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Abstract The involvement of the transmembrane regions
S2, S3 and S4 in the activation of potassium channels by
depolarization has been well clarified. However, a role of
the intracellular regions in channel function is emerging.
Here we review recent evidence for the roles of intra-
cellular regions in the functioning of members of two
families of channels. The Kv2.1 potassium channel, a
member of the voltage activated Kv family, has long
intracellular regions. By mutagenesis studies and
expression in oocytes, we identify residues in both the N-
and C-terminal regions that contribute to determining
activation kinetics of this channel. It seems that the C-
terminus wraps around the N-terminus and interacts
with it functionally. The voltage-activated ether-a-go-go
(eag) channels also have long intracellular regions. De-
spite considerable homology, eag1 and eag2 channels
display different activation kinetics. By making chimeras
between these channels and again expressing in oocytes,
we show that residues in both the N-terminal region and
the membrane-spanning region are involved in deter-
mining these differences in activation kinetics. The
intracellular N- and C-terminal regions are likely to
continue to prove fertile regions in future investigations
into the functioning of ion channels.

Keywords Eag channels Æ Intracellular regions Æ Ion
channels Æ Potassium channels

Introduction

The vital role that voltage-operated potassium channels
(Kv) play in the functioning of cells is well known, and

this ranges from control of membrane potential to mod-
ulation of action potential duration and firing frequency;
they are also sites for inherited disorders (Wray 2001).
Many basic elements of the structure and function of
these tetrameric channels are also well understood. Each
subunit comprises six membrane-spanning regions, S1 to
S6, with a P region between S5 and S6; the N- and
C-terminal regions are located at the intracellular side
(Packer et al. 2000; Wray 2000). The channel pore is
formed by the S5 and S6 regions; the selectivity filter is
formed by the P region near the outer mouth of the pore
and the S6 region lines the pore on the intracellular side
(Fig. 1A). Upon depolarization, the positively charged S4
region is caused to move, and the negatively charged S2
and S3 regions are also involved (Yusaf et al. 1996; Cha
andBezanilla 1997; Tiwari-Woodruff et al. 1997;Milligan
and Wray 2000; Bezanilla 2002; Gandhi and Isacoff
2002). The S4 regions apparentlymove like paddles (Jiang
et al. 2003), and this causes opening of the channel gate,
located at the intracellular side of the pore. The structure
of the KcsA channel (Doyle et al. 1998) forms a more or
less universal model for the S5–P–S6 part of the channel,
andmore recently a crystal structure of the whole S1 to S6
region has been published (Jiang et al. 2003).

However, the structural and functional roles of the
intracellular N- and C-terminal regions are still very
unclear. Here, progress on understanding the functional
roles of these intracellular regions is reviewed for Kv2.1
(a voltage-operated Kv channel) and for eag channels
(members of the ether-a-go-go channel family).

Kv2.1 channels

Kv channels possess a so-called T1 (‘‘tetramerization’’)
domain, located within part of the N-terminal region
(Fig. 1C). This region is concerned with the control of
subunit–subunit assembly within families and with the
binding of the auxiliary beta subunit; the T1 region is
also concerned with the modulation of channel gating
(Zerangue et al. 2000; Liu et al. 2001; Minor 2001;
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Strang et al. 2001). For instance, mutations in this do-
main can shift current–voltage curves, and can affect
activation and deactivation kinetics. Somehow or other,
the T1 domain must also participate in gating move-
ments. The crystal structure of this domain has been
determined for several potassium channels (Kreusch
et al. 1998; Bixby et al. 1999; Cushman et al. 2000;
Gulbis et al. 2000; Minor et al. 2000).

Recently, electron microscopy studies with single-
particle averaging for the Shaker Kv1.1 channel and a
mammalian Kv1 channel have dramatically shown that
the channel comprises two basic domains: a membrane-
spanning domain and an intracellular domain that
hangs below the membrane by four connectors, like a
‘‘hanging gondola’’ (Sokolova et al. 2001; Orlova et al.
2003). The structure that lies below the channel includes
the T1 region, and, as we also suggest in our experiments
reviewed here, also includes the C-terminal region. We
show here that the N- and C-terminal regions interact,
and both regions are concerned with channel gating
processes (Ju et al. 2003).

We chose to study the Kv2.1 channel for two reasons.
Firstly, this channel has longer intracellular regions than
the Kv1 channel, and indeed these intracellular regions
account for 73% of the number of amino acids in Kv2.1.
Secondly, the rat and human forms of this channel have
markedly different activation kinetics: the rat channel
is fast activating but the human channel is slowly

activating (Fig. 1B). However, the two channels have
completely identical amino acids in the membrane-
spanning region S1 to S6. Thus the differences in func-
tion between these two channels are due only to N- and
C-terminal regions; we set out to locate the intracellular
amino acids that are concerned with these differences in
activation kinetics.

