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Potassium channels encoded by the human ether-à-go-go-re-
lated gene (hERG) contribute to cardiac repolarization as a
result of their characteristic gating properties. The hERG chan-
nel N terminus acts as a crucial determinant in gating. It is also
known that the S4-S5 linker couples the voltage-sensing
machinery to the channel gate. Moreover, this linker has been
repeatedly proposed as an interaction site for the distal portion
of the N terminus controlling channel gating, but direct evi-
dence for such an interaction is still lacking. In this study, we
used disulfide bond formation between pairs of engineered cys-
teines to demonstrate the close proximity between the begin-
ning of the N terminus and the S4-S5 linker. Currents from
channels with introduced cysteines were rapidly and strongly
attenuated by an oxidizing agent, this effect being maximal for
cysteine pairs located around amino acids 3 and542of the hERG
sequence. The state-dependent modification of the double-mu-
tant channels, but not the single-cysteinemutants, and the abil-
ity to readily reverse modification with the reducing agent
dithiothreitol indicate that a disulfide bond is formedunder oxi-
dizing conditions, locking the channels in a non-conducting
state. We conclude that physical interactions between the
N-terminal-most segment of the N terminus and the S4-S5
linker constitute an essential component of the hERG gating
machinery, thus providing a molecular basis for previous data
and indicating an important contribution of these cytoplasmic
domains in controlling its unusual gating and hence determin-
ing its physiological role in setting the electrical behavior of car-
diac and other cell types.

ether-à-go-go-related gene potassium channels play a key
role in setting the electrical behavior of a variety of cell types
(Refs. 1–3 and references therein). Among other physiological
functions, the human ether-à-go-go-related gene (hERG5;
Kv11.1) channel mediates the cardiac repolarizing current (IKr)
(4, 5). Malfunction of hERG due to either pharmacological
block bymedications or inheritedmutations is a major cause of
type 2 long-QT syndrome (4, 6–11), a disorder of ventricular
repolarization that predisposes affected individuals to ventric-
ular arrhythmia and sudden death (6, 12, 13). The various roles
of hERG derive from its unusual gating properties, character-
ized by slow activation kinetics and a very fast inactivation on
depolarization. On the other hand, during repolarization,
hERG currents increase due to a fast recovery from inactivation
followed by a much slower deactivation. This maintains the
channels open during longer periods of time at negative volt-
ages, giving rise to the typical hERG tail currents. In the case of
the heart, this contributes to the repolarization of the cardiac
action potential and to the prevention of arrhythmias induced
by early after-depolarizations or ectopic beats (14, 15).
As for other voltage-dependent potassium channels, the

main components of the hERG gating machinery (e.g. the volt-
age-sensing structures and the gate) are located in the trans-
membrane channel core (16–23). However, it has been demon-
strated that the distinctive gating properties of hERG are
strongly influenced by other cytoplasmic protein domains.
Thus, the important role of the distal eag/PAS and exclusive
proximal domains of the N terminus in the activation proper-
ties and their modulation by hormones has been demonstrated
(1, 2, 23–26). It is known that the initial region of hERG N
terminus determines its slow deactivation, whereas the proxi-
mal domain is the functionally critical region for slowing acti-
vation gating (24, 27–33). Also, it has recently been proposed
that some residues in theN-terminal portions of theC terminus
(either in the named “C-linker” between the last transmem-
brane segment (S6) and the cyclic nucleotide-binding domain
(cNBD) homologous region or in the cNBD itself) could be
involved in the control of deactivation gating, possibly through
their interactionwith theN-terminal-most initial regions of the
N terminus (34–36).
Whereas the involvement of the hERG N terminus in the

