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Abstract. We constructed chimeras between the rapidly
activating Kv1.2 channel and the slowly activating
Kv2.1 channel in order to study to what extent sequence
differences within the S1–S4 region contribute to the
difference in activation kinetics. The channels were ex-
pressed inXenopusoocytes and the currents were mea-
sured with a two-microelectrode voltage-clamp tech-
nique. Substitution of the S1–S4 region of Kv2.1 sub-
units by the ones of Kv1.2 resulted in chimeric channels
which activated more rapidly than Kv2.1. Furthermore,
activation kinetics were nearly voltage-independent in
contrast to the pronounced voltage-dependent activation
kinetics of both parent channels. Systematic screening
of the S1–S4 region by the replacement of smaller pro-
tein parts resolved that the main functional changes gen-
erated by the S1–S4 substitution were generated by the
S2 and the S3 segment. However, the effects of these
segments were different: The S3 substitution reduced the
effective gating charge and accelerated both a voltage-
dependent and a voltage-independent component of the
activation time course. In contrast, the S2 substitution
accelerated predominantly the voltage-dependent com-
ponent of the activation time course thereby leaving the
effective gating charge unchanged. It is concluded that
the S2 and the S3 segment determine the activation ki-
netics in a specific manner.

Key words: Kv2.1 and Kv1.2 channels — Activation
time course — Voltage dependence — S2 and S3 trans-
membrane segments

Introduction

The a-subunits of voltage-dependent Kv-channels are
integral membrane proteins that contain six membrane
spanning regions (S1 to S6; Shih & Goldin, 1997). Four
of thesea-subunits assemble to constitute a functional
channel (MacKinnon, 1991). Opening of Kv-channels is
controlled by the transmembrane potential. This control
is mediated by displacement of charge in a voltage sen-
sor (Hodgkin & Huxley, 1952). The past years have
brought important insights into identifying the regions
that contribute to the voltage sensor and to the structural
rearrangements underlying gating. One main element of
the voltage sensor is the S4 segment (Liman et al., 1991;
Papazian et al., 1991; Logothetis et al., 1992; Perozo et
al., 1994; Larsson et al., 1996; Mannuzzu et al., 1996;
Yusaf, Wray & Sivaprasadarao, 1996; Starace, Stefani &
Bezanilla, 1997; Cha & Bezanilla, 1998). The amino-
acid sequences of the S4 segments of Kv channels share
a common motif of several basic amino acids at every
third position ((K/R-x-y)n). In Shakerchannels it has
been shown that only few positively charged amino-
acids in S4 (R365, R368, R371) carry the main fraction
of the gating charge (Aggarwal & MacKinnon, 1996;
Seoh et al., 1996), quite in analogy to the structurally
related voltage-dependent Na+ channels (for reviewsee
Horn, 2000). InShaker,also an acidic residue in S2
(E293) contributes to the gating charge (Seoh et al.,
1996). Other well-conserved acidic residues in the S2
and S3 sequences of Kv-channels were also proposed to
contribute to voltage sensing by interacting electrostati-
cally with some of the basic residues in the S4 segment
(Papazian et al., 1995; Planells-Cases et al., 1995; Ti-
wari-Woodruff et al., 1997). A tryptophan-scanning
analysis of the S2 segment has suggested that this seg-
ment has ana-helical structure (Monks, Needleman &
Miller, 1999). The conserved acidic residues are located
at one side of the helix. This side presumably interacts
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with S4, while the other side may contribute to the lipid-
exposed surface of the channel. An involvement of the
S2 segment in the voltage-dependent gating has also
been reported by Cha & Bezanilla (1997) inShakerand
by Milligan & Wray (2000) in Kv2.1 channels.

Recently, a model forShakerchannel activation has
been described that is based on fluorescence resonance
energy transfer measurements. In this model, gating
charge movement mainly results from a twist of the S4
segment (Glauner et al., 1999; Cha et al., 1999). More-
over, structural rearrangements of the voltage sensor as-
sociated with activation may not only be influenced by
S4, but also by other protein parts which are not directly
linked to the gating-charge displacement. Since shifts in
steady-state activation are often observed when mutating
the transmembrane segments or regions even outside S1
to S6, it is likely that such regions are also involved in
control of voltage-dependent activation.

