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An Activation Gating Switch in Kv1.2 Is Localized to a Threonine
Residue in the S2-S3 Linker

Saman Rezazadeh,* Harley T. Kurata,* Thomas W. Claydon,* Steven J. Kehl," and David Fedida*

*Department of Anesthesiology, Pharmacology and Therapeutics, and *Department of Cellular and Physiological Sciences, University of
British Columbia, Vancouver, British Columbia V6T 1Z3, Canada

ABSTRACT The activation properties of Kv1.2 channels are highly variable, with reported half-activation (V,,) values ranging
from ~—40 mV to ~+30 mV. Here we show that this arises because Kv1.2 channels occupy two distinct gating modes (“fast” and
“slow”). “Slow” gating (tact = 90 = 6 ms at +35 mV) was associated with a V,, of activation of +16.6 = 1.1 mV, whereas “fast”
gating (act = 4.5 = 1.7 ms at +35 mV) was associated with a V,, of activation of —18.8 = 2.3 mV. It was possible to switch
between gating modes by applying a prepulse, which suggested that channels activate to a single open state along separate
“fast” and “slow” activation pathways. Using chimeras and point mutants between Kv1.2 and Kv1.5 channels, we determined that
introduction of a positive charge at or around threonine 252 in the S2-S3 linker of Kv1.2 abolished “slow” activation gating.
Furthermore, dialysis of the cytoplasm or excision of cell-attached patches from cells expressing Kv1.2 channels switched gating
from “slow” to “fast”, suggesting involvement of cytoplasmic regulators. Collectively, these results demonstrate two modes of

activation gating in Kv1.2 and specific residues in the S2-S3 linker that act as a switch between these modes.

INTRODUCTION

Much of the machinery associated with voltage-gated potas-
sium (Kv) channel activation is localized to a voltage-sensing
domain (VSD) that comprises the transmembrane helices S1-
S4, and includes a series of regularly spaced basic (Arg, Lys)
residues in the S4 helix, together with acidic (Asp, Glu)
residues in S2 and S3 helices (1-7). Considerable effort has
been devoted to understanding the structural rearrangements
during voltage gating, together with the conformational
changes of the pore-forming domain that gate the permeation
pathway (8—10). The detailed movements remain controver-
sial (11-14), but it is well understood that membrane
depolarization exerts forces on charged residues within the
VSD, resulting in conformational changes that are coupled to
the opening of a specialized ion-conducting pore formed by
the S5 and S6 transmembrane helices (6,12,15). Much of the
dynamic information that defines our understanding of Kv
channel activation comes from the Drosophila Shaker chan-
nel, and so specific mechanisms that regulate the individual
activation properties of mammalian Kv channels remain
incompletely understood.

Although interactions between charged residues within
the VSD (i.e., between basic residues in S4 and acidic res-
idues in S2 and S3) are critical for normal activation gating
(1,4), a number of studies demonstrate that other regions of
the channel, especially the cytoplasmic N- and C- termini,
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can significantly modulate the time course and voltage
dependence of activation. Deletion of either the N- or C-
terminus of many channels, including Kv1.1, Kv1.2, Kv1.5,
Kv2.1, and hERG, can substantially shift the voltage
dependence of activation (16-24). In addition, the MTSET
modification rate of thiol groups in the T1-T1 intersubunit
interface of Kv4 channels is state dependent, which suggests
significant conformational changes take place outside the
VSD and the pore domain during channel gating (25).

Detailed studies of individual transmembrane domains of
Kv channels have also identified regions other than those
involved in interactions between the basic and acidic res-
idues in S2, S3, and S4 that affect activation gating. For
example, substitution of three noncharged amino acids from
the Shaw channel S4 into Shaker channels (the ILT mutation)
results in a dissociation of S4 movement from the concerted
step in channel opening (26). In addition, exchange of the
cytoplasmic half of S5 between Kv2.1 and Kv3.1 confers
activation and deactivation properties similar to those of the
donor channel without altering the voltage dependence of
gating charge movements (27). Finally, a swap of S2 or S3 of
Kv2.1 with that of Kv1.2 profoundly alters the activation
time course (28).

In addition to these intrinsic structural influences on acti-
vation gating, the activation properties of Kv channels can
also be modulated through protein-protein interactions or
posttranslational modifications including phosphorylation and
glycosylation. For example, it is well documented that the
interaction of B-subunits with Kv channels results in mod-
ification of their activation and inactivation kinetics (29-32).
In addition, coexpression of the S-subunit with BKc,
channels increases the sensitivity of activation to voltage
and calcium without affecting single-channel conductance or
ionic selectivity (33). Phosphorylation of squid giant axon K*
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channels changes their activation kinetics, which is attributed
to electrostatic interactions between the VSD and negatively
charged phosphate groups (34,35). Similarly, dephosphoryl-
ation of Kv2.1 and Kv3.1 channels has been shown to result
in a hyperpolarizing shift in the Vi, of activation (36-38).
Finally, glycosylation of the S1-S2 linker of Kv1.1 and Kv1.2
channels results in a depolarizing shift in the Vi, of activation,
an effect that is thought to be partly caused by the charge-
screening effect of sialic acids (39-42).

Kv1.2, for which the atomic structure is known (43), is a
Kv channel that shows quite variable activation kinetics.
Most reports describe fast activation (7 < 10 ms at +40 mV)
with a V, of activation ranging from —15 mV to —43 mV
(23,28,44,45). However, Grissmer et al. (46) briefly men-
tioned that Kv1.2 channels have a Vi, of activation of +27
mV and much slower activation gating (7 =~ 25 ms at +40
mV), which becomes faster on repetitive pulsing. Here, we
have extended these observations to show that Kvl.2
channels heterologously expressed in a number of different
mammalian cell types can have two quite distinct activation
phenotypes. ‘“Slow’’ activation gating of Kv1.2 occurs
during pulses applied after a rest interval and is associated
with a depolarized V,, of activation. Using a twin-pulse
protocol, we show that activation gating can be switched
into a ‘‘fast’” mode and that this is associated with a large
hyperpolarizing shift in the voltage dependence of activation
gating. We demonstrate that this switch of gating is
mediated at or around a single threonine residue, T-252, in
the S2-S3 linker that is uniquely present in Kv1.2 among the
Kv channels and that it can be modified by the presence or
dialysis of cytoplasmic constituents. Furthermore, transfer
of the S2-S3 linker from Kv1.2 to Kv1.5 channels intro-
duced the heterogeneous activation properties of Kv1.2
channels in the otherwise consistently fast gating Kv1.5
channels. These data identify a novel mode of gating in
Kv1.2 channels that may be regulated by interaction with a
cytosolic component either at or associated with T-252 in the
S2-S3 linker. This work has been presented in preliminary
form as an abstract (47).

