the activity of HCN chan-
nels (Robinson and Siegelbaum, 2003).

The S4 domain in voltage-gated ion channels con-
tains positive charges spaced at every third residue and
is the most conserved domain among voltage-gated ion
channels. S4 was hypothesized early on to be the
voltage sensor in voltage-gated ion channels. S4 is rela-
tively conserved between the depolarization-activated
Kv channels and the hyperpolarization-activated HCN
channels (Fig. 2 A). Shaker K

 

�

 

 channels have seven ba-
sic residues in the S4 domain. Mammalian HCN chan-
nels have nine basic residues, spaced at every third resi-
due within S4. A neutral serine residue divides these
nine residues into two groups, one of four and one of
five (Fig. 2 A). The spHCN channels have eight basic
residues that a neutral serine divides into two groups of
four. Despite similarities between HCN and Kv chan-
nels, HCN channels open by hyperpolarizing potentials
and close by depolarizing potentials, in contrast to Kv
channels, which open during depolarizations and close
by hyperpolarizations.

The difference in voltage dependence between HCN
and Kv channels is even more intriguing in the context
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of recent findings showing that S4 in the sea urchin
sperm clone (spHCN) and S4 in a bacterial HCN chan-
nel (MVP) move in a manner similar to the movement
of S4 in depolarization-activated Kv channels (Shaker)
(Männikkö et al., 2002; Sesti et al., 2003). Previous
studies have shown S4 to be the voltage sensor in
Shaker K

 

�

 

 channels (Aggarwal and MacKinnon, 1996;
Larsson et al., 1996; Seoh et al., 1996; Yusaf et al., 1996;
Baker et al., 1998), where S4 moves outward during de-
polarization and channel opening, and inward during
hyperpolarization and channel closing (Larsson et al.,
1996; Baker et al., 1998). S4 in spHCN channels has a
similar movement, except that in these channels, in-
ward movement opens the channels and outward
movement closes them (Männikkö et al., 2002).

spHCN channels are one of several types of cloned
HCN channels, including several cloned from mamma-
lian sources (mouse, human, rat, and rabbit) (Gauss et
al., 1998; Ludwig et al., 1998; Santoro et al., 1998).
There are many functional differences among the
HCN channel clones, but especially significant are
those differences between mammalian HCN (HCN1–4)
channels and spHCN channels. Mammalian HCN
channels activate at more hyperpolarized potentials
than spHCN channels (Gauss et al., 1998; Ludwig et al.,
1998). In addition, cAMP shifts the voltage depen-
dence of activation in mammalian HCN channels to
more depolarized potentials, while cAMP increases the
amplitude of currents through spHCN channels and
removes a time-dependent inactivation that is present
at low cAMP concentrations (Gauss et al., 1998; Ludwig
et al., 1998).

Previous investigations into the role of the S4 domain
in mammalian HCN channels involved mutating basic
residues in the S4 of the HCN2 channel to neutral
amino acids (Chen et al., 2000; Vaca et al., 2000). The
neutralization of basic residues in S4 resulted in a shift
of the voltage-dependent activation to more hyperpo-
larizing potentials. These findings are significant in
highlighting the importance of S4 in mammalian HCN
channels. However, S4 movement in mammalian HCN
channels has not been shown. The focus of our study
was to utilize cysteine accessibility methods (Männikkö
et al., 2002) to measure whether S4 in mammalian
HCN1 channels moves during changes in membrane
potential and whether S4 functions similarly to the volt-
age sensor in spHCN channels.

 

M A T E R I A L S  A N D  M E T H O D S

 

The experiments were performed on the mouse HCN1 channel
and the sea urchin spHCN channel expressed in 

 

Xenopu

 

s oocytes.
It has been shown that the endogenous cysteine C318 in HCN1
channels is extracellularly accessible to MTS reagents (Xue and
Li, 2002). In our experiments, C318 was mutated to a serine, pro-
ducing HCN1 channels with currents that were not modified by
the extracellular application of methanethiosulfonate ethyltri-

methylammonium (MTSET). The C318S mutation was subse-
quently used as a background HCN1 channel in which all cys-
teine mutations were made. In addition, to remove six of the in-
tracellularly located cysteines and to eliminate the potential
influence of cyclic nucleotides on the voltage dependence of
HCN1 channels, the channels used in this study had the cyclic
nucleotide binding site domain removed by introducing a stop
codon at residue S391 (Wainger et al., 2001). Similarly, we cre-
ated a COOH-terminal–deleted spHCN channel, spHCN

 

�

 

C-term

 

,
by introducing a stop codon at the corresponding site S472 in
the spHCN channel.

 

Molecular Biology

 

Site-directed mutagenesis was performed on C318S HCN1
channels using the QuikChange Kit (Stratagene). Initially, only
charged residues were mutated to cysteines because it is the
movement of charged residues that is most important in studying
a voltage-gated ion channel. Lack of expression (see Fig. 2 A) of
several of these charged residues led us to mutate adjacent, non-
charged residues in order to test for voltage dependent S4 move-
ment (Fig. 2 A). Residue K256 was excluded from our study due
to the lack of expression that K256 mutants have exhibited in
earlier studies (Chen et al., 2000; Vaca et al., 2000; Männikkö et
al., 2002). The plasmid was linearized with NheI. RNA was syn-
thesized in vitro using the T7 mMessage mMachine kit (Ambion)
and injected (50 nl of 0.1–1 ng/nl) into 

 

Xenopus

 

 oocytes. The
electrophysiology experiments were performed 2–6 d after the
injection of mRNA. The lack of expression for a mutant was de-
fined as no currents in a two-electrode voltage clamp from at
least three different RNA injections and at least two different
clones.

