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Abstract. To identify the mechanisms underlying the
faster activation kinetics in Kv1.2 channels compared
to Kv2.1 channels, ionic and gating currents were
studied in rat Kv1.2 and human Kv2.1 channels
heterologously expressed in mammalian cells. At all
voltages the time course of the ionic currents could be
described by an initial sigmoidal and a subsequent
exponential component and both components were
faster in Kv1.2 than in Kv2.1 channels. In Kvl.2
channels, the activation time course was more Sig-
moid at more depolarized potentials, whereas in
Kv2.1 channels it was somewhat less sigmoid at more
depolarized potentials. In contrast to the ionic cur-
rents, the ON gating currents were similarly fast for
both channels. The main portion of the measured ON
gating charge moved before the ionic currents were
activated. The equivalent gating charge of Kvl.2
ionic currents was twice that of Kv2.1 ionic currents,
whereas that of Kvl.2 ON gating currents was
smaller than that of Kv2.1 ON gating currents. In
conclusion, the different activation kinetics of Kvl1.2
and Kv2.1 channels are caused by rate-limiting re-
actions that follow the charge movement recorded
from the gating currents. In Kv1.2 channels, the re-
action coupling the voltage-sensor movement to the
pore opening contributes to rate limitation in a
voltage-dependent fashion, whereas in Kv2.1 chan-
nels, activation is additionally rate-limited by a slow
reaction in the subunit gating.
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Introduction

Four o subunits of voltage-dependent K* (Kv)
channels assemble to constitute functional channels
(MacKinnon, 1991; Heginbotham & MacKinnon,
1992; Liman, Tytgat & Hess, 1992). The voltage is
sensed by transmembrane domains that move charge
across the membrane. This charge can be determined
by measuring gating currents. The 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; Cha & Be-
zanilla, 1998) that moves in an outward direction in
response to depolarization (Larsson et al., 1996,
Yusaf, Wray & Sivaprasadarao, 1996; Starace, Ste-
fani & Bezanilla, 1997, Cha & Bezanilla, 1997). The
S4 segment contains between four and eight posi-
tively charged amino acids, of which, however, only a
fraction is involved in the gating (Aggarwal &
MacKinnon, 1996; Seoh et al., 1996). Negatively
charged residues in the S2 and S3 segment were also
identified to contribute to voltage sensing (Papazian
et al., 1995; Planells-Cases et al., 1995; Seoh et al.,
1996; Tiwari-Woodruff et al., 1997, Cha & Bezanilla,
1997, Milligan & Wray, 2000). Very recently the
crystal structure of a bacterial voltage-gated K™
channel has been reported (Jiang et al., 2003a), con-
firming essential contribution of the S2, S3, and S4
segments to the voltage sensor. According to the
crystal structure, the N-terminal half of S4 and part
of S3 (S3b) form a voltage-sensor paddle that may
move through the hydrophobic core of the
phospholipid membrane upon depolarization,
whereas the acidic amino acids of the S2 helices were
proposed to stabilize positive paddle charges (Jiang
et al., 2003b). It is therefore conceivable that the
movement of a similar voltage-sensor paddle gener-
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ates the main portion of the gating current in Shaker
channels. A short initial rising phase in the ON gating
currents (Bezanilla et al., 1991; Stefani et al., 1994;
Wang et al., 1999; Taglialatela & Stefani, 1993)
shows that at least two rate-limiting transitions are
involved (for review, see Bezanilla, 2000). The cou-
pling between the movement of the voltage sensor
and the opening of the pore is less well understood
(for review, see Yellen, 2002). For Shaker channels
the extracellular part of the S4 segment of the voltage
sensor has been hypothesized to control directly the
selectivity filter gate (Elinder, Manniko & Larsson,
2001). For structurally related HERG channels, it has
been proposed that movement of the S4 segment
triggers an association between the S4-S5 linker and
the S6 activation gate (Sanguinetti & Xu, 1999; Tri-
stani-Firouzi, Chen & Sanguinetti, 2002). Further-
more, for Shaker and hyperpolarization-activated,
cyclic-nucleotide gated (HCN) channels, an involve-
ment of the S4-S5 linker in the coupling process was
shown (McCormack et al., 1991; Shieh, Klemig &
Kirsch, 1997; Chen et al., 2001). The latter view of
the coupling process is supported by the recent
structural data, which suggest that movement of the
voltage-sensor induces movement of the S4-S5 linker,
which in turn moves the S5 helices and the pore, re-
sulting in channel opening (Jiang et al., 2003a, b).
Despite this enormously grown insight into the
structure and function of voltage-gated K channels
over the last years, many questions remain unan-
swered (Cohen, Grabe & Jan, 2003), among these the
question why highly homologous channels activate
with different kinetics. In previous studies we ad-
dressed the question why Kvl.2 channels activate
approximately three times faster than Kv2.1 channels
(Scholle et al., 2000; Koopmann et al., 2001). By
studying chimeras between Kvl.2 and Kv2.1 chan-
nels, we showed that the S4 segment, the S5-pore
linker, and the pore itself contribute to the observed
difference in the activation time courses of Kv1.2 and
Kv2.1 channels. In the present study, the activation
gating of Kv1.2 and Kv2.1 channels is analyzed in
order to identify at which stage of the activation
process the characteristic kinetic difference is deter-
mined. We show that the initial gating, measured by
the gating current, has a similar time course in both
channels and that the characteristic differences in the
activation time course are generated by different re-
actions following the initial charge movement.