Despite the growing insight into the function of the
voltage sensor, only very little is known about the deter-
minants of the time course of gating. It was suggested
that the S3/S4 linker may distinctly influence the activa-
tion time course (Mathur et al., 1997). To systematically
screen for structural determinants of the activation time
course, we analyzed chimeras between two Kv-channels
that are different in this respect, the slowly activating
Kv2.1 and the rapidly activating Kv1.2. In these chime-
ras we substituted elements of Kv2.1 by the respective
ones of Kv1.2. In a previous study we described the
effects of substitutions within the S4–S6 region. These
results identified the S4 segment, the S5/P linker and the
deep pore to partly account for the slow activation of
Kv2.1 compared to Kv1.2 (Scholle et al., 2000). Herein,
we characterize domains in the S1 to S4 region that
contribute to the slow activation of Kv2.1. We show that
the S2 and the S3 segment are important structural ele-
ments to determine the activation time course of Kv2.1.

Materials and Methods

IN VITRO MUTAGENESIS

Chimeric cDNAs between rat Kv1.2 (Acc. No. X16003 ) and human
Kv2.1 (Acc. No. X68302) were obtained by overlap polymerase chain
reactions (PCR; Ho et al., 1989). cDNAs were cloned into the pGEM-
HE vector for RNA synthesis (Liman, Tytgat & Hess, 1992). For the
different chimeras, fragments containing the nucleotides (nt) given be-
low were fused together. Numbers refer to the open reading frame of
the respective channel cDNAs.

hKv2.1 rKv1.2 hKv2.1
CH_S1–S4 1–555 478–945 955–stop
CH_S1–S3 1–555 478–843 862–stop
CH_S1 1–555 478–550 627–stop
CH_L1/2 1–627 551–663 685–stop
CH_S2–S3 1–684 664–843 862–stop
CH_S2 1–684 664–735 757–stop
CH_L2/3 1–757 736–753 778–stop
CH_S3 1–777 754–843 862–stop
CH_L3/4–S4 1–840 820–945 955–stop

DNA sequences amplified by PCR were verified by sequencing using
the BigDye terminator cycle sequencing kit (Perkin Elmer, Weiterstadt,
Germany). Sequence reactions were analyzed on Prism 310 automated
sequencer (Perkin Elmer).

Plasmid DNAs were linearized for cRNA synthesis, which was
performed using a commercial kit (mMessage mMachine, Ambion,
Austin, TX) and T7 polymerase. Denaturing agarose gel electropho-
resis was used to check the quality of cRNA product of each reaction
and to quantify the yield.

OOCYTE PREPARATION

Ovarian lobes fromXenopus laeviswhere resected under anesthesia
(0.3% 3-aminobenzoic acid ethyl ester) and transferred to a Petri dish
containing Barth medium (mM: NaCl 84, KCl 1, NaHCO3 2.4, MgSO4

0.82, Ca(NO3)2 0.33, CaCl2 0.41, Tris 7.5, pH4 7.4 with HCl). The
oocytes were incubated in Ca2+-free Barth medium containing 1–2
mg/ml collagenase (Type 1, Sigma, St. Louis, MO) for 1–2 hr. After
washing repeatedly with Barth medium containing Ca2+ the oocytes
were isolated and defolliculated mechanically. Within 6 hr after iso-
lation the oocytes were injected with∼50 nl cRNA solution. The
cRNA concentration was varied for control of the expression level.
The oocytes were stored at 18 °C in Barth medium until experimental
use within 3 days after injection.

ELECTROPHYSIOLOGY

Whole-cell currents were recorded with the two-microelectrode volt-
age-clamp technique using a commercial amplifier (OC725C, Warner
Instrument). Glass electrodes were filled with 3M KCl and they had a
resistance of 0.3 to 0.7 MV. The experiments were performed in modi-
fied Barth medium containing 5 mM KCl and 80 mM NaCl. The ex-
periments were controlled with the recording program of the ISO2
software (MFK, Niedernhausen, Germany). Currents were elicited
from a holding potential of −80 mV (all channels but Ch_L1/2) or −120
mV (Ch_L1/2). The sampling rate was 5 kHz.

