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Molecular basis of slow activation of the human
ether-á-go-go related gene potassium channel
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The human ether-á-go-go related gene (HERG) encodes the pore forming α-subunit of the
rapid delayed rectifier K+ channel which is central to the repolarization phase of the cardiac
action potential. HERG K+ channels have unusual kinetics characterized by slow activation
and deactivation, yet rapid inactivation. The fourth transmembrane domain (S4) of HERG,
like other voltage-gated K+ channels, contains multiple positive charges and is the voltage
sensor for activation. In this study, we mutated each of the positively charged residues in
this region to glutamine (Q), expressed the mutant and wild-type (WT) channels in Xenopus
laevis oocytes and studied them using two-electrode voltage clamp methods. K525Q channels
activated at more hyperpolarized potentials than WT, whereas all the other mutant channels
activated at more depolarized potentials. All mutants except for R531Q also had a reduction in
apparent gating charge associated with activation. Mutation of K525 to cysteine (C) resulted in
a less dramatic phenotype than K525Q. The addition of the positively charged MTSET to K525C
altered the phenotype to one more similar to K525Q than to WT. Therefore it is not charge
per se, but the specific lysine side chain at position 525, that is crucial for stabilizing the closed
state. When rates of activation and deactivation for WT and mutant channels were compared
at equivalent total (chemical + electrostatic) driving forces, K525Q and R528Q accelerated
activation but had no effect on deactivation, R531Q slowed activation and deactivation, R534Q
accelerated activation but slowed deactivation and R537Q accelerated deactivation but had
no effect on activation. The main conclusions we can draw from these data are that in WT
channels K525 stabilizes the closed state, R531 stabilizes the open state and R534 participates
in interactions that stabilize pre-open closed states.
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The human ether-á-go-go related gene (HERG), encodes
the pore-forming α-subunit of the rapid delayed rectifier
K+ channel (Sanguinetti et al. 1995), which is an important
contributor to the repolarization phase of the cardiac
action potential (Spector et al. 1996; Tseng, 2001).
Furthermore, mutations in HERG cause chromosome
7-associated congenital long QT syndrome (Curran et al.
1995), and blockade of HERG K+ channels by a wide range
of prescription medications causes drug-induced long
QT syndrome, the most common cause of drug-induced
cardiac arrhythmia and sudden death (Vandenberg et al.
2001). Therefore, there is considerable interest in better
understanding the structure–function relationship of
HERG K+ channels.

HERG is a member of the family of voltage-gated K+

channels (VGKs) (Warmke & Ganetzky, 1994; Trudeau
et al. 1995), in which gating is driven by changes in
the membrane potential. The functional channel is
composed of four identical subunits, each containing
six transmembrane domains (denoted S1–S6). As is
typical for VGKs, the S4 domain of HERG contains
multiple positively charged residues (see Fig. 1). The
kinetic behaviour of HERG, however, is very atypical,
being characterized by slow activation and deactivation
kinetics (with time constants ranging from hundreds
of milliseconds to seconds) but very rapid and
voltage-dependent inactivation kinetics (time constants
range from milliseconds to tens of milliseconds)
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(Wang et al. 1997; Zhou et al. 1998; Vandenberg et al.
2004). Consequently, during the plateau phase of the
cardiac action potential, HERG passes little outward
current but during repolarization the channels rapidly
recover from inactivation and pass a significantly
larger outward current (Zhou et al. 1998; Hancox
et al. 1998; Lu et al. 2001). These unusual kinetics
allow HERG to play a critical role in normal cardiac
repolarization (Spector et al. 1996; Viswanathan et al.
1999) as well as in protection against arrhythmias
initiated by ectopic beats (Lu et al. 2001; Vandenberg
et al. 2001).

It is widely accepted that the S4 domain is the principal
voltage sensor in VGKs (Papazian et al. 1991; Bezanilla,
2002), but that at least in some cases the S1–S3 domains
may also play a contributory role (Papazian et al. 1995;
Seoh et al. 1996). The voltage dependence of activation
of VGKs has been most extensively studied in Shaker K+

channels (Bezanilla, 2000; Fedida & Hesketh, 2001). In
Shaker, the first four positively charged residues in the S4
segment (R362, R365, R368 and R371) are responsible
for the majority of the gating current associated with
channel activation (Aggarwal & MacKinnon, 1996;
Fedida & Hesketh, 2001). The corresponding region
in HERG is G522–R534 (see Fig. 1). To date, however,
there have been very few studies looking at the role that
charged residues in S4 may play in the slow activation
and deactivation kinetics of HERG (Nakajima et al.
1999). In this study we have mutated each of the charged
residues in the S4 of HERG (K525, R528, R531, R534 and
R537) in turn, to glutamine (Q), a polar but uncharged
residue, and characterized the effects of each mutation
on steady-state activation and kinetics of activation and
deactivation. We also mutated K525 to cysteine (C) and
investigated the effect of addition of the positively charged
[2-(trimethylammonium)ethyl]methanethiosulphonate
bromide (MTSET) (Karlin & Akabas, 1998) on the
phenotype of K525C channels.

Figure 1. Sequence alignment of HERG with Shaker and KvAP
The voltage sensor paddle regions of HERG (residues 501–542), Shaker (residues 316–382) and KvAP (residues
93–137) were aligned with ClustalW (Thompson et al. 1994). Identical residues are highlighted in black (white
text) and conserved residues highlighted in grey. The stippled boxes below the alignment indicate the S3b and S4
helices as defined in the KvAP crystal structure (Jiang et al. 2003). Asterisks denote residues that were mutated to
glutamine in this study.

