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Abstract The functional role of the large intracellular
regions (which include the cyclic nucleotide binding
domain, cNBD, and the Per-Arnt-Sim domain, PAS) in the
herg channel is not well understood. We have studied
possible interactions of the cNBD with other parts of the
channel protein using lysine mutations to disrupt such
interactions. Some lysine mutations caused significant right
shifts in the voltage dependence of inactivation; almost all
the mutants caused speeding up of deactivation time course.
In a homology model of the cNBD, lysine mutations that
affected both inactivation and deactivation lie in a hydro-
phobic band on the surface of the structure of this domain.
Some known mutations in the Long QT Syndrome type 2,
with effects on deactivation, are located at residues close to
hydrophobic bands on the cNBD and the PAS domains.
Such bands of residues in these intracellular domains may
play an important part in channel function.

Keywords Human ether-a-go-go-related gene - Herg -
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Introduction

The human ether-a-go-go related gene (herg) encodes the
K, 11.1 potassium channel, which plays a crucial role in the
I, current component of the cardiac action potential
(Sanguinetti et al. 1995; Tseng 2001). Many mutations in
herg have been found in inherited cardiac disorders charac-
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terised by prolongation of the QT interval, leading to sus-
ceptibility to arrhythmias and even sudden death (Bracey
and Wray 2000). In herg, the disorder is referred to as Long
QT Syndrome type 2 (LQT?2) (Finlayson et al. 2004). Par-
tial or complete loss of function introduced by the muta-
tions inhibits the normal repolarisation of the cardiac action
potential via [, suppression or alteration, leading to length-
ening of the ventricular action potential duration and hence
a long QT interval in the electrocardiogram (Lehmann-
Horn and Jurkat-Rott 1999). Over a hundred mutations of
herg have been linked to LQT2 and many have been char-
acterised electrophysiologically and by their biosynthetic
processing (www.pc4.fsm.it:81/cardmoc/index.html).

Clearly, a greater understanding of the structure—func-
tion relationship of the herg channel itself will help in
understanding the effect of these mutations at the protein
level. The herg channel itself is a tetramer, with each sub-
unit having six transmembrane regions (S1-S6), a feature
held in common with other members of the very large fam-
ily of voltage-activated potassium channels (Warmke and
Ganetzky 1994; Vandenberg et al. 2004). The membrane-
spanning section of the channel is vital for its voltage-
dependent function, with the S4 region functioning as the
voltage sensor (Yusaf et al. 1996; Ferrer et al. 2006).

The herg channel belongs to a smaller family of eight
members each characterised by the long intracellular
amino- and carboxy-terminal regions of their subunits.
These regions include a Per-Arnt-Sim (PAS) domain in the
N terminal region. PAS domains were originally identified
in several proteins in procharyotes and lower eukaryotes
and appear to be involved in protein—protein interactions;
some mammalian PAS domain proteins are involved in
circadian rhythms (Wu and Wang 2004; Zhulin et al. 1997).
The herg channel also has a cyclic nucleotide binding
domain (cNBD) in the C terminal region (Morais Cabral
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et al. 1998). For the homologous HCN channel (hyperpo-
larisation and cyclic nucleotide-activated channel) (Zagotta
et al. 2003), the cNBD hangs as a tetramer below the mem-
brane, and it is reasonable to assume a similar structure for
the herg channel, with the cNBD tetramer surrounded by
the other intracellular regions such as the PAS domain.
Thus it is likely that the surface regions of the cNBD
domain interact with other intracellular regions of the chan-
nel protein. To study this, we have made lysine mutations
in residues of the cNBD that are predicted to lie on the sur-
face of the domain in a homology model for the structure of
this domain. Such mutations can disrupt domain—domain
(or subunit—subunit) interaction at hydrophobic regions and
so may be useful in identifying regions of structural and
functional interaction (Sine et al. 2002). Lysine mutations
have, for example, previously been used to characterise sur-
faces involved in channel-toxin interactions (Li-Smerina
and Swartza 2001). Such an approach has not previously
been carried out for the cNBD of the herg channel. For com-
parison purposes under the same experimental conditions,
besides studying lysine mutations, we have also chosen for
study some known LQT2 mutations in the PAS and cNBD
domains. Our overall aim is to investigate possible interact-
ing surfaces of these domains, which may also shed light on
possible mechanisms for the functional effects of some of
the LQT2 mutations at surface residues of these domains.