Steady-state activation was determined with a double-pulse pro-
tocol. After 500-msec prepulses to different test voltages, the voltage
was clamped for 300 msec to 0 mV (pulsing frequency 0.1 Hz). Since
at 0 mV activation and deactivation are slow compared to the decay of
the capacitive transient, steady-state activation could be determined
easily by evaluating the instantaneous current after the decay of the
capacitive transient (1–3 msec after the beginning of the test pulse).
The amplitudes of the instantaneous currents with respect to the maxi-
mum instantaneous current were plotted as function of voltage (seeFig.
1). Steady-state activation was determined by fits with the modified
Boltzmann function

I 4 Imax/(1 + exp(−(V − V1/2)/s)), (1)

yielding the midpoint voltageV1/2 of half maximum channel activation
and the slope factors. We preferred to determine steady-state activa-
tion with conditioning pulses because the results are independent of
possible differences in the driving force at different voltages and of
possible permeability changes in the chimeras. One uncertainty asso-
ciated with this procedure is that the degree of C-type inactivation
during the prepulse is neglected. However, in the channels and chi-
meras tested, C-type inactivation during the prepulse was either absent
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or of irrelevant amplitude. The speed of activation was determined by
the time (ta,1/2) at which the current was half of the peak current. This
parameter was not corrected for the clamp speed.

STATISTICS

All values are given as mean ±SEM.

Results

STEADY-STATE ACTIVATION OF Kv2.1/Kv1.2 CHIMERAS

Heterologous expression of Kv2.1 channels inXenopus
oocytes gave rise to slowly activating, voltage-dependent
outward currents with a voltage of half-maximum
steady-state activation (V1/2) of −3.5 ± 0.2 mV (n 4
102). By contrast, the expression of Kv1.2 channels
gave rise to rapidly-activating outward currents with a
V1/2 of −17.9 ± 0.5 mV (n 4 23). Figure 1 shows ex-
amples of such currents for each of the wild-type chan-
nels. We constructed 9 chimeras between Kv2.1 and
Kv1.2 to study the contributions of the S1–S4 region to
the differences in Kv2.1 and Kv1.2 channel gating (Fig.
2). In the Table the chimeras Ch_S1–S4 to Ch_S3 were
constructed by inserting either the complete S1–S4 re-
gion or part of it from Kv1.2 to Kv2.1. Each chimera
expressed functional, voltage-dependent channels. The
Table also summarizes theV1/2 and s value obtained
from the Boltzmann fits (equation1). In comparison to
Kv2.1 currents, Ch_S1, Ch_L1/2 and Ch_S2 showed
negative shifts in their steady-state activation withV1/2

values of −20, −38 and −10 mV, respectively. On the

other hand, currents mediated by the four chimeras
Ch_S1–S3, Ch_S2–S3, Ch_L2/3, and Ch_S3 activated at
significantly more depolarized voltages than Kv2.1 cur-
rents (V1/2 values between +7 and +26 mV). Ch_S1–S4
and Ch_L3/4–S4 gave rise to voltage-dependent currents
with a V1/2 close to that of Kv2.1. Thus, a transfer of the
complete Kv1.2 S1–S4 region to Kv2.1 channels did not
alter theV1/2 value. This observation was unexpected
because the segments S2 and S4 are viewed to be the
voltage-sensing domains inShaker-type Kv channels.
By contrast, substitution of parts of the Kv2.1 S1–S4
region by respective Kv1.2 parts affected the voltage-
dependence of steady-state activation of Kv2.1 currents.

REPLACING THE S1–S4 REGION IN Kv2.1 YIELDS A

CHIMERA WITH A FAST AND LARGELY

VOLTAGE-INDEPENDENT ACTIVATION TIME COURSE

As previously reported, Kv2.1-mediated currents acti-
vate slowly in response to stepwise depolarizations (Fig.
3, top;see alsoBenndorf et al., 1994). We quantified the
activation time course at various voltages by the rise-
time to the half-maximum current (ta,1/2). We used this
simple criterion because the rise-time can be easily ob-
tained from current records and is independent of model
assumptions. Furthermore,ta,1/2 is presumably not sig-
nificantly influenced by small slow components of acti-
vation and C-type inactivation. For Kv2.1-mediated cur-
rents (Kv2.1 currents) the activation time course was
strongly voltage dependent (Fig. 3, top). The value of
ta,1/2 was 76.0 ± 1.6 msec at −10 mV (n 4 117) and 18.8
± 0.4 msec at +40 mV (n 4 121). Kv1.2 currents also

