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Abstract Potassium channels are now among the best
understood membrane proteins and most salient func-
tions have been mapped onto distinct portions of the
protein. The detailed mechanism by which movement of
the voltage sensor is transduced into channel opening is
yet to be understood. We have constructed chimæras
from our collection of human voltage-gated potassium
channels and expressed them in Xenopus oocytes. Here
we report on a chimæric construct, 1N/2, generated by
swapping the N-terminal cytoplasmic residues of hKv1.1
onto the transmembrane body of hKv1.2. This chimæra
functions as a classic outward rectifier but with a 25 mV
hyperpolarizing shift in the mid-point of channel acti-
vation. The conductance of oocytes expressing this
construct decreases significantly on depolarizing beyond
+5 mV, unlike full-length hKv1.2. Other parameters
such as ionic selectivity and charybdotoxin blockage are
unaffected in making the chimæra. These observations
suggest that the introduction of the ‘‘foreign’’ chain
from hKv1.1 does not cause a large-scale perturbation
of channel structure. Loss of the N-terminus from
hKv1.2 is not responsible for the shift in voltage de-
pendence, as a truncation construct, D75N2, starting at
the splice junction, has the same voltage-dependence as
full-length hKv1.2. Both constructs show a maximum in
their conductance-voltage curves. This decline in con-
ductance on extensive depolarization may arise due to
perturbations to the machinery that locks channels into
their open state on depolarization. Taken together with
our observations on other N-terminal swapped
chimæras, our data imply that N-terminal residues can

interact with transmembrane regions and perturb the
machinery mediating voltage-dependent channel gating.

Keywords Voltage sensitivity Æ Potassium channel Æ
Xenopus oocyte Æ Chimæra

Introduction

The waveforms of action potentials in excitable cells are
sculpted by the characteristics of the repolarizing potas-
sium currents. Voltage-gated potassium channels are
tetrameric proteins, each subunit of which has six
transmembrane helices and a re-entrant loop that lines
the aqueous pore. Their relatively small size, wide range
of functions and sensitivity of electrophysiological anal-
ysis make them excellent models for the correlation
of structure with function in membrane proteins.
Mutagenesis experiments and domain swaps have led to
the assignment of specific functional roles to various
regions (Yellen 1998). The key elements identified are the
inactivation gate, the voltage sensor and the pore loop.
Rapidly inactivating channels have a ball-like structure
at the N-terminus of their cytoplasmic domains which
physically blocks open channels, causing inactivation by
the ‘‘ball and chain’’ mechanism (Antz et al. 1997;
Zagotta et al. 1990). The fourth transmembrane segment
(S4) is positively charged and has been shown to move in
response to changes in transmembrane electrical poten-
tial (Bezanilla 2000; Cha et al. 1999; Mannuzzu et al.
1996), thus serving as a voltage sensor. Analysis of the
‘‘gating charge’’ associated with sensor movements
reveals a highly cooperative transition over a limited
voltage range (Ledwell and Aldrich 1999; Loboda and
Armstrong 2001; Schoppa and Sigworth 1998).

The last two helices and the included loop contribute
to the lining of the aqueous pore. The structure of a
bacterial channel, KcsA, which consists of just these three
elements, has been solved (Doyle et al. 1998; Zhou et al.
2001) and is being mined for insights into the manner in
which ions traverse the membrane (Perozo et al. 1999)
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and the process of selectivity (Morais-Cabral et al. 2001).
The last helix, S6, is arranged in a teepee-like structure
where the ‘‘smoke hole’’ constitutes the narrowest point
of the channel pore, called the activation gate (Yellen
1998). Movements of S5 and S6 helices have been shown
to underlie the closed to open transition (Fedida and
Hesketh 2001; Holmgren et al. 1998; Liu et al. 1997;
Shieh et al. 1997). In addition, residues on the S5 helix
have also been shown to stabilize the channel open state
(Kanevsky and Aldrich 1999). An analysis of gating
currents reveals that channel gating is also a highly co-
operative phenomenon in most K+ channels. However,
the detailed mechanics of the manner in which movement
of the voltage sensor S4 is transduced into S5/S6 move-
ment and hence channel opening is unknown.