Materials and methods

Mutations were introduced into wild-type herg (provided in
pSP64, a kind gift from Professor M. Sanguinetti, Univer-
sity of Utah) by site-directed mutagenesis using Quik-
Change site directed mutagenesis (Stratagene, UK)
according to the manufacturer’s instructions. Before use in
expression experiments, the constructs were verified by
DNA sequence analyses. Plasmids containing the mutated
herg genes were linearised with EcoRI, and RNA prepared
using SP6 Megascribe (Ambion, Oxfordshire, UK) accord-
ing to the manufacturer’s instructions.

Xenopus laevis toads were anaesthetized by immersion
in 0.1% ethyl 3-aminobenzoate methanesulfonate for 1 h.
Ovarian lobes were then digested with 2 mg ml~! type 1A
collagenase (Sigma) in Ca?*-free Ringers solution for
60 min to remove follicle cells. Stages IV and V oocytes
were injected with herg RNA (5 ng), then incubated in
Barth’s solution (88 mM NaCl, I mM KCl, 0.4 mM CaCl,,
0.33 mM Ca(NO;),, 0.82 mM MgSO,, 2.4 mM NaHCO;,
7.25 mM Tris—HCI, pH 7.6) supplemented with benzylpen-
icillin (10 pg ml~') and streptomycin sulphate (10 pg ml~")
at 19.4°C for 2 days.

Oocytes were bathed in Ringer’s solution containing
115 mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 10 mM HEPES,
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pH 7.2. Currents were recorded at room temperature (21—
24°C) using standard two-microelectrode voltage-clamp
techniques. Glass microelectrodes were filled with 3 M KCl
(resistances of 0.5-1.5 MQ). Oocytes were voltage
clamped with a GeneClamp 500 amplifier (Axon Instru-
ments, Foster City, CA). Voltage commands were gener-
ated using Signal CED software and a 1401plus CED
interface (Cambridge Electronic Design, Cambridge, UK).

Tail current time course was recorded using a 1s pre-
pulse to +40 mV and then a step to the test potential
(Fig. 1a); the time course was fit with a double exponential
function. The voltage dependence of activation was deter-
mined from peak tail currents measured at —40 mV follow-
ing 1 s test depolarizations (Fig. 2a). The peak tail current,
I, was fit with a Boltzmann function as follows, I=1_,./
(1 +exp((Vy5 — V)/k)) where I, is the maximum current,
Vis the test potential, V| 5 is the potential for half-maximal
activation and k is the slope factor. The voltage dependence
of herg inactivation was determined using a three-pulse
voltage protocol (Numaguchi et al. 2000) (Fig. 3a); a pre-
pulse to +60 mV was applied for 3 s to activate and then
fully inactivate the channels, followed by a 20 ms step to
various test potentials allowing recovery from inactivation
without appreciable deactivation, and then the peak of the
inactivating current was measured during a final step to
+30 mV. A Boltzmann function was again fitted to the peak
currents. The assumption of lack of appreciable deactiva-
tion during the short 20 ms activating test pulse used in
these experiments holds true for herg wild-type channels.
However, for those of the mutants with faster deactivation
than wild type, the voltage dependence of the deactivation
time course may somewhat distort the observed steady-
state inactivation curve, but we have not attempted to cor-
rect for this factor. For each experiment with injected
oocytes, a negative control consisting of uninjected oocytes
was always carried out, recorded under the same conditions
and protocols. The negative control current amplitude cor-
responding to peak tail or peak inactivating currents was
always negligible compared with the herg peak currents,
and so no leak subtraction was carried out.

Data were analysed using Origin (Northampton, MA)
and Excel (Microsoft, UK) software. Data are presented as
mean = standard error. Statistical comparisons were made
using the Student’s ¢ test, with P < 0.05 taken as statisti-
cally significant.