Fig. 1. Determination of steady-state activation.
Original current recordings and the resulting
steady-state activation curves. Prepulses of 500
msec duration were elicited to potentials between
−40 and +40 mV in 5 mV increments. The
prepulses were followed by test pulses of 300
msec to 0 mV. The insets show original current
recordings (prepulse voltage 10 mV increments,
test currents not shown until the end of the pulse).
The current amplitude immediately after the
capacitive transient (1–3 msec after the clamp
step) was evaluated, normalized according to the
maximum currentImax, and plotted as function of
the voltageV of the prepulse. The data points
were fitted with equation (1) yielding the slope
parameters and the voltage of half maximum
activationV1/2. The values are: Kv1.2,V1/2 4

−15.7 mV,s 4 6.7 mV; Kv2.1,V1/2 4 −3.8 mV,
s 4 8.7 mV.

51R. Koopmann et al.: Kv2.1-Channel Gating



showed a strongly voltage-dependent time course of ac-
tivation in this voltage range but the time course was
approximately threefold faster (Fig. 3, middle). The
value ofta,1/2 was 22.4 ± 2.0 msec at −10 mV (n 4 22)
and 4.8 ± 0.4 msec at +40 mV (n 4 23). Ch_S1–S4
currents (Fig. 3, bottom) activated twofold faster than
Kv2.1 currents at +40 mV (ta,1/2 4 8.3 ± 0.3 msec,n 4
10) and fourfold faster at −10 mV (ta,1/2 4 16.4 ± 1.1
msec,n 4 10). These results show that the activation
time course of Ch_S1–S4 currents is less voltage-
dependent than are the ones of Kv2.1 and Kv1.2 currents.
Furthermore, the activation of Ch_S1–S4 currents at −10
mV was also faster than that of Kv1.2 currents at −10
mV. These data show that the S1–S4 region is an essen-
tial determinant for both the degree of voltage depen-
dence and the rate of the activation time course of Kv2.1
currents.

To quantify the voltage dependence of the time
course of activation,ta,1/2 was plotted as function of the
membrane voltage. Fig. 4 shows these plots for the wild
type channels. Assuming an exclusively voltage-
dependent process determining the speed of activation,
the relationships were fitted with (dashed lines)

ta,1/2(V) 4 t1(V1/2)exp(−q(V − V1/2)/kT). (2)

V is the membrane voltage,t1(V1/2) is ta,1/2 at V 4 V1/2,
q the effective gating charge,k the Boltzmann constant,
andT the temperature in Kelvin. The result is that equa-
tion 2 is inadequate to describe these data. We therefore
tested to fit theta,1/2-voltage relationships by the sum of
a voltage-dependent and a voltage-independent compo-
nent

ta,1/2(V) 4 t1(V1/2)exp(−q(V − V1/2)/kT) + t2 (3)

with t2 being the voltage-independent component. All
other symbols have the same meaning as in equation2.
The result was that theta,1/2-voltage relationships were
adequately described (continuous lines in Fig. 4). In our
analysis we preferred to uset1(V1/2) as amplitude param-
eter instead oft1(0 mV) to account for the observed
differences in theV1/2 values among the channels and
chimeras. Equation3 allowed us to quantify the voltage
dependence of the effective gating chargeq associated
with ta,1/2, independently of theV1/2 value of each chan-
nel. The parameters obtained will be discussed together
with those of the chimeras below.

THE EFFECTS OFS1–S4 SUBSTITUTION CAN BE

CONFINED to S2AND S3

In the following analysis we investigated the activation
time course in chimeras in which parts of the S1–S4
region were exchanged. Similar to Ch_S1–S4, the time
course of activation in Ch_S1–S3 was faster than that of
Kv2.1 currents and only weakly voltage-dependent (Fig.
5). By contrast, Ch_L3/4–S4 generated voltage-
dependent currents with an activation time course very
similar to Kv2.1. These results suggested that the differ-
ent activation time courses of Kv2.1 and Ch_S1–S4 were
caused by domains in the S1–S3 region.