 

Electrophysiology

 

Cysteine-substituted mutant channels expressed in 

 

Xenopus

 

 oo-
cytes were recorded with the two-electrode voltage clamp tech-
nique for extracellular accessibility studies and the patch-clamp
technique for the intracellular accessibility studies. Microelec-
trodes were made from borosilicate glass and filled with a 3M KCl
solution for the two-electrode experiments. Each electrode had a
resistance of 0.5–1.0 M

 

�

 

. All experiments were performed at
room temperature.

 

Two-electrode Voltage-clamp Technique

 

Whole-cell ion currents were measured with the two-elec-
trode voltage-clamp technique, using a CA-1B amplifier (Dagan
Corp.). The bath solution consisted of a 100-K solution (in mM):
89 KCl, 15 HEPES, 0.4 CaCl

 

2

 

, and 0.8 MgCl

 

2

 

. KOH was added to
adjust the pH to 7.4, yielding a final K

 

�

 

 concentration of 100
mM. The use of the 100-K solution produced larger amplitude
currents, which allowed for better monitoring of current changes
at the negative voltage pulse. During the recording of R247C, the
bath solution consisted of a 1-K solution of (in mM): 1 KCl, 88
NaCl, 15 Hepes, 0.4 CaCl

 

2

 

, and 0.8 MgCl

 

2

 

. The pH was adjusted
to 7.4 by the addition of NaOH. The use of the 1-K solution al-
lowed for monitoring of changes in the tail currents at 0 mV, a
potential that reduced the effects of contaminating leak cur-
rents.

 

Patch Voltage-clamp Technique

 

The macro-patch currents were measured with the patch-clamp
technique (Axopatch 200B; Axon Instruments, Inc.). The extra-
cellular pipette solution consisted of a 100-K solution (described
above) and 1 mM BaCl

 

2

 

 to block endogenous, single K

 

�

 

-channel
events. The intracellular patch solution consisted of (in mM): 98
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KCl, 0.5 MgCl

 

2

 

, 0.1 CaCl

 

2

 

, 1 EGTA, 10 HEPES, and 1 ATP. KOH
was used to adjust the pH to 7.1.

 

Cysteine Labeling and Accessibility Studies

 

Cysteine residues were substituted, one at a time, for seven resi-
dues in the HCN1 S4 domain (see Fig. 2 A). Cysteine residues re-
act with MTS reagents much faster (

 

�

 

10

 

6

 

) in an aqueous envi-
ronment than in an hydrophobic environment (Karlin and Aka-
bas, 1998); thus, the modification rate of a cysteine by a MTS
reagent depends on whether the cysteine is located in the extra-
or intracellular solution, or is buried in the membrane. Changes
in the accessibility of cysteine residues were tested by measuring
the voltage dependence of the rate of irreversible covalent modi-
fication with the cysteine-specific compounds MTSET and meth-
anethiosulfonate-ethylammonium (MTSEA). The MTS reagents
(100 

 

�

 

M to 2 mM) were dissolved in a 100-K solution and kept
on ice until they were applied to the bath. A new MTS solution
was made every 4 h. A gravity-driven perfusion system was used in
the application and the wash-out of MTS reagents. The time con-
stant for the solution exchange was 

 

�

 

1 s (tested by applying 0.2
mM CsCl

 

2

 

, which blocks 

 

�

 

50% of the HCN1 channels). The fast
solution exchange ensured that the 10-s application and 20-s
wash-out times were adequate enough to expose the oocyte to
MTSET only at the desired potential. The MTS modification of
the cysteine was monitored by a change in the current amplitude
of the channel at a specific test voltage. This test voltage was cho-
sen from a comparison of current/voltage plots before and after
application of MTS reagents (see next section). Cysteine muta-
tions that did not display any change in the current during the
MTS treatment were not used to draw conclusions about cysteine
accessibility.

A two-electrode voltage clamp was used to test for the extracel-
lular accessibility of cysteines to MTSET. The patch-clamp tech-
nique was used to test for intracellular accessibility of cysteines to
MTSEA that was applied to the cytosolic face of inside-out
patches. A comparison of current/voltage curves before and af-
ter MTS application allowed us to determine the ideal test volt-
age for each residue, that is, the voltage at which the difference
in current amplitude is maximal between pre and post-MTS ap-
plication.

The extracellular modification protocol started at a holding
potential of 0 mV, followed by a 200-ms step to the ideal test volt-
age determined for the residue (for example 

 

�

 

120 mV for
S253C). This voltage step was followed by a step to 

 

�

 

50 mV, and
in turn by a 30-s step to either 0 mV or 

 

�

 

100 mV. The application
of MTSET occurred during the first 10 s of the 30-s step. The ex-
tracellular solution was perfused for the last 20 s to wash away any
unbound MTSET.

The intracellular accessibility of the introduced cysteines was
tested using MTSEA because the application of MTSET consis-
tently destroyed the excised patches clamped to the very hyper-
polarized voltage steps (

 

�

 

120/

 

�

 

140 mV) that were needed to open
the HCN1 channels. A similar effect has been reported for patch
clamp experiments using very negative potentials and MTSET on
excised patches containing Shaker K channels (Baker et al.,
1998; Yang and Sigworth, personal communication). However,
this effect was not seen with MTSEA. In addition, run-down was
significant upon excising the patch (Chen et al., 2001). The run-
down was seen in all excised patch experiments; 5 min after
patch excision, the current in response to a voltage step to 

 

�

 

130
mV was reduced by 57% 

 

�

 

 7.5%. Therefore, to minimize the ef-
fect of run-down, we excised the patches directly into a bath solu-
tion containing 100 

 

�

 

M MTSEA for L254C and 200 

 

�

 

M MTSEA
for S261C. We tested the state dependence of internal cysteine
accessibility by applying different voltage protocols while the cy-
tosolic face of the patch was exposed to the MTSEA bath solu-

tion. The closed state accessibility was tested using a 200-ms test
pulse every 10 s from a holding potential of 0 mV (

 

�

 

90% of the
time spent at 0 mV). Open state accessibility was tested using a 1-s
hyperpolarizing voltage pulse every 2 s from a holding potential
of 0 mV (50% of the time spent at hyperpolarized potentials). In
some experiments, 20 mM cysteine was included in the pipette
solution to scavenge MTSEA that diffused across the patch mem-
brane (Holmgren et al., 1996; Karlin and Akabas, 1998). The ad-
dition of the 20 mM cysteine in the pipette solution did not alter
the modification rates, indicating that the MTSEA modification
was intracellular.