Materials and Methods
HEeTEROLOGOUS EXPRESSION EXPERIMENTS

The cDNA sequence of human Kv2.1 (accession X68302) was
subcloned into the Asp7181/PstI site of the mammalian expression
vector pTracerSV40 (Invitrogen), a vector that allows the simul-
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taneous expression of the green fluorescent protein (GFP) in a
second expression cassette and thus the selection of transfected cells
upon excitation of GFP. The sequences of rat Kv1.2 (accession
X16003) was subcloned into the Hindlll/EcoRI site of pTrac-
erSV40G, a derivative of pTracerSV40 that was obtained by an
exchange of the coding region of GFP by that of the enhanced GFP
variant (EGFP) from Clontech. Plasmids were amplified in Esc-
herichia coli strain DHS5a and purified using the EndoFree Plasmid
Maxi Kit from Qiagen (Hilden, Germany). Chinese hamster ovary
(CHO) cells and the mouse fibroblast cell line (L cells) were
transfected using the Effectene reagent from Qiagen. Optimization
of the transfection method was done according to the recommen-
dations of the supplier, resulting in the following transfection
mixture: 1 pg purified plasmid DNA, 150 pl buffer EC, 8 pl en-
hancer reagent, and 25 ul Effectene in 2 ml growth medium (per
50 mm dish). The transfection mixture was removed after an in-
cubation of 18 to 20 h. Cells were trypsinized, washed with PBS,
resuspended in fresh growth medium and aliquoted into sterile
1.5 ml tubes.

ELECTROPHYSIOLOGY

Whole-cell recording was carried out in an experimental chamber
(volume ~0.3 ml) mounted on the stage of an inverted microscope
(Axiovert 100, Carl Zeiss Jena, Germany) with a conventional
patch-clamp technique. The patch-clamp amplifier Axopatch 200B
(Axon Instruments, Foster City, CA) was used. The experiments
were controlled by a PC using the ISO2 software (MFK, Nied-
ernhausen, Germany). The recording band width was 10 kHz (4-
pole Bessel) and was further filtered off-line. The sampling rate was
20 kHz. The patch pipettes were pulled from borosilicate glass.
After heat-polishing the resistance was 0.8-2.0 MQ when filled with
one of the pipette solutions (see below). A small amount of cell
suspension was transferred to the experimental chamber. After
settling of the cells, the experimental chamber was perfused for at
least five minutes with the final bath solution. An appropriate cell
was visually selected by fluorescence of the GFP when excited with
UV light. After seal formation and whole-cell access, the series
resistance was compensated according to the protocol described in
the manual of the amplifier leaving approximately 20% of the series
resistance uncompensated.

To measure ionic currents, the pipette solution contained
(mm) KCI 120.0, HEPES 10.0, EGTA 5.0, MgCl, 1.0, pH = 7.20
with KOH, and the bath solution contained NaCl 130.0, HEPES
10.0, KCI 4, CacCl, 1.8, MgCl, 1.0, glucose 10.0, pH = 7.35 with
NaOH. For measuring gating currents, the pipette solution con-
tained (mm) N-methyl-p-glucamin ™ 140, HEPES 10.0, EGTA 5.0,
MgCl, 1.0, pH = 7.20 with HC1, and the bath solution contained
N-methyl-p-glucamin™ 140, HEPES 10.0, CaCl, 1.8, MgCl, 1.0,
glucose 10.0, pH = 7.35 with HCI. Recording of gating currents
was started only after disappearance of all voltage-dependent ionic
current (40 mV) due to dialysis of the cell. The experiments were
performed at room temperature.

For measurement of ionic currents the holding potential was
generally =100 mV. The individual pulse protocols are described in
the Results part. Small linear leakages and capacitive transients
were removed by subtracting scaled averages of between 4 and 8
current traces elicited by pulses to —80 mV. The data were re-fil-
tered with a Gaussian filter routine implemented in the ISO2
software at a cut-off frequency of 5 kHz.