Methods

Molecular biology

HERG cDNA (a gift from Gail Robertson, University
of Wisconsin) was subcloned into a pBluescript vector
containing the 5′ untranslated region (UTR) and 3′

UTR of the Xenopus laevis β-globin gene (a gift from
Robert Vandenberg, University of Sydney). Mutagenesis
was carried out on a BstEII/SphI fragment (bp 1119–2310)
using the megaprimer method as previously described
(Lu et al. 2003). Mutation constructs were confirmed by
bi-directional sequencing. cRNA was synthesized, after
linearizing the plasmid with BamH I, using the mMessage
mMachine kit (Ambion) according to the manufacturer’s
protocols. Mutant channels are referred to using the single
letter code for WT residue, the residue number and
then the single letter code of the mutation. For example,
mutation of lysine 525 to a glutamine is referred to as
K525Q.

Oocyte preparation

Xenopus laevis oocytes were prepared as previously
described (Mitrovic & et al. 1998). Briefly, female Xenopus
laevis frogs were anaesthetized in 0.17% w/v tricaine and
segments of the ovarian lobes were removed through a
small abdominal incision. The incision was sutured closed
and the frogs allowed to recover for approximately 4 weeks
before a second batch of oocytes was harvested. Frogs
were killed by pithing after anaesthetization with tricaine.
The follicular layer was removed by digestion for 2–3 h with
2 mg ml−1 collagenase A (Boehringer Mannheim USA) in
OR-2 buffer (containing, mm: 82.5 NaCl, 2.0 KCl, 1.0 MgCl
and 5 Hepes, adjusted to pH 7.5 with NaOH, then rinsed
with ND96 (containing, mm: 2.0 KCl, 96.0 NaCl, 1.8 CaCl2,
1.0 MgCl2, 5.0 Hepes, pH adjusted to 7.5 with NaOH).
Stage V and VI oocytes were isolated, stored in tissue
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culture dishes containing ND96, 2.5 mm pyruvic acid
sodium salt and 0.5 mm theophylline supplemented with
10 µg ml−1 gentamicin, adjusted to pH 7.5 with NaOH and
incubated at 18◦C. All experiments were approved by the
Animal Ethics Committee of the University of Sydney.

Electrophysiology

Oocytes were injected with 5–10 ng cRNA and incubated at
18◦C for 24–72 h prior to electrophysiological recordings.
All experiments were undertaken at room temperature
(21–22◦C). Two-electrode voltage clamp experiments were
performed using a Warner 725C oocyte clamp amplifier
(Warner Instruments, Hamden, CT, USA) or a Geneclamp
500B amplifier (Axon Instruments, Union City, CA, USA).
Glass microelectrodes had tip resistances of 0.3–1.0 M�

when filled with 3 m KCl and oocytes were perfused
with ND96 solution. Data acquisition and analysis were
performed using pCLAMP (v. 9.0, Axon Instruments)
and Microsoft Excel software. Batches of cells in which
endogenous current was more than 200 nA at +40 mV
were not used. In all experiments a step depolarization
of +20 mV or −20 mV was included at the start of each
sweep to enable leak correction off line. We assumed that
the leak was linear in the range −150 to +50 mV.

Steady-state activation

The voltage dependence of current activation was assessed
using standard tail current analysis (Sanguinetti et al.
1995). Cells were depolarized to potentials in the range
−110 mV to +90 mV (depending on the mutant being
studied) and tail currents recorded at −70 mV or at
−150 mV if there was appreciable channel activation
at potentials below −70 mV. For mutants with slow
activation kinetics there will be a depolarized shift in
the voltage dependence of steady-state activation if the
depolarization steps are not of adequate length (Viloria
et al. 2000). Therefore, we used 8 s depolarization steps
to minimize this effect. Tail current data were normalized
to the maximum current value (Imax) and fitted with a
Boltzmann function:

I/Imax = [1 + exp((V0.5 − Vt)/k)]−1 (1)

where I/Imax is the relative tail current, V 0.5 is the half-
activation voltage, V t is the test potential, and k is the
slope factor.

The steady-state activation data were also fitted with a
Boltzmann function of the form:

I/Imax = [1 + exp((	G0 − zg E F)/RT )]−1 (2)

where 	G0 is the work done at 0 mV; zg is the effective
number of gating charges moving across the membrane
electric field, E; F is Faraday’s constant; R is the universal
gas constant; and T is absolute temperature. Equations
(1) and (2) are equivalent; however, from eqn (2) one
can calculate the effect of each mutation on changes in
the chemical potential (	G0) and electrostatic potential
(−zgEF) that drives activation.

Rates of activation

It is not possible to measure rates of activation directly
from depolarizing steps for HERG K+ channels due to
overlapping inactivation (Liu et al. 1996). We therefore
used an envelope of tails protocol as previously described
(Liu et al. 1996; Lu et al. 2001). Rates of activation were
measured at 0 mV (i.e. in the absence of an electrostatic
driving force) and then at potentials in the range +40
to +160 mV (depending on the mutant studied). HERG
K+ channels, like Shaker K+ channels, undergo transitions
through multiple pre-open closed states before finally
opening (Wang et al. 1997). This can be seen from the
sigmoidal shape of activation time courses (Trudeau et al.
1995; Wang et al. 1997; Gomez-Varela et al. 2002; also see
Fig. 4). Therefore to obtain the rate constant of activation
we fitted an equation of the form:

t = δ; I = 0

t > δ; I = Imax(1 − exp(−(t − δ)/τ )) (3)

where δ is the latency and τ is the time constant of the
activation time course.