These protocols allowed us to measure the time course of
modification with changes in the amplitude of the current plot-
ted against exposure time (time [s] 

 

	

 

 concentration MTSET
[mM]). From these plots, a monoexponential curve was fitted
and a pseudo first-order modification rate constant, k, was calcu-
lated from the time constant, k 

 




 

 1/

 

�

 

 [mM

 

�

 

1

 

 s

 

�

 

1

 

]. The potential
used to test for open-state accessibility was more negative for in-
ternal accessibility than for external accessibility because the
G(V) shifts to more negative potentials after patch excision.

 

MTS Reagent Stability

 

An important consideration in using MTS reagents is their stabil-
ity during the cysteine accessibility experiments. Ideally, solutions
should be made immediately before their use in experiments.
However, MTS reagents in solutions maintained on ice have been
shown to be relatively stable for several hours (Stauffer and Kar-
lin, 1994). We repeated an assay developed by Stauffer and Kar-
lin (1994) to determine the half-times for hydrolysis of MTS re-
agents both in the solution used for this paper, i.e., 100-K solu-
tion (see above), as well as the solution used by Stauffer and
Karlin (1994), i.e., NP100; (100 mM NaCl, 10 mM NaPO

 

4

 

, 1 mM
EDTA, 3 mM NaN

 

3

 

, pH 7.0). The assay tests for the formation of
a mixed disulfide bond between the methanethiosulfonate-reac-
tive group and 5-thio-2-nitrobenzoate (TNB). 100 

 

�

 

M TNB was
formed from the reaction of 50 

 

�

 

M DTT with 2 mM DTNB (5,5

 

�

 

-
dithiobis(2-nitrobenzoate)) (Stauffer and Karlin, 1994). TNB has
a maximum absorbance at 412 nm (Stauffer and Karlin, 1994).
The reaction of TNB with a MTS reagent causes a decrease in ab-
sorbance, thus allowing a quantitative measure of the nonhydro-
lyzed MTSET concentration in a solution. Initially, we measured
the absorbance at 412 nm of 100 

 

�

 

M TNB with varying concen-
trations of MTSET dissolved in the 100-K solution in a quartz cu-
vette to generate a standard linear curve (Fig. 1 A). Next, the sta-
bility of MTSET on ice or at room temperature was tested. MT-
SET was dissolved in a 100-K solution, in a NP100 solution, or in
dH

 

2

 

O that was kept on ice or at room temperature. At various
time points from 0 to 500 min, 100 

 

�

 

l of MTSET was taken from
the 100-K solution or the NP100 solution, and was added to the
TNB solution for a final MTSET concentration of 50 

 

�

 

M. 50 

 

�

 

M
was used because it was in the middle of the linear plot shown in
Fig.1 A. The absorbance of the MTSET/TNB solutions from the
various time points were used, together with the standard curve
(Fig. 1 A), to calculate the remaining nonhydrolyzed MTSET
concentration after incubation on ice or at room temperature
(Fig. 1 B). The results from this assay show that MTSET (even at
physiological pH) maintained on ice was stable for at least 4 h,
the maximum duration of our experiments. It is interesting that
MTSET in our 100-K solution at room temperature had a half-life
of 2 h, whereas MTSET in NP100 at room temperature had a
much faster decay rate (t

 

1/2

 

 

 




 

 13 min). This faster rate of hydro-
lysis in NP100 is partly due to the presence of sodium azide in the
NP100 solution, which accelerated the decay of MTSET (unpub-
lished data).

The results from this assay show that MTSET hydrolysis was
not a detrimental factor during the experiments reported here.
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R E S U L T S

 

To test for S4 movement in HCN1 channels, we intro-
duced cysteines at 11 residues in the S4 domain, one at
a time (Fig. 2 A), in order to determine the accessibility
of the cysteine mutants to the MTS reagents applied in
the extracellular and intracellular solutions. Of the 11
mutations, K250C, L252C, L258C, R259C, and L260C
did not express. Fig. 2 B shows HCN1 currents from the
HCN1 C318S mutant used as the background (see 

 

ma-
terials and methods

 

), and Fig. 2 C shows the con-
ductance-versus-voltage curve, G(V), for the expressing
mutations.

The S4 domain is relatively well conserved among
HCN1, spHCN, and Shaker K

 

�

 

 channels (Fig. 2 A).

Earlier studies have shown that cysteines introduced at
positions 338 in spHCN channels and 368 in Shaker K

 

�

 

channels were accessible to MTSET from the intracellu-
lar solution at hyperpolarized potentials and from the
extracellular solution at depolarized potentials, sug-
gesting a complete transmembrane movement of these
residues (Larsson et al., 1996; Baker et al., 1998;
Männikkö et al., 2002). Therefore, we initially focused
on the corresponding residue 253 in HCN1 channels
to determine whether this residue has a similar, voltage-
dependent transmembrane movement.