Results

We have made lysine mutations of residues that are
predicted to lie on the surface regions of the cNBD, in order
to investigate possible interactions with other protein
regions of the channel, on the basis that lysine mutations
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Fig. 1 Deactivation time course of herg mutants in the cNBD. a The
protocol used and examples of currents are shown. b The mean time
constant, 7, of the fast component of current deactivation is shown
plotted against test potential for herg (filled square) WT, ET88K (filled

can disrupt interactions between protein domains. We
chose such mutations on the surface of this domain on the
basis of our homology model for the herg cNBD region
(including the linker to S6) discussed further below. We
have also tested some known selected LQT2 mutations for
comparison under the same laboratory conditions.

To assess the functional consequences of each mutation,
we performed two-electrode voltage-clamp experiments.
We first examined the time constants for deactivation of the
lysine mutants, using the protocol shown in Fig. 1a, which
also shows example current traces. The time constants were
determined by fitting tail currents to two-component expo-
nential functions. Examples of the fast time constant as a
function of test potential are shown for wild type and
mutant channels (Fig. 1b), showing faster deactivation for
the mutants in comparison to the wild type. The fast time
constant measured at —70 mV test potential is shown in
Fig. 1c for all the mutants investigated. It can be seen that,
for all lysine mutations except one, there was significantly
faster deactivation than wild type for the fast time constant.
The time constants for the slow components were also
faster for the lysine mutants than for the wild-type chan-

triangle), V195K (filled circle), AT97K (filled invertedtriangle),
E847K (open square), L825K (open circle). ¢ The mean time constant
for the fast component of deactivation, 7, measured at —70 mV, is
shown for the cNBD mutations indicated (n = 6-22 cells, *P < 0.05)

nels, but there was more scatter in the data (not shown). For
comparison, we also studied LQT2 mutations in the cNBD
region, R784W and S706C (Fig. 1c), which also gave faster
deactivation time course than wild type, in agreement with
Yang et al. 2002 and Kobori et al. 2004.

Next, we examined the voltage dependence of steady-
state activation for the lysine mutants in cNBD. The proto-
col used and example traces are shown in Fig. 2a, and
examples of steady-state activation curves are depicted in
Fig. 2b. The lysine mutations did not have any affect on
steady-state activation, and indeed the Boltzmann V|, 5 and k
values did not differ significantly from wild-type values
(Table 1). The LQT2 mutation R784W also showed no
effect on activation (the S706C mutant was not examined
for activation).

Steady-state inactivation was studied using the protocol
shown in Fig. 3a. Examples of steady-state inactivation
curves are shown in Fig. 3b, where it can be seen that there
were shifts to the right for the lysine mutations depicted in
the figure. Figure 3c shows the Boltzmann V|, 5 values for
all the lysine mutations studied here, indicating that lysine
substitution caused marked right shifts for 9 out of 14
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Fig. 3 Voltage dependence of steady-state inactivation for mutants in
the cNBD. a The upper panel shows the voltage pulse protocol used
with an expanded view below, along with example currents. b The
mean normalized tail current peak amplitude, /I ,,, is shown plotted

max’
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against test potential for WT (open square), AT97K (open circle),
L825K (open triangle), 1798K (open invertedtriangle). ¢ The mean
value of the Boltzmann parameter for inactivation, V5 is shown for
the cNBD mutations indicated (n = 6-14 cells, *P < 0.05)
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Table 1 Boltzmann parameters for steady-state activation

Mutant Vo5 (mV) k (mV) n

WT —13.1£0.6 8.6 £0.2 22
AT72K —-10.7 £ 2.1 85+ 14 6
R784W —-11.8£29 6.1£1.0 5
S786K —-152+09 8.1+£0.5 6
E788K —16.1 £2.3 9.0£0.9 6
V794K —132+13 10.0 £0.5 6
V795K —-83 %21 8.7+£07 6
V796K —13.1+1.8 11.9+£1.6 10
AT97K —-11.9£0.7 7.6 £0.4 6
1798K —-163 £ 0.9 9.7£0.5 6
N802K —-162£1.1 9.4+0.6 7
D803K —12.1£2.0 7.0£0.1 6
A813K —-10.7£2.3 86+ 14 6
L825K —8.1+3.7 119+19 5
E847K —124+ 1.4 7.6 £0.6 7