MATERIALS AND METHODS
Cell preparation and transfection

All experiments were carried out on transiently transfected mouse /7k- cells,
HEK 293 cells, or CHO cells grown in minimal essential medium (MEM)
with 10% fetal bovine serum, at 37°C in an air/5% CO, incubator. One day
before transfection, cells were plated onto sterile glass coverslips in 35-mm
petri dishes at 20-30% confluence. On the day of transfection, cells were
washed once with MEM with 10% fetal bovine serum. To identify the
transfected cells efficiently, channel DNA was cotransfected with a vector en-
coding green fluorescent protein (pGFP). Channel DNA was incubated with
pGFP (1 ug of pGFP, 2 ug of channel DNA) and 3 ul of Lipofect AMINE
2000 (Gibco-BRL, Burlington, Ontario, Canada) made up to 100 wl with
serum-free OPTI-MEM (Gibco-BRL), then added to the dishes containing
cells in 900 ul of MEM with 10% fetal bovine serum. Cells were allowed to
grow overnight before recording.
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Solutions

Patch pipettes contained solution 1 (in mM): KCl, 135; EGTA, 5; HEPES,
10; adjusted to pH 7.2 with KOH. The bath solution contained solution 2 (in
mM): NaCl, 135; KCl, 5; HEPES, 10; sodium acetate, 2.8; MgCl,, 1; CaCl,,
1; adjusted to pH 7.4 with NaOH. High external K experiments were
carried out using a bath containing solution 3 (in mM): KCl, 135; HEPES,
10; MgCl,, 1; dextrose, 10; adjusted to pH 7.4 with KOH. For cell-attached
and excised inside-out patch experiments, pipettes contained solution 2
while the bath contained solution 3. All chemicals were from Sigma Aldrich
Chemical (Mississauga, Ontario, Canada).

Electrophysiological procedures

Coverslips containing cells were removed from the incubator before exper-
iments and placed in a superfusion chamber (volume 250 wl) containing the
control bath solution at ambient temperature (22-23°C) and perfused with
bathing solution throughout the experiments. Whole-cell, excised, and
perforated patch current recording and data analysis were done using an
Axopatch 200B clamp amplifier and pClamp 9 software (Axon Instruments,
Foster City, CA). Patch electrodes were fabricated using thin-walled
borosilicate glass (World Precision Instruments; Sarasota, FL). Electrodes
had resistances of 1-3 M() when filled with control filling solution. Capacity
compensation and 80% series resistance compensation were used in all
whole-cell recordings. No leak subtraction was used when recording
currents, and zero current levels are denoted by the dashed lines in the
current panels. Data were sampled at 10-20 kHz and filtered at 5-10 kHz.
For perforated patch experiments, 100 ug/ml of nystatin was added to the
pipette solution (solution 1). After the gigaohm seal between tip and cell
membrane had formed, negative pressure was released to await gradual
opening of nystatin-induced pores. Recordings were made only after the
access resistance was <20 M(). Membrane potentials have not been
corrected for small liquid junction potentials between bath and pipette
solutions.

Molecular biology and channel expression

The mammalian expression vector pcDNA3 was used for expression of all
channel constructs used in this study. Kv1.2 constructs were kind gifts of
Dr. D. Minor (UCSF) and Dr. B. Tempel (University of Washington).
All primers used were synthesized by Sigma Genosys (Oakville, Ontario,
Canada). All constructs were sequenced to check for errors and to ensure
the correct reading frame (NAPS Unit, University of British Columbia,
Vancouver, British Columbia, Canada).

Kv1.5/Kv1.2 Chimeras

Chimeras were constructed by PCR amplification of the desired segment of
Kvl1.2, introducing restriction sites to allow subcloning into the Kvl1.5
cDNA. With the exception of the Kv1.2/Kvl.5C chimera, an EcoRI
restriction site was introduced at the C-terminal end of the fragment, and
either a BspEI (for Kv1.5N/Kv1.2), PmliI (for Kv1.5S1S2L/Kv1.2), Clal (for
Kv1.5S2S3L/Kv1.2), or Stul (for Kv1.5S4S5L/Kv1.2) was introduced at the
N-terminal end of the fragment. For construction of the Kv1.2/Kv1.5C
chimera, the Kv1.5 C-terminus was amplified by PCR, introducing 5" and 3’
Hpal restriction sites, and subcloned into the Kv1.2 cDNA as an Hpal-Hpal
fragment. Point mutations in Kv1.2 and Kv1.5 were generated using the
Stratagene Quikchange kit (Stratagene, La Jolla, CA).

Data analysis and modeling

The g-V curves throughout the text were derived using the normalized chord
conductances, which were calculated by dividing the maximum current
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elicited during a depolarizing step by the driving force derived from the
calculated K™ equilibrium potential. The g-V curves were fitted with a single
Boltzmann function of the form: y = 1/(1 + exp[Vy, — V]/k) where y is the
conductance normalized with respect to the maximal conductance, V, is the
half-activation potential, V is the test voltage, and & is the slope factor. Data
throughout the text and figures are shown as mean * SE. Statistical
significance was determined throughout using Student’s #-test with p values
of <0.05 taken to be significant.

Macroscopic Kv1.2 currents were simulated using a scientific graphing
package (IGOR 5, Wavemetrics, Lake Oswego, OR) in which state
occupancies as a function of time and voltage were derived from the spectral
expansion of the Q-matrix (48) generated from the state diagram (see Fig.
9 A). For the calculation of currents, the open-channel /-V relationship was
assumed to be ohmic. The rate constant for transition x at a given voltage
(kx(V)) was calculated from the equation: kx(V) = k(0 mV) exp(zFV/RT)
where F, R, and T have their usual meanings, k(0 mV) is the rate constant at
0 mV, and z, is the equivalent charge moved between state x and the
transition state. In the upper row the parameters were: k¢ (0 mV) = 420 s7h
kp (0mV) =373 5", 23 = 0.25, zip.0 = —0.8, keo.r = 8000 s ", and ko r =
100 s~ '. This approach and the values used to simulate **fast’” activation are
similar to those used for ShakerIR currents (26) and suggested to be
appropriate for Kv1.2 (45). To replicate ‘‘slow’ activation, a parallel
activation pathway was added (lower row) with the same kinetic behavior as
the upper fast pathway except that the concerted transitions (C;o— Os and
C,o<0Os) were slowed. Rate constants (kg, kg) for vertical transitions
between the ‘‘fast’” and ‘‘slow’” activation pathways were assumed, again
for simplicity, to be voltage-independent and were assigned values to
approximate the time-dependence for the relaxation from the *‘fast’
activation pathway to the ‘‘slow’’ activation pathway in a two-pulse voltage
protocol (see below). The horizontal kinetic parameters were the same as the
corresponding values in the upper row, except: 1), k(0 mV) was 140 s™';
2), keos Was 40 s7% and, 3), kocs Was 1 s~!. The variables g and d were
required to conserve microscopic reversibility. With kg = 0.022 and kg =
0.0088, as was the case for all traces except for the fast-activating currents in
Fig. 9 B, then g = (keo tkoc.skst/koc tkeo.skis)"> = 0.89442; and d = (k¢.kp o/
kfyfkbys)o's, which simplifies to d = (kfys/kfyf)o'5 because the rate constants
ki (V) and ky, ((V) are identical and because k¢ and kg ; have the same voltage
dependence, d has a fixed value of 0.57735. To reduce the number of fitting
parameters, it was assumed that the concerted opening (C4— Os, C1o— Os)
or concerted closing (C4 < Os, Co < Os) transitions were voltage indepen-
dent, but making these transitions voltage dependent is not expected to
substantially change the outcome.