Rates of deactivation

Deactivation of HERG is voltage dependent and has been
reported to show either a single exponential (Wang et al.
1996; Kiehn et al. 1996; Wang et al. 1997; Jo et al. 1999;
Johnson et al. 1999) or a bi-exponential time course (Zhou
et al. 1998; Wang et al. 2000; Lu et al. 2001). We found
that for WT HERG deactivation at −120 mV could be
well fitted by a single exponential time course. However,
at −80 mV fitting a bi-exponential time course resulted
in a significantly smaller sum of squares of the residuals
compared to a fit of a single exponential time course (see
Supplementary material). Furthermore, for some of the
mutants a bi-exponential time course was clearly needed
to fit the data (see Supplementary material and Fig. 8C).
For consistency, we have therefore used a bi-exponential
function to fit the deactivation curves for all mutants as
well as WT channels. Rates of deactivation were measured
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from tail currents recorded at voltages in the range 0 to
−190 mV (depending on mutant studied) after a step to
+40 mV (or +80 mV for the R531Q mutant) for 500 ms
to activate the channels. The data were fitted with a
bi-exponential function of the form:

I = Af exp(t/τf) + As exp(t/τs) + C (4)

where τ f is the time constant of fast component, τ s is
the time constant of slow component, Af and As are
the relative amplitudes of the fast and slow components,
and C is a constant. All curve fitting was done in non-
transformed data using the automated least squares fitting
algorithm incorporated into the Clampfit 9 software
(Axon Instruments).

Figure 2. Steady-state activation of WT HERG
A, typical example of currents recorded from WT HERG channels
during an 8 s steady-state activation voltage protocol (see inset).
Arrows indicate points at which current was measured for the
depolarization step (continuous line) and for the tail currents (dashed
line). B, the current–voltage (I–V ) relationships for the current recorded
at the end of the depolarization steps (filled symbols) and tail currents
(open symbols) plotted against the voltage of the preceding voltage
step. The reduction in outward current at positive potentials seen
during the depolarization step results from inactivation of the
channels. The curve fitted to the tail current data is a Boltzmann
function (see Methods) with a V0.5 of activation of −28 mV.

Cysteine modifications

MTSET was prepared as a 100 mm stock solution in water,
aliquoted in 200 µl lots and rapidly frozen. Individual
aliquots were thawed and diluted in 20 ml ND96 (to
give a final MTSET concentration of 1 mm) and used
immediately to minimize breakdown of the reagents.
MTSET was applied through a separate perfusion line and
a new aliquot of MTSET was used for each oocyte.

All data are presented as the mean ± s.e.m. (n).
Statistical comparisons (performed using ANOVA
followed by Dunnett’s method, except when we compared
the addition of MTSET to K525C channels where we used
Student’s paired t test) were carried out using Microsoft
Excel. A P value of < 0.05 was considered significant.

Results

Steady-state activation

A typical example of a family of currents recorded from WT
channels during a steady-state activation voltage protocol
is shown in Fig. 2A. The unusual gating characteristics
of HERG can be appreciated from the current–voltage
(I–V ) relationship for the current recorded at the end
of the depolarization pulses (filled symbols, Fig. 2B).
At more depolarized potentials there is a reduction in
outward current due to inactivation of the channels,
creating a dome-shaped I–V curve. Also shown in Fig. 2B
is the I–V relationship for the peak tail currents plotted
against the voltage of the preceding depolarization step
(open symbols, Fig. 2B). The Boltzmann function (see
Methods) fitted to the tail current I–V data had a V 0.5

of activation of −28 mV, and the mean value for V 0.5 for
WT channels was −34.7 ± 1.6 mV (n = 8, see Table 1).

All the S4 glutamine mutants studied affected the
steady-state activation of HERG. Typical examples of
currents recorded from K525Q and R531Q channels
during steady-state activation protocols are illustrated in
Fig. 3A and Fig. 3B, respectively. For K525Q channels,
activation first occurs at potentials < −100 mV, and
therefore we used a holding potential of −120 mV and tail
currents were recorded at −150 mV instead of −70 mV.
For K525Q channels a depolarization to −80 mV resulted
in over 50% activation (thick trace in Fig. 3A). For R531Q
channels a depolarization to +30 mV was required to
achieve 50% activation (thick trace in Fig. 3B). The mean
steady-state activation curves for WT, K525Q, R528Q,
R531Q, R534Q and R537Q are shown in Fig. 3C. The
V 0.5 of steady-state activation was significantly shifted in
a negative direction from −34.7 ± 1.6 mV for WT (n = 8)
to −84.9 ± 1.4 mV for K525Q (n = 9, P < 0.05, ANOVA
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Table 1. Steady-state activation

	G0

Cell type (n) V0.5 (mV) Slope (mV) zg (e−) (kJ mol−1)

WT (8) −34.7 ± 1.6 6.8 ± 0.5 3.8 ± 0.2 −13.2 ± 1.3
K525Q (9) −84.9 ± 1.4∗ 11.9 ± 0.6∗ 2.2 ± 0.1∗ −17.8 ± 1.0∗

R528Q (6) −7.0 ± 2.4∗ 9.0 ± 0.3∗ 2.8 ± 0.1∗ −1.9 ± 0.6∗

R531Q (9) 27.6 ± 1.5∗ 6.5 ± 0.6 4.3 ± 0.5 11.7 ± 1.6∗

R534Q (9) −26.8 ± 2.8∗ 8.6 ± 1.0∗ 3.0 ± 0.2∗ −4.3 ± 1.5∗

R537Q (8) −10.3 ± 0.4∗ 9.8 ± 0.5∗ 2.9 ± 0.3∗ −3.6 ± 1.4∗

K525C (6) −54.4 ± 0.7∗ 9.4 ± 0.5∗ 2.8 ± 0.2∗ −15.3 ± 1.6
K525C + MTSET (6) −66.2 ± 2.0∗† 8.7 ± 0.4∗ 2.9 ± 0.2∗ −18.7 ± 1.4∗†

The data are means ± S.E.M. ∗P < 0.05 compared to WT (ANOVA, followed by Dunnett’s method).
†P < 0.05 compared to K525C (paired t test).

followed by Dunnett’s method). Conversely, the V 0.5 of
steady-state activation for all the other mutants was shifted
in a positive direction (see Fig. 3C and Table 1).