Both N- and C-termini of these membrane proteins
are cytoplasmic and a growing body of evidence suggests
that they interact with each other (Schulteis et al. 1996)
and with the transmembrane region to modulate Kv
channel assembly, gating and permeation (Hopkins et al.
1994). The resulting alterations in physiology have been
shown to be responsible for a range of channelopathies.
Deletions in the N-terminus remove inactivation (Hoshi
et al. 1990) and have also been shown to affect both the
rate and voltage dependence of activation (Hollerer-
Beitz et al. 1999; Pascual et al. 1997; VanDongen et al.
1990). Similarly, in the case of six transmembrane in-
ward-rectifiers like KAT1 and HERG, the N-terminus
influences the gating properties and its deletion gives rise
to altered voltage dependence of activation (Marten and
Hoshi 1997, 1998; Viloria et al. 2000) and of deactiva-
tion (Wang et al. 2000). These amino terminal effects on
activation gating can be suppressed by second-site mu-
tations in S4, the voltage sensor (Terlau et al. 1997).
Point mutations in the N-terminal T0 domain perturb
the ionic conductance and pharmacology of Kv1.3 (Yao
et al. 2000). Besides, the distal N-terminal domains of
Kv1.4 have been shown to interact directly with alpha-
actin and have been implicated in membrane anchoring
of the channel and current density (Cukovic et al. 2001).

We have earlier reported on chimæric channel con-
structs where aberrant interactions between transplanted
N-terminal cytoplasmic residues and the transmembrane
body result in either altered cooperativity of the gating
transition (Varshney and Mathew 2000) or in a shift in
the operating range of the channel (Chanda et al. 1999a,
1999b). In an extension of these demonstrations of the
ability of N-terminal residues to modulate channel gat-
ing, we now present data on another chimæric channel in
which these interactions perturb the mechanism(s) by
which the channel is locked into the open state on de-
polarization.

Materials and methods

Isolation and maintenance of Xenopus oocytes

Oocytes were isolated by mini-laparotomy from adult female
Xenopus laevis. The frogs were anaesthetized by immersion in

0.04% benzocaine for 15–20 min, then placed on a wet platform
during dissection and removal of ovarian lobes. The incision was
sutured closed and the frog was allowed to recover for about two
months before removal of another batch of oocytes. Clusters of
oocytes were treated with 1 mg/mL type 1A collagenase (Sigma) in
OR-Mg solution that contained (mM): 82 NaCl, 2 KCl, 20 MgCl2,
5 HEPES (pH 7.7). The isolated oocytes were then incubated for
microinjection at 18 �C in ND96-HS solution containing (mM): 96
NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES, 2.5 Na-pyruvate
(pH 7.7) supplemented with 100 U/mL of Pen-Strep and 5% heat-
inactivated horse serum.

Molecular biology

The potassium channel cDNAs were subcloned into pGEMA
(Ramaswami et al. 1990). Both hKv1.1 and hKv1.2 have unique
ScaI sites at respectively 86 and 87 amino residues upstream of the
first transmembrane segment, S1. The N-terminal fragment from
hKv1.1 was excised and transplanted onto hKv1.2 at the ScaI site,
as shown in Fig. 1. The resulting construct, 1N/2, contains 80
amino acid residues of the N-terminus of hKv1.1 linked to 425
residues of hKv1.2.

D75N2 was generated by using PCR techniques; the upper
mutagenic primer, 5¢-CCCTCTCTAGAATGTTTTTCGATC-3¢,
binds at position 212 bp, contains an XbaI site and generates
methionine as the 75th residue; the lower primer, 5¢-TAT-
CTTTCCCCCCAATGGT-3¢, binds at the 3¢-position 1150 bp in
the hKv1.2 template. The PCR was carried out using Pfu DNA
polymerase (Promega) at an annealing temperature of 52 �C. The
948 bp PCR product was digested with XbaI and BstEII restriction
endonucleases, generating a 320 bp DNA fragment that was sub-
sequently gel eluted and ligated to the XbaI-BstEII backbone of
hKv1.2. The resultant construct, D75N2, has a deletion of 75
N-terminal residues of hKv1.2, leaving 87 cytoplasmic residues
before S1. The mutagenesis was confirmed by sequencing on an
ABI PRISM 310 automated sequencer.