RESULTS

Heterogeneous activation properties of Kv1.2
expressed in mammalian cell lines

Initial characterization of Kv1.2 using whole-cell patch
clamp recordings from mouse /tk- cells revealed a consid-
erable variation in both the time course and V,, of channel
activation. Chord conductance was measured from currents
during 400-ms activating voltage steps, and individual
conductance-voltage relationships from 70 cells are plotted
in Fig. 1 A to illustrate that activation relationships fell
broadly into two groups, with isochronal Vi, estimates
ranging between ~—35 mV and ~+35 mV. It appears that
Kv1.2 shows two very distinct activation curve voltage
dependencies, with one population of cells showing iso-
chronal activation Vi,s < —10 mV and a second population
of cells with isochronal activation Vi,s more positive than
+10 mV.
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We also observed considerable differences in the speed of
channel activation (Fig. 1, B-D). A proportion (27%) of cells
expressing Kv1.2 exhibited a rapid activation time course,
much of which could be fit with a single exponential (7 =
4.5 £ 1.7 ms at +35 mV), reminiscent of Shaker and related
mammalian Kv1 channels (Fig. 1 B). However, a larger
proportion of cells exhibited much slower kinetics of
activation (48%; 7 = 90 = 6 ms at +35 mV, Fig. 1 C) or
biphasic activation kinetics with fast and slow components in
varying proportions (25%) (Fig. 1 D). As a first analysis we
grouped individual 400-ms activation curves (Fig. 1 A) based
on the activation kinetics into “‘fast’’ cells (black lines),
““slow’’ cells (red lines), and ‘‘mixed’’ cells (dashed black
lines). Mean activation curves for cells falling into each
group (Fig. 1 E) revealed that cells exhibiting ‘‘fast’’ kinetics
also exhibited current activation at negative voltages (Vi, =
—18.8 = 2.3 mV, n = 19). Cells that exhibited ‘‘slow’’ or
mixed activation kinetics had V\,s of 16.6 = 1.1 mV (n = 33)
and 14.5 = 1.6 mV (n = 18), respectively (p > 0.05). To
illustrate the dramatic difference between the ‘‘slow’” and
““fast’> gating phenotypes that we observed for Kvl.2,
currents at +55 (from a slow cell) and +15 mV (from a fast
cell), where P, was maximal, have been normalized to peak
current and overlaid (Fig. 1 F). Critically, the differences in
activation kinetics do not appear to be simply results of the
different Vs in cells exhibiting these various phenotypes.
Single exponential fits to the activation time course to
estimate activation kinetics demonstrated that, even with
strong depolarizations, the activation kinetics in ‘‘slow’’
cells remained considerably slower than those observed in
““fast’’ cells even at the most positive potentials studied (Fig.
1 G). Overall, the proportions of cells exhibiting the various
phenotypes were 27% (fast) and 73% (slow or mixed),
respectively, in ltk- cells, and a similar ratio was observed for
Kv1.2 channels expressed in other mammalian cell lines
including CHO and HEK 293 cells (Fig. 1 H). Because /-
cells showed little or no endogenous currents, and because
constructs expressed well in these cells, this cell line was
used for the remaining experiments in the study.

Previous experience with recordings from other Kv
channels in mammalian cell lines has accustomed us to
high reproducibility of activation kinetics among individual
cells. We ruled out the possibility of contamination of the
DNA used for transfections by repeatedly selecting and
sequencing clones from individual Escherichia coli trans-
formants. In addition, we noticed that although this dramatic
variability has not been reported in any individual study of
Kv1.2, there are considerable discrepancies of reported
activation Vs, ranging from —43 mV (44), —24.6 mV (23),
and —17.9 mV (28), up to +27 mV (46) and +22 mV (49).

Prepulse potentiation of Kv1.2 activation

One very early report examining the pharmacology of Kv1.2
had suggested a use-dependent activation process, with
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FIGURE | Bimodal gating of Kv1.2 expressed in mammalian cell systems. (A) Isochronal g-V relationships from seventy /tk- cells transiently expressing

Kv1.2. Normalized maximum chord conductance during 400-ms pulses was determined for each membrane potential, and the data from individual cells were
fitted with a Boltzmann function. (B—D) Examples of current-voltage data in A. Currents were elicited by depolarizing steps from —65 to +55 mV in 20-mV
increments. The gating kinetics of Kv1.2 showed three clear phenotypes: a group that expressed very fast activation kinetics, plotted as (@) in A and shown in
B; a group that exhibited dramatically slower opening, plotted as (red M) in A and shown in C, both of which were fitted with single exponential functions (insets
illustrate the fitted currents recorded at +15 mV); and an intermediate phenotype, plotted as A in A and shown in D with a mixture of ‘‘fast’” and ‘‘slow”’
activating channels, whose activation time course was fitted with a double exponential function. Solid black, solid red, and broken black lines in A represent
Boltzmann fits to data from fast, slow, and mixed activating phenotypes, respectively. (£) The mean isochronal activation V,, was —18.8 = 2.3 mV (n = 19,
k=9.1 =0.5mV) for ‘‘fast’” activating channels (@), 16.6 = 1.1 mV () for slowly activating channels (» =33, k= 10.1 £ 0.3 mV),and 14.5 = 1.6 mV (n =
18, k = 12.5 = 1.5 mV) for mixed channels (A). (F) Examples of normalized currents at +15 and +55 mV (P, ~ 1.0) for “‘fast’” and ‘‘slow’’ activating
phenotypes. (G) Monoexponential activation time constants for ‘‘fast”” (@) and ‘‘slow’’ (W) activating channels. (H) Modal gating was observed for Kv1.2 in

Itk-, CHO, and HEK 293 cells.

acceleration of activation kinetics and enhancement of Kv1.2
currents during trains of repetitive depolarizations (46). We
investigated this phenomenon further with a twin-pulse
protocol (Fig. 2 A). Cells expressing Kv1.2 were pulsed to
voltages between —50 and +40 mV (P1, 1.5 s), repolarized
(200 ms) to —80 mV, and finally pulsed to +20 mV (P2, 1.5
s). In cells exhibiting the ‘‘slow’’ activation phenotype, the
kinetics of activation in the P2 pulse depended dramatically
on the voltage during the P1 pulse (Fig. 2 A). If the voltage
during the P1 pulse did not lead to significant opening of
channels (e.g., <—20 mV), the activation kinetics during P2
were very slow. In contrast, when the P1 voltage led to sig-
nificant channel opening (e.g., +40 mV), activation kinetics
during P2 became very fast. This ‘‘prepulse potentiation’’
resulted in significantly accelerated activation kinetics and
greater current amplitude at the end of the P2 pulse (shaded
trace, Fig. 2 B) than when the channels activated slowly
(solid trace, Fig. 2 B). Application of prepulse to ‘‘fast”
gating channels did not result in potentiation of ionic currents
(Fig. 2 O).

Channel activation before and after prepulse conditioning
had different voltage dependencies (Fig. 2, D and E). Cells
exhibiting the ‘‘slow’’ gating phenotype were pulsed to
voltages between —65 mV and +35 mV for 2 s and then
repolarized to —40 mV to allow calculation of an activation
curve for slowly activating channels (Fig. 2 E, negative
prepulse). The V,, of activation of slowly activating channels
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calculated from 2-s depolarizing steps in Fig. 2 E is some-
what hyperpolarized compared with the relation in Fig. 1 E,
obtained from 400-ms pulses, and this is the result of
allowing channel activation to reach a steady state. In the
same cells, the effect of prepulse potentiation was deter-
mined by including a 1-s prepulse to +40 mV before the
activation protocol (Fig. 2 D). The prepulse accelerated
channel activation and resulted in an ~—30 mV hyper-
polarizing shift in the Vi, of channel activation (Fig. 2 E,
data, + prepulse). Such a prepulse-dependent gating shift in
Kv channels is unexpected, and these data raise the
possibility that activation of ‘‘slow’’ channels during the
prepulse permits subsequent activation via a separate path-
way that is more permissive to channel opening, presumably
through the same pathway that the ‘‘fast’” activation gating
proceeds. Consistent with this, application of a prepulse to
““fast’’ channels did not result in a shift in the Vi, of channel
activation (Fig. 2 F).