We found that the extracellular application of MT-
SET dramatically increased the activation rate for
S253C (Fig. 3, A–C). Extracellular MTSET modified

Figure 1. Stability of MT-
SET at room temperature
and on ice. (A) Absorbance at
412 nm of 100 �M TNB dis-
solved in the 100-K solution
containing different concen-
trations (0–100 �M) of MT-
SET. (B) A plot comparing
the stability of MTSET over
time in different solutions
and at different tempera-
tures. (�) MTSET in 100-K
solution on ice, � 
 1420 �
312 min; (�) MTSET in
dH2O on ice, � 
 4113 �
3000 min; (�) MTSET in
100-K solution at room tem-
perature, � 
 111 � 8 min;
and (�) MTSET in NP100 so-
lution at room temperature,
� 
 19.4 � 6.6 min.

Figure 2. Membrane topology and sequence alignment of HCN1 channels. (A) Above, membrane topology of the HCN1 channel, in-
cluding six transmembrane domains (S1–S6), the cyclic-nucleotide binding site (CNBD), and the GYG K� selectivity sequence in the pore
domain. Below, a sequence alignment between the S4 region of the HCN1, spHCN, and Shaker K� channels (Gauss et al., 1998; Männikkö
et al., 2002). The positively charged residues are in bold. The stars above the HCN1 channel note residues mutated into cysteines in this
study. The arrows indicate mutations that expressed in oocytes: R247C, T249C, I251C, S253C, L254C, and S261C. (B) HCN1 currents elic-
ited by voltage steps in �10 mV increments from 0 to �190 mV, from a holding potential of 0 mV, followed by a step to �50 mV for tail
currents. (C) Representative G(V) curves from isochronal tails at �50 mV for the expressing mutations: (�) R247C: V1/2 
 �102 � 1 mV,
slope 
 12.7 � 0.9 mV; (�) T249C: V1/2 
 �118.6 � 0.8 mV, slope 
 13 � 0.4 mV; (�) S253C: V1/2 
 �48.8 � 1.5 mV, slope 
 19.5 � 1.3
mV; (�) L254C: V1/2 
 �78.8 � 0.6 mV, slope 
 10.7 � 0.5 mV; (�) S261C: V1/2 
 �135 � 6 mV, slope 
 22 � 2 mV; and the back-
ground channel (	) C318S: V1/2 
 �70.2 � 0.6 mV, slope 
 12.3 � 0.6 mV.
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S253C almost 10-fold faster at 0 mV than at �100 mV
(Fig. 3 D, Table I), suggesting that S253C is more acces-
sible from the extracellular solution at depolarized po-
tentials than at hyperpolarizing potentials. This state
dependence is similar to that which was found for
S338C in spHCN channels.

We next attempted to test the state dependence of in-
tracellular accessibility for S253C to determine whether
it also was similar to the state dependence of S338C in
spHCN channels. However, in excised patches, S253C
failed to express sufficiently to be tested for intracellu-
lar accessibility to MTS reagents. Channels with a cys-

teine mutant at the neighboring residue L254C, how-
ever, expressed at high-enough levels to detect current
changes in excised patches. MTSET, in combination
with hyperpolarizing steps to activate HCN1 currents,
was found to be detrimental to patch stability, prompt-
ing the use of MTSEA instead (see materials and
methods). At 0 mV and �120 mV (Fig. 4, A–D), the in-
tracellular application of 100 �M MTSEA onto HCN1
C318S channels (used as our control) caused no signif-
icant changes in current amplitudes or current kinetics
beyond the normal run-down associated with patch ex-
cision (see materials and methods and Chen et al.,

Figure 3. State-dependent
accessibility of S253C. Cur-
rents before (A), during (B),
and after (C) the application
of 100 �M extracellular MT-
SET. In A and C, the voltage
steps are in �10-mV incre-
ments from 0 to �150 mV. In
B, voltage was held at 0 mV
and then stepped to �120
mV for the test pulse, fol-
lowed by a step to �50 mV for
tail currents. The holding po-
tential was 0 mV. MTSET was
applied for 10 s during each
episode. (D) Currents mea-
sured at the arrow in B as a
function of cumulative expo-
sure to MTSET. The modifi-
cation time course for the ex-
tracellular application of 100
�M MTSET at 0 mV (�) and
at �100 mV (�). The bold
lines are an exponential fit to
the data.

T A B L E  I

Modification Rate Constants for Mutants R247C, T249C, I251C, S253C, and L254C

Extracellular modification Intracellular modification

Cysteine mutation �100 mV 0 mV �120/�140 mV 0 mV

M�1s�1 M�1s�1 M�1s�1 M�1s�1

R247C 350 � 60 (n 
 3) 650 � 280 (n 
 3) Poor expression

T249C 2.9 � 1.0 (n 
 4) 13.5 � 4.5 (n 
 3) Poor expression

I251C No effect (n 
 9) Poor expression

S253C 1.2 � 0.24 (n 
 3) 9.2 � 1.6 (n 
 5) Poor expression

L254C No effect (n 
 3)
Not tested

1,540 � 420 (n 
 6) 
10 (n 
 6)

S261C 151 � 9 (n 
 3) 
10 (n 
 5)

Values given as mean � SEM (n). k is the second-order rate constant for MTS modification of the specified channels at the indicated potentials. “No effect”
means that 1 mM MTSET for 2 min affected the current by 
10%; thus, k 
 1 M�1s�1.
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2001). In contrast to this control recording, the intra-
cellular application of MTSEA eliminated the voltage
dependence of L254C currents (Fig. 4, E–G), similar to
the effects from the intracellular application of MTSET
in the spHCN channel residues S338C and L340C
(Männikkö et al., 2002). The intracellular application
of MTSEA modified L254C much faster at �120 mV
than at 0 mV (Fig. 4 H, Table I), which is the opposite
result to the voltage dependence seen from the extra-
cellular application of MTSET on S253C. This finding
suggests that L254C is more accessible from the intra-
cellular side of the membrane at hyperpolarizing po-
tentials than at depolarizing potentials. The extracellu-
lar application of MTSET and MTSEA had no effect on
L254C, suggesting that L254C was never exposed to the
extracellular solution. These findings of extracellular
accessibility from S253C and extracellular/intracellular
accessibility from L254C point to a transmembrane
movement of the middle portion of S4 at residues 253
and 254.