regulation of activation and deactivation gating is largely rec-
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ognized, the molecular basis of this effect is not totally under-
stood. It has been repeatedly proposed that an interaction
between N-terminal domains and the S4-S5 linker is the cause
of the strong influence exerted by the N terminus in the gating
properties (1, 16, 23–25, 27–33, 37–39). Nevertheless, evidence
for this interpretation ismostly indirect, including (i) the essen-
tial role of the S4-S5 linker coupling voltage sensor activation to
the activation gate (38, 40), (ii) the strong parallelism between
the alterations in gating caused bymutations in the N terminus
and those in the S4-S5 linker (1, 16, 24, 27–33, 37, 41), (iii) the
prevention of deactivation slowing by the N terminus after
mutation of Gly-546 in the S4-S5 linker to cysteine and its sub-
sequent modification by the addition of the sulfhydryl reagent
N-ethylmaleimide (29), (iv) the impairment of the cytoplasmic
domain-dependent modulation of gating in response to hor-
monal treatments by single-point mutations in the initial por-
tion of the S4-S5 linker (2), (v) the restoration of slow deactiva-
tion gating by the addition of synthetic or recombinant
N-terminal domains to channels lacking theN terminus (28, 31,
32), and (vi) the closer positioning of the N-terminal-most seg-
ments of the hERG N terminus toward the transmembrane
channel core structures compared with other cytoplasmic
regions of the channel (3). Note, however, that despite these
findings, a direct demonstration of a physical interaction
between the distal portion of the N terminus and the S4-S5
linker in the entire channel protein is lacking. Binding of a
nonapeptide derived from the S4-S5 linker to the eag/PAS
domain has been recently reported by NMR titration studies
(39). However, in this case, only isolated protein fragments
were used, and the peptide specificity of the results was not
checked. Therefore, the possibility that the modulation of gat-
ing is due to a distant allosteric interaction between these
domains cannot be excluded, and the specific details of the
putative binding site remain to be determined.
In this study, we used a site-directed cysteine and disulfide

chemistry approach (42) to form disulfide cross-links between
pairs of introduced cysteines at the beginning of theN terminus
and in the S4-S5 linker. Because application of a short peptide
corresponding to the first 16 amino acids of hERG is able to
restore slow deactivation gating of N-terminally truncated
channels (31), and short deletions in the flexible portion at the
beginning of the N terminus reproduce the effects on deactiva-
tion gating of more extensive N-terminal deletions (29, 31, 33),
also mimicking the effect of mutations in the N-terminal por-
tion of the S4-S5 linker (1, 29, 37), we concentrated our work in
these regions. Disulfide bondingwas detected bymeasuring the
selective, state-dependent, and DTT-reversible elimination of
the double-mutant currents under oxidizing conditions, thus
demonstrating the proximity between these domains in fully
functional channels present on the cell surface.

EXPERIMENTAL PROCEDURES

Reagents and Molecular Biology—The oxidizing agent tert-
butyl hydroperoxide (TbHO2; Sigma) was diluted in bath solu-
tion shortly before experiments. DTT (Sigma and Fluka) was
dissolved in the experimental medium immediately before use.
Site-directed mutagenesis using the PCR-based overlap

extension method, in vitro synthesis of cRNA, and injection of

cRNA intoXenopus laevis oocytes were performed as described
previously (1, 2). Oocytes were injected and incubated in OR-2
medium (82.5mMNaCl, 2mMKCl, 2mMCaCl2, 2mMMgCl2, 1
mM Na2PO4, and 10 mM HEPES, pH 7.4) for 2–3 days as
described (1, 2).
Electrophysiology—hERG currents were measured in manu-

ally defolliculated oocytes with the two-electrode voltage-
clamp method as described previously (1, 2, 24, 26). Unless
stated otherwise, recordings were obtained in OR-2 medium.
Exceptionally (e.g. for the P2C/Y542C construct) high-K�

OR-2 medium in which 50 mM KCl replaced an equivalent
amount of NaCl was used to maximize currents of those con-
structs showing a low level of functional expression. Parallel
experiments with several single- and double-cysteine mutants
indicated that the extent and kinetics of the oxidation and
reduction effects were the same in both solutions. Membrane
potential was typically clamped at �80mV.Where indicated, a
holding potential of�40mVwas used tomaintain the channels
open/inactivated during the oxidation treatments. Ionic cur-
rents sampled at 1 kHzwere elicited using the voltage protocols
indicated in the figures. To prevent any influence of the oxidiz-
ing and reducing agents on the silver chloride ground elec-
trodes, they were connected to the bath chamber through agar
bridges. Stimulation and data acquisition were controlled with
Pulse�PulseFit software (HEKA Elektronik, Lambrecht, Ger-
many) running on Macintosh computers.
Data Analysis—Data analysis and exponential fits to ionic