∆G0 and zg

The effects of S4 mutants on the chemical (	G0)
and electrostatic (−zgEF) potential for activation were
calculated from steady-state activation data using eqn (2).
The changes in 	G0 for all S4 mutants compared to WT
parallel the changes in V 0.5 (see Table 1), i.e. a positive shift
in V 0.5 corresponds to a less negative 	G0. Thus at 0 mV
there is a smaller chemical potential driving the opening of
R528Q, R531Q, R534Q and R537Q channels compared to
WT channels whereas for K525Q there is a larger chemical
potential driving the opening of these channels. There was
a significant reduction in zg for all S4 mutants compared
to WT HERG except for R531Q which was not different to
WT (see Table 1). This suggests that in WT HERG, K525,
R528, R534 and R537, but not R531, contribute to charge
movement during activation of the channels.

Rates of activation

A typical example of a family of currents recorded using
an envelope of tails protocol (see Methods) to measure
the rates of activation at 0 mV for WT channels is shown
in Fig. 4A and the peak tail current measured for each
duration pulse is plotted in Fig. 4B. The inset to Fig. 4B
highlights the initial phase of activation which is clearly
sigmoidal. The sigmoidicity of the activation time course
indicates that the channels must proceed through multiple
pre-open closed states prior to opening (see also Trudeau
et al. 1995; Wang et al. 1997; Gomez-Varela et al. 2002). In
the example shown in Fig. 4 the time constant for the single
exponential fit to the latter half of the peak tail current data
points was 140 ms (Fig. 4B).

Typical examples of currents recorded from WT and
K525Q during an envelope of tails protocol to measure
the rate of activation at 0 mV are shown in Fig. 5A and
Fig. 5B, respectively. Activation was considerably faster
for K525Q than for WT (note different time scales for
K525Q current traces in Fig. 5A and Fig. 5B). The values
of the mean ± s.e.m. for the time constants of activation
at 0 mV for all mutants are summarized in Fig. 5C.
The rate of activation at 0 mV was fastest for K525Q
(44 ± 9 ms) and slowest for R531Q (4382 ± 541 ms) (see
Table 2).

It is difficult to compare the effects of different mutants
on the rates of activation at a given voltage as the
driving force for activation (chemical plus electrostatic
potential) will vary for each mutant compared to WT
channels. In Fig. 6A we have therefore plotted rates of
activation, for WT and S4 charge mutant channels,
versus the total potential energy driving activation, i.e.
−(	G0 − zgEF). The highest total potential energy
driving force for activation we were able to achieve for all
mutants was ∼50 kJ mol−1 (see dashed box, Fig. 6A). At
this driving force the rates of activation of K525Q, R528Q
and R534Q were significantly faster than WT (P < 0.05,
ANOVA followed by Dunnett’s method), whereas R537Q
was similar to WT and R531Q was significantly slower
(see Fig. 6B and Table 2, P < 0.05, ANOVA followed by
Dunnett’s method). The rate of activation of HERG K+

channels at very positive driving forces reaches a limiting
value (Wang et al. 1997; Gomez-Varela et al. 2002). It was
not possible to measure rates of activation at sufficiently
positive voltages to be able to measure the limiting value
directly for all mutants investigated in this study. The
limiting value for the time constant of activation of WT
HERG was 15.5 ± 1.6 ms (n = 4, measured at +160 mV;
driving force of 72 kJ mol−1). This result in combination
with the data in Fig. 6 indicates that the limiting rate of
activation for K525Q, R528Q and R534Q will be faster
than WT. Conversely, the limiting rate of activation for
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R531Q and R537Q will be either similar to or slower than
WT but we do not have sufficient data to be able to make
definitive conclusions for either of these mutants.

Rates of deactivation

Typical examples of tail currents recorded at −60 mV
for WT and all mutant HERG channels are shown
in Fig. 7. Current traces have been normalized to the
peak tail current to facilitate comparison of the rates
of deactivation. In the traces shown in Fig. 7, K525Q
and R534Q channels deactivate more slowly than WT,
whereas R528Q, R537Q and R531Q deactivate more
rapidly. The effect of the S4 charge mutants on the time
constant of the fast component (τ f), slow component (τ s)
and the relative proportions of the two components are
summarized in Fig. 8. The K525Q (n = 6) and R534Q
(n = 8) mutants had significantly slower time constants of
deactivation than WT (n = 6, P < 0.05, ANOVA, followed
by Dunnett’s method), whereas the R531Q (n = 6) and

Figure 3. Steady-state activation of HERG S4
mutant channels
Typical examples of currents recorded from K525Q (A)
and R531Q channels (B) during 8 s steady-state
activation protocols (see insets). K525Q channels start
to activate at potentials < −100 mV and a
depolarization to −80 mV (thick trace) resulted in
over 50% activation. A depolarization to +30 mV
was required to achieve 50% activation for R531Q
(thick trace). C, steady-state activation curves for WT,
K525Q, R528Q, R531Q, R534Q and R537Q. The V0.5

of steady-state activation was significantly shifted in a
negative direction from −34.7 ± 1.6 mV for WT
(n = 8) to −84.9 ± 1.4 mV for K525Q (n = 9,
P < 0.05). The V0.5 of steady-state activation for all
the other mutants was shifted in a positive direction
(see Table 1).