We next tested the accessibility of residues in proxim-
ity to 253 and 254 for the state dependence of MTSET
modification. We attempted to test the accessibility of
residue R259C; however, this mutation did not express.
Subsequent mutations on the adjacent residues L258C
and L260C failed to express as well. S261C did express,
and so this residue was used to test for internal accessi-

bility (Fig. 5, A–D). We found that the intracellular ap-
plication of 200 �M MTSEA modified S261C faster at
�140 mV than at 0 mV (Fig. 5 D, Table I). This result
suggests that S261C is more accessible from the intra-
cellular side at hyperpolarizing potentials than at depo-
larizing potentials.

The mutant K250C, the next charged residue in the
direction of the NH2-terminal, did not express, so we
used I251C—an adjacent, uncharged residue. The ex-
tracellular application of MTSET to I251C did not af-
fect currents either at 0 or �100 mV (Table I). Intracel-
lular accessibility studies were attempted on I251C, to
test the range in intracellular S4 movement, but poor
expression in patches prevented analysis. Thus, it re-
mains unknown whether accessibility of I251C is state-
dependent.

The extracellular application of MTSET onto R247C
mutants dramatically decreased the deactivation
times of tail currents (Fig. 5, E–G). There was only a
small difference in the MTSET modification rates
between hyperpolarizing and depolarizing poten-
tials (Fig. 5 H, Table I), indicating that R247C is ex-
posed to the extracellular solution both at depolar-
izing and hyperpolarizing potentials. The results for
R247C are similar to the results for R332C, the ho-
mologous residue in spHCN channels (Männikkö et
al., 2002).

Figure 4. State-dependent accessibility of L254C. (A–D) Application of MTSEA on the background channel HCN1 C318S. Currents be-
fore (A), during (B), and after (C), the intracellular application of MTSEA onto inside-out patches expressing HCN1 C318S mutants. In A
and C the voltage steps occur in �10-mV increments from 0 to �120 mV. In B, the current trace is from a voltage step from 0 to �120 mV
for 1 s during the application of 100 �M MTSEA. The voltage steps occurred every 2 s. (D) Currents measured at the arrow in B as a func-
tion of cumulative exposure to MTSEA. Modification rates for MTSEA at 0 mV (�) and at �120 mV (�). (E–H) State-dependent accessi-
bility of L254C. Currents before (E), during (F), and after (G) the application of 100 �M intracellular MTSEA. In E and G, the voltage
steps occur in 10-mV increments from �40 to �150 mV. In F, voltage was held at 0 mV and then stepped to �120 mV for the test pulse, fol-
lowed by a step to �50 mV for tail currents. The holding potential was �120 mV. The patch was excised into a bath solution containing
100 �M MTSEA. (H) Currents measured at the arrow in F as a function of cumulative exposure to MTSEA. Modification time course for
intracellular MTSEA at 0 mV (�) and �120 mV (�). The current amplitudes are plotted versus cumulative exposure to MTSEA and MT-
SET, in D and H, respectively. The bold line is an exponential fit to the data in H.



27 Vemana et al. 

The extracellular application of MTSET onto T249C
mutants resulted in a shift in voltage activation to more
hyperpolarizing potentials by �10 mV. This modifica-
tion was state dependent, with modification rates faster
at 0 mV than �100 mV (Fig. 5, I–L, Table I; see
also discussion). The voltage-dependent modification
rates suggest that T249C moves from an extracellularly
accessible location at depolarizing potentials to an inac-
cessible position at hyperpolarizing potentials. R247C
and T249C did not express well enough to test for in-
tracellular accessibility.

The state-dependent pattern of cysteine accessibility
is very similar between spHCN (Männikkö et al., 2002)
and HCN1 channels (this study), suggesting that S4 has
a similar role in these two channels and that S4 is the
voltage sensor in both these channels. However, the
gating behavior of spHCN channels is quite different

from the gating behavior in HCN1 channels: HCN1
channels do not inactivate, while spHCN channels dis-
play an inactivation that can be removed by a high con-
centration of cAMP (Fig. 6, A and B). spHCN channels
also activate at more depolarized potentials than mam-
malian HCN channels (Gauss et al., 1998; Ludwig et al.,
1998).

The cAMP-binding site is in the COOH terminus that
contains a consensus cyclic nucleotide binding domain
(CNBD). Earlier studies have shown that deleting the
COOH terminus (including the CNBD) from mamma-
lian HCN channels eliminates the cAMP-induced volt-
age shifts (Wainger et al., 2001). To elucidate the role
of the COOH terminus in the different gating behavior
between spHCN channels and HCN1 channels, we
constructed a COOH-terminal–deleted spHCN chan-
nel spHCN�C-term (see materials and methods). spH-