currents and time courses were performed with the programs
PulseFit (HEKA Elektronik) and Igor-Pro (WaveMetrics, Lake
Oswego, OR). Current kinetic parameters were obtained as
described previously (1, 2, 24, 26).
Data values given in the text and in the figures with error bars

represent the mean � S.E. for the number of indicated cells.
Comparisons between data groups were at first performed by
parametric Student’s impaired t test (two-tailed). When signif-
icant differences in S.D. were present, an alternateWelch’s test
or non-parametric Wilcoxon or Mann-Whitney test was also
used. In all cases, p values �0.05 were considered as indicative
of statistical significance.

RESULTS AND DISCUSSION

Effect of Oxidation-Reduction on Single- and Double-cysteine
hERG Mutants in the N Terminus and the S4-S5 Linker—The
existence of an interaction between the N-terminal domains
and the S4-S5 linker of hERG has been repeatedly related to
modulation of activation and deactivation gating by the N ter-
minus (1, 16, 23–25, 27–33, 37–39). However, apart from indi-
rect evidence providedmainly by the similar deactivation prop-
erties caused by structural modifications in both domains (1–3,
16, 24, 27–33, 37, 38, 40, 41), direct proof of such an interaction
is still lacking. Site-directed cysteine and disulfide chemistry
can be used tomap out contacts between pairs of positions or to
demonstrate the physical proximity between protein sequences
carrying the pair of introduced cysteines (42). Therefore, we
introduced cysteines into specific positions of the distal portion
of the hERG N terminus and the S4-S5 linker, either singly or
simultaneously, and then applied the membrane-permeable
oxidizing agent TbHO2 to oocytes expressing the constructs to
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study the effects of redox-dependent disulfide bonding be-
tween the respective cysteines.
The hERG sequence contains 24 endogenous cysteines. Ten

of them are located in the eag/PAS (eight cysteines) and proxi-
mal (two cysteines) domains of the N terminus. Two cysteines
are in the extracellular S1-S2 linker, and three are in the S5 and
S6 transmembrane helices. The remaining nine cysteines are in
the C terminus: four in the C-linker, one in the cNBD, and four
in the distal half of the C terminus. However, at least under the
experimental conditions used here, these native cysteines are
functionally “silent” because theWT hERG currents decreased
only minimally and very slowly following treatment with
TbHO2 (Fig. 1). The activation and deactivation properties of

the WT channels were not appreciably altered by oxidation
(data not shown) (43, 44). Introduction of a single-cysteine res-
idue at the beginning of theN terminus (e.g. inmutant V3C; see
also below) slightly but consistently increased the TbHO2-in-
duced inhibition of the hERG tail current (from a normalized
Itail decrease of 5.9 � 1.5% (n � 12) in the WT to 21.2 � 1.6%
(n � 10) in V3C channels following a 3-min TbHO2 treatment;
p� 0.001). A similar effect was obtained in response to TbHO2
when a single cysteine was introduced into the N-terminal por-
tion of the S4-S5 linker (mutant Y542C) (Fig. 1). In this case, the
tail current was reduced by 25.4� 3.0% (n� 3; p� 0.001 versus
the WT). The evolution of these effects was slow, with esti-
mated time constants of 318 � 22 and 220 � 44 s for the V3C