R537Q (n = 9) mutants had significantly faster time
constants of deactivation than WT (P < 0.05, ANOVA,
followed by Dunnett’s method). R528Q (n = 6) channels
had a faster τ f but a slower τ s.

At −130 mV, the fast component of deactivation
accounts for over 80% of deactivation for WT as
well as all other mutant HERG channels. However, at
more depolarized potentials (−80 to −60 mV) the fast
component accounts for 50–70% of deactivation for WT
compared to 80–90% for R531Q and R537Q, but only
20–30% for R534Q and 40–50% for R528Q (see Fig. 8C).

The problems associated with comparing rates of
activation for WT and mutant channels for a given
voltage (see above) are similarly applicable to comparing
rates of deactivation between WT and mutant channels.
To overcome this problem we measured rates of
deactivation at voltages below the activation threshold
(WT, R528Q, R534Q, R537Q: −90 to −160 mV; K525Q
−120 to −190 mV; R531Q −10 to −130 mV) and
have plotted the data versus the total potential energy
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−(	G0 − zgEF) driving the deactivation process (see
Fig. 9). For the purpose of this comparison we
have only looked at the fast time constant of
deactivation (see Discussion). The rates of deactivation
of K525Q and R528Q are similar to those for
WT channels at equivalent driving forces. The rates
of deactivation for R534Q channels, however, are
approximately 10-fold slower and R531Q 2- to 5-fold
slower, than the rates of deactivation of WT channels

Figure 4. Rate of activation at 0 mV for WT HERG
A, typical example of currents recorded using an envelope of tails
protocol (inset) to measure the rates of activation at 0 mV for WT
HERG channels. B, peak tail currents plotted against the duration of
the preceding depolarization to 0 mV. The dotted line shows the
current recorded during a simple depolarization to 0 mV which clearly
has a different shape, due to the overlap of activation and inactivation.
The time constant for the single exponential fitted to the latter half of
the activation time course in this example was 140 ms. The inset
shows an expanded view of the first 100 ms of the plot (dashed box).
The amplified plot highlights the sigmoidal activation time course.

at equivalent driving forces. The rates of deactivation of
R537Q channels are approximately 2- to 3-fold faster than
WT channels at equivalent driving forces.

Role of K525 in stabilizing the closed state of HERG

To further characterize the role of K525 we mutated K525
to cysteine and also investigated the effect of MTSET
on the K525C mutant. Typical examples of currents

Figure 5. Summary of rates of activation at 0 mV
Typical examples of currents recorded from WT (A) and K525Q (B)
during an envelope of tails protocol (see insets) to measure the rates
of activation at 0 mV. Note different time scales for current traces in A
and B. C, means ± S.E.M. for the time constants. The rate of activation
at 0 mV was fastest for K525Q (44 ± 9 ms) and slowest for R531Q
(4382 ± 541 ms) (see Table 2).
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Table 2. Rates of activation

0 mV τ Voltage −(	G0 − zgEF)†
Cell Type (ms) (n) (mV) (kJ mol−1) τ (ms) (n)

WT 240 ± 34 (6) 100 49.8 27.6 ± 0.6 (3)
K525Q 44 ± 9∗ (8) 160 51.0 6.5 ± 0.5∗ (3)
R528Q 1237 ± 54∗ (6) 160 45.4 7.3 ± 3.4∗ (3)
R531Q 4382 ± 541∗ (8) 140 46.6 38.7 ± 2.4∗ (3)
R534Q 113 ± 14∗ (7) 140 50.0 3.9 ± 0.7∗ (3)
R537Q 485 ± 133∗ (9) 160 47.9 25.1 ± 5.4 (3)

†Total (chemical + electrostatic) potential energy was calculated from the 	G0 and zgEF
values derived from fitting eqn (2) to the steady-state activation data (see Table 1). Voltages
shown in column 3 were chosen to give a total potential energy driving activation of
∼50 kJ mol−1 (shown in column four). The tau values shown in the fifth column were
obtained at the corresponding voltages shown in column three. P < 0.05 compared to WT
(ANOVA followed by Dunnett’s method).

recorded from K525C before and after modification
with MTSET during step depolarizations to voltages
in the range −100 to +40 mV followed by a step to
−120 mV are shown in Fig. 10A. The insets in Fig. 10A
highlight the tail currents. The K525C channels were less
than 50% activated by a step depolarization to −60 mV
(thick trace), whereas K525C + MTSET was greater
than 50% activated (thick trace). The V 0.5 for steady-
state activation of K525C was −54.4 ± 0.7 mV, which
was significantly different from WT (−34.7 ± 1.6 mV,
n = 6, P < 0.05, ANOVA followed by Dunnett’s method).
Addition of MTSET to K525C caused a further leftward
shift in the voltage dependence of steady-state activation
from −54.4 ± 0.7 mV to −66.2 ± 2 mV (n = 6, P < 0.05,
paired t test, see Fig. 10B).

MTSET also caused an apparent acceleration of the rates
of activation (e.g. see current traces during depolarization
steps in Fig. 10A) and an apparent slowing of deactivation
(see tail currents in insets to Fig. 10A). However, these
changes were predominantly due to changes in total
electrochemical driving force consequent to the shift
in V 0.5 of steady-state activation caused by addition of
MTSET.