Previously it has been suggested that negative
charges within the S2 and S3 transmembrane segments
contribute to the channel’s voltage sensor (Papazian et
al., 1995; Planells-Cases et al., 1995; Seoh et al., 1996).
Similarly, we observed that substitution of the S2–S3
region (Ch_S2–S3) sufficed to obtain an activation time
course with weak voltage dependence as observed in
Ch_S1–S4 and Ch_S1–S3 (Fig. 6). However, at +40 mV
the time course of current activation (ta,1/2 4 18.8 ± 1.2
mV; n 4 11) was not accelerated compared to Kv2.1.

When we substituted the S1 segment only, the re-
sulting chimera (Ch_S1) mediated currents that had a
voltage dependence of the activation time course like wt
Kv2.1 (Fig. 6). In contrast, in a chimera with substituted
S1–S2 linker (Ch_L1/2) the activation time course was
only weakly voltage dependent in the range between −10
and +40 mV. However, in Ch_L1/2 steady-state activa-
tion was largely shifted to more negative voltages (V1/2

4 −37.5 mV). Inspection of the activation time course

Fig. 2. Alignment of the amino-acid sequence of Kv2.1 and Kv1.2 in
the S1–S4 region. The numbers 1–7 indicate the positions used to link
the protein parts in the chimeras. The graphic scheme at the top illus-
trates these positions according to the presently accepted channel to-
pology.
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at voltages nearV1/2 showed a strong voltage dependence
of ta,1/2. Most likely, the apparent weak voltage depen-
dence between −10 mV and +40 mV is due to the shift in
steady-state activation and not to a reduced voltage de-
pendence of the activation time course per se. In con-
clusion, the weak voltage dependence of the Ch_S1–S3
current activation can be confined to the S2–S3 region.

We further analyzed the role of the individual struc-
tural elements within the S2–S3 region by constructing
chimeras in which each particular element was sub-
stituted (Ch_S2, Ch_L2/3, Ch_S3). Substitution of the
S2 segment alone yielded a chimera with a faster current
activation at all voltages compared to Ch_S2–S3 and a
weakly voltage-dependentta,1/2 (Fig. 7). Substitution of
the S3 segment alone also reduced the voltage depen-
dence of the activation time course. In contrast to the
chimeras with substituted S2 or S3 transmembrane
segments, substitution of the linker between S2 and S3

(Ch_ L2/3) did not influence the time course of current
activation.

S2 AND S3 SUBSTITUTION AFFECT THE Kv2.1
ACTIVATION TIME COURSEDIFFERENTLY

To further analyze the differences in theta,1/2(V) rela-
tionships of the various channels, we compared the pa-
rameters obtained from the fits of equation3 to the data
(Fig. 8). The results of the fits (lines in Figs. 4 to 7)
showed that equation3 was suitable for a quantitative
description of thet1/2(V) relationships for all channels
tested. Inspection of the three parameters (t1(V1/2), q, t2)
for the various chimeras yielded that in one group of the
chimeras (group I: Ch_S1, Ch_L1/2, Ch_L2/3, Ch_L3/
4–S4) the activation time course was roughly similar to
that in Kv2.1. In a second group (group II: Ch_S1–S4,

Table. Overview over the wild-type channels and the constructed chimeric channels

Linking sites Channel V1/2 (mV) n s (mV)