Capped polyadenylated RNA of hKv1.1, hKv1.2, 1N/2 and
D75N2 was generated using T7 RNA polymerase (mMessage

Fig. 1A–D. Schematic representation of K+ channel topologies.
Transmembrane topologies and bar diagrams of (A) hKv1.1, (B)
hKv1.2, (C) a chimæra 1N/2 generated by transplanting 80 residues
(shown as beaded line) from the N-terminus of hKv1.1 onto the
transmembrane portion of hKv1.2, and (D) a deletion construct
D75N2 of hKv1.2 starting at the point of fusion, which is shown by
an arrow in the bar diagrams. The shaded area in the bar diagrams
depicts the transmembrane region of the channel protein
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mMachine transcription kit, Ambion, USA). 46 nL of transcribed
RNA (150–300 ng/lL) was injected per oocyte. Electrophysiolog-
ical recordings were carried out 2–5 days after injection.

Electrophysiology

Methods for RNA injection and the two-electrode voltage clamp of
Xenopus oocytes have been described (Ramaswami et al. 1990). In
short, we used an OC-725 oocyte clamp amplifier (Warner
Instruments) to maintain the holding potentials and record mem-
brane currents. The external recording solution was modified
ND96, containing (mM): 96 sodium gluconate, 2 potassium gluc-
onate, 1.8 calcium gluconate, 1 magnesium gluconate, 5 HEPES
(pH 7.7). Solution exchange was achieved by gravity flow. Ana-
logue data from the amplifier were sampled at 5–15 kHz and fil-
tered at 2–5 kHz by a low-pass filter (LPF-100, Warner
Instruments), digitized and stored on a 486 PC hard disk for fur-
ther analysis. The PCLAMP 6.0 (Axon Instruments) software

package was used to generate voltage-clamp commands, acquire
membrane currents and analyse digitized data. Charybdotoxin
(CTX) was acquired from Sigma and 100 lM stock made in
0.1 mg/mL BSA solution with 10 mM HEPES buffer (pH 7.6). All
experiments were performed at room temperature.

Data analysis and numerical calculations

All experimental data were first analysed with Clampfit 6.0 and
exported to SigmaPlot 5.0 or Origin 6.0 for subsequent analysis,
curve fitting and display. Voltage-dependent activation curves are
best fits to the Boltzmann function [G=Gmax/{1+exp(V1/2–V)/a}],
where G is the conductance at potential V, Gmax the maximum
conductance observed, V1/2 the mid point of activation, and a the
slope factor. Voltage-dependent rising and decaying phases of po-
tassium currents were fitted to single or double exponential func-
tions to obtain rates of activation and deactivation. The
concentration dependence of the CTX block was fitted to a form of
the Langmuir equation, I/I0=I0/{1+([CTX]/IC50)}, where I0 is
the current in the absence of CTX, I the observed current in the
presence of [CTX] at different concentrations (nM), and IC50

the concentration of CTX required for 50% block.

Results

Perturbation techniques have proven very useful in as-
signing functional roles to different portions of the
channel protein. Molecular biological manipulation

Fig. 2A–F. Currents from oocytes expressing K+ channel con-
structs. Currents elicited in oocytes expressing (A) hKv1.1,
(B) hKv1.2, (E) the 1N/2 chimæra and (F) D75N2 on depolarizing
from –80 mV. Oocytes expressing these channels were held at
–80 mV following a pulse protocol shown in C and subjected to a
1 s hyperpolarizing pre-pulse of –120 mV (not shown) prior to
depolarizing to potentials indicated against the traces. D Inward
currents through 1N/2 chimæra or D75N2 in response to
hyperpolarizing pulses. Oocytes were held at –60 mV and stepped
to hyperpolarizing potentials from –60 to –140 mV in –10 mV steps
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followed by expression in heterologous systems and
subsequent electrophysiological characterization has
been the approach of choice. One of the most frequently
used expression systems is the Xenopus oocyte, which
does not exhibit significant time- or voltage-dependent
K+-selective currents on its own (Dascal et al. 1986). We
have previously shown that oocytes expressing hKv1.1
or hKv1.2 exhibit non-inactivating outward currents on
depolarization, while hKv1.4-expressing oocytes exhibit
rapidly inactivating outward currents (Ramaswami et al.
1990). Figure 1 presents schematic representations of the
transmembrane topologies of hKv1.1, hKv1.2, the
chimæric construct 1N/2 and the truncation product
D75N2, which has been truncated at the junction of the
chimæra.