Figure 1 shows examples of normalized current recordings of
Kv1.2 and Kv2.1 channels expressed in CHO cells at the voltages
of 0 and 40 mV. Kv1.2 channels activated significantly faster than
Kv2.1 channels. Similar current time courses were obtained in L-
cells (not shown). Statistically, the time interval between the clamp
step and the half amplitude of the current (z,;,) was indistin-
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guishable between the two expression systems (Kv1.2, 0 mV, CHO
cells 10.3 £ 0.6 ms (n = 4), L-cells 9.0 £ 1.8 ms (n = 10);
40 mV, CHO cells 2.5 =+ 0.2 ms (n = 4), L-cells 3.2 = 0.5 ms
(n = 10); Kv2.1, 0 mV, CHO cells 21.5 + 1.8 ms (n = 9), L-cells
27.8 £ 2.8 ms (n = 4); 40 mV, CHO cells 9.8 £ 0.7 ms (n = 9),
L-cells 10.7 = 1.2 ms (n = 4)). Hence the results in both cell lines
were lumped.

For measurement of gating currents the holding potential was
set to =100 mV (Kv2.1) or =120 mV (Kvl.2). Depolarizing pulses
were elicited to voltages between —80 and 80 mV, spaced 10 or
5 mV. Capacitive and small linear leakage currents were removed
by subtracting scaled averages of between 4 and 8§ current traces
elicited by pulses to =80 mV. In order to improve the signal-to-
noise ratio, between 4 and 8 gating currents were averaged and the
data were refiltered with a Gaussian filter routine at a cut-off
frequency of 5 kHz.

FITTING AND STATISTICS

Various functions were fitted to the data points using the chi-
square method of Origin 6.1 or the routines implemented in the
ISO2 software. Statistical data are presented as mean + SEM.
Statistical significance was tested with Student’s z-test (P < 0.05).

Results
STEADY-STATE ACTIVATION

Under steady-state conditions two kinds of equiva-
lent charge z, and z; can be measured: z, is deter-
mined from the gating current and reflects
rearrangements of the gating machinery; z; is associ-
ated with the activation of the channel and can be
determined from the ionic current. The measured
equivalent charges do not need to be identical: z, can
be larger than z; in the case that some channels do not
open although they gate successfully. Alternatively,
zy can be smaller than z. In this case, part of the
gating charge that moves after the measurable gating
current is completed, is too small to be detectable.

We determined z; from the amplitude of the tail
currents (Fig. 24) as described previously (Scholle
et al., 2000). Amplitudes of instantancous currents
were normalized with respect to the maximum in-
stantaneous current amplitude and plotted as func-
tion of voltage (Fig. 2B). The current-voltage
relationship was fitted with a Boltzmann function
according to

La(V) = 1/{1 +exp[(Vir o — V)zF/RT]} (1)

yielding the midpoint voltage V; ;/» of half-maximum
activation and the equivalent charge z;. R is the molar
gas constant, T the absolute temperature in K, and F
the Faraday constant. We chose the power 4 in the
Boltzmann function because of the assumed tetra-
meric structure of voltage-dependent K™ channels
(MacKinnon, 1991; Liman et al., 1992). This implies
that the conformational changes of the four subunits
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Fig. 1. Comparison of the activation time course of Kvl.2 and
Kv2.1 channels at 0 and 40 mV. The amplitude of the current traces
was scaled with respect to the late currents in the indicated time
intervals. At both voltages, Kv2.1 channels activate with slower
kinetics than do Kvl1.2 channels.

during activation are identical and independent, as
was assumed by Hodgkin & Huxley (1952). It should
be noted, however, that the power is not well de-
termined. The data points could be similarly de-
scribed with powers between 1 and 5 in the
Boltzmann function. V;,, values were similar for
both channels and the equivalent charge z; for Kv1.2
channels was larger than the one for Kv2.1 channels
(Table 1). Taking into account the tetrameric char-
acter of the channels, activation of Kv1.2 channels
was apparently completed with the movement of 4 X
3.52 = 14.08 positive charges in the outward direc-
tion, whereas the one of Kv2.1 channels was com-
pleted with the movement of only 4 x 1.48 = 5.92
positive charges. In addition we estimated the total
equivalent charge z;; required for activation with the
method of the “limiting slope” (Almers, 1978). The
71s associated with activation of all four subunits was
estimated from the limiting slope of the semiloga-
rithmic plot of the steady-state activation for

V — — by
. [RTd(In L)
s = VLJE%C{de} @

The symbols have the same meaning as in Eq. 1. The
diagram in Fig. 2C shows an example of a linear fit
for Kv1.2 channels. The z;, values for Kv1.2 channels
(7.42 = 0.89; n = 7) were markedly larger than the
ones for Kv2.1 channels (2.61 £ 0.28; n=S§;
P = 0.0012). Though the z;; values were smaller than
those determined with the Boltzmann fit for steady-
state activation (z; X 4), their ratio was similar.