FIGURE 1. Effect of extracellularly applied TbHO2 and DTT on hERG currents. The pulse protocol used to activate/inactivate and deactivate hERG channels
expressed in Xenopus oocytes is shown at the top. Tail currents were recorded during repolarizations to �80 mV (WT) or �50 mV (mutants) to compensate for
the faster deactivation of the N-terminal and S4-S5 linker mutants. These repolarizations followed 1-s depolarizing steps to �40 mV from a holding potential
of �80 mV. Following stabilization of the tail currents, 2 mM TbHO2 and 5 mM DTT were applied as indicated. The time course of peak tail current variation was
followed for �10 min. Data corresponding to channels carrying single-cysteine substitutions at residues 3 and 542 of the hERG sequence and to the double-
cysteine mutant V3C/Y542C are illustrated in the graphs. Data points represent the mean � S.E. of current magnitudes normalized to the value obtained
immediately before TbHO2 addition. Monoexponential fits are shown superimposed on the data during the TbHO2 treatment. Superposition of two (WT) or
three (mutants) current sweeps before, 3 min after application of TbHO2, and 5 min after the addition of DTT are shown in the insets. The lower trace always
corresponds to TbHO2 treatment.
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and Y542C channels, respectively. By contrast, the current
mediated by a construct carrying two engineered cysteines at
Val-3 and Tyr-542 (double mutant V3C/Y542C) (Fig. 1) was
rapidly and strongly reduced by TbHO2. Thus, an inhibition
time constant of 57.5 � 2.8 s (n � 6) was observed, and the Itail
decrease amounted to 65 � 2.9% following a 3-min treatment
(p � 0.001 versus theWT, V3C, and Y542C alone). Noticeably,
the kinetic properties of the small residual currents after oxida-
tion closely resemble those of the original ones before adding
the oxidizing agent (supplemental Fig. 1). Therefore, the
observed reductions are not due to a kinetic shift that mini-
mizes the size of the currents exclusively at the potentials used
for the measurements. Even though other mechanistic inter-
pretations could be possible (e.g. that oxidation-induced mod-
ifications of V3C and Y542C synergistically interact), these
results clearly suggest that disulfide bonding between Cys-3
and Cys-542 occurs, thus compromising activation gating and
locking a substantial fraction of channels in a non-conducting
state.
If the diminished opening of the oxidized double-cysteine

mutant resulted from formation of a disulfide bond, then the
effect should be readily reversible by application of DTT, a
reducing agent whose only action should be to break disulfide
bonds (40, 43–45). Changing to normal extracellular solution
following the treatment with TbHO2 did not appreciably
reverse the inhibitory effect of the oxidizing agent (data not
shown). Also, no measurable effects of DTT were observed
when the reducing agent was directly applied to oocytes
expressing either theWT or double-mutant channels (data not
shown), indicating that disulfide bonds were not present under
control conditions, perhaps due to the reducing environment of
the oocyte interior. However, as shown in Fig. 1, the TbHO2-
induced reduction of the V3C/Y542C current was rapidly
(recovery time constant of 75.2 � 7.3 s) and almost completely
reversed when 5 mM DTT was substituted for the oxidizing
agent in the externalmedium. Thus, a steady-state current level
amounting to 83 � 8% of the initial control value was attained
in the presence of the reducing agent. This also suggests that
the effect of the oxidizing agent was not due to a nonspecific
disruption of the cell integrity.
It is interesting to note that we were unable to observe any

consistent pattern of DTT effects on the otherwise very small
response to TbHO2 of the WT-expressing oocytes (data not
shown). However, the addition of the reducing agent reversed
the effect caused by the oxidation of the V3C (75� 7% reversal)
and Y542C (84 � 8% reversal) mutant channels (Fig. 1). Even
though the kinetics of this reversionweremarkedly slower than
those observed with the double-mutant construct (recovery
time constants of 172 � 6 and 500 � 198 s for the V3C and
Y542C channels, respectively; p � 0.001), these data raised the
possibility that, albeit with smaller effectivity and/or reduced
functional impact, a disulfide bond could also be forming
between the cysteines at these positions and an endogenous
cysteine in the channel. Unfortunately, both a multiple mutant
without any native cysteine in the N terminus and an hERG
construct lacking extensive regions of the C terminus yielded
electrophysiologically non-functional channels (see also Ref.
35). Therefore, we generated a battery of single- and double-

point mutants from which most of the endogenous cysteines
present in the intracellular domains of hERGwere removed and
combined them with the V3C mutation. The effect caused by
TbHO2-induced oxidation of these constructs is summarized
in Fig. 2.
It has been recently shown that the cysteines located at posi-