Kv2.1 −3.5 ± 0.2 (102) 8.1 ± 0.3

Kv1.2 −17.9 ± 0.5 (23) 5.9 ± 0.2

1,7 Ch_S1–S4 −5.8 ± 1.0 (10) 15.7 ± 0.7

1,6 Ch_S1–S3 −19.0 ± 0.9 (16) 15.6 ± 0.6

6,7 Ch_L3/4–S4 −5.9 ± 1.0 (17) 10.4 ± 0.2

1,2 Ch_S1 −20.2 ± 1.2 (15) 11.9 ± 0.3

2,3 Ch_L1/2 −37.5 ± 1.6 (13) 14.0 ± 0.5

3,6 Ch_S2–S3 −22.3 ± 0.4 (11) 13.0 ± 0.3

3,4 Ch_S2 −9.8 ± 1.4 (14) 14.2 ± 0.5

4,5 Ch_L2/3 7.3 ± 0.4 (22) 10.6 ± 0.2

5,6 Ch_S3 26.2 ± 1.2 (20) 14.2 ± 0.3

The graphic schemes each contain six boxes, which symbolize the transmembrane regions
S1–S6, and curved lines, which symbolize the termini, the linker between the transmembrane
regions, and the pure loop. Sequences of Kv2.1 are drawn as open boxes and thin lines,
whereas sequences of Kv1.2 are drawn as black boxes and thick lines. The indicated channel
names are used throughout the text. For the chimeras, the linking sites are indicated according
to Fig. 2. The two columns on the right provide the values ofV1/2 and s as obtained from
fitting with equation 1 based onn experiments.
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Ch_S1–S3, Ch_S2–S3, Ch_S3), the activation time
course was different from that of Kv2.1 in two respects:
the voltage-dependent component was less voltage-
dependent (smallerq) and both, t1(V1/2) and t2 were
faster. In two chimeras (Ch_S1–S3 and Ch_S2–S3),t2
approximated 0 ms, the reasonable low border fort2.
Since in the chimeras of group II the effective gating
charge was reduced as compared to both parent channels,
these results indicate a generally altered function of the
voltage sensor. One chimera (group III: Ch_S2) cannot
be attributed to group I or II. In this chimera, the main
difference to Kv2.1 was a smaller value oft1(V1/2),
whereasq was only slightly reduced as compared to the
parent channels. This means that the apparently weak
voltage dependence ofta,1/2 in Ch_S2 may be caused
mainly by a left shift of theta,1/2(V) curve along the
voltage axis with respect to that of Kv2.1. It is notewor-
thy that this shift was larger than the differences in the
V1/2 values of Ch_S2 and Kv2.1.

Discussion

The activation time course of both, Kv2.1 and Kv1.2
currents is voltage-dependent between −10 and +40 mV.

Activation is approximately three-fold faster in Kv1.2
than in Kv2.1 currents. In this study, we focused on the
role of the S1–S4 region in the activation of Kv2.1 cur-
rents by constructing chimeras in which various se-
quences of Kv2.1 were substituted by the respective se-
quences of Kv1.2. We characterized steady-state activa-
tion and the voltage dependence of the activation time
course for the currents mediated by these chimeras. In
agreement with the present view, that gating is a coop-
erative process involving coordinated structural changes
in several regions of the channel, we have shown that
multiple substitution of structural elements in the S1–S4
region distinctly modified the gating in Kv2.1 channels:
Transfer of the complete S1–S4 region of Kv1.2 into
Kv2.1 accelerated activation. Unexpectedly, and in con-
trast to both parent channels, this chimera produced cur-
rents showing only a small voltage dependence of the
activation time course. Transferring parts of the Kv1.2
S1–S4 region to Kv2.1 sufficed to induce a reduced volt-
age dependence of the activation time course. In particu-
lar, a pronounced reduction in the voltage dependence of
the activation time course was observed for currents me-
diated by Kv2.1 chimeras containing either the S2 or the
S3 transmembrane segment of Kv1.2 alone.

STEADY-STATE ACTIVATION OF CHIMERIC CHANNELS

Steady-state activation varied considerably among the
currents generated by the different chimeras. As com-
pared to Kv2.1,V1/2 was shifted by more than 10 mV
towards negative voltages in Ch_S1 and Ch_L1/2, and
by more than 10 mV towards positive voltages in
Ch_S1–S3, Ch_S2–S3, Ch_S3. In a preceding study we
investigated chimeras between Kv1.2 and Kv2.1 with
substitutions in the S4–S6 region (Scholle et al., 2000).
We found that theV1/2 values were shifted by more than
10 mV to positive potentials when substituting S4–S6 or
only S4 and by more than 10 mV to negative potentials
when substituting S6. Taken together, these results sug-
gest that transfer of regions from Kv1.2 to Kv2.1
changes the relative stability of open and closed states of
Kv2.1 channels such that transfer of domains between
L2/3 and the P-region tend to destabilize the open
state(s), whereas substitutions between S1 and S2 as well
as S6 tend to stabilize the open state(s).