Figure 5. State-dependent accessibility of three S4 residues. (A–D) State-dependent accessibility of S261C. Currents before (A), during
(B), and after (C) the intracellular application of 200 �M MTSEA. In (A) and (C), the voltage steps occur in –10 mV increments from �60
to �150 mV. In B, the voltage was held at 0 mV and then stepped to �140 mV for the test pulse, followed by a step to �50 mV for tail cur-
rents. The holding potential was 0 mV. The patch was excised into a bath containing 200 �M MTSEA. (D) Modification time course for in-
tracellular MTSEA at 0 mV (�) and �140 mV (�). The current amplitudes are plotted versus their cumulative exposure to MTSEA. The
bold line is an exponential fit. (E–G) State-independent accessibility of R247C. Currents before (E), during (F), and after (G) the extracel-
lular application of 100 �M MTSET. In E and G, the voltage steps occur in �10-mV increments from 0 to �150 mV. In F, voltage was held
at 0 mV and then stepped to �120 mV for the test pulse, followed by a step to 0 mV for tail currents. The tail currents during the applica-
tion of 100 �M MTSET are shown in F. (H) Currents at the arrow in F as a function of cumulative exposure to MTSET. The modification
time course for the extracellular application of MTSET at 0 mV (�) and at �100 mV (�). The bold lines are exponential fits to the data.
(I–L) State-dependent accessibility of T249C. Currents before (I), during (J), and after (K) the application of 2 mM extracellular MTSET.
In I and K, the voltage steps occur in �10-mV increments from 0 to �150 mV. In J, voltage was held at 0 mV and then stepped to �120 mV
for the test pulse, followed by a step to �50 mV for tail currents. The holding potential was 0 mV. MTSET was applied for 10 s during each
episode. (L) Currents at the arrow in J as a function of cumulative exposure to MTSET. Modification time course for the extracellular ap-
plication of MTSET at 0 mV (�) and at �100 mV (�).
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CN�C-term channels did not inactivate in 0 cAMP solu-
tions, in contrast to wt spHCN channels (n 
 3, Fig. 6
C). In addition, the amplitude of the current through
spHCN�C-term channels did not change with cAMP con-
centration, in contrast to wt spHCN channels (n 
 3,
Fig. 6 D). The absence of inactivation in spHCN�C-term

channels shows that the inactivation of spHCN channels
is not an intrinsic property of the transmembrane-con-
taining portion (S1–S6) of spHCN channels, but requires
the presence of the COOH terminus. In addition, the
spHCN�C-term channels activated at more hyperpolar-
ized potentials (V1/2 
 �73 � 6 mV and z 
 3.3 � 0.9,
n 
 3) than the wt spHCN channels (V1/2 
 �47 � 3
mV and z 
 3.2 � 0.5, n 
 3). The COOH terminus–
truncated versions of spHCN and HCN1 channels acti-
vated in a similar voltage range (Fig. 2 C), suggesting
that the COOH terminus of spHCN channels is, at least
partly, responsible for the more depolarized voltage
range of activation of spHCN channels.

D I S C U S S I O N

Using cysteine accessibility methods, we found that S4
moves in a voltage-dependent manner in HCN1 chan-
nels (Table I and Fig. 7 C). The opposite state-depen-
dent accessibility of two neighboring residues, S253C
and L254C, suggests that the middle portion of S4
moves completely across the membrane when the
HCN1 channel goes from the closed state to the open
state (Fig. 7, A and B). This S4 movement is similar to

the S4 movement previously found in spHCN channels
(Männikkö et al., 2002) and in Shaker K� channels
(Larsson et al., 1996; Baker et al., 1998), in which resi-
dues S338 in spHCN and R368 in Shaker K� channels
(homologous to S253 in the HCN1 channel) exhibited
a voltage-dependent transmembrane movement from
the intracellular solution to the extracellular solution.
Data from other cysteine mutations, such as S261C and
T249C, provide additional support for a similar S4 mo-
tion in spHCN and HCN1 channels, and for a similar
voltage-sensing mechanism in these channels (Fig. 7, A
and B). However, Bell et al. (2004, in this issue) tested
more intracellular residues and found that the intracel-
lular S4 region that displayed state-dependent modifi-
cation was significant larger than the state-dependent
extracellular S4 region. Therefore, we also suggest an
alternative model for S4 movement in HCN channels
(Fig. 7, D and E), in which the S4 helix unwinds in the
middle when S4 moves inward. This model is compati-
ble with our data and provides an explanation for the
smaller region of state-dependent modification at the
external membrane border of S4 (Table I; and see Bell
et al., 2004, in this issue).

In general, the state dependence of intracellular
modification was larger than that of extracellular modi-
fication (Fig. 7 C). This finding could be due to the
limited voltage range for testing MTSET accessibility in
intact oocytes (�100 to �50 mV), in combination with
the fact that most of the cysteine-introduced HCN1

Figure 6. The COOH terminus is
necessary for inactivation in spHCN
channels. Currents in the absence of in-
ternal cAMP (A and C) or the presence
of 100 �M cAMP (B and D) in inside-
out patches expressing wt spHCN chan-
nels (A and B) and spHCN�C-term chan-
nels (C and D). For the wt spHCN
channels, voltage steps occurred in 10-
mV increments from �10 to �120 mV,
from a holding potential of �10 mV.
Tails currents were at �50 mV. For the
spHCN �C-term channels, voltage steps
occurred in 10-mV increments from
�10 to �160 mV, from a holding po-
tential of �10 mV. Tail currents were at
�50 mV. The effects of the truncation
of the COOH terminus of spHCN chan-
nels are: (1) the removal of inactivation,
(2) a shift in the voltage dependence by
�25 mV (see text), and (3) a 10-fold re-
duction in the expression level. (Note
that spHCN channels in the excised
patches activated at 20–30-mV more
negative potentials than in intact oo-
cytes, Männikkö et al., 2002.).
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channels activated in a very hyperpolarized voltage
range (�135 mV 
 V1/2 
 �50 mV; Fig. 2 C). We
tested intracellular modification for closed channels at
0 mV, which is �50 mV from the mid-point of the acti-
vation curve. In most batches of oocytes, we were un-
able to test extracellular modification for open chan-
nels held at more negative potentials than �100 mV, a
potential at which a significant number of channels re-
main closed, and, hence, a substantial number of S4s
are most likely not in their activated position (Fig. 7 A).
The possibility that a substantial number of S4s are still
in their resting position at �100 mV, could lead to an
underestimation of the change in modification rate be-
tween closed and open channels. At a particular volt-
age, one could estimate the number of S4s in their rest-
ing position and activated position from the G(V), but
this estimation is very model dependent. For example,
S4 in HCN channels could move in several steps, and
some of these steps could be concerted conformational