tions 723 and 740 of the C-linker between the pore domain and
the cytoplasmic cNBD are important for hERG function alter-
ations caused by oxidative stress inHEK293 cells expressing the
channel (35).We checked the possible implication of these res-
idues in the slight inhibition induced by TbHO2 in the single-
point mutants (e.g. V3C) under our experimental conditions,
also trying to minimize the possible contribution of these
endogenous cysteines to the oxidation effect. For this purpose,
we initially used two triple mutants carrying the V3Cmutation
but also lacking the endogenous cysteines at either positions
723 and 729 or positions 740 and 750. As shown in Fig. 2 (A–C),
the small current inhibition elicited by the oxidizing agent in
the V3C construct remained almost unaltered inmutants V3C/
C723G/C729G and V3C/C740G/C750G.
In an additional set of experiments, oxidation of oocytes

expressing quadruplemutants with two engineered cysteines at
positions 3 and 542 but also with Cys-723 and Cys-729 or Cys-
740 and Cys-750 changed to glycine (mutants V3C/Y542C/
C723G/C729G and V3C/Y542C/C740G/C750G) rapidly and
markedly lowered the current level. Thus, the level of inhibition
and the inhibition time constant amounted to 76.8 � 2.0% and
62.5 � 5.6 s for the V3C/Y542C/C723G/C729G channels (n �
4; p � 0.05). These values corresponded to 69.9 � 1.9% and
60 � 9.7 s for V3C/Y542C/C740G/C750G (n � 3). Also, DTT
largely reversed the oxidation effect in these constructs (91 �
3.3 and 78 � 2.1%, respectively). This reversion was also fast,
with measured recovery time constants of 81.2 � 11.0 and
83.3 � 4.6 s, respectively. The reason for the slightly increased
current attenuation by oxidation of channels carrying Cys-3
and Cys-542 but also lacking Cys-723 and Cys-729 is not
known. It is possible that Cys-723 and Cys-729 are located near
residues 3 and 542 in the channel structure, providing a com-
peting environment for faster and more complete formation of
disulfide products between Cys-3 and Cys-542 in the V3C/
Y542C mutant (42).
Altogether, these data indicate that if Cys-3 establishes a

cross-link with an endogenous cysteine, it is not any of the
C-linker cysteines located at positions 723, 729, 740, and 750.
They also demonstrate that for the prominent redox effects
observed in the double mutant V3C/Y542C, these endogenous
C-linker cysteines are not necessary.
In an additional attempt to analyze the reduced effect of

TbHO2on the single-cysteinemutantV3C,we also combined it
with a C-terminal deletion (mutant V3C�864–1010) in which
elimination of residues 863 and 1011 removed the cysteines at
positions 977 and 984 of the hERG sequence. This deletion did
not appreciably modify the expression or electrophysiological
properties of the channel (data not shown). An effect similar
to that obtained with the V3C mutant was observed after the
addition of TbHO2 to the V3C�864–1010 construct (Fig. 2,
A and D).
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Finally, we also created a set of double mutants in which the
cysteine at position 3 was combined with a Cys-to-Ala muta-
tion of every single cysteine of the eag/PAS domain. As shown
in Fig. 2 (E–L), the absence of a cysteine at position 39, 44, 49,
52, 66, or 105 caused a reduction of the TbHO2-induced cur-

rent inhibition compared with that observed in the single
mutant V3C. However, an effect of the oxidizing agent equiva-
lent to that in the V3Cmutant was obtained for the V3C/C64A
and V3C/C108A mutants. The fact that elimination of several
of the eag/PAS endogenous cysteines minimized the oxidation