Voltage-dependent recovery of “slow” activation

It is possible that the acceleration of activation kinetics after
a prepulse is simply the consequence of very slow deacti-
vation after the first pulse or very slow backward transitions
through one or more closed states on repolarization. To test
whether a very slow initial step in channel closure was
responsible for the acceleration in activation kinetics, tail
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FIGURE 2 Twin pulses convert ‘‘slow’’ to ‘‘fast’’ activation in Kv1.2. (A) Twin-pulse voltage protocol is shown above, currents below recorded between
—50 mV and +40 mV in 10-mV increments for 1.5 s, repolarized to —80 mV for 200 ms, and then depolarized to +20 mV for 1.5 s from a cell exhibiting the
“‘slow’’ gating mode. Labels on currents refer to the P1 pulse potential. (B) Example of currents from A at +20 mV with (shaded trace) and without (black
trace) a prepulse to +40 mV. (C) Ionic currents recorded from a cell exhibiting the ‘fast’” gating mode using the protocol shown in A. The shaded trace depicts
the current at +20 mV with a +40 mV prepulse. (D and E) Normalized g-V relations before and after a +40 mV prepulse from cells exhibiting the “‘slow’’
gating mode. Original, continuous data shown in D, for pulses between —65 and +35 mV in 10-mV steps obtained using the voltage protocol above. After the
first set of voltage steps, the cell was repolarized to —80 mV for 4 s and then given a 1-s prepulse to +40 mV before a 50-ms repolarization to —120 mV and
finally the second set of voltage steps. (£) Maximum normalized conductance from three cells obtained for the first (solid symbols) and the second set of steps
(open symbols) plotted against membrane potential and fitted with a Boltzmann function. A switch in channel activation gating from ‘‘slow’’ to fast between
the first and second set of clamp pulses shifted the mean activation V', from 1.8 = 1.5 mV to —25.7 = 2.0 mV (n = 3). Mean relationships are plotted as black
lines and symbols. (F) The effect of a +40 mV prepulse on the g-V relations in cells exhibiting the ‘‘fast’’ gating mode. Ionic traces were recorded using the
protocol shown in D. The inset illustrates the average maximum normalized conductance from three cells obtained from the first (solid symbols) and the second
set of steps (open symbols) plotted as a function of membrane potential and fitted with a single Boltzmann function. The Vi, values were —22.1 = 0.8 mV and

—22.3 £ 1.0 mV for without and with prepulse, respectively.

currents in the presence of 135 mM extracellular K* were
examined (Fig. 3 A). Large inward tail currents were
observed during repolarization to —80 mV that decayed
rapidly and completely within the P1-P2 interval duration.
The tails could be fit with single exponential functions and
had a mean time constant of decay of 12.9 = 3.2 ms at —80
mV (n = 5). This suggested that failure of channel closure
was not responsible for the rapid activation of current during
the second step of a two-pulse protocol (Figs. 2 B and 3 A). In
addition, the slow activation kinetics of Kv1.2 were
relatively insensitive to changes in holding potential, as it
was observed that activation kinetics changed very little as
the holding potential was altered between —40 mV and
—120 mV (Fig. 3 B).

It was noted in Fig. 2 B, that when the interval between P1
and P2 was brief, the P2 activation was very rapid. In Fig. 3,
C-F, this experiment was repeated at different interpulse
potentials, and as the P1-P2 interval was prolonged at each
interpulse potential, the time dependence of recovery of the
slow component of channel activation could be seen.
Clearly, the recovery of the slow component of channel
activation was fastest when channels were held at voltages

near the threshold of channel opening (e.g., —40 mV) during
the P1-P2 interval (Fig. 3 C), and recovery was much slower
at extremely hyperpolarized voltages (e.g., —120 mV, Fig.
3 E). Fits to the time courses of recovery gave mean time
constants of 1.45 s, 2.4 s, and 2.75 s at interpulse potentials
of —40 mV, —80 mV, and —120 mV, respectively. This
observation is the opposite of what would be expected if
prepulse potentiation were the result of incomplete deacti-
vation of channels. Collectively, these data demonstrate that
the prepulse potentiation observed in Kv1.2 was not the
result of incomplete closure during the interpulse interval
and that it could instead arise from entry of channels into an
alternative activation pathway more permissive to channel
opening.

Molecular determinants of prepulse potentiation

Data presented thus far have demonstrated that the activation
kinetics of Kv1.2 can show two distinct phenotypes. One
population of cells exhibited ‘‘fast’” behavior, characterized
by rapid activation kinetics insensitive to prepulse potenti-
ation, whereas a second group of cells exhibited ‘‘slow’’

Biophysical Journal 93(12) 4173-4186
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FIGURE 3 Holding potential has little effect on slow
activation kinetics of Kv1.2 and voltage-dependent recov-
ery of slow activation in Kv1.2. (A) The rate of deactiva-
tion at —80 mV was assessed in symmetrical 135 mM K*.
The cell was pulsed to +10 mV to reveal slow activation
and then repolarized to —80 mV. Complete deactivation of
the tail current was seen before the second pulse to +10
mV revealed rapid current activation. The inset illustrates
the fitted tail current at —80 mV. (B) The cell was held at
either —120 mV or —40 mV for 1 min before application
of a depolarizing pulse to +30 mV. Each trace was fitted to
a first-order exponential function, and activation time
constants were determined to be 92 ms and 72 ms for the
—40 mV and —120 mV potentials, respectively. (C-E)
Recovery of slow activation kinetics as a function of the
interpulse holding potential, —40 mV (C), —80 mV (D), or

500 ms 500 ms

E 120 mV

-

A1/Amax

—120 mV (E). Protocol is shown for —40 mV experiment.
Activation of current traces was fit with a double expo-
nential function, and the normalized amplitude of the slow
component (A;/Amax) Was plotted against recovery time
(F). Fits to the time course gave mean time constants of
recovery of 1.45 s, 2.4 s, and 2.75 s at interpulse potentials
of =40 mV, —80 mV, and —120 mV, respectively (n = 4).
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behavior, characterized by extremely slow activation kinet-
ics that could be accelerated by conditioning channels with a
prepulse. To our knowledge, this heterogeneity of activation
kinetics, if not unprecedented, is rare among the known Kv
channels. Our previous studies of Kv1.5 and other Kvl
channels showed no hint of such regulation of channel
activation, with extremely consistent kinetics and steady-
state behavior observed between cells (50). Therefore, we
adopted a chimeric strategy, and progressively substituted
the Kvl1.2 sequence with corresponding residues from
Kvl.5, beginning from the N-terminus (Fig. 4 A). The
purpose of this chimeric study was to isolate a segment of
Kv1.5 that could abolish the unique ‘‘slow’’ activation
gating phenotype characterized in Kv1.2 and hence abolish
the cell-to-cell heterogeneity of Kv1.2 activation gating.
To this end, the activation kinetics of the Kv1.2/Kv1l.5
chimeras were characterized, with a particular focus on the
proportion of cells exhibiting the ‘‘slow’” versus ‘‘fast”
activation phenotype.