Discussion

HERG K+ channels play a crucial role in cardiac
repolarization (Spector et al. 1996; Viswanathan et al.
1999; Tseng, 2001) and protection against arrhythmias
initiated by ectopic beats (Lu et al. 2001). Central to
both of these roles is the slow activation and deactivation
kinetics of HERG K+ channels. In theory, the atypically
slow activation of HERG could be due either to slow
movement of the voltage sensor or to delayed coupling
between movement of the voltage sensor and opening of
the activation gate. Piper et al. (2003) have recently shown
that the time constant of the major component of gating

charge movement in HERG K+ channels is ∼70 ms, which
is approximately two orders of magnitude slower than that
for Shaker K+ channels (Bezanilla, 2000). Furthermore,
studies using fluorophores attached to the extracellular
linker between S3 and S4 have shown that while there are
both rapid and slow voltage-dependent changes seen in
fluorescence, the slow component correlates very closely
with the voltage dependence of activation (Smith & Yellen,
2002). Thus two independent lines of evidence suggest
that slow movement of the voltage sensor is likely to be the
principal reason for the slow activation kinetics of HERG
K+ channels.

Effect of mutating S4 charged residues to glutamine
on steady-state activation

Mutating each of the positively charged residues of S4
to glutamine had a significant effect on the steady-state
activation of HERG. The K525Q mutant had a negatively
shifted V 0.5 of steady-state activation compared to WT,
whereas R528Q, R531Q, R534Q and R537Q mutants
demonstrated a positively shifted V 0.5 of steady-state
activation compared to WT (see Figs 3 and 10, and
Table 1). Fitting the steady-state activation data with a
Boltzmann function (eqn (2)) also enables one to separate
out the effects of each mutation on the chemical (	G0)
and electrostatic (−zgEF) components of the free energy
changes required to open the channels. The R528Q,
R531Q, R534Q and R537Q mutants had less negative 	G0

values compared to WT (see Table 1), i.e. in the absence
of a transmembrane electric field these mutants shift the
equilibrium towards the closed state. Conversely, K525Q
had a significantly more negative 	G0 than WT indicating
that in K525Q channels the equilibrium is shifted towards
the open state compared to WT channels.

All S4 glutamine mutants, except for R531Q, resulted
in a significant reduction in the electrostatic component
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(−zgEF) driving activation (see Table 1). This suggests
that in WT HERG, K525, R528, R534 and R537, but not
R531, contribute to charge movement during activation
of the channels. It is important to note however, that
the values of zg derived from Boltzmann fits to steady-
state activation data are necessarily underestimates of
the total charge moved (see reviews by Almers, 1978;
Sigworth, 1994). Furthermore, in the case of Shaker there
are instances of mutants (e.g. L382V) where the reported
values for gating charge moved as estimated by Boltzmann
fits to steady-state activation data are significantly smaller
than that for WT channels, yet when gating charge was
measured directly in the same mutants it was found to
be the same as that measured for WT channels (Schoppa
et al. 1992). To be able to make definitive statements
about the contributions of K525, R528, R531, R534 and
R537 to gating charge movement in HERG will therefore
require measurement of calibrated gating currents in these
channels (i.e. measurement of gating current relative to the

Figure 6. Time constants of activation versus total potential
driving force
A, time constants of activation for WT and S4 charge mutant channels
were obtained at voltages in the range +40 to +120 mV (WT), to
+140 mV (R531Q) or to +160 mV (K525Q, R528Q, R534Q and
R537Q) and are plotted versus the total potential driving force, i.e.
−(	G0 – zgEF). B, time constants of activation for WT and S4 charge
mutants at a potential energy driving activation of ∼50 kJ mol−1 (see
dashed box in A). τ values are significantly faster (∗ ), or slower (†)
than WT (P < 0.05, ANOVA followed by Dunnett’s method).

density of channel expression). The slow and hence small
magnitude of gating currents in HERG K+ channels (Piper
et al. 2003) will make such measurements very difficult and
to date have not been reported.

Rates of activation

At present, there are only relatively simple kinetic models
of the activation of HERG K+ channels (Wang et al.
1997; Kiehn et al. 1999; Lu et al. 2001; Piper et al. 2003;
see below), which contrasts with the more sophisticated
models for activation of Shaker K+ channels (Zagotta
et al. 1994; Schoppa & Sigworth, 1998). This is primarily
due to difficulties in measuring gating currents from
HERG (Smith & Yellen, 2002; Piper et al. 2003). The small
single channel conductance (Kiehn et al. 1999) and rapid
inactivation (Smith et al. 1996; Spector et al. 1996) have
also made it difficult to gather equivalent detailed kinetic
information to that which is available for Shaker related
channels.

It is widely accepted that activation of HERG K+

channels involves multiple pre-open closed state, viz:

Scheme 1
With the minimal model required to fit the activation
kinetics of WT HERG containing three pre-open
closed states (C0, C1 and C2) and one open state

Figure 7. Rates of deactivation at −60 mV for WT HERG and all
mutants
Typical examples of tail currents recorded at −60 mV following a step
to +40 or +80 mV (in case of R531Q) to activate the channels are
illustrated. To facilitate comparison of the rates of deactivation, current
traces have been normalized to the peak tail current. In the traces
shown, the currents for K525Q and R534Q decay more slowly than for
WT, which in turn is slower than for R528Q, R537Q and R531Q.
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Figure 8. Summary of rates of deactivation
The mean ± S.E.M. for τ f (A), τ s (B) and ratio Af/(Af + As) (C) for WT
and all mutant channels. K525Q and R534Q mutants had significantly
slower time constants (τ f and τ s) of deactivation (n = 6) than WT
(P < 0.05, ANOVA, followed by Dunnett’s method), whereas the
R531Q and R537Q mutants had significantly faster time constants (τ f

and τ s) of deactivation than WT (P < 0.05, ANOVA, followed by
Dunnett’s method). R528Q channels had a faster τ f but a slower τ s.
The fast component of deactivation accounts for over 80% of
deactivation for WT as well as all other mutant HERG channels at
−130 mV. However, at more depolarized potentials (−80 to −60 mV)
the fast component accounts for 50–70% of deactivation for WT
compared to 80–90% for R528Q and R537Q, but only 20–30% for
R534Q and R531Q.