At the N-terminal region there are only two amino
acids (positions 67 and 75, located in the T1 region) that
are different between the rat and human forms of the
Kv2.1 channel, while in the C-terminal region, 49 amino
acids are different (Fig. 1C). To track down the amino
acids that are involved in activation kinetics, we have
made mutations and chimeras between these two chan-
nels, expressing the constructs in oocytes (Ju et al. 2003).

We first investigated the role of the two N-terminal
residues:

1. Residue 67. For the rat channel, swapping the amino
acid at position 67 (Q) with that for the human
channel (E) altered the activation kinetics: Q gave
fast activation kinetics and E slow kinetics (Fig. 2A).
However, for the human channel, swapping the
amino acid at this residue, in apparent contradiction,
had no effect on kinetics: activation remained slow
(data not shown).

2. Residue 75. For the human channel, swapping the
amino acid at position 75 (D) with that in rat (E)
altered the activation kinetics: D gave slow kinetics
and E fast kinetics (Fig. 2A). For the rat channel,
however, again in apparent contradiction, swapping
amino acids at this residue did not affect the kinetics:
activation remained fast (data not shown).

How are these apparently contradictory results to be
explained? Clearly both residues 67 and 75 in the N-
terminus are involved in altering the activation kinetics,
but the differences in activation kinetics between rat and
human must depend also on other residues. The only
other residues that are different are those located at the
C-terminus, and thus the C-terminus must also be in-
volved, and probably interacts with the N-terminus in
determining the activation kinetics.

To investigate this further, we carried out biochemi-
cal experiments to look for interactions between N- and
C-terminal regions. For this, we expressed a GST fusion
protein with the entire N-terminus of Kv2.1, and incu-
bated it with the entire C-terminus protein which we had
prepared by in vitro transcription and translation. On
purification of the GST N-terminus fusion protein with
glutathione, we found that radiolabelled C-terminus
protein co-associated, indicating that an interaction be-
tween the N- and C-termini indeed occurred (Ju et al.
2003). However, further experiments using the Biacore
surface plasmon resonance system to detect binding
between the N- and C-termini indicated that the binding
may be weak and dependent on the conditions used.

If C-terminal residues are also involved in determin-
ing activation kinetics, and if they interact with

Fig. 1A–C The Kv2.1 channel. A Arrangement of transmembrane
regions S1–S6 for voltage-dependent channels such as Kv2.1. B
Normalized current traces for rat and human Kv2.1 channels,
during voltage steps from )80 mV to +40 mV. C Domains of the
Kv2.1 channel (853 amino acids). The positions of the T1, S1–S6
and Kv2 domains are shown by horizontal bars. As discussed in the
text, there is also a C-terminal activation domain (CTA) occupying
residues 741–853, also shown by a horizontal bar. Differences
between the sequences for rat and human are indicated by vertical
lines. Experimental methods throughout are as described in Ju et al.
(2003)
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N-terminal residues, which C-terminal residues are in-
volved? To answer this question, we made several chi-
meras between rat and human Kv2.1 channels, swapping
C-terminal regions (Ju et al. 2003). When we replaced
amino acids 741–853 in the rat channel with the corre-
sponding residues in the human channel, we found that
the activation time was changed from fast (like rat) to
slow (like human) (Fig. 2B). This suggests that amino
acids within the domain 741–853 determine differences
in activation times between the two channels, and we
refer to this region as the C-terminal activation domain,
‘‘CTA’’. Further experiments (data not shown) indicated
that 1–5 residues are involved in the subdomain 749–
795, as well as 1–10 residues in the subdomain 796–838.
Furthermore, experiments carried out with other chi-
meras (data not shown) indicated that other parts of the
C-terminus were not involved.

By homology modelling with known structures for
the T1 domain, residues 67 and 75 are apparently lo-
cated at exposed positions at the outside of the T1 tet-
ramer (Ju et al. 2003). Further modelling suggests that
there may be a marked local change when residue 67 is
mutated from Q to E, caused by electrostatic repulsion
of the negatively charged glutamate. At residue 75, there
is a change in bulk of the residue as it is mutated from D
to E. It is striking that these mutations cannot affect the
activation kinetics by interacting directly with the S4
region or its intracellular linkers because these residues
do not in fact face the membrane. Instead, our data
indicate that these residues in the T1 region interact with
the CTA domain in the C-terminus. Contact between the

T1 region and the C-terminus has also been hypothe-
sized on the basis of the hydrophobicity of the outer
surface of the T1 tetramer (Minor et al. 2000).