FIGURE 2. Effect of TbHO2 on V3C mutant channels in the presence or absence of endogenous cysteine residues. The time course of normalized peak tail
current variation after perfusion of 2 mM TbHO2 (arrows) is shown. The identity of the single-, double-, and triple-mutant channel constructs is indicated in A–C
and E–L. Data corresponding to a construct in which mutation V3C was combined with a C-terminal deletion removing residues 864 –1010 (V3C�COOH) are
shown in D. Averaged data from 5–10 oocytes are shown. Ribbon and surface representations of a single hERG eag/PAS domain corresponding to the x-ray
tridimensional structure from Morais Cabral et al. (28) are shown on the right. The eight cysteines present in this channel region are shown in ball-and-stick
representation in the ribbon diagrams. The positions of the four cysteine side chains (residues 39, 49, 64, and 105) that show up on the surface of the domain
are highlighted in red. Note that the initial 26 residues of the hERG sequence not ordered in the crystal structure do not appear in the diagrams. Molecular
graphic images were produced using the UCSF Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco.
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effect on V3C channels could be interpreted as an indication
that some interaction takes place between residues at these
positions and the cysteine at position 3. However, similar
results were observed upon thiol removal from amino acids
such as Cys-39, Cys-49, and Cys-105 carrying side chains
exposed to the surface of the eag/PAS crystalline structure (Fig.
2, inset) and from Cys-44, Cys-52, and Cys-66, localized in the
domain core. Also, no change of the oxidizing agent effect was
attained in mutants V3C/C64A and V3C/ C108A, even though
Cys-64 and Cys-108 are indeed located in the periphery of the
eag/PAS domain. Thus, it is likely that the effect of eag/PAS
cysteine substitutions is indirectly due to a modification of the
domain architecture and not to rupture of a disulfide bond
between them and the cysteine introduced at position 3. There-
fore, we next concentrated our efforts in further exploring the
disulfide bond-related consequences of oxidation using dou-
ble-cysteine mutants in both the N-terminal region and the
S4-S5 linker.
Specificity of the Oxidation Effects—Careful inspection of the

V3C/Y542C current attenuation after TbHO2 addition indicated
an apparent slowing of current inhibition at the latter time points
of the TbHO2 treatment (Fig. 1). Prolongation of the oxidizing
agent treatment to10minmoreclearly revealed theslowedsecond
phase of the TbHO2 effect (Fig. 3). However, the enhancement of
current inhibition was paralleled by a subsequent decrease in the
fraction of current that could be recovered by the addition of
DTT, even at the highest concentration used (20 mM). This
indicates that non-disulfide products (e.g. sulfinic and sulfenic
oxyacids) due to slower and DTT-irreversible oxidative reac-
tions (42) can also accumulate after these long TbHO2 treat-
ments. Therefore, quantification of the oxidizing agent effects
was systematically performed after 2–3-min treatments, fol-
lowed by a phase of reversion with DTT.

One remarkable property of the disulfide chemistry ap-
proach is its dependence on the spatial proximity between the
disulfide-forming pairs of residues. Besides variations due to
structural fluctuations in separated but particularly flexible
protein segments, rapid and extensive reactivity of cysteine
pairs can be used as a good signature of such proximity (42). As
a corollary, differences in the rate, extent, and reversal of the
disulfide bond-forming reactions due to variations in the cys-
teine pairs can be used as an indication of specificity, particu-
larly for adjacent positions of the same protein region. Oxida-
tion of single-cysteine mutants at positions 4, 5, 6, and 8 of the
N terminus yielded results analogous to those obtainedwith the
single V3Cmutant. Almost no effect of the oxidizing agent was
observed with the S4-S5 single-cysteine mutant G546C (data
not shown). Therefore, we tested the influence of changing the
position of the cysteine pairs by modifying the locations of the
cysteines both in the N terminus and in the S4-S5 linker.
The extent of the TbHO2-induced inhibition of the hERG

currents was maximal for cysteine pairs at position 3 or 4 of the
N-terminal region and position 542 of the S4-S5 linker (Fig. 4).
When the Cys-542 mutation was combined with a second cys-
teine at position 2, 5, 6, or 8 of the N terminus, the current
inhibition was substantially reduced. Thus, only half of the
attenuation of the double mutants V3C/Y542C and R4C/
Y542C was observed with respect to the single mutations V3C
and Y542C (Fig. 5). A similarly small current inhibition was
observed when the cysteine at position 3 was combined with a
cysteine at position 545 of the S4-S5 linker. Furthermore, the
TbHO2-induced current attenuation was virtually abolished in
the double mutant V3C/G546C. Noticeably, the double mu-
tants carrying cysteine pairs at position 3 or 4 and position 542
also showed maximal speed of inhibition, which was followed
by a faster and almost complete reversal upon DTT addition.