(Wang et al. 1997; Kiehn et al. 1999; Lu et al. 2001).
Furthermore, the transition between C1 and C2 is generally
considered to be voltage independent (Wang et al. 1997).
At very positive potentials the voltage-independent step
(C1 → C2) will become rate limiting (see Fig. 6); however,
at less positive potentials the final transition (C2 → O) is
rate limiting (Wang et al. 1997). The presence of voltage-
independent steps complicates the interpretation of the
τ values estimated from fits to activation time courses at
different potentials. Nevertheless, it is possible to obtain
some important information about the activation pathway
from the results presented here. In particular, the effects
of mutations on rates of activation and deactivation can
provide additional information to that obtained from
steady-state activation data, regarding the stability of
closed states versus the open state. An acceleration of
the rate of activation indicates that the activation energy
between the closed and open states has been reduced, and
therefore the closed state has been destabilized. Conversely,
an acceleration of the rate of deactivation suggests that
there is a destabilization of the open state.

In general, the effect of S4 charge mutants on the rate
of activation at 0 mV, i.e. in the absence of an electric
field, paralleled the effects of the mutants on the chemical
component of the free energy of activation. Thus those
channels that had a more negative 	G0 value, e.g. K525Q,
had a faster rate of activation whereas those channels that
had less negative 	G0 values, e.g. R528Q, had a slower
rate of activation (see Tables 1 and 2). There was, however,

Figure 9. Rates of deactivation versus total potential driving
force
The rates of deactivation were measured at voltages below the
activation threshold (see Methods) and plotted against the total
potential energy −(	G0 – zgEF) driving the deactivation process. The
rates of deactivation for R534Q channels are approximately 10-fold
slower and R531Q 2- to 5-fold slower than the rates of deactivation of
WT channels at equivalent driving forces. The rates of deactivation of
R537Q channels are approximately 2- to 3-fold faster than WT
channels at equivalent driving forces.
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one notable exception to this trend. R534Q channels had
a significantly less negative 	G0 (−4.3 ± 1.5 kJ mol−1)
compared to WT (−13.2 ± 1.3 kJ mol−1, see Table 1) but
a faster rate of activation at 0 mV (113 ± 14 ms compared

Figure 10. Steady-state activation of K525C ± MTSET
A, typical examples of currents recorded from K525C before and after
modification with MTSET during a steady-state activation protocol
(inset). The tail currents are highlighted in the insets. At −60 mV (bold
traces), the K525C channels were less than 50% activated whereas
K525C + MTSET was greater than 50% activated. B, mean
steady-state activation curves for K525C before and after modification
with MTSET. The mean value for V0.5 for K525C channels was
−54.4 ± 0.7 mV; this was significantly different from WT
(−34 ± 1.6 mV, continuous thick line). Addition of MTSET to K525C
caused a further leftward shift in V0.5 of steady state activation
(−66.2 ± 2 mV, n = 6, P < 0.05 compared to K525C, paired t test)
but it was not as far shifted as K525Q (dotted line).

to 240 ± 34 ms for WT, see Table 2). This suggests that in
WT channels R534 contributes to specific chemical inter-
actions that raise the energy barrier for activation.

The electrochemical potential energy driving activation
−(	G0 – zgEF) reflects the difference in energy between
the open and closed states and therefore indicates
whether the open–closed transition will take place or not,
i.e. it is a thermodynamic property. The rate of activation,
however, is a kinetic property and it will be primarily
determined by the height of the energy barrier, i.e. the
activation energy, 	G‡, of the transition state complex
between the closed and open state (see Fig. 11). Thus in
the case of R534Q channels (dashed line in Fig. 11) the
activation energy barrier is lower and therefore activation
can proceed more rapidly, despite the fact that the energy
difference between the closed and open state is significantly
less than for the WT channel (continuous line, in Fig. 11).

The discrepancy between the rate of activation and
apparent driving force for R534Q compared to WT
channels was present throughout the voltage range studied
(see Fig. 6). Furthermore, the limiting value for the time
constant of activation at positive voltages was significantly
faster for R534Q (4.1 ± 0.1 ms, n = 4) compared to WT
channels (15.5 ± 1.6 ms, n = 4, P < 0.05 ANOVA followed
by Dunnett’s method). This suggests that R534 plays
an important role in the voltage-independent C1 → C2

transition.
Interestingly, at very positive potentials the rates of

activation of K525Q and R528Q were also faster than that
of WT channels when they were compared at equivalent

Figure 11. Schematic diagram of activation energy profiles for
WT and R534Q channels
Changes in free energy for the closed (C) to open (O) state transition
for WT (continuous line) and R534Q (dashed line) channels. The
increase in energy required to reach the transition state complex (C‡),
	G‡, is larger for WT compared to R534Q channels. Hence the rate of
activation of WT channels will be slower than R534Q channels despite
the larger difference in free energy, 	G0, between the open and
closed states for WT compared to R534Q channels.
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driving forces (see Fig. 6A), but R531Q was slower. This
suggests that K525 and R528 residues in WT channels also
contribute to interactions that stabilize one or more of
the pre-open closed states. Conversely, the R531 residue is
likely to contribute to interactions that destabilize one or
more closed states.