changes in all four subunits, as has been suggested for
Shaker K channels (Baker et al., 1998; Schoppa and
Sigworth, 1998; Mannuzzu and Isacoff, 2000; Loboda
and Armstrong, 2001). If this were the case, then for a
cysteine residue that becomes buried in a final con-
certed step, a fraction f of channels that are still closed
would result in a fraction f of those cysteines to be ac-
cessible. On the other hand, a simple Hodgkin and
Huxley model (four independent S4s with only one
resting position and one activated position) would, at
the same open probability, predict that a much smaller
fraction of these cysteines would be accessible (see Bell
et al., 2004, in this issue). A gating charge versus volt-
age curve would give a better estimate of how many S4s
are in the resting position relative to the activated posi-
tion at any potential. To this day, there are no pub-
lished recordings of gating currents from HCN1 chan-
nels. However, we were able to measure the external ac-
cessibility of 249C at �130 mV in one batch of oocytes

Figure 7. A model of
the voltage-dependent move-
ments of S4 in the HCN1
channel (A) and the spHCN
channel (B). (A) Based on re-
sults from this study, S4 is the
voltage sensor in the HCN1
channel. HCN1 S4 is in an in-
ward position at �100 mV,
which opens the channel
gate. Stepping the voltage to
0 mV results in the outward
movement of S4 into the ex-
tracellular solution, causing
the channel gate to close.
This movement is similar to
that described for the spHCN
channel (Männikkö et al.,
2002), seen in B. The intra-
cellular border of S4 move-
ment is not well-defined from
our results. (C) Modification
rates for cysteine mutants in
the HCN1 channel in the
open (�) and closed (�)
states. The shaded area repre-
sents residues tested for intra-
cellular accessibility by ex-
cised patch recordings. The
nonshaded area represents
residues tested for extracellu-
lar accessibility by two-elec-
trode voltage clamp. We did
not see any modification re-
sulting from the intracellular
application of MTSEA at 0
mV; hence, we can only give

an upper estimate of the modification rate for these residues. The hatch bars indicate the range of possible modification rates for these
residues at 0 mV. (D and E) An alternative model for S4 movement in HCN1 channels. At hyperpolarized potentials (D), the S4 � helix un-
winds external to the S253 as it moves inwards. At depolarized potentials (E), the lower portion of S4 moves outwards and S4 undergoes a
conformational change into a continuous � helix.
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(Fig. 8). The modification rate at �130 mV was �40-
fold slower at �130 mV than at 0 mV, measured in the
same oocyte (k 
 0.33 M�1s�1 at �130 mV; k 
 13.5
M�1s�1 at 0 mV, n 
 4). From the limiting data on ex-
tracellular accessibility at extremely negative voltages,
we have concluded that the accessibility of S4 changes
with voltage both at the extracellular and the intracel-
lular membrane border. Hence, we conclude that S4
movement is similar in HCN1 channels and spHCN
channels.

However, there are significant functional differences
between spHCN channels and mammalian HCN1
channels, in particular the presence of a cAMP-depen-
dent inactivation in spHCN (Gauss et al., 1998), which
is absent in mammalian HCN channels. In addition,
spHCN channels open in a more depolarized voltage
range (Gauss et al., 1998; Ludwig et al., 1998). We

found that the deletion of the COOH terminus in
spHCN channels removed the inactivation of spHCN
channels, showing that the inactivation of spHCN
channels is not an intrinsic property of the transmem-
brane-containing portion (S1–S6) of spHCN. This inac-
tivation can also be removed by high concentrations of
cAMP that presumably bind to the CNBD domain in
the COOH terminus. The removal of inactivation by ei-
ther high concentrations of cAMP or by a COOH-ter-
minal deletion mutation lead us to suggest a model for
the inactivation of spHCN channels that is similar to a
model proposed to explain the cAMP-dependent volt-
age shifts in the mammalian HCN channels (Wainger
et al., 2001). In the model proposed by Wainger et al.
(2001), in the absence of cAMP the COOH terminus
inhibits the transmembrane-containing portion of the
HCN channel, causing a hyperpolarizing shift in the

Figure 8. Larger state-dependent
modification of T249C at more hyper-
polarized potentials. Currents before
(A), during (B), and after (C) the appli-
cation of 10 mM extracellular MTSET
applied at �130 mV. Currents during
(D) and after (E) the application of 10
mM extracellular MTSET applied at 0
mV on the same oocyte as in A to C. In
A, C, and E, the voltage steps are in
�10-mV increments from 0 to �140
mV. In B and D, the voltage was held at
0 mV and then stepped to �120 mV for
the test pulse, followed by a step to �50
mV for tail currents. The holding po-
tential was 0 mV. MTSET was applied
for 5 s between each episode. (F) Cur-
rents measured at the arrow in D as a
function of cumulative exposure to MT-
SET. The modification time course for
extracellular application of MTSET at 0
mV (�) and at �130 mV (�). The bold
lines are an exponential fit to the data
(for �130 mV, the I4 was constrained to
the value found for the fit at 0 mV). � 

3.5 M*s for �130 mV, and � 
 0.0727
M*s for 0 mV. Similar results were seen
in four oocytes.
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voltage dependence. The binding of cAMP to the
COOH terminus or the deletion of the COOH termi-
nus relieves this inhibition, resulting in the shift of the
voltage dependence to more depolarized potentials
(Wainger et al., 2001). We propose that in spHCN
channels, at low cAMP the COOH terminus interacts
with the transmembrane-containing portion (S1–S6) of
spHCN, causing the inactivation of spHCN channels
and a reduction in current amplitude. High concentra-
tions of cAMP or a deletion of the COOH terminus re-
moves this interaction, thus relieving the inactivation.