A change in the stability of the open conformation
may arise from an altered interaction of the voltage sen-
sor and the pore domain (S5–S6). The relevance of such
an interaction for channel gating has been investigated
by Li-Smerin, Hackos & Swartz, (2000) using trypto-
phan-scanning mutagenesis and analyzing the perturba-
tions in gating energetics induced by the mutations.
These authors proposed an interaction surface between
the voltage sensor and the pore domain ofShakerchan-
nels. It is likely that the control of gating by an interac-

Fig. 3. Activation kinetics of Kv2.1, Kv1.2 and Ch_S1–S4 channels.
The currents were elicited with test pulses to voltages between −10 and
+40 mV and normalized with respect to the maximum current during
the test pulse. At equal voltages Kv2.1 activates more slowly than
Kv1.2. In contrast to the activation kinetics of the parent channels,
those in Ch_S1–S4 are substantially less voltage dependent. Activation
kinetics were quantified by the rise-time to half maximum current
(ta,1/2), measured from the beginning of the test pulse (arrow).
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tion-surface between pore domain and voltage-sensor is
a general feature of voltage-gated K+ channels. Changes
in the interaction surface may at least in part account for
the shifts inV1/2 observed for currents mediated by the

S5- and S6-Kv1.2/Kv2.1-chimeras (Scholle et al., 2000).
Likewise, a modification of the interaction surface on the
voltage sensor might contribute to the shift ofV1/2 in the
chimera-mediated currents presented herein.

Fig. 4. Activation kinetics (ta,1/2) as function of
voltage in Kv2.1 and Kv1.2. The dashed lines
show the best fit with a voltage-dependent
component only (equation2). The data of Kv1.2
are described more adequately than those of
Kv2.1. The continuous lines show the best fit
with the sum of a voltage-dependent and a
voltage-independent component (equation3).
Both relationships are described adequately. For
meaning of the symbols in the equationssee
text.

Fig. 5. Activation kinetics (ta,1/2) as function of
voltage in Kv2.1, Kv1.2, Ch_S1–S4, Ch_S1–S3
and Ch_L3/4–S4. Substitution of the S1–S3 region
is sufficient to constitute a weakly
voltage-dependent activation time course. Here
and in the following diagrams, the lines represent
the fits to the data with equation3. Stippled lines
indicate fits to data from wild-type channels
already shown in Fig. 4.
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Assuming the transmembrane topology proposed for
the Shakerchannel by Durell, Hao & Guy, (1998), the
multiple regions within the S1–S6 primary structure
causing negative or positive shifts ofV1/2 correspond to

separate regions within the tertiary structure. This model
proposes that hydrophilic side chains from S1–S3 and S6
line the gating pore. Altered interactions of these side-
chains with the S4 segment in the activated or deacti-

Fig. 6. Activation kinetics (ta,1/2) as function of
voltage in Ch_S1, Ch_L1/2 and Ch_S2–S3.
Substitution of the S2–S3 region, but not of S1 or
L1/2 induces an activation time course with only a
weak voltage dependence. Activation kinetics as
function of voltage in Kv2.1 and Ch_S1–S3 are
plotted for comparison (stippled lines).

Fig. 7. Activation kinetics (ta,1/2) as function of
voltage in Ch_S2, Ch_L2/3 and Ch_S3.
Activation kinetics in both, Ch_S2 and Ch_S3,
are less voltage-dependent than those of Kv2.1.
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vated position may produce the observed effects on the
stability of the open conformation. Assuming that in chi-
meric constructs stabilizing interactions are more likely
being impaired than strengthened, we propose that the
S1–S2 and the S6 region in Kv2.1 are involved in inter-
actions that stabilize the closed state (e.g., interactions
with the S4 in the deactivated position). Accordingly,
domains between S3 and the P-region are likely to form
interactions that stabilize the open state (e.g., interactions
with the S4 in the activated position).

With respect to the slopes of the steady-state acti-
vation curves, it was less steep (s was larger) in all chi-
meras compared to both wild type channels. This find-
ing might indicate a reduced gating charge. However,
also alterations in voltage-independent reactions of the
activation might reduce the slope of steady-state activa-
tion, precluding a direct quantitative interpretation of the
slope factor in terms of gating charges. When comparing
the sequence of both wild-type channels (Fig. 2), the
number of negative charges in S2 and S3 is equal,

whereas there are two extra positive charges in S4 of
Kv1.2 (the first and the last arginine). To what extent
these two charges contribute to the smaller slope factor
in Kv1.2, and are thus positioned in the electric field,
cannot be decided from our measurements because chan-
nels without this charge difference in S4 do also show
very different slope factors (e.g., Kv2.1 versus Ch_L3/
4–S4).