Substitution of the Kv1.5 sequence comprising the cyto-
plasmic N-terminus, or up to the beginning of the S2 trans-
membrane segment, did not abolish ‘‘slow’’ activation in
Kv1.2. In the Kv1.5N/Kv1.2 chimera, and the Kv1.5S1S2L/
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Kv1.2 chimera, the frequency of the ‘‘slow’’ gating pheno-
type was reduced relative to Wt Kv1.2 channels but was
nevertheless clearly observed in one-third of cells (Fig. 4, B
and C). Interestingly, further substitution of the Kv1.5 se-
quence comprising the S2 transmembrane segment and the
cytoplasmic S2-S3 linker (Kv1.5S2S3L/Kv1.2 chimera, Fig.
4, B and C) completely abolished the ‘‘slow’’ gating behav-
ior in the 23 cells examined. Consistent with this observa-
tion, chimeras with further substitution of Kv1.5 sequence
up to the cytoplasmic side of the S5 transmembrane helix
(Kv1.5S4S5L/Kv1.2, Fig. 4) exhibited none of the slowly
activating currents that were observed in Wt Kv1.2. A chi-
mera comprising the C-terminus of Kv1.2 substituted with
Kv1.5 sequence clearly did not abolish the ‘‘slow’” activa-
tion phenotype but rather increased its frequency (this mu-
tation expressed very poorly, hence the low sample size).
The chimeric studies, and particularly the difference
between the Kv1.5S1S2L/Kv1.2 and Kv1.5S2S3L/Kv1.2
chimeras, suggested an important role for the S2 transmem-
brane helix and/or the S2-S3 linker in the regulation of Kv1.2
gating. To confirm this, we transferred this region from
Kv1.2 into Kv1.5 and assessed whether this was sufficient to
convert the consistently fast gating of Kv1.5 channels into a
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FIGURE 4 Chimeric study of Kv1.5 and
Kv1.2 domains that regulate activation rate.
(A) Schematic diagram of chimeras con-
structed. Kv1.2 domains are shown in solid
boxes joined by continuous lines, whereas
Kv1.5 domains are shown in open boxes
joined by perforated lines. (B) The activa-
tion of each construct was assessed using
the twin-pulse protocol (Fig. 2) with either
a —50 mV or +40 mV step, followed by a
+40 mV test potential in the second step.
Data with the +40 mV prepulse are shown
in gray. The interpulse potential was —100
mV for 200 ms. Where constructs showed
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more heterogeneous phenotype (Fig. 5). It is clear that after
transfer of the S2 transmembrane helix and S2-S3 linker
from Kv1.2 to Kv1.5, activation properties could be divided
into two groups. One group of cells exhibited ‘‘fast”
activation kinetics with a hyperpolarized V., of activation
(Fig. 5, A and B), whereas the other group exhibited ‘‘slow”’
activation kinetics that could be accelerated by prepulse
potentiation and displayed a depolarized Vi, of activation.
Together, these data demonstrate the importance of the S2
transmembrane helix and S2-S3 linker in the regulation of
the activation properties of Kv1.2.

A critical threonine in the S2-S3 linker of Kv1.2

Sequence alignment of the S2 and S2-S3 linker revealed six
amino acid differences between Kv1.2 and Kv1.5 (Fig. 6 A,
asterisked residues). Because of the chimera design, only
five of these amino acids (Kv1.2 residues 230, 234, 237, 251,
and 252) differed between the Kv1.5S1S2L/Kv1.2 and
Kv1.5S2S3L/Kv1.2 chimeras (Fig. 6 A). These were indi-
vidually replaced in Kv1.2 with the corresponding Kv1.5
residue and the activation kinetics of each point mutant
characterized (Fig. 6 B), again paying particular attention to
the relative frequency of ‘‘fast’” versus ‘‘slow’’ activation
gating (Fig. 6 C). Interestingly, in four of five point mutants,
the ‘‘slow’’ gating phenotype was predominant. Although
the proportion of cells expressing ‘‘slow’’ gating S234T
channels was less than that observed for Wt Kv1.2 channels

Kv1.58485L/Kv1.2

both “‘fast-’’ and ‘‘slow’’-activating phe-
notypes, an example of each is shown. (C)
The frequency of ‘‘slow’ and ‘‘fast”
activation for each construct is shown as
the proportion of solid and shaded in the bar
graph, respectively. The number of cells
studied for each construct is shown above.

o .

studied concurrently (Fig. 6 C), it was similar to the mean
data from a large group of cells expressing Wt Kvl.2
channels (Fig. 1 H), suggesting that the S234T mutant
displayed similar heterogeneous gating behavior to Wt
Kv1.2 channels. The T252R mutation, however, which is
predicted to lie within the cytoplasmic S2-S3 linker,
completely abolished the ‘‘slow’’ gating phenotype in all
33 cells, which were tested over the course of many days
(Fig. 6 C). To ensure that these data were not compromised
by day-to-day variability of cell behavior, experiments with
Wt Kv1.2 channels were generally performed in parallel, as
shown by the Wt data bars in Fig. 6 C (11 of 12 showed slow
gating). Apart from these functional data, sequence align-
ment with other Kv1 channels also suggests a unique and
important role for T252 in Kv1.2. Among all other Kvl
channels, and nearly universally among Kv channels, the
equivalent residue is basic, either arginine (R) or lysine (K)
(Fig. 6 A).

To further examine the functional importance of T252 in
Kv1.2, the effects of amino acid substitutions with various
chemical properties were made at this site and the adjacent
residues G249 to 1254 (Fig. 7). As mentioned above,
substitution with the basic amino acid arginine completely
abolished the ‘‘slow’’ gating phenotype observed in Wt
Kv1.2 channels (Fig. 6 C). Similarly, substitution with lysine
or cysteine completely abolished the ‘‘slow’’ gating behav-
ior of Kv1.2 (Fig. 7 A). With either substitution (T252C or
T252K), ionic currents recorded over a wide range of
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4180

A N S1 S2 S3 5S4 S5 S6 C
O i i  — —

300 ms 300 ms
B 104 Vip=-195+09mv
k=61+17mV
0849n=3
08
()
b 4
& 04 V,p=05%32mV
0.2 k =13.4+0.4 mV
n=3
0.0

60 -40 20 0 20 40 60
Membrane Potential (mV)

FIGURE 5 Transfer of the S2 helix and S2-S3 linker from Kv1.2 to Kv1.5
confers modal activation gating kinetics. (A) Representative ionic currents
recorded from cells expressing chimeric channels with the S2 and S2-S3
linker of Kv1.5 substituted with that of Kv1.2 (inset, Kv1.2 domain is shown
in solid boxes, and the linker by a continuous line, whereas Kv1.5 domains
are shown in open boxes joined by perforated lines) during the twin-pulse
protocol with either a —50 mV or a +40 mV step, followed by a +40 mV
test potential in the second step. Data with the +40 mV prepulse are shown
in gray. The interpulse potential was —100 mV for 500 ms. Transfer of the
S2 helix and S2-S3 linker from Kv1.2 channels conferred variable gating
kinetics to the normally invariant rapidly activating Kv1.5 channels. ‘‘Slow”’
gating kinetics that demonstrated prepulse potentiation were observed in
50% of cells. Typical examples of ‘‘fast’” and ‘‘slow’’ gating in this channel
are shown in panel A. (B) Isochronal g-V relationships from Kv1.5N/
Kv1.2S1-S2S3L/Kv1.5 channels confirm the bimodal gating. The activation
relationships fell into two groups with V., values ranging from —19.5 mV in
the “‘fast’” gating cells to +0.5 mV in the ‘‘slow’ gating cells.