Role of S4 in deactivation

Deactivation of WT HERG K+ channels is generally
thought to occur with a bi-exponential time course (Zhou
et al. 1998; Wang et al. 2000; Lu et al. 2001); however,
others have argued that it can be well described by a
single exponential time course (Wang et al. 1996; Kiehn
et al. 1996; Wang et al. 1997; Jo et al. 1999; Johnson et al.
1999). In this study we found, at negative potentials, where
there will be minimal contamination from reactivation
of channels, the deactivation of WT channels occurs
predominantly via a single exponential process (see Fig. 8
and Supplementary material). However, this is not the case
for all the S4 charge mutants. For example, the deactivation
time course for R528Q channels showed bi-exponential
kinetics even at potentials well below the threshold for
activation (see Fig. 8 and Supplementary material). In the
activation scheme described above (Scheme 1) one would
expect that if the rate limiting step for deactivation is the
initial O → C2 step and this step is≥ 2 orders of magnitude
slower than the subsequent steps then the deactivation time
course would be well described by a single exponential
time course. Our results suggest that this is approximately
the case for WT channels. This, however, may not be the
case for R528Q or R534Q channels at moderately hyper-
polarized potentials (−90 to −120 mV). As this voltage is
well below the threshold for activation of these channels
the most likely explanation for the bi-exponential
deactivation is slowing of one of the later steps in the
deactivation pathway (either C2 → C1 or C1 → C0).

Comparison of the rates of deactivation for WT and
mutant channels at equivalent electrochemical driving
forces and at potentials well below the activation threshold
(i.e. where deactivation can be well described by a single
exponential decay) showed that the rates of deactivation
of K525Q and R528Q were very similar to WT channels
(see Fig. 9). However, R534Q channels had ∼10-fold
slower rates of deactivation, R531Q ∼3- to 4-fold slower
rates of deactivation and R537Q ∼3-fold faster rates
of deactivation. Thus R537Q appears to have lowered
the activation energy for deactivation whereas R531Q
and R534Q have increased the activation energy for
deactivation.

The deactivation kinetics of HERG K+ channels are
also influenced by the N-terminal domain (Schonherr &
Heinemann, 1996; Spector et al. 1996; Wang et al. 1998;
Morais Cabral et al. 1998) and this is thought to be
mediated at least in part via an interaction between the
N-terminus and the S4–S5 linker (Wang et al. 1998).
Interestingly, the S4 charge mutants that have the most
significant effect on deactivation are those nearest the
S4–S5 linker. Thus it is possible that the different effects
of the S4 mutants on deactivation reported in this study
could be due to secondary effects on the S4–S5 linker.
However, we cannot rule out the possibility that there may
be additional interactions between the N-terminus and
the transmembrane domains of the voltage-sensor region
as has been suggested by Tseng and colleagues (Liu et al.
2003).

Positive charge at K525 is not essential
for stabilizing the closed state

In WT channels K525 appears to stabilize the closed state,
i.e. K525Q channels have a left-shifted V 0.5 for steady-state
activation as well as faster rates of activation compared to
WT channels. Intriguingly, the less conservative mutation
of K525 to a cysteine had a much milder phenotype than
the K525Q mutation; V 0.5 reduced from −34.7 mV (for
WT) to −54.4 mV for K525C compared to −84.9 mV
for K525Q. Addition of MTSET to K525C, which has
the effect of restoring the positive charge at residue 525,
however, accentuated the negative shift in V 0.5 of steady-
state activation (to −66.2 mV) (see Fig. 10). These data
suggest that the lysine side chain rather than charge per
se at residue 525 participates in specific interactions that
stabilize the closed state and even moderate perturbations
to the side chain interfere with these interactions.

Implications for mechanisms for voltage sensing
in HERG K+ channels

The best characterized voltage-gated K+ channel is the
Shaker K+ channel (see review by Bezanilla, 2000).
Comparison of our data with those obtained for the
equivalent mutations in Shaker K+ channels, however,
reveals some interesting differences. For example, R531
in our experiments appears to play a very different
role from that of R371 in Shaker. The R371Q mutant
in Shaker causes a significant hyperpolarization shift
in the voltage dependence of steady-state activation
(Papazian et al. 1991), whereas the R531Q mutant in
HERG results in a +64 mV depolarization shift in the
voltage dependence of steady-state activation (see Fig. 3
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and Table 1). Furthermore, R531 may not be a significant
contributor to charge movement during activation (zg

was not changed compared to WT HERG, see Table 1)
whereas R371 is a major contributor to charge movement
during activation (Aggarwal & MacKinnon, 1996; Seoh
et al. 1996).

Another interesting difference between S4 charge
mutants in HERG and Shaker is that in Shaker, the
S4 neutralization mutations K374Q and R377Q are not
functional (Papazian et al. 1991) as they result in channels
that are not properly folded (Papazian et al. 1995). These
mutations are thought to disrupt electrostatic inter-
actions with acidic residues in S2 and S3 (Papazian
et al. 1995; Tiwari-Woodruff et al. 1997). Salt bridges
between residues in S4 and S2 are also seen in the KvAP
structure (Jiang et al. 2003). The corresponding mutations
in HERG, R534Q and R537Q are functional. This suggests
that potential electrostatic interactions between the S4
charged residues and residues in S2 and/or S3 may not
play as significant a role in protein folding or assembly
of HERG K+ channels. However, we cannot exclude
the possibility that salt bridges may only affect protein
folding and stability of HERG K+ channels at the higher
temperatures that the channels would experience in
human cells, i.e. 37◦C, but not under the less stringent
conditions observed in the Xenopus oocyte system (Zhou
et al. 1999).

Recently, there has been considerable debate regarding
the mechanisms of voltage gating (Blaustein & Miller,
2004), following the unravelling of the structure of a
bacterial voltage-gated K+ channel, KvAP (Jiang et al.
2003). Our data suggest there are differences in voltage
sensing between HERG and Shaker channels, which in turn
may be different from that of KvAP. In addition, data from
HCN channels have suggested alternative mechanisms
such as collapsing voltage gradients (Horn, 2004). To
accurately define the mechanism of voltage sensing in
HERG will require further studies, including hopefully
atomic resolution structural studies.
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