GATING CURRENTS

Figure 34 shows examples of ON gating currents for
both channels. To determine gating charge-voltage
relations for these currents under steady-state con-
ditions, they were integrated. Gating charges Q were
normalized with respect to the maximum gating
charge Qn.x and the corresponding Q.. values were
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Kv2.1
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Fig. 2. Steady-state activation. (4) Representative current record-
ings as used to determine steady-state activation. The voltage
protocol consisted of prepulses (200 ms) to the actual potential
followed by test pulses (100 ms) to 0 mV. The instantaneous cur-
rent 1 ms after the clamp step to the test pulse was evaluated
(arrows). (B) Plot of the normalized instantaneous currents at 0 mV
(I.e1) as function of the prepulse voltage. The curves are best fits
with Eq 1. The parameters are shown in Table 1. Steady-state

-60 40 -20 0 20 40 60
V (mV)

activation for Kvl.2 channels is steeper and at more negative
voltages than that for Kv2.1 channels. Missing error bars indicate
that sem was smaller than the size of the symbols. (C) Semiloga-
rithmic plot of steady-state activation I, as function of voltage of a
representative experiment of Kv1.2 channels. The slope of the line
fitted to the data points at I,y < 0.032 yields 5.55 for the total
equivalent charge of activation of all subunits (z;; Eq 3.).

Table 1. Equivalent gating charges in steady-state relationships and activation time course

Forward transitions

Channel Steady-state relationships
Ll Orel limiting slope Ty Tn ta1/2 Tal
zZ; Vi (mV) Zg V12 (mV) 215 Zgt Zdel Zat Zal
Kvl.2 3.52 -30.0 1.91 -21.42 7.42 0.65 0.76 1.66 2.12
Kv2.1 1.48 —28.55 2.42 -20.99 2.61 0.62 0.86 0.94 1.31

I, steady-state activation, fitted with Eq. 1, yielding the equivalent charge of the ionic current per subunit, z;, and the voltage of half-
maximum activation, V; . Q, normalized gating charge, fitted with Eq. 3, yielding the equivalent charge of the process producing the
gating current, z,, and the voltage of half-maximum charge movement, V, ;. The limiting slope was determined with Eq. 2, as described in
the text, yielding the total equivalent charge associated with activation of all four subunits, zi5 . The error for zj is indicated in the text. The
equivalent charges of the gating current decay, z,, the ionic current delay, z4e, the half time of activation, z,, and the late ionic current, z,),
were determined with Eq. 5 as described in the text. The number of cells included for each value corresponds to the numbers indicated in

Figs. 2B, 3B, and 5, respectively.

plotted as function of test pulse voltage (Fig. 3B).
The equation

Ora(V) = 1/{1 +exp[(Vg1/2 — V)zeF/RT|} (3)

was fitted to the data points yielding a midpoint
voltage Vg1 and an equivalent charge z, for the

gating process of a single subunit. The results are
summarized in Table 1. In the case of Kv1.2 chan-
nels, z, matched zj5 (4 X z, = z;5) but was significantly
smaller than z;. The results indicate that in Kvl1.2
channels a fraction of gating charge is not detected in
gating current and limiting slope measurements, most
likely because this fraction of the gating charge only
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Fig. 3. ON gating currents and Q-V relationships. (4) Re-
presentative recordings of ON gating currents. Test pulse poten-
tials: =80, —60, —40, —20, 0, 20, 40, 60 mV. The traces shown are
averages of 5 individual traces. (D) Charge versus voltage re-
lationships Q.. (V) as obtained from the time integral of the gating

Kvl.2

Kv2.1

moves during the coupling of the gating to the pore
opening. By contrast, only a fraction of the equiva-
lent charge z, contributes to the activation of Kv2.1
channels, where z, markedly exceeds zjs (4 X z > zj)
and is even larger than z;.

KiINETIC PARAMETERS AT DIFFERENT STAGES OF THE
ACTIVATION PROCESS

Inspection of representative ON gating currents
suggested that their time course was similar for both
channels over a wide voltage range (Fig. 34) and
comparison of time courses of ON gating and ionic
currents at the same voltage (Fig. 4) directly suggest
that the kinetics of gating charge movement recorded
by the gating currents do not account for the differ-
ences seen in the activation time courses. Statistical
analysis is provided below. Apparently, most of the
gating charge has moved before the channels opened.
Generally, the movement of the gating charge does
not need to be restricted to the early movement of the

-80 -60 -40 -20 0

T T

20 40 60
V (mV)

currents and normalizing the values with respect to the value at 60
mV. The curves were best fits, with Eq. 3 yielding the parameters in
Table 1. Missing error bars indicate that SEm was smaller than the
size of the symbols.