potentials activated rapidly (Fig. 7, B and C) and at negative
potentials (Fig. 7 E). The twin-pulse protocol applied to
these mutants revealed no prepulse potentiation (Fig. 7, B, C,
and insets). Activation curves were reproducible between
cells and did not display the heterogeneity recorded from
Wt Kv1.2 (Figs. 1 A and 7 E). The mean V,, of activation
was —14 = 1 mV (n = 12) in T252C and —10.3 £ 1.0 mV
(n = 4) in T252K, and neither was significantly different
from the Vi, of ‘“‘fast” activating Wt Kv1.2. The T252D
mutant (Fig. 7 D) exhibited ‘‘slow’’ gating behavior in 13 of
14 cells (93%) with a mean V., of activation of +9.8 = 2.3
mV. This “‘slow’’ gating percentage was similar to that ob-
served with Wt Kv1.2 (90%), recorded in parallel experi-
ments (Fig. 7 A). Similar Wt-like heterogeneous gating was
observed with T252A, T252E, T252M, and T252N (Fig. 7
A). On the other hand, substitution of arginine at position 250
or 251 for phenylalanine (F250R and F251R) was able to
promote an exclusively ‘‘fast’” activation gating in Kv1.2,
as it had for T252R and T252K. This effect appeared
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highly localized because substitution with an arginine at 249
(G249R) or 253 (N253R) did not induce exclusively fast ac-
tivation gating. These results point to a local effect of charged
substitutions around T252 as a potent regulatory mechanism
for the time and voltage dependence of activation gating in
Kv1.2.

Cytoplasmic constituents regulate Kv1.2
channel gating

In a number of cells expressing Wt Kv1.2, we observed a
permanent switch from “‘slow’’ to ‘‘fast’” activation gating
kinetics over time (Fig. 8 A). This switch occurred gradually
over a period of 90 s (Fig. 8 A, left panel), suggesting that
dialysis of the cellular constituents could cause the switch of
gating to occur. In support of this, prevention of dialysis, by
using the perforated-patch-clamp configuration (Fig. 8 B),
preserved the ‘‘slow’’ gating mode in all cells tested even
during experiments that were 30 min in duration. Further-
more, excision of inside-out patches from the cytosolic
environment (Fig. 8 C) rapidly switched all channels from
the “‘slow’’ to the ‘‘fast’’ gating mode on formation of the
excised patch. Taken together, these data suggest that Kv1.2
activation gating may be regulated by an unknown cyto-
plasmic element that can be removed from the channel after
whole-cell dialysis or patch excision and is in sufficiently
limited concentrations that its effect can be overcome at high
levels of channel expression.

Many cytoplasmic mediators of K™ channel function have
been identified (51-53). To identify the cytosolic factor
modifying Kv1.2 gating, we investigated the effects of key
candidates on the ability of Kv1.2 channels to operate in the
two modes of activation. Selective inhibition of a number of
Ser/Thr kinases (PKC, PKA, PKG, CaMKII, and MLCK) by
incubation or dialysis of cells expressing Kv1.2 channels
with selective blockers (bisindolylmaleimide, H-89, PKG
inhibitor, KN-93 and ML-7, respectively) or a broad range
inhibitor (staurosporine) resulted in no measurable change in
the frequency of the two activation gating modes (data not
shown). Furthermore, cleavage of all the bound phosphate
groups by dialysis of cells, through the patch pipette, with a
very high concentration of alkaline phosphatase (100 U/ml;
New England BioLabs, Ipswich, MA) resulted in no change
in channel-activation properties (data not shown).

Other than phosphorylation, K™ channel function is also
known to be modulated by phospholipids, such as PIP,, and
cytoplasmic polyamines. However, addition of 10 ug/ml
PIP; or 1 mM spermidine to the intracellular face of excised
inside-out patches of membranes containing Wt Kv1.2
channels had no effect on the channel-gating mode (data not
shown). These observations appear to rule out a role for
phosphorylation, PIP,, and polyamines in switching between
Kv1.2 gating modes; however, further study is required to
identify the interacting component that is responsible for the
activation gating switch in Kv1.2 channels.
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DISCUSSION

“Cell-to-cell”” versus “pulse-to-pulse”
heterogeneity of Kv1.2 gating

This study has characterized a significant heterogeneity in
the activation properties of heterologously expressed Kv1.2
channels. Our experiments demonstrate that Kv1.2 channels
can exhibit at least two different gating phenotypes or modes
in mammalian cells, which we have referred to as ‘‘fast’’ or
““slow’’. Heterogeneity of the Kv1.2 current activation time
course and voltage dependence between cells arises from
differences in the proportion of channels occupying these
two modes. Kv1.2 exhibits purely ‘‘fast’’ gating in a fraction
of cells, purely ‘‘slow’’ gating in another fraction, and a
mixture of the “‘fast’” and ‘‘slow’’ modes in the remainder of
cells (Fig. 1). The ‘‘fast’” gating Vi, at ~—20 mV is
reminiscent of reports of expression of Kv1.2 in oocytes
((28); —17.9 = 0.5 mV) and, in the same preparation that we
have used here, mouse fibroblasts (45).

Within individual cells exhibiting the ‘‘slow’’ gating
phenotype, prepulse potentiation resulted in a predictable
and reproducible acceleration of channel activation in a
subsequent test pulse (Fig. 2), as first noticed by Grissmer et al.
(46). Importantly, we could readily shift channels from the
“‘slow’’ gating mode toward the ‘‘fast’ gating mode, using
depolarizing pulses above the threshold of current activation,
and we were able to return channels from the ‘‘fast’” gating
mode and place them into the ‘‘slow’’ gating mode by holding
cells for rest periods of 2 s or more at potentials of —40 mV
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. FIGURE 6 Point mutational study of the
/ Kv1.2 S2 and S2-S3 linker. (A) Alignment
," of Kv1.2 and Kv1.5 S2 domains and S2-S3
[ linker with Shaker and other Shaker-related
channels, Kv2.1, Kv3.1, and Kv4.1. Only
six residues (marked above) are different
between Kv1.2 and Kv1.5. All of these
residues in Kv1.2 were mutated individu-
< ally to the equivalent residues in Kvl1.5,
with the exception of L228T, which was
covered in the Kv1.5S1S2L/Kv1.2 chimera

F237L
(Fig. 4). (B) The activation properties of the
' / constructs were studied using the twin-
"‘ pulse protocol. Either a —50 mV or a +40
— mV step was followed by a +40 mV test
F251S potential in the second step. Data with the

+40 mV prepulse are shown in gray. The
interpulse potential was —100 mV for 200
/ ms. (C) The frequency of ‘‘slow’” and
' “‘fast’” activation for each point mutation is
shown as the proportion of solid and shaded
in the bar graph, respectively. The record-
ings for Wt Kv1.2 and all the mutants were
done on the same day with the exception of
T252R, which was performed over a num-
ber of days. The number of cells studied for
each construct is shown above.

and more negative (Fig. 3). Several lines of evidence suggest
that the acceleration of activation during twin-pulse experi-
ments is not caused by incomplete deactivation during the
interpulse interval. Ionic current deactivation appeared com-
plete with time constants of <20 ms at negative potentials
(Fig. 3 A). Additionally, changing the holding potential over a
wide range of voltages did not change the activation rate of
channels exhibiting the ‘‘slow’’ phenotype, which suggests
that “‘slow’” and ‘‘fast’’ activation steps do not coexist in a
single common activation pathway. In addition, recovery of
the ‘‘slow’ gating phenotype occurred most slowly at
negative holding potentials, when channel deactivation would
be expected to occur most rapidly (Fig. 3). Furthermore,
conditioning channels with a depolarizing prepulse appeared
to alter the voltage dependence of activation, resulting in an
~30 mV hyperpolarizing shift of the activation V', (Fig. 2 E).
Collectively, these data suggest that prepulse potentiation of
Kv1.2 reflects the existence of two pathways or modes of
activation for this channel, with depolarization (sufficient for
channel activation) favoring a shift of channels from the
“‘slow’’ gating mode into the ‘‘fast’’ gating mode.