Taking all the available data into account, we have
constructed a schematic model of the Kv2.1 channel
(Fig. 3) (Ju et al. 2003). In this model, the ‘‘hanging
gondola’’ comprises the T1 tetramers in the middle and
is surrounded by the large C-terminal region. In
particular, the CTA domain at the end of the C-terminus

Fig. 3 Schematic cut-away representation of the Kv2.1 channel.
This figure shows the membrane-spanning part of the channel, and
the intracellular regions including T1 and CTA domains. Ions
flowing through the channel pass through four windows between
the membrane-spanning and intracellular parts (not through the
pore in the intracellular part, which is shown enlarged in the
diagram). The model was guided by the electron microscope
structure of the Shaker channel, allowing for the larger C terminal
region in Kv2.1, and was also guided by our results indicating that
residues 67 and 75 at the outside face of the T1 region interact with
the CTA domain in the C-terminus region (shown in exploded
view). The predicted (Ju et al. 2003) 3D structure of the T1 domain
is also shown (a helices and b strands shown)

Fig. 2A, B Mutations of Kv2 channels. A Activation times,
measured as the time for 10%–90% of maximum current, t10–90,
during voltage steps from )80 mV to 0 mV. Rise times were not
significantly different between E67 rat and D75 human, and these
were both normalized to 100%. Activation times are shown for the
rat Kv2.1 channel with Q or E at position 67, and for the human
Kv2.1 channel with D or E at position 75. B Activation times for
rat and human wild-type channels, and for a chimera with residues
741–853 of the rat channel replaced by human sequence. Here,
activation times have been normalized to human wild-type
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probably overlaps with the side and lower part of the T1
domain, where residues 67 and 75 are located. The
gondola itself is suspended by linkers comprising the
short regions N-terminal to S1 and C-terminal to S6.

How do mutations in the T1 region affect gating?
Mutations in T1, and indeed deletions, can affect gating,
even when these mutations are deep within the T1 tet-
ramer (VanDongen et al. 1990; Elkes et al. 1997; Pascual
et al. 1997; Kobertz and Miller 1999; Cushman et al.
2000; Minor et al. 2000; Zerangue et al. 2000; Minor
2001) and so the effects cannot be due to direct actions
on the S4 region or the pore. Indeed, previously it has
been suggested (Minor et al. 2000) that the conforma-
tional change of gating involves movement of both the
membrane-gating machinery and the T1 region as a
whole. Our data indicate that the C-terminal region may
also be involved in this conformational change: the C-
terminal region may affect gating via its connection to
S6 and the pore. In fact, mutations in the T1 region may
entirely affect gating indirectly via the C-terminal region.
However, no direct information is available at single
channel level to clarify the nature of these activation
conformational changes. However, one may perhaps
speculate, by analogy with other perturbations of these
channels (Pascual et al. 1997), that the latency of first
channel opening is somehow altered by the intracellular
parts of the channel. In this case, the intracellular parts
may interfere with conformational changes before the
first opening of the channels immediately after depo-
larization. Clearly these interesting possibilities will be
worthy of further investigation.

Eag channels

The ether-a-go-go family, named after the Drosophila
prototype (Warmke and Ganetzky 1994), is character-
ized by long N- and C-terminal intracellular tails, and is
subdivided into eag, elk and erg subfamilies. Within this
important family, there are eight mammalian channels,
eag1, eag2, elk1-3 and erg1-3 (Packer et al. 2000; Bauer
and Schwarz 2001). The last member to be cloned, eag2,
was obtained in rat (Saganich et al. 1999; Ludwig et al.
2000) and in human (Ju and Wray 2002; Schonherr et al.
2002).

Eag channels, eag1 and eag2, are characterized
(Ludwig et al. 1994; Robertson et al. 1996; Stansfield
et al. 1996; Terlau et al. 1996; Frings et al. 1998; Oc-
chiodoro et al. 1998; Ju and Wray 2002; Schonherr
et al. 2002) by outward rectification without inactiva-
tion, and by fast deactivation and slow activation. The
activation kinetics depend on the holding potential
(‘‘Cole–Moore shift’’) and extracellular magnesium.
Structurally, eag channels comprise several distinct
domains that are well conserved across the whole
family (Fig. 4A). Besides the core part of the channel,
which contains the six transmembrane regions and the
P region, there is a ‘‘PAS’’ domain in the N-terminus
and a cyclic nucleotide-binding domain, cNBD, in the

C-terminus. The PAS domain is also found in many
unrelated proteins, particularly transcription factors,
and can mediate protein–protein interactions; it is
named after three proteins where the domain was first
identified: Per, Arnt and Sim (Sassoni-Corsi 1998). The
crystal structure of the PAS domain in herg has been
solved (Cabral et al. 1998). The cNBD was initially
thought not to be of importance in channel function
(Ludwig et al. 1994; Frings et al. 1998), but it now
seems that, at least for herg, the cNBD binds cAMP,
and may play a role in the control of herg by the
auxiliary subunit Mirp1 (Cui et al. 2001).