FIGURE 3. Long-term evolution of the redox effects on hERG currents. Peak tail currents were recorded from oocytes expressing WT (E) and V3C/Y542C (F)
channels as described in the legend to Fig. 1. An extended treatment of �10 min with 2 mM TbHO2 was performed, followed by a period of perfusion without
the oxidizing agent in which 20 mM DTT was substituted for 10 mM NaCl in OR-2 medium. Averaged data from four oocytes are shown.
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These kinetic parameters were substantially reduced either by
changing the cysteine introduced into the N-terminal region at
the beginning of the N terminus at position 2, 5, 6, and 8 or by
using a combination of cysteine at position 3 with cysteines at
positions 545 and 546. Altogether, these data further indicate
that the oxidation effect leading to disulfide bond formation is
maximal for those cysteine pairs located around amino acid 3 of
the N terminus and amino acid 542 of the S4-S5 linker in the
hERG sequence.

State Dependence of the Oxidation Effects—As a last indica-
tion of specificity and strong spatial dependence of the oxida-
tion effects, we studied the state dependence of the current
reductions induced by TbHO2. The amount of the TbHO2-
induced V3C/Y542C current inhibition was significantly en-
hanced after 2–3 min of treatment when cells maintained at a
holding potential of �80 mV were not repeatedly depolarized
with the pulses to �40 mV used to analyze the time course of
the oxidation effects (Fig. 4). This suggests that conformational

FIGURE 4. Specificity of the redox effects as a function of the location of double-cysteine mutations. The time course of the hERG current tail variations
was followed upon the addition of 2 mM TbHO2 and 5 mM DTT as indicated. Oocytes were bathed in standard OR-2 medium, except for the P2C/Y542C mutant,
for which high-K� OR-2 medium (see “Experimental Procedures”) was used because of the low expression level of this construct. Monoexponential fits are
shown superimposed on the data during the TbHO2 treatment. E (panels corresponding to mutants V3C/Y542C and V8C/Y542C), current level in a second set
of oocytes following an oxidation period of 3 min in which test pulses were not applied to follow the evolution of the currents.
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rearrangements during closed-to-open transitions are not
essential for disulfide bond formation. Such enhancement
was not observed with the V8C/Y542C pair. By contrast,
holding the cell at �40 mV during the application of the
oxidizing agent, therefore maintaining the channels in the
open/inactivated state, markedly reduced the TbHO2-in-
duced inhibition of the V3C/Y542C currents (Fig. 6). This
reduction was even more prominent when the V3C/Y542C

channels were continuously maintained in the open/inacti-
vated state at �40 mV during TbHO2 treatment without
repeatedly applying the hyperpolarizations used to follow
the temporal evolution of the tail currents. Finally, no differ-
ences in the oxidation effects were observed when cells
expressing the double-cysteine mutant G6C/Y542C were
held at �80 mV (closed) or �40 mV (open/inactivated) dur-
ing the application of TbHO2.

FIGURE 5. Summary of the TbHO2- and DTT-induced effects on hERG tail currents. A, quantification of the TbHO2-induced inhibition following a 3-min
treatment with the oxidizing agent. The 5.9% inhibition measured in the non-mutated WT channels has been subtracted from the data. B, comparison of
TbHO2-induced inhibition rates. The speed of inhibition of the different constructs is compared as measured by the inverse value of the time constant obtained
from monoexponential fits to the inhibitory phase upon the addition of TbHO2. C, reversibility of the oxidation effect in the presence of DTT.
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FIGURE 6. State dependence of the TbHO2-induced effect. A, time course of V3C/Y542C peak tail current variation in response to TbHO2. Peak tail currents
were measured as described in the legend to Fig. 1 during repolarization steps applied at the indicated intervals from holding potentials of �80 mV (F) and
�40 mV (E and �). The magnitude of the peak tail currents was estimated at 15-s intervals (F and E) or without continuous pulsing (�). The continuous lines
correspond to exponential curves that best fit the data. Long treatments with the oxidizing agent were used to fit the data at �40 mV, but only data during the
initial period of recording are shown for clarity. B, independence of the TbHO2-induced effect on the conformational state of the G6C/Y542C channel. Channels
were held closed at �80 mV (F) or open/inactivated at �40 mV (E) during the application of TbHO2 as indicated in A. Note that, in this case, the inhibition
kinetics superimpose onto the slow time course observed with V3C/Y542C channels held at �40 mV.
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Formation of a disulfide bond requires close proximity
between the sulfhydryl groups, meaning that cysteine residues
separated by �7 Å would require motion of the protein back-
bone for disulfide cross-linkage (42, 46). However, it is difficult
to translate our data to real distances because the probability of
collision between the cysteine pairs forming disulfide bonds is
greatly increased by fluctuations of otherwise flexible struc-
tures, even though they are located at a certain distance (40, 42,
45–47). There is evidence that the N-terminal-most segments
of the hERG N terminus and the S4-S5 linker constitute highly
flexible and/or unstructured regions (28, 33, 36, 39). The pro-
tein regions studied here are expected to be dynamically mod-
ulated during channel function, so it could be expected that
collisions between the cysteine pairs may also be influenced by
the molecular rearrangements associated with gating. Finally,
some influence of the relatively slow permeation of redox
reagents into the cells on the quantitative interpretation of our
disulfide bond formation rates cannot be completely excluded.
The state-dependent modification of the V3C/Y542C mu-