A model scheme for “fast’’ and ‘““slow’’ activation

A potential scheme describing the experimental data is
shown in Fig. 9 (and see Materials and Methods). In the state
diagram (Fig. 9 A), the upper row is similar to that modeled
for ShakerIR when slow inactivation is excluded (26).
Briefly, a voltage-dependent conformational change in each
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of the four independent but identical subunits leads to a fully
activated, not-open state (C4), which can then undergo a
concerted transition to the open state (Os). As expected (26),
slowing the rate of the concerted transition (k. ) in the lower
gating tier so that it became the rate-limiting step and
strongly biasing the vertical transitions to the ‘‘slow’’
activation pathway (kg > kg) produced currents with a
predominantly slow activation time course that was well-
fitted by a single exponential (not shown). However,
constrained by the measured activation time constant-V
relation (Fig. 1 G), it was not possible, solely by slowing the
concerted transitions (C;o— Os and C; < Os), to reproduce
the depolarizing shift of the g-V relation (Fig. 1 E). For that
reason, in the final working version of the model to produce
data in Figs. 9, B-D, an additional modification was made to
the “‘slow’’ activation pathway to decrease the value for the
microscopic activation rate constant k¢5(0 mV). This mod-
ification, in turn, required the incorporation of the variable
d*, where x = 1-4, in the vertical transitions to conserve
microscopic reversibility. Replication of currents showing
only fast activation kinetics from a holding potential of —80
mV (Fig. 1 C) was achieved by altering the values for ks and
kgs. The fast currents illustrated in Fig. 9 B were obtained by
increasing kg to 5 s~', which corresponds to a decrease of
activation energy of 3.8 kcal/mol at 20°C.
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The output of the model with the twin-pulse protocol is
shown in Fig. 9 E. Both in the simulated and the ex-
perimental traces (Fig. 2 A), larger depolarizing prepulses in-
creased the fast-activating current component. In the model
this behavior arose because channels that reached Os along
the ‘‘slow’’ pathway during the prepulse deactivated pri-
marily along the upper gating tier, reaching Cy and C; by the
end the interpulse interval. Consequently, the larger the
proportion of channels that reached O5 during the prepulse,
the larger the relative proportion of channels that activated
via the ‘‘fast’” pathway during the test pulse. Both the time
dependence of the relaxation from the *‘fast’’ to the ‘‘slow’’
activation pathway in the two-pulse protocol (Fig. 3 D, 7 =
4.5 s at —80 mV in the model), as well as a progressive
enhancement of the peak current and fast-activating compo-
nent with repeated 100-ms pulses to 10 mV at 2 Hz (seen
experimentally, but not shown), were reproduced quite well
by this gating scheme.

An interesting outcome of the twin-pulse voltage protocol
is that after a strong depolarizing prepulse, the fast-activating
test current at +20 mV showed a small, slow decay (Fig.
9 E). When a similar pattern was observed in experimental
records (Fig. 2 A), it was provisionally attributed to coupling
between activation and slow inactivation. However, the
model, which explicitly excludes inactivation, indicated that
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FIGURE 8 Kv1.2 channel gating can be modified by dialysis of cytosolic
constituents. (A and B) Representative ionic currents (/eff) recorded in the
whole-cell (A) and perforated-patch (B) configuration. Traces represent the
current obtained immediately after breaking into the cell (solid trace; time =
0) and that recorded from the same cell 30 s, 60 s, and 90 s (in A) or 30 min
(in B) later (shaded traces). Time dependence of the gating mode was seen in
3 of 10 cells in the whole-cell configuration but not in the perforated-patch
configuration (right bar graphs). (C) Representative activating ionic
currents (left) recorded from a cell-attached patch (solid trace) and after
excision of the inside-out patch (shaded trace). An immediate switch from
the “‘slow’ to the ‘‘fast’” gating mode was observed in eight of eight
patches, which was complete 5 min after excision from the cell cytoplasm. In
all cases ionic currents were recorded during depolarizing voltage steps to
+40 mV at 30-s intervals from a holding potential of —80 mV.

a similar decay could arise from a slow transition of channels
from C, into C;y and subsequent redistribution into less-
activated states (C;—Co). A prediction of the model is that
this decay becomes less prominent at test voltages above
+20 mV because both activation pathways are more strongly
biased toward the open state (Fig. 10 A). Indeed, this is what
is observed with this voltage protocol in experimental
currents (Fig. 10 B) where inactivation is not an obvious
confounding factor.

Although prepulse potentiation can transiently move
channels into the ‘‘fast’ gating mode, there is clearly a
time-dependent recovery of ‘‘slow’’ gating (Fig. 3), with the
balance of ‘‘fast’” versus ‘‘slow’’ gating eventually returning
to the level observed on break-in. This ‘‘basal’’ balance of
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FIGURE 9 Model of ‘‘fast’” and ‘‘slow’’ activation in Kv1.2. (A) Model
gating scheme for Kv1.2. Two interconnected, parallel pathways represent-
ing ““fast’” (upper) and ‘‘slow’’ (lower) activation are connected to a single
open state (Os). Model kinetics are described in Methods. (B) To simulate
the family of ‘‘fast’’-activating currents in the left panel, ki was increased
to 5 s '. Slowly activating currents are shown in the right panel. (C)
Normalized g-V curves, derived from simulated currents and fitted to a
Boltzmann function, gave Vi, of activation and k values, respectively, of
—19.4 mV and +8.9 mV for the fast-activating currents (®) and +20.7 mV
and +8.4 mV for ‘‘slow’’-activating currents (W). This approximates the
nearly parallel, ~35 mV rightward shift of the g-V curve observed
experimentally (Fig. 1 E). (D) For comparison to Fig. 1 G, the 7-V
relationship for the two families of currents was obtained as described in the
Methods (i.e., exponential fit to the rising phase of the ‘‘slow’’ current;
exponential fit from the half-amplitude time to the steady-state for fast,
sigmoidal currents). (E) With a two-pulse voltage protocol, increasing the
amplitude of the depolarizing prepulse from —10 to 50 mV increased the
““‘fast’’-activating component of the test current evoked at 20 mV (compare
with Fig. 2 A). The test current decay seen after a 50 mV prepulse is caused
by a slow relaxation of channels from C, into the ‘‘slow’’ activation
pathway (C;—Cy).