The deletion of the COOH terminus also shifted the
voltage dependence of spHCN channels by �25 mV,
making the truncated spHCN channels open in a volt-
age range similar to the voltage range in the mamma-
lian HCN channels. In contrast, the truncation of
HCN1 channels shifted the activation range of HCN1
channels only by a very small amount in the opposite
direction (�5 mV; Wainger et al., 2001), suggesting
that the more depolarized activation range of spHCN
channels could be due to the stabilization of the open
state relative the closed state by the COOH terminus.
This effect is opposite to the one seen in mammalian
HCN channels, where the COOH terminus stabilizes
the closed state (Wainger et al., 2001). In addition, this
effect in spHCN channels is not modulated by cAMP,
whereas the effect in mammalian HCN channels is
cAMP dependent (Wainger et al., 2001). One attractive
mechanism for the effect seen in spHCN channels is an
electrostatic interaction between some of the positive
charges in S4 and some negative charges in the COOH
terminus of spHCN channels. This interaction would
stabilize the inward position of S4 and, hence, would
shift the voltage dependence to more depolarized po-
tentials. The COOH terminus in spHCN channels con-
tains additional negative charges that are not present
in the mammalian HCN channels. In the crystal struc-
ture of the COOH-terminal domain of HCN2 channels
(Zagotta et al., 2003), several of these additional nega-
tive charges are located on the surface of this structure,
where they could possibly interact with other domains
of the channel (e.g., with positive charges in S4). An-
other possibility is that the COOH terminus in spHCN
channels destabilizes the closed state by directly affect-
ing S6, which has been suggested to be the activation
gate of HCN channels (Shin et al., 2001; Rothberg et
al., 2002). This hypothesis is supported by the activa-
tion kinetics slowing in the COOH terminus–deleted
spHCN channels at extreme negative potentials (Fig.
6). Further studies are necessary to elucidate the mech-
anism of COOH terminus modulation of spHCN chan-
nels and to determine whether the difference between
spHCN and mammalian HCN channels is caused by a
difference in the COOH terminus or a difference in
the interaction between the COOH terminus and the

core domain. However, it is clear that the COOH termi-
nus of spHCN channels has two effects on spHCN
channels: a cAMP-dependent effect that causes inacti-
vation and a cAMP-independent effect that shifts the
voltage dependence into a more depolarized voltage
range.

Our cysteine accessibility results suggest that the
four most NH2-terminal S4 charges in HCN1 channels
(K238, R241, R244, and R247) and the three most NH2-
terminal S4 charges in spHCN channels (R326, K329,
and R332) (Männikkö et al., 2002) are not part of the
voltage sensor. The state-independent accessibility of
R247 in HCN1 channels, and R326C and R332C in
spHCN channels (Männikkö et al., 2002) indicate that
these charges are always exposed to the extracellular
solution and, hence, do not significantly contribute to
the voltage sensor since they do not traverse a signifi-
cant part of the electric field. However, the neutraliza-
tion of these charges changes the voltage dependence
by shifting the activation curve to more negative poten-
tials in both spHCN channels and mammalian HCN
channels (Chen et al., 2000;Vaca et al., 2000; Männikkö
et al., 2002). Chen et al. (2000) showed that altering
the charge on the corresponding residues in HCN2
channels alters the size of Mg2�-induced voltage shifts
in a manner consistent with these residues functioning
as surface charges. Our results, showing that these resi-
dues are always exposed to the extracellular solution,
support the hypothesis by Chen et al. (2000) that these
charges function as surface charges. Alternatively, these
most external charges might serve to stabilize the
closed state or destabilize the open state by interacting
with other charged parts of the channel. The neutral-
ization of these charges could, therefore, shift the equi-
librium between the open and closed states, giving rise
to the observed voltage shifts. In both cases, these ex-
ternal residues only indirectly influence the voltage
sensitivity of HCN channels since they do not directly
form part of the voltage sensor of HCN channels.

These external charges are conserved among HCN
channels. Why are these charges conserved if they are
not part of the voltage sensor? Our results are consis-
tent with the hypothesis that these charges function as
surface charges. We hypothesize that these surface
charges are necessary for the HCN channels to open in
a physiologically relevant voltage range. This hypothe-
sis is based on the finding that the removal of these
charges in mammalian HCN channels shifts the voltage
dependence to such negative potentials that, under
normal physiological conditions (V � �80 mV), these
channels seldom open (Chen et al., 2000; Vaca et al.,
2000).

Hyperpolarization-activated HCN channels appear to
share a similar S4 movement with depolarization-acti-
vated Kv channels. However, in HCN channels, the out-
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ward movement of S4 is related to channel closing, and
the inward movement of S4, to channel opening. These
S4 movements are the opposite from those in Shaker
K� channels, where the outward movement of S4 leads
to channel opening and the inward movement leads to
channel closing. The coupling mechanism between the
movement of the voltage sensor and the opening of the
activation gate remains undefined for both HCN chan-
nels and Kv channels (Larsson, 2002). A more detailed
analysis of the movement of S4 and the identification
of the molecular interactions between S4 and the pore
region S5-S6 in HCN and Kv channels may give more
insight into the coupling mechanisms of these two
classes of channels and could help explain the struc-
tural basis for the opposite voltage dependence of acti-
vation that exists between hyperpolarization- and depo-
larization-activated channels.
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