Figure 2 presents currents elicited by depolarizing
pulses delivered to oocytes expressing the various con-
structs under study: hKv1.1 (Fig. 2A), hKv1.2 (Fig. 2B),
the 1N/2 chimæra (Fig. 2E) and the truncation product
D75N2, which is hKv1.2 truncated at the junction of the
chimæra (Fig. 2F). Swapping the N-terminal tail of
hKv1.4 onto the body of hKv1.1 has been shown to
generate an inward rectifier (Chanda et al. 1999a,
1999b). Hence, we have looked for inward currents on
hyperpolarizing oocytes expressing the chimæra. Non-
inactivating, outward currents are observed as expected
for the chimæra and for the truncation product. No
inward currents were, however, observed on hyperpo-
larizing these oocytes (Fig. 2D). The currents observed
in oocytes expressing the chimæra are K+-selective, as
seen from the reversal potential of ca. –90 mV (Fig. 3B),
which is indistinguishable from that determined for both
parental channels in a bathing medium of 2 mM K+

(Ramaswami et al. 1990). Moreover, the currents can be
blocked by CTX, a peptide blocker for Kv1.2 channels
(Guillemare et al. 1992; Ramaswami et al. 1990)
(Fig. 3A). Since CTX blocks Kv1.2 channels at sub-
micromolar concentrations but does not affect hKv1.1
channels at these concentrations, this result establishes
that the ion-conducting pore in the 1N/2 chimera is
derived from hKv1.2.

On plotting the normalized conductance (G/Gmax) of
1N/2 currents against transmembrane potential (V)
(Fig. 4A), it is clear that the voltage dependence of
channel opening is shifted by 25 mV to hyperpolarizing
potentials in the case of the chimæra compared to
hKv1.2. This shift is not caused by the loss of the
N-terminal cytoplasmic tail of hKv1.2 as the truncation
product, D75N2, does not exhibit such a shift. On the
other hand, both the truncation product and the chi-
mæra exhibit distinct maxima (at +30 mV and at 0 mV,
respectively) in their G-V curves in contrast to hKv1.1 or
hKv1.2 (Fig. 4A). The decline in conductance seen on
depolarizing the chimæra beyond +5 mV is not a volt-
age clamp artefact, as no such decline is seen in oocytes
expressing hKv1.1 or hKv1.2 at similar current levels.
This decline in conductance implies that the chimæric
channels enter a non-conducting or a sub-conductance
state on depolarizing above +10 mV. If this decline in

conductance is due to some channels going into an in-
activated state, recovery from this state would be ex-
pected to be favoured at hyperpolarizing potentials.
Following hyperpolarizing pre-pulses of 500 ms ranging
from –110 mV to –140 mV, current traces at the test

Fig. 3A, B. Pharmacology and selectivity of K+ currents. A The
concentration dependence of a charybdotoxin (CTX) block of the
K+ current of the 1N/2 chimæra. CTX was applied in a cumulative
fashion to an oocyte expressing the 1N/2 chimæra; the test
potential was –10 mV and currents were recorded at different
concentrations after the manual addition of CTX to the bath. Inset
plots currents as a function of CTX concentration, yielding an IC50

of 72 nM. B Reversal potential for 1N/2 chimæra in 2 mM [K+]out.
Channels were opened at –10 mV for 200 ms, and then stepped to
different repolarizing potentials ranging from –135 mV to –65 mV
for 100 ms, as shown in inset i. Tail current amplitude through
closing channels was determined by fitting the current between 5
and 100 ms after repolarization to a single exponential function
and then extrapolating back to the start of the repolarization step.
Inset ii shows the variation of this tail current amplitude with
repolarizing potentials
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potential of +30 mV were superimposable (Fig. 4B),
indicating that recovery, if any, was complete at all pre-
pulse potentials. Similarly, the duration of the pre-pulse
potential at –120 mV was varied from 200 ms to 600 ms
and again all the traces at the test potential of +30 mV
were superimposable (Fig. 4C), indicating that all the
channels were in the closed state after even the briefest
of the pre-pulses used.

The state that the chimæra enters at potentials above
+5 mV could be either an inactive state or a closed state
(deactivated). We have used a three-step pulse protocol
to distinguish between these possibilities. Channels are
equilibrated at a holding potential (V1), stepped to a
series of potentials ranging from –45 mV to +40 mV
(V2) and then taken back to a test potential which is
identical to the initial holding potential (V3, which is the
same potential as for V1) (Fig. 5A). If the channels were
inactivating during the intermediate pulse V2, then on
being brought back to the test potential in V3 there
would be fewer channels capable of opening, and hence
the current amplitude would be lower than that in the
initial holding step V1. The pulse protocol was run for a
series of test potentials ranging from –35 mV to
+15 mV.