Values of V, 5 and k are shown for WT and mutant channels, along with
the number of cells used for each, n. There were no significant differ-
ences for parameters between wild type and mutants

mutants. The slope factor, k, was not significantly altered
by any of the lysine mutant channels (data not shown). It is
interesting to compare the magnitudes of the shifts in
steady-state inactivation, V|, s, with the effects on deactiva-
tion time constant, 7. It can be seen (Fig. 4b) that mutations
which gave large effects on V| 5 also tended to give large
effects on 7. However, some of this effect on V5 may be
quantitatively distorted by the methodology of the protocol
used to obtain the inactivation parameters (see “Materials
and methods”).

Our homology model for the herg cNBD region (includ-
ing the linker to S6) was constructed using Swiss-Model

Fig. 4 Homology model of the
herg cNBD tetramer. a The
residues coloured red are those
with significant right shift in
inactivation as well as signifi-
cant decrease in time constant of
deactivation for lysine mutations f
as compared with wild type; ‘
residues coloured yellow did not
have significant effect on inacti-
vation. The residue correspond-
ing to LQT2 mutation R784W is 1 ;
also indicated. b Using the same AN
data asin Figs. 1 and 3, the value P
of deactivation time constant, 7,

is shown plotted against V,, 5 for

inactivation

(http://swissmodel.expasy.org/SWISS-MODEL.html) by
homology to the available crystal structure for the cNBD in
the HCN2 channel (Zagotta et al. 2003), with 46% similar-
ity between amino acids in the two structures. The positions
of the residues studied here on the surface of the herg
cNBD homology model are shown in Fig. 4a, indicating in
red the residues with significant effect on both inactivation
and deactivation. It is very striking that most residues that
affected both these parameters lie in a band across the side
of the cNBD tetramer, mostly corresponding to hydropho-
bic and conserved residues. This is suggestive of a region
of interaction of this surface with other domains of the herg
channel. The location of the LQT2 mutation R784W on the
surface of the cNBD domain is also shown in Fig. 4a (the
other LQT?2 mutation studied here, S706C, lies more deeply
within the cNBD structure).

For completeness and for comparison purposes in the
same laboratory under the same experimental conditions,
we also studied some LQT2 mutations located in the PAS
domain, which is another important intracellular domain of
the herg channel. Figure Sa shows the effect of the LQT2
mutations in the PAS domain on deactivation time con-
stant. Again, it can be seen that there were marked signifi-
cant effects on deactivation, with faster time course. The
crystal structure of the herg PAS domain has been obtained
(Morais Cabral etal. 1998). The view shown in Fig. 5b
includes residue F29 which has previously been shown to
lie on a hydrophobic band (Morais Cabral et al. 1998);
other LQT?2 residues (all affecting deactivation) are situated
on the surface of the domain close by. The remaining PAS
mutants studied here lie on the reverse face of the domain,
not shown in Fig. 5b. Although we did not study here the
inactivation properties of the PAS domain mutants, some of
these mutations (N33T and R56Q) have been previously
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Fig. 5 Deactivation time course of LQT2 mutants in the PAS domain.
a The mean time constant for the fast component of deactivation, T,
measured at —70 mV, is shown for the PAS domain mutations indi-
cated (n = 8-22 cells, *P < 0.05). b The structure of the herg PAS do-
main (Morais Cabral et al. 1998) is shown, with residue F29 indicated;
LQT?2 surface residues visible in this view are indicated in red (all
affected deactivation time course)

examined and shown to display shifts to the right in inacti-
vation (Chen et al. 1999).

Discussion

In this study, we have examined the effect of lysine muta-
tions at surface residues of the cNBD. We showed that
there is a band of residues on the surface of this domain that
affects both deactivation time course and steady-state inac-
tivation (Fig. 4). The band lies in a region with conserved
and hydrophobic residues. This suggests that there is a
region of functional importance located on the surface of
the cNBD which may interact with other parts of the herg
channel protein. Thus intracellular elements of the herg
channel, in addition to the membrane-spanning region and
drug-binding sites on the pore region of the channel, play a
key role in regulating channel function.