Fig. 4. Comparison of the time
courses of the ON gating and the
ionic current in Kv1.2, and Kv2.1
channels at 10 and 60 mV. The
currents were normalized with
respect to the maximum current
during the test pulse of 200 ms
duration. At the same voltage the
time course of the gating currents is
similar, whereas the ionic currents
show the characteristic difference in
the activation kinetics.

gating machinery but may also take place at later
stages of the activation process; i.e. the gating charge
movement may spread over the whole activation
process (Zagotta, Hoshi & Aldrich, 1994a). In
order to gain information about the spreading of the
gating charge upon activation, we determined the
equivalent charges of four gating parameters char-
acterizing unidirectional forward transitions during
activation. Since the equivalent charges that de-
termine the transition rates from one state to another
state correspond only to the equivalent charges
moved before the transition states, but not to the
charges moved after the transition states (c¢f. Zagotta
et al., 1994a), these equivalent charges can not be
directly related to those determined under steady-
state conditions.

ON gating currents, the earliest measure of
channel activation, showed the typical short initial
rising phase (Fig. 34; ¢f. Bezanilla et al., 1991,
Taglialatela & Stefani, 1993; Stefani et al., 1994,
Wang et al., 1999). Since the rising phase was short
compared to the activation time course of the ionic
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Table 2. Contributions of a voltage-dependent component, 4, and a voltage-independent component, B, to the time parameters T4, Tael, fa,1/2,

and T, for activation as determined with Eq. 5.

Time parameters Kvl.2 Kv2.1
A (ms) B (ms) B/(A+ B) A (ms) B (ms) B/(A+B)
Ty 2.38 0 0 2.92 0 0
Ty 2.77 0.91 0.25 6.36 1.08 0.15
ta12 8.28 2.47 0.23 15.19 6.21 0.29
Tal 20.73 2.77 0.12 13.39 8.17 0.38

The term [B/( A+ B)] indicates the relative contribution of the voltage-independent component. The number of cells included for each value

corresponds to the numbers indicated in Fig. 5.

current and not well resolved in our whole-cell re-
cordings, it was not considered in the further analysis
and a monoexponential function

I=Iyexp(—1/ty) (4)

was fitted to the decay time course (Fig. SAa; see also
Zagotta et al., 1994a). I, is an amplitude parameter, ¢
the time, and 7, the decay time constant. The
equivalent charge z, of gating current relaxation was
obtained by fitting a plot of 1, values versus voltage
using equation (5). This equation was generally used
to describe the voltage dependency of time parame-
ters.

1= A exp(—zxFV/RT) + B. (5)

A and B are amplitude parameters of a voltage-de-
pendent and voltage-independent component, re-
spectively. Equation (5) was fitted to the plots T,
versus V between 0 and 60 mV (Fig. 54b). B was set
to zero and z, was zy. The calculated zy values are
summarized in Table 1. The main conclusion from
these data is that forward transitions of the reactions
generating the Kv1.2 gating currents covered only a
relatively small fraction of the total equivalent charge
determined for the ionic current (zg/z; = 0.18),
whereas the respective value for Kv2.1 channels was
larger (zq/zi = 0.42).

The total activation time course of the ionic
current could not be described by Hodgkin-Huxley
(HH)-type models (powers 2 to 6 tested; Hodgkin &
Huxley, 1952). In order to quantify the voltage de-
pendence of the initial activation time course, we
fitted the initial sigmoidal activation time course be-
tween point zero and the inflection point by the HH
model

I'=I.[1 —exp(—t/t)]" (6)

I, is an amplitude parameter of the theoretical
current / at t — o and t, is the time constant of
activation of a single subunit. The resulting time
constant T, was plotted as function of voltage
(Fig. 5Bb) and the equivalent charge of the initial
activation time course of a single subunit z4.; (‘del’ for
‘delay’), was calculated from Eq. 5 with zg4q = z.

The parameter B could not be fixed to zero (see
Table 2). Though the values of z4, were similar
for both channels (0.76 and 0.86 per subunit or 3.04
and 3.44 per channel, respectively; Table 1), the sig-
moidal activation time course of the initial ionic
current was already slower in Kv2.1 than in Kvl.2
channels.