VOLTAGE DEPENDENCE OF THEACTIVATION

TIME COURSE

In some chimeras the voltage dependence of the activa-
tion time course was markedly attenuated. This effect
was most prominent in Ch_S1–S4 and it could be con-
fined mainly to the S2 and the S3 segment. In an attempt
to differentiate for each chimera whether changed acti-
vation properties result from alterations of either less or
more voltage-dependent transitions, we fitted equation3
to theta,1/2(V)-curves. The results showed that theta,1/2-
voltage relations for the parent channels and all the chi-
meras could be well described by this equation (lines in
Figs. 5 to 7). This applicability may result from an ac-
tivation process in which a more voltage-dependent step
(or possibly more than one) limits the rate of activation
at moderate depolarizations, while a less voltage-depen-
dent step (or possibly more than one) limits the rate of
activation at stronger depolarizations. The results sug-
gest that the S2 and the S3 substitutions differently alter
Kv2.1 activation (Fig. 8). The alteration in the activation
kinetics by introducing the S2 segment of Kv1.2 into that
of Kv2.1(Ch_S2) may lead to an acceleration of the volt-
age-dependent component. This is sufficient to account
for the observed smaller voltage dependence. In con-
trast, the alterations introduced by the S3 substitution are
more complex and affect both, voltage-dependent and
voltage-independent components.

The combination of a faster activation than in Kv2.1
and a lesser voltage dependence than in both of the par-
ent channels, as e.g., observed in Ch_S1–S4, might find
an alternative explanation: The major component of the
voltage-dependent gating might have shifted to more hy-
perpolarized voltages, so that at the holding voltage of
most of the voltage sensors are nearly activated. If the
final, less voltage-dependent, and not rate-limiting steps
leading to the opening of the pore occur in the normal
voltage range, this would result in both a faster activation
kinetics and a decreased voltage dependence. Measure-
ment of gating currents would be necessary for further
addressing this problem.

IMPLICATIONS FOR THE GATING MECHANISM

Our results suggest that the S2 and S3 transmembrane
segments in Kv2.1 channels contribute to the voltage

Fig. 8. Parameters as obtained from fitting equation3 to the data of the
various chimeras. The continuous and stippled lines indicate the pa-
rameters for Kv2.1 and Kv1.2, respectively. In the chimeras of group I,
activation kinetics are similar to Kv2.1. In the chimeras of group II,q
is reduced with respect to both parent channels.t1(V1/2) andt2 are both
shorter than in Kv2.1. Ch_S2 cannot be assigned to either group I or II.
In this chimera (group III),q is only slightly reduced andt2 is similar
to Kv2.1.
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sensor. This finding is consistent with the present ideas
for the role of S2 and S3 inShakerchannel gating. In
this channel, it has been shown that an acidic residue in
S2 (E293) contributes to the gating charge (Seoh et al.,
1996) and further acidic residues in S2 and S3 were
proposed to contribute to voltage sensing by interacting
electrostatically with some of the basic residues in the S4
segment (Papazian et al., 1995; Planells-Cases et al.,
1995; Tiwari-Woodruff et al., 1997). It is worth empha-
sizing that substitution of the S2 or the S3 segment
changes the activation time course more severely than
substitution of the S4 segment (Scholle et al., 2000).
This finding might indicate that the different dynamics of
the voltage sensor in Kv2.1 and Kv1.2 is mainly due to
differences in the structures lining the gating pore than to
differences in the S4 segment itself.

For Shakerchannels, an activation model was pro-
posed in which each of the four subunits undergoes at
least two conformational changes, a strongly voltage-
dependent and a weakly voltage-dependent conforma-
tional change (Zagotta, Hoshi & Aldrich, 1994). Assum-
ing that the activation process ofShaker is generally
valid for activation of Kv channels, our results support
the idea that distinct structural elements may be attrib-
uted to these two conformational changes. The S3 seg-
ment may be a determinant of the voltage-independent
(or less voltage-dependent) component. However, sub-
stitution of the S3 segment also reduces the effective
charge of the voltage-dependent component as compared
to both parent channels. This might indicate an impaired
function of the voltage sensor. Substitution of the S2
segment has only a minor effect on the voltage-
independent component and on the effective charge of
the voltage-dependent component, but changes the am-
plitude of the voltage-dependent component. This result
indicates an exclusive influence on the dynamics of the
voltage-dependent component.
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Deutsche Forschungsgemeinschaft.
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