A similar mutational approach to ours has been carried
out on the PAS domain (Morais Cabral et al. 1998), and a
patch of hydrophobic residues was identified on the surface
of the latter domain which may participate in interactions.
In order to compare LQT2 PAS mutations under the same
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experimental conditions, we have also studied such PAS
mutations, showing their contribution to speeding up the
rate of deactivation, in agreement with previous work
(Chen etal. 1999; Paulussen etal. 2002; Rossenbacker
etal. 2005). In particular, LQT2 mutation at residue F29
lies in the hydrophobic patch and was also identified by
Morais Cabral et al. (1998) within the band. Thus some of
the LQT?2 residues at least may affect function via disturb-
ing intracellular interactions within the herg channel pro-
tein. Similarly the LQT2 mutation R784W in the cNBD
(Yang et al. 2002) lies on the surface of the domain close to
the band of residues that we identified on the c¢cNBD
(Fig. 4a), and thus may also produce its effect by altering
interactions with the herg channel protein.

As lysine mutations may disrupt domain—domain inter-
actions at overlapping hydrophobic regions, the predicted
position for the mutated residues provides evidence that the
cNBD interacts with other elements of the channel. The
precise nature of the intracellular interactions is unknown;
so for example the cNBD domain could interact with the
PAS domain which may lie at the sides of the cNBD, as
suggested may occur for the homologous heag channel (Ju
and Wray 2006; Wray 2008). Furthermore, mutations in the
N terminus and cytoplasmic S4-S5 linker affect deactiva-
tion (Sanguinetti and Xu 1999, Terlau et al. 1997), suggest-
ing interactions with the membrane region. The functional
effects of the cNBD domain may involve interactions with
other intracellular elements or directly with the membrane-
spanning part.

In contrast to the above effects, none of the lysine muta-
tions affected steady-state activation, indicating that the
herg cNBD does not play a role in activation of the channel,
in contrast to the role of this domain in the HCN channel
(Clayton et al. 2004). However, the lack of effect on activa-
tion does illustrate that the alteration of the rate of deactiva-
tion of the channel is a specific effect of the mutations,
rather than a non-specific disruption of the channel’s con-
formation. Indeed, for the heagl channel, mutations of the
cNBD also did not affect steady-state activation, although
many alanine mutations affected activation kinetics. Fur-
thermore the band of residues that we have identified in
herg by lysine mutations of cNBD residues lies in a corre-
sponding region of the heagl channel where alanine muta-
tions affected activation kinetics (Wray 2008).

We have found that several of the lysine mutations in the
herg cNBD caused large positive shifts in steady-state inac-
tivation. Herg inactivation is characterised by C-type inacti-
vation (Piper et al. 2003; McPate et al. 2005; Torres et al.
2003), which is apparently due to residues located in the
extracellular mouth of the pore such as the S5-P region.
Therefore the marked effects of the cNBD on inactivation
also suggest a crucial role for the cNBD, the mechanism of
which is still not understood. It may be that inactivation is a
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property involving conformational movement of the
channel protein as a whole and not just the extracellular
pore region. Deactivation in the herg channel was mainly
thought to involve the first 25 or so amino acids of the
N terminus (Wang et al. 1998). However, here we have
shown that mutations in both the PAS and cNBD domains
also have important effects in causing a speeding up of
deactivation of the herg channel, so that indeed deactivation
may also involve conformational changes of the whole
channel (though presumably not the same conformational
changes as inactivation). As mentioned above, interactions
with the cNBD could be passed on to the rest of the protein
via the PAS domains and/or via the intracellular membrane
loops such as the S4-S5 linker (Sanguinetti and Xu 1999;
Wang et al. 1998).

In summary, using lysine mutations of the cNBD, we
have shown that a band of residues on the surface of
this domain affect inactivation and deactivation. Such an
approach using lysine mutations is useful in identifying
likely regions of interaction of the hydrophobic surface of
the domain involved in interactions with other parts of the
channel protein. One of the LQT2 mutations that we stud-
ied (R784W) lies in close proximity to this band of residues
on the cNBD, and indeed some other LQT2 mutations on
the PAS domain also lie close to a hydrophobic band on the
PAS domain.
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