The time interval between the beginning of the
test pulse and the half amplitude of the current, ¢, ;,
was considered a third parameter to describe the
sequence of forward transitions during activation
(Fig. 5Ca). This time interval should include later
forward transitions than those described by t, be-
cause the inflection point, used as end point of the
time interval for determining t,, occurred earlier than
the time point of half-maximum current amplitude.
The t,,» values refer to the activation of the whole
channel and not to the one of a single subunit.
Measured ¢, ,, values were plotted as function of
voltage (Fig. 5Cb). In contrast to t,, the 7,1, values
for both channels differed more at 60 mV than at
—10 mV, indicative of a different voltage dependence
of the processes determining the initial and the later
channel activation. Fits of Eq. 5 to the data yielded
the equivalent charge for the half time of activa-
tion z,, = zy. The values of z,, and the amplitude
parameters are summarized in Tables 1 and 2,
respectively.

In sequential kinetic models the late activation
time course will be dominated by the slowest forward
rate constant if the backward reactions are negligible.
This should be the case at sufficiently depolarized
voltages (see Zagotta et al., 1994a). We fitted equa-
tion 7 to the late activation time course, beginning at
the half maximum current (Fig. 5Da).

I=1J[1 =05 exp (—t/za) (7)

where 1, is the activation time constant and 7. the
amplitude of the late current. The 1, values were
plotted as function of voltage. Noticeably, the Tt
relationships crossed each other: due to a steeper
voltage dependence of 1, in Kvl.2 than in Kv2.1
channels, late activation for Kv2.1 channels was
only slower at strong depolarization (>20 mV).
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Fig. 5. Voltage dependence of activation parameters for Kv1.2 and
Kv2.1 channels. (4) Gating current decay. (4a) Example of a
Kv2.1 gating current at 10 mV. The decay phase is described, with
Eq. 4 yielding the time constant . (4b) Plot of the decay time
constant Ty as function of voltage on a semilogarithmic scale.
Equation 5 was fitted to the data points with z,, = z,. The values of
zg are given in Table 1. (B) Initial time course of activation of the
ionic current. (Ba) Example of a Kv2.1 current. Test-pulse voltage
10 mV. Equation 6 was fitted to the initial part of the ionic current
until the inflection point yielding the activation time constant t,,.
(Bb) Plot of the activation time constant 7, as function of voltage
on a semilogarithmic scale. Equation 5 was fitted to the data
points, with zge) = zx. The z4e values are given in Table 1. (C) Time
interval between clamp step and half-maximum activation of the

Equation 5 was fitted to the plots in order to deter-
mine the equivalent charge of the late ionic current
activation z, = z, (Fig. 5Db). Parameter B was un-
equal zero for both channels (see Table 2). The re-
spective z, values are summarized in Table 1. The
results showed that forward transitions determining
the late activation time course were voltage depend-
ent for both channels and that the voltage depend-
ence was nearly twice as steep for Kvl.2 than for
Kv2.1 channels.

THE SiGMOIDICITY OF ACTIVATION IS DIFFERENTLY
VoLTAGE DEPENDENT IN Kv1.2 AND Kv2.1 CHANNELS

Sigmoidicity of the activation time course can be
defined as the amount of delay relative to the overall
rate of activation (Zagotta et al., 1994a). If assuming
that a number of first-order transitions in independ-
ent subunits rate-limit the activation time course, the
sigmoidicity would be the same at each voltage. In

20 0 20 40 60
V (mV)

20 0 20 40 60
V (mV)

ionic current, 7, 2. (Ca) Example of an ionic current recorded from
Kv2.1 channels, showing the method of determination of 7, ;.
Same current as in Ba. (Cb) Plot of t, ;> as function of voltage on a
semilogarithmic scale. Equation 5 was fitted to the data points,
with z,; = zy. The z, values are given in Table 1. (D) Late time
course of activation of the ionic current. (Da) Example of an ionic
current recorded from Kv2.1 channels expressed in CHO cells.
Same current as in Ba. Equation 7 was fitted to the time interval of
the late ionic current, starting from the half maximum amplitude,
yielding the time constant of late activation 7. (Db) Plot of the late
activation time constant 7, as function of voltage on a semiloga-
rithmic scale. Equation 5 was fitted to the data points, with z,; =
zx. The z,, values are given in Table 1.