tant, but not the single-cysteine mutant channels, and the abil-
ity to readily reversemodificationwith the reducing agent DTT
indicate that a disulfide bond is formed under oxidizing condi-
tions between the N-terminal-most region of the N terminus
and the S4-S5 linker, locking the channels in a non-conducting
state. The covalent lock of the channels closed also indicates
that the initial segment of the N terminus and the S4-S5 linker
interact in the closed state. This would be consistent with our
previous demonstration that theN-terminal-most region of the
N terminus also plays a relevant role in activation properties (1).
It would also be consistent with the reported ability of the
Y542C mutation to positively shift the steady-state activation
V0.5 and its less negative �Go, indicating a shift in the equilib-
rium toward the closed state (1).
It should be emphasized that our data do not exclude a con-

tribution of other cytoplasmic structures (e.g. the PAS domain
and the C-linker plus cNBD) to control gating via direct or
indirect/allosteric interactions with the S4-S5 linker or other
components of the gatingmachinery.Note that themostwidely
recognized effect of the N terminus is its contribution to slow
deactivation gating, presumably also through an interaction
with the S4-S5 linker that stabilizes the open state. Althoughwe
concentrated our efforts on the N-terminal segments or the N
terminus and the S4-S5 linker, further workwould be necessary
to determine whether different regions of this linker (1, 2, 38,
48) and the structurally and functionally differentiated portions
of the N terminus also contribute in specific ways to the pro-
tein-protein interactions that modulate gating. Note also that
whereas an interaction of the S4-S5 linker with other gating
components (e.g. the channel gate) seems to take place only in
the closed state in hERG and KCNQ1 channels, the opposite
happens in KAT1 and HCN channels, bearing a substantial
homology to hERG in some cytoplasmic domains, and both
open and closed state interactions take place between the same
regions in Shaker-like potassium channels (49).

In this context, we propose that the physical interactions
detected here between the N-terminal-most segments of the N
terminus and the S4-S5 linker can be viewed as part of a global
interaction network inwhich other cytoplasmic regions such as

the PAS and proximal domains of the N terminus, the C-termi-
nal portion of the sixth transmembrane segment, and theC-ter-
minal C-linker and cNBD dynamically contribute to modulate
channel gating. The functional consequence of these interac-
tions on activation and deactivation and on inactivation gating
(29, 50) can vary according to the channel type, the relative
positioning of the N- and C-terminal portions, and the pres-
ence of additional auxiliary subunits.
In summary, our study provides, for the first time, direct

evidence that a close proximity exists between the N-terminal-
most region of the N terminus and the S4-S5 linker of hERG,
which may allow for a physical interaction between these cyto-
plasmic domains. Therefore, it sheds significant new insight
into the molecular basis of the protein-protein interactions
between the N-terminal distal regions and the S4-S5 linker
involved in the control of gating properties and hormonalmod-
ulation of hERG (1, 2, 24, 27–33, 36).
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