The data in Fig. 5B show the current traces obtained
with an oocyte held at –25 mV (V1) and taken through a
series of intervening pulses (V2) from –45 mV to
+40 mV before stepping back to –25 mV (V3). In all
cases, the current before and after the intervening pulse
was the same, indicating that no inactivation had oc-
curred. Since the intervening pulse took the oocytes to
potentials on either side of the potential for maximum
conductance, it would appear that the decline in con-
ductance above the maximum cannot be ascribed to in-
activation. For intervening pulses V2 between +40 mV
and –20 mV, a return to the test potential, V3, of –25 mV
involves in a decrease in current. The time constants of
this decay are presented in Fig. 5B (inset i), and found to
be independent of the pre-pulse potential. Conversely,
for intervening pulses between –30 mV and –45 mV, a
return to the test potential of –25 mV involves an in-
crease in current. Here, the rate of current rise did depend
on the pre-pulse potential, increasing with increasing
depolarization during V2 (Fig. 5B, inset ii).

The rate of current rise on stepping to a test pulse of
+15 mV from a range of holding potentials (VHOLD)
could depend on the history of the sample prior to at-
taining the holding potential. We contrast the behaviour
of channels brought to the holding potential from the
closed state at –80 mV to those brought to the holding
potentials from +15 mV, a potential beyond the con-
ductance maximum (Fig. 5C). The manner in which the
samples were brought to the holding potential made no

Fig. 4A–C. Voltage dependence of K+ currents. A Voltage-
dependent activation of the 1N/2 chimæra (open circles), hKv1.1
(triangles), hKv1.2 (filled circles) and D75N2 (squares). The curves
through the data points are the best fits to Boltzmann functions.
V1/2 of activation for 1N/2 chimæra, hKv1.1, hKv1.2 and D75N2
are –32, –31, –7 and –9 mV, respectively. Data points represent
means of several independent acquisitions (n‡4 for all data sets).
Pre-pulse conditioning of 1N/2 currents by varying pre-pulse
potential (B) and pre-pulse time (C). B Oocytes expressing the 1N/2
chimæra were held at a range of potentials from –110 mV to
–140 mV for 400 ms before stepping to the common test potential
of +30 mV, as shown in the inset. In the other experiment, (C) the
oocyte was held at –120 mV for varied time periods from 200 ms to
600 ms before stepping to the common test potential of +30 mV,
as shown in the inset

b
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significant difference to the rate of current rise to
+15 mV in any of the instances tested.

Discussion

The mapping of specific functions onto distinct regions
of the K+ channel has been carried out in large part
using the Drosophila channel Shaker as the model.
Variation in Shaker is brought about by alternative
splicing, with all transcripts sharing the central region
consisting of the transmembrane portion and a stretch
of the N-terminus, which includes the T1 domain

(Iverson et al. 1988; Kamb et al. 1988). Mammalian
channels, on the other hand, are encoded on separate
genes without such strict conservation of the trans-
membrane region (Stuhmer et al. 1989). Thus domain
swaps in mammalian channels can bring about novel
interactions within the chimæras created (Stocker et al.
1991). We have previously reported on two such aber-
rant interactions: the 1N/4 chimæra where cooperativity
in channel opening is affected (Varshney and Mathew
2000) and the 4N/1 chimæra where the operating range
of the channel is altered (Chanda et al. 1999a, 1999b).
The 1N/2 chimæra we report on here is another instance
of an aberrant interaction demonstrating that N-terminal

Fig. 5A–C. Inactivation or de-
activation? Oocytes expressing
the 1N/2 chimæra were sub-
jected to a three-step pulse
protocol (A). Oocytes were held
at –80 mV and stepped to a
holding potential (V1) ranging
from –35 mV to +15 mV.
After 100 ms at this potential,
they were stepped to a range of
potentials (V2) from –45 mV to
+40 mV for 200 ms. They were
then taken to the test potential
(V3), which is the same as the
holding potential in the first
pulse, for 250 ms. B Currents
recorded from an oocyte sub-
jected to the pulse protocol with
a test potential of –25 mV. The
currents during the first 100 ms
of the third pulse V3 were fitted
to double exponential decays.
The time constants of this decay
are presented as a function of
the pre-pulse potential V2 in
inset i. Current rise for the last
four traces were similarly fitted
and inset ii presents both of the
time constants of the fit (n=3).
C Time constants for current
rise to a test potential of
+15 mV from –35, –25 and
–15 mV holding potentials
(VHOLD). Black bars are for
channels brought to VHOLD

from –80 mV (–80 mV fi
VHOLD fi +15 mV); white bars
from +15 mV (+15 mV fi
VHOLD fi +15 mV)
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cytoplasmic residues can influence the voltage depen-
dence of channel opening.