contrast, if the concerted coupling reaction, following
the subunit gating, rate-limits the activation time
course, the sigmoidicity would be reduced. As re-
ported by Zagotta and coworkers (1994a), a simple
method to compare sigmoidicity of the activation
time course at different voltages is to first scale the
currents with respect to the steady-state amplitude
and then adjust the time expansion to a similar rate of
rise at half-maximum current. Figure 6 shows repre-
sentative examples of traces for both channels after
such a normalization in both amplitude and time. As
reference served the currents at 60 mV. Kv2.1 chan-
nels produced an approximately similar sigmoidicity
at all voltages, with a slightly larger sigmoidicity at
—10 mV than at 60 mV. In contrast, the sigmoidicity
for Kv1.2 channels was much more voltage depend-
ent and oppositely directed: it was most pronounced
at 60 mV and least pronounced at —20 mV. The
conclusion is that rate limitation of the activation
process in the two channels is differently controlled
(see Discussion).
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Fig. 6. Sigmoidicity of the activation time course in Kv1.2 and
Kv2.1 channels. The currents were scaled in amplitude with respect
to the late current and in time with respect to slope at the half
amplitude. In Kv2.1 channels the traces at —10 and 0 mV were re-
filtered to 1 kHz to reduce the noise. Time calibration is valid for
the reference currents at 60 mV only. Kv1.2: test pulse voltages —20
mV through 60 mV; Kv2.1: =10 mV through 60 mV in 10 mV
increments each; pulse duration and pulsing frequency 200 ms and
0.5 Hz, respectively. The sigmoidicity was steeply voltage depen-
dent for Kv1.2 channels, with a maximum at strong depolarization,
whereas it was only weakly voltage dependent for Kv2.1 channels
with a maximum at moderate depolarization. For further ex-
planation see text.

Discussion

Kv1.2 channel gating can be described by the scheme

(Clk—>C2)4k—>0. Scheme (1)
<1 2

The scheme is given in an abbreviated format (Zag-
otta, Hoshi & Aldrich, 1994b). C’s are closed states of
independently gating subunits, O is the open state, k;
and k, describe rates of forward reactions (in the
direction of activation). The rate constant k; de-
scribes the independent gating of the subunits and
mainly reflects the gating current kinetics. The short
rising phase of the gating currents is not separately
considered and thus included in k; . The rate constant
k, describes the concerted coupling reaction. It sig-
nificantly accounts for the late (exponential) activa-
tion time course (T,;). Since all three time constants,
Te, Tn, Tal decrease at stronger depolarization, it is
assumed that k; and k, accelerate at stronger depo-
larization. A different contribution of k; and k, to
rate limitation at different voltages can then be ex-
plained by different voltage dependencies of the rates.
The sigmoidicity of Kvl.2 currents was more pro-
nounced at strong rather than moderate depolariza-
tion (Fig. 6). Since all models with any number of
independent first-order transitions produce identical
sigmoidicity (Zagotta et al., 1994a), this result sug-
gests that the activation of Kvl.2 channels is not
preferentially rate-limited by the gating of inde-
pendent subunits over the whole tested voltage range
but also by the subsequent coupling reaction: At
moderate depolarization the coupling reaction (k»)
would contribute more to the rate limitation of the

A. Scholle et al.: Activation kinetics of Kv channels

activation process than at strong depolarization
where rate limitation is more influenced by the sub-
unit gating. Since the total time course of activation
accelerates upon depolarization, k; and k, would
accelerate, but k, more than k;. Involvement of the
coupling reaction (k) in rate limitation even at the
strongest depolarization arises from the result that
the activation of the ionic current was still slower
than the gating current decay (c¢f. Fig. 4).

For Kv2.1 channels the model should explain (1)
that the channels activate more slowly than Kvl.2
channels, (2) that the sigmoidicity is only weakly
voltage-dependent, and (3) that the gating currents
are as fast as in Kv1.2 channels. The combination of
points (1) and (3) requires that larger rate limitation
than in Kv1.2 channels arises in processes following
the reactions generating the gating currents. The fact
that the sigmoidicity is only weakly voltage-depend-
ent (2) suggests that an essential portion of rate lim-
itation in the Kv2.1 channel gating is included in the
independent transitions of the subunits (see above).
The gating scheme is therefore extended by an addi-
tional reaction in the subunit gating (k") to

(G 7}>C27C3)4k—2>0 Scheme (2)
o 1

and our results suggest that at all voltages the main
rate limitation is caused by k;". The moderate and
oppositely directed voltage dependence of the sig-
moidicity in Kv2.1 channels (Fig. 6) with respect to
Kv1.2 channels can be explained by assuming that &k’
decreases somewhat more at depolarization than
does k. In summary, in Kv2.1 channels depolariza-
tion induces acceleration of activation mainly via a
reaction in the subunit gating following movement of
the voltage sensor, whereas in Kvl.2 channels the
main acceleration of activation is caused by the
coupling reaction, thereby increasing the rate-limiting
influence of the subunit gating. Taking into account
that the slower activation in Kv2.1 channels is caused
by the S4 segment, the S5-pore linker and the pore
itself (Scholle et al., 2000; see also for sequence
alignment), these three regions may be suggested to
contribute mainly to rate-limiting reactions in the
subunit movement and not in the coupling reaction.