““fast’” versus ‘‘slow’’ channels is generally quite stable over
durations required to complete the experiments reported
here, although in several cells we were able to maintain a
whole-cell recording for 30-40 min and observed a gradual

Biophysical Journal 93(12) 4173-4186



4184 Rezazadeh et al.
A B FIGURE 10 Simulated and experimental observation of
+40mV +35my  dual activation pathways of Kv1.2 channel opening. (A)

80mv —\_% 85mV Traces were generated using the model of Kv1.2 gating

40 mV (Fig. 9 A). A 600-ms pulse to +40 mV was followed by

[T — repolarization to —80 mV for 500 ms and then steps to

+25 mV e potentials between —45 mV and +35 mV in 10-mV

— increments for 46.00 Ams. The model pr‘edllcts that after ‘the

— +40 mV conditioning pulse, depolarization to potentials

< e up to +25 mV (i.e., intermediate potentials) should give

-35 mV = . -35mv rise to current traces that activate rapidly and show a slow

250 ms 250 ms decay due to transitions from the late ‘‘fast’’ closed state

(C4) to the “‘slow’ closed states (C;-Cq), whereas

depolarizing pulses to potentials >+25 mV should give rise to a fast activating current that is followed by a slow rising current, which is attributed to the
opening of the channels that have made the transition from the late ‘‘fast’’ closed states to the ‘‘slow’’ gating state. (B) Experimental currents elicited by the
voltage protocol shown above closely replicate the traces generated by the model.

disappearance of the ‘‘slow’’ gating phenotype (Fig. 8 A).
This was prevented by performing experiments in the
perforated patch clamp configuration (Fig. 8 B) and dramat-
ically accelerated on excision of an inside-out patch (Fig. 8 C).
The “‘slow’’ versus ‘‘fast’” balance is therefore likely to be
influenced by a cytoplasmic component that is uncontrolled in
our experiments. On the basis of our model, we suggest that
modification of the channel (phosphorylation, hydrogen bond-
ing, or interaction with other proteins) can alter the values for
transition rates between the ‘‘slow’” and ‘‘fast’” activation path-
ways and in doing so change the relative contributions of the
two activation pathways to overall channel activation.
Possible molecular mechanisms for this include variable
expression of auxiliary subunits/binding partners or variable
activation of one or more signaling pathways or other
reversible posttranslational modification that could promote
the “‘slow’’ gating mode of Kv1.2.

Structural determinants of prepulse potentiation

Chimeric constructs of Kv1.2 and Kv1.5 allowed identifica-
tion of the structural elements responsible for the ‘‘slow’’
gating behavior in Kv1.2 and its acceleration during twin
pulses. Substitution of the S2-S3 linker of Kv1.2 with the
sequence from the Kv1.5 channel completely abolished the
““slow’” gating phenotype, and we further delimited this
effect to a single threonine (T252) in the Kv1.2 S2-S3 linker
(Figs. 4-6). This segment of the protein is thought to be
cytoplasmic (43), although its spatial relationship with other
regions of the channel (either the cytoplasmic T1 domain or
the transmembrane helices) remains uncertain. Only muta-
tions at T252 or close by at F251 and F250 were able to
abolish “‘slow’’ gating of Kv1.2 (Fig. 7 A). A possible
explanation is that T252 and/or its immediate environment is
directly involved in interactions that regulate the ‘‘slow’’
gating mode in Kv1.2, whereas mutations in other residues in
the S2 segment can slightly alter the positioning/conforma-
tional arrangement of T252. Interestingly, substitution of the
Kv1.2 S2 and S2-S3 linker into Kv1.5 imparted a ‘‘slow’’
gating phenotype in some cells (Fig. 5). However, the
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mutation Kv1.5 R356T (equivalent to Kv1.2 residue T252)
did not confer ‘‘slow’ gating. This suggests that other
residues in the Kv1.2 S2 segment and S2-S3 linker may also
be involved in regulating the ‘‘slow’’ gating behavior of this
channel.

These data demonstrate that the S2 segment and S2-S3
linker are involved in the regulation of activation gating in
Kv1.2 channels. Several studies that have demonstrated a
critical role for the S2 segment in stabilizing positively
charged residues in the S4 ‘‘voltage sensor’” may be relevant
to our findings (4,54). It has also been suggested that res-
idues in the S2 transmembrane helix undergo rapid confor-
mational changes early in the Shaker activation pathway
(55). Whether this voltage-sensing role of S2 is involved in
regulating the balance of channels occupying ‘‘fast’’ versus
““slow’’ gating modes is unknown. However, it is worth
mentioning again that the ‘‘slow’’ gating behavior (with es-
sentially monoexponential activation kinetics, i.e., having
little or no sigmoid character) of Kv1.2 appears to be
governed by a rate-limiting transition very late in the acti-
vation pathway. Our most straightforward experimental
support for this assertion is that slow activation Kinetics in
Kv1.2 persist even with very positive holding potentials just
below the threshold for channel activation (Fig. 3). Thus,
energetic effects on voltage-sensor movement at negative
voltages do not provide an obvious explanation for the
regulation of ‘‘slow’” Kv1.2 gating by amino acids in the S2
segment or S2-S3 linker. Interestingly, although the S2-S3
linker was not resolved in the crystal structure of the Kv1.2
channel (43), the intracellular bases of the S2 and S3 helices,
which constrain the S2-S3 linker, lie in close proximity to the
S4-S5 linker region, which is thought to couple voltage
sensor movement to opening of the activation gate (12). This
suggests that the S2-S3 linker perhaps exerts its modulatory
effect on the activation kinetics of the Kv1.2 channel by
modifying late transitions that are coupled to opening of the
pore.

Alignments within and across Kv channel subfamilies
demonstrate that the homologous position to Kv1.2 T252 is
almost universally occupied by a positively charged basic
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residue (e.g., lysine or arginine). Introduction of lysine and
arginine (T252R and T252K; Figs. 6 and 7) restored ‘fast’’
activation-gating properties that are evident in other Kv
channels. The presence of threonine at 252 in Kv1.2 raises
the interesting possibility that phosphorylation of this residue
may play a role in regulation of ‘‘slow’’ gating. However,
our attempts to mimic a phosphorylated state by the intro-
duction of a fixed negative charge (T252D; Figs. 6 and 7) did
not alter the heterogeneity of activation gating, given that
the proportion of channels exhibiting ‘‘slow’” activation kinet-
ics was similar to Wt (Fig. 7). Additionally, the sequence in
the region of T252 does not form a recognition sequence
for any known protein kinase, and attempts with a broad-
spectrum kinase inhibitor (e.g., staurosporine) or mixtures of
specific Ser/Thr kinase inhibitors (Calbiochem, San Diego,
CA) were unable to abolish the ‘‘slow’’ gating phenotype of
Kv1.2 (data not shown). Another possible mechanism for
regulation that cannot be ruled out is interaction with mem-
brane phospholipids. In the Kir channel family, positively
charged residues that lie near the membrane-fluid inter-
face have been implicated in interactions with negatively
charged headgroups of anionic phospholipids (e.g., PIP,) in
the inner leaflet of the plasma membrane, and these can
dramatically alter channel gating by various ligands (56).
However, application of PIP, to Kv1.2 inside-out patches did
not alter activation gating properties (data not shown). Fur-
ther studies are required to identify the cytoplasmic compo-
nent that is involved with regulation of Kv1.2 activation
gating.

Despite the lack of a role for phosphorylation and PIP, in
the regulation of Kv1.2 activation properties, the observation
that dialysis of the cell or separation of channels from the
cytoplasmic constituents by forming excised patches causes
a permanent switch of the activation gating from ‘‘slow’’ to
““fast’> (Fig. 8) suggests the involvement of a cytosolic
component capable of modifying activation. In this study, we
have been unable to identify the nature of this component,
although we have ruled out phosphorylation by PKC, PKA,
PKG, CaMKII and MLCK, and interaction of PIP, and
polyamines (data not shown). The current data do, however,
support the conclusion that activation gating in Kv1.2 can be
regulated by interaction of a cytosolic gating modifier at or
associated with T252 in the S2-S3 linker.
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