The human eag channels (heag1 and heag2) are 73%
homologous, and the membrane-spanning regions, the
PAS domain and the cNBD domain are well conserved.
We recently compared the functional properties of heag1
and heag2 (Ju andWray 2002). We found that, compared
with heag1, the conductance–voltage curve for heag2 was
shifted to the left and the voltage sensitivity was less; also
the activation kinetics were slower for heag2, and the
sensitivity to blocking drugs was lower for heag2.

Here we review some of our experiments investigating
the molecular basis for these differences in function be-
tween heag1 and heag2. In particular, we have studied
the role of the intracellular regions on the activation
kinetics of these channels (Ju and Wray 2003). For these
studies, we made chimeras between heag1 and heag2
channels, swapping the N-terminal region, the central

Fig. 4A–C Heag channels. A Arrangement of the eag channels,
with S1–S6 regions in the membrane, a PAS domain in the N-
terminal region and a cyclic nucleotide binding region, cNBD, in
the C-terminal region. The S4 region and the S4–S5 linker are
identical between heag1 and heag2 except for residue 345 indicated
(I in heag1, L in heag2). Residues 137 and 549 are also indicated. B
Sample normalized current traces showing the difference in
activation times for heag1 and heag2 channels. The traces are
shown for steps from holding potentials of )60 mV and )70 mV to
a test potential of +40 mV; activation is slower for hyperpolarised
potentials (not shown)
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membrane-spanning region or the C-terminal region
between these channels. Constructs were expressed in
oocytes and voltage-clamp recordings of channel cur-
rents made. As can be seen in Fig. 4B, activation was
fast for the heag1 wild-type channel compared with
heag2 wild-type. However, for chimera I, which had the
first 137 amino acids of heag2 replaced by the corre-
sponding amino acids of heag1, the resulting construct
was fast-activating, like heag1 (Fig. 5). This suggests
that these N-terminal residues, which include the PAS
domain, play a role in determining the differences in

activation kinetics between the heag channels. Further-
more, for chimera II with residues 138–549 of the heag2
channel replaced by corresponding residues from heag1,
the activation kinetics were again fast, like heag1
(Fig. 5). This indicates that the central, membrane-
spanning region also plays a role in determining differ-
ences in activation kinetics between the two channels.
Lastly, we replaced amino acids 550–988 of the heag2
channel with the corresponding residues of the heag1
channel (chimera III). This time, the activation kinetics
remained slow, suggesting that the C-terminus did not
participate in determining the differences in activation
kinetics between the heag1 and heag2 channels (Fig. 5).

Thus, in summary, the data show that both the N-
terminal region and the central membrane-spanning re-
gion both contribute to determining differences in the
activation kinetics between heag1 and heag2 channels.
Most probably this occurs by an interaction between the
N-terminus and some part of the membrane-spanning
region. One obvious candidate region for such an
interaction is the S4–S5 linker near the mouth of the
pore. Indeed, interactions between this linker and the N-
terminus have been postulated to have a role in deacti-
vation kinetics (Cabral et al. 1998; Wang et al. 1998;
Sanguinetti and Xu 1999; Terlau et al. 1997). However,
the amino acids of the S4–S5 linker are identical between
heag1 and heag2, except for one amino acid, at residue
345 (I in heag1, L in heag2) (Fig. 4A). To investigate
whether this residue plays a role in determining differ-
ences in activation between heag1 and heag2 channels,
we mutated the residue, I345L in heag1, and L345I in
heag2. In neither case, though, did the mutation affect
the activation kinetics: the heag1 mutant remained fast
(Ju et al. 2002) and the heag2 mutant remained slow.
This therefore shows that this residue, and indeed the
whole of the S4–S5 linker, do not participate in deter-
mining differences in activation kinetics between the two
channels. Possibly the N-terminal region may interact
with other parts of the channel, such as the S2–S3 loop,
or the channel pore and S6.

Finally, it is worth noting that, rather than being
confined to simply Kv2.1 and eag channels, intracellular
regions probably play vital roles in the function of a
range of channel types. Examples include KAT channels
and inward rectifier channels (Marten and Hoshi 1997;
Aydar and Palmer 2001; Jones et al. 2001; Nishida and
MacKinnon 2002). The N- and C-terminal intracellular
regions may indeed prove to be of widespread funda-
mental importance in channel gating machinery.
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