The normalized conductance-voltage curve for the
1N/2 chimæra displays a distinct maximum at 0 mV,
unlike other Kv channels which achieve a plateau con-
ductance on depolarization. The decrease in conduc-
tance is due to channels entering either a non-conducting
state or a sub-conductance state on further depolariza-
tion. The two-electrode voltage clamp technique cannot
distinguish between these alternatives. However, the ki-
netics of reopening can distinguish between inactive
states versus closed states or sub-conductance states
from which a transition to the ‘‘fully open’’ state is
facile. The pulse protocol in Fig. 5 makes an estimate of
the number of channels capable of opening from a
holding potential of –80 mV, a fixed proportion of
which open on depolarizing to the initial pulse potential
V1 (–25 mV in Fig. 5B). If some of these channels
inactivate on holding at the higher potentials in the
intermediate pulse V2, a smaller current would be
expected on stepping to the test potential V3. However,
no such decline is observed at any of the test potentials.

The rate of channel closing should be dependent only
on the potential at which the channels deactivate, if they
all close from the same open state. Indeed, the rate of
current decay from each of the intermediate potentials
V2 to the holding potential (–25 mV in this case) is the
same (inset i to Fig. 5B). The kinetics of channel opening
has been modelled with a series of closed states existing
in voltage-dependent equilibrium leading to a single
open state (Zheng and Sigworth 1998). Holding at de-
polarized potentials should populate closed states close
to the final opening transition. Opening from these states
should be more rapid than opening from states farther
from the transition. The observed kinetics of opening
is consistent with this scheme (inset ii to Fig. 5B) and
reflects the population of states present prior to the
depolarizing pulse.

We have delivered depolarizing pulses to channels
held at a series of potentials (VHOLD) and monitored
the kinetics of current rise at +15 mV (Fig. 5). Chan-
nels were brought to the pre-pulse potentials either
from –80 mV, where all the channels were in closed
states, or from +15 mV, where �10% of the channels
are in a non-conducting state. In the former case the
transition followed was from V1 to V2, while in the
latter it was from V2 to V3. However, the kinetics of
current rise are the same in both cases (Fig. 5C). This,
in turn, requires that transitions from the non-con-
ducting state at +15 mV to open and closed states be
facile. Hence, it is unlikely that the decline in conduc-
tance at +15 mV is due to 10% of the channels
entering an inactive state.

The G-V curves of hKv1.2 and 1N/2 differ in two
respects: the shift in voltage dependence is due to the
interaction of the foreign hKv1.1-derived chain with the
body of hKv1.2, as no shift is seen in the deletion con-
struct D75N2. On the other hand, the decline in con-
ductance on extensive depolarization is seen both the in

D75N2 and in the 1N/2 chimæra, suggesting that the
native N-terminal chain of hKv1.2 is responsible for
locking the channel into its normal open state.

Channel opening is accompanied by changes in the
inter-helix distances of the S6 helix, interpreted as a
rotation of S6 leading to a widening of the ‘‘smoke hole’’
in the teepee structure (Liu et al. 1997; Yellen 1998). It is
conceivable that the decline in conductance we see is due
to over-rotation of this helix. A simple model building
exercise reveals that rotation of S6s from the closed state
results in increasing the diameter of the smoke hole to a
maximum, followed by a decreasing diameter on further
rotation. Knobs into holes packing of helices would
normally permit only a limited range of helix crossing
angles and such extensive rearrangement may be ener-
getically unfavourable. However, studies of distances
between points on S6 suggest considerable scope for
movement (del Camino and Yellen 2001). If so, limits
are probably imposed on the movement of S4 or S6 or
both. The breakdown of these limiting mechanisms in
the 1N/2 chimæra could provide a handle to identify the
elements of the machinery that transduces movements of
the voltage sensor into channel opening.
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