These interpretations fit with the observation
that the time constant for the late activation, T,
depended more steeply on voltage for Kv1.2 than for
Kv2.1 channels. When considering the two compo-
nents contributing to t,;, the analysis showed that this
was due to both a stronger influence of the voltage-
dependent component 4 (20.73 versus 13.39 ms) and
a three times smaller voltage-independent component
B compared to Kv2.1 channels (2.77 versus 8.17 ms).
At strong depolarization it is particularly the faster
voltage-independent component B that allows for the
faster activation in Kvl.2 compared to Kv2.1 chan-
nels. The key role of a voltage-independent reaction
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for the different late activation time courses of the
two channels can also be derived by comparing [B/(A
+ B)] along the three measured time parameters: [B/
(A4 + B)] decreased from the initial (t,) to the late
time course (ty) in Kvl.2 channels (0.25 — 0.12),
whereas it increased in Kv2.1 channels (0.15 — 0.38).
The conclusion is that at strong depolarization the
time course of activation in Kv2.1 versus Kvl.2
channels is obstructed by a voltage-independent re-
action. If k" in Scheme (2) is rate limiting in Kv2.1
channels then it would not simply change according
to an exponential function of voltage but would ap-
proximate a maximum.

When comparing the I, (V) relationship deter-
mined for Kv1.2 channels with the relationships for
the best studied channel of the Kvl family, the
Shaker channel with removed N-type inactivation
(Shaker A6-46), Perozo and co-workers (1994) ob-
served a similar voltage dependence (Zagotta et al.,
1994a). Hence, steady-state activation of the ionic
current is similar in rat Kvl.2 and Shaker A6-46
channels. By contrast, the Q. (V) relationship in
Kv1.2 channels was shifted by 20 to 30 mV to more
positive potentials with respect to Shaker A6-46
(Zagotta et al., 1994a; Perozo et al., 1994) and the
equivalent charge of the gating process z, was smaller
in Kvl.2 channels than in Shaker A6-46 channels
(1.91 versus 3.6). These differences indicate a differ-
ence in the gating between both channels. Basically
similar to Shaker A6-46 channels is that in all chan-
nels studied herein a portion of the gating charge was
found to move only during the activation of the ionic
current, i.e., much later than measurable with the
gating current. When comparing the z values deter-
mined for the activation of Kv1.2 channels (Table 1)
with corresponding values of Shaker A6-46 channels
(Zagotta et al., 1994a), the most striking difference
exists in the late activation (t,): In Kv1.2 channels
the equivalent charge of the late ionic current, z,;, was
approximately five times larger than that in Shaker
A6-46 channels (2.11 versus 0.42). The slow compo-
nent of activation was present until the strongest
depolarizations studied herein and it prevented the
use of Hodgkin-Huxley-type models for description.

For Kv2.1 channels, Taglialatela and Stefani
(1993) reported that the time constant, obtained from
fitting the activation time course with a single expo-
nential, matches the decay time constant, obtained
from fitting the decay phase of the gating current
(denoted 1, herein). The result suggested that the
kinetics of the gating current directly control the ac-
tivation kinetics of the ionic current. In contrast, our
results show that at all voltages the gating current
decay for Kv2.1 channels is faster than the activation
of the ionic current (Fig. 4). Thus, our results imply
that the kinetics of the gating current do not directly
control the activation kinetics of the ionic current and
that an additional rate-limiting reaction must occur
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in-between (k; in Scheme 1). One reason for the dif-
ferent time relation between gating and ionic current
of our results and those of Taglialatela and Stefani
(1993) might arise from different recording tech-
niques (cut-open oocytes versus whole-cell recording
in cultured cells). Another possibility might arise
from different properties of rat Kv2.1 channels they
used and human Kv2.1 channels used herein, because
rat channels activate about twice as fast than human
channels (Ju et al., 2003).

Conclusions

The similarity of the ON gating current kinetics im-
plies that the early molecular arrangements of the
activation gating are similar in Kvl.2 and Kv2.1
channels, suggesting that the voltage sensors move
with similar kinetics through the phospholipid mem-
brane. The differences in the activation kinetics be-
tween the two channels are inferred by subsequent
rate-limiting reactions in the activation process: In
Kv1.2 channels the coupling reaction contributes to
rate limitation at moderate depolarization but reduces
its effect at strong depolarization. In contrast, acti-
vation of Kv2.1 channels is rate-limited at all voltages
by an additional slow reaction in the subunit gating.
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