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Abstract The Kv1.3 channel inactivates via the P/C-type
mechanism, which is influenced by a histidine residue in
the pore region (H399, equivalent of Shaker 449). Previ-
ously we showed that the electric field of the protonated
histidines at low extracellular pH (pH,) creates a potential
barrier for K* ions just outside the pore that hinders their
exit from the binding site controlling inactivation (control
site) thereby slowing inactivation kinetics. Here we exam-
ined the effects of extracellular potassium [K*], and pH, on
the rate of inactivation of Kv1.3 using whole-cell patch-
clamp. We found that in 150 mM [K*], inactivation was
accelerated upon switching to pH, 5.5 as opposed to the
slowing at 5 mM [K*],.. The transition from slowing to
acceleration occurred at 40 mM [K*]., whereas this “turn-
ing point” was at 20 mM [K*], for inward currents. The rate
of entry of Ba** ions from the extracellular space to the
control site was significantly slowed by low pH, in wild-
type hKv1.3, but it was insensitive to pH, in H399K and
H399L mutants. Based on these observations we expanded
our model and propose that the potential barrier created by
the protonated histidines impedes the passage of K* ions
between the extracellular medium and the control site in
both directions and the effect on inactivation rate (accelera-
tion or slowing) depends on the relative contribution of
filling from the extracellular and intracellular sides.
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Introduction

Inactivation is an inherent property of many voltage-gated
K* channels that controls the K* permeability of the cell
membrane in both excitable and non-excitable cells.
Shaker-related potassium channels have two distinct inac-
tivation mechanisms, the N-type and the P/C-type. N-type
inactivation is mediated by a tethered inactivation particle
at the N-terminus of each channel subunit (Hoshi et al.
1990; Zagotta et al. 1990; Hoshi et al. 1991), while P/C-
type inactivation occurs near the extracellular mouth of the
channel by first preventing K* permeation, then eventually
influencing the voltage-sensing machinery (Choi et al.
1991; Liu etal. 1996; Nguyen et al. 1996; Olcese et al.
1997; Loots and Isacoff 1998; Loots and Isacoff 1998).
Although it is not the C-terminus of the channel where the
structural changes take place, the process has been tradi-
tionally called C-type inactivation, and as new results from
voltage-clamp fluorometry implicated the involvement of
the selectivity filter in the phenomenon it has been
renamed “P/C-type”, the ‘“P” coming from the “pore
region” (Loots and Isacoff 1998; Loots and Isacoff 2000).
This process is genrally slower than the N-type; conse-
quently it is also referred to as slow inactivation. The rate
of the P/C-type inactivation is sensitive to the ionic com-
position and pH of the extracellular solution (Lépez-Bar-
neo et al. 1993) and it can also be modulated by channel
blockers, for example, tetraethylammonium (TEA)(Choi
et al. 1991). Both high extracellular [K*] and extracellular
TEA were suggested to slow the rate of inactivation via the
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“foot in the door” mechanism (L6pez-Barneo et al. 1993;
Baukrowitz and Yellen 1995, 1996). This means that the
rate of inactivation depends on the occupancy of a critical
potassium binding site in the pore. The higher occupancy
of this binding site delays the conformational rearrange-
ments leading to inactivation. More recently this view was
challenged for TEA by experiments that showed that TEA
does not enter the pore as deeply as proposed earlier (Heg-
inbotham and MacKinnon 1992) and thus does not itself
act as the foot in the door, but may prevent the exit of a K*
ion from the control site positioned more deeply (Andalib
et al. 2004). This binding site is believed to be the outer-
most of the four K* binding sites in the selectivity filter
(site #1 using the numbering of Zhou et al. 2001) whose
filling at high extracellular [K*] from the extracellular
space is increased, consequently leading to higher occu-
pancy and slower inactivation kinetics (Yellen 1998; Kiss
and Korn 1998; Harris etal. 1998; Neyton and Miller
1988; Kiss et al. 1999; Ogielska and Aldrich 1999; Zhou
et al. 2001). The occupancy of this binding site depends
not only on the extracellular [K*], but also on the filling of
the binding site from the intracellular side. This fact was
confirmed by two experiments: First, N-type inactivation
accelerates P/C-type inactivation, because the occlusion of
the internal mouth of the channel inhibits outward K* flux,
which normally fills the control site. The reduced filling
from the intracellular side results in the acceleration of
P/C-type inactivation (Baukrowitz and Yellen 1995). Sec-
ond, use-dependent intracellular blockers of the Shaker
channel increase the rate of P/C-type inactivation. The
acceleration of inactivation depends on the lifetime of the
drug-bound form of the channel (Baukrowitz and Yellen
1996).

Mutations in the pore region can also influence the rate
of slow inactivation. In Shaker the amino acid at position
449 is critical because its replacement significantly alters
the rate of slow inactivation (Lépez-Barneo et al. 1993). In
Shaker-related channels (Kv1.3, Kv1.4) the replacement of
the equivalent amino acid also caused a drastic change of
the inactivation rate (Nguyen et al. 1996; Claydon et al.
2000; Li et al. 2003; Somodi et al. 2004), although in some
cases such mutations had much weaker effects (Rasmusson
et al. 1995; Fedida et al. 1999). So in most cases the iden-
tity of the Shaker 449 equivalent residue is an important,
but definitely not the sole determinant of the inactivation
rate.

Several studies have investigated the pH-dependence of
inactivation in various wildtype and mutant K* channels.
Lowering pH, accelerated the rate of inactivation in wild-
type Shaker and several of its mutants, wild-type Kv1.5 and
Kv1.4 and in five Kv1.3 mutants. In these studies two criti-
cal locations have been pinpointed as responsible for
conveying pH sensitivity to inactivation: the equivalent
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residues of Shaker 449 at the extracellular mouth of the
pore and those corresponding to Shaker 425 in the turret
region. Mutations at these positions in any of the host chan-
nels affected the pH-dependence of inactivation and evi-
dence for the interaction between this pair of residues was
also found (Lépez-Barneo et al. 1993; Perez-Cornejo 1999;
Steidl and Yool 1999; Kehl etal. 2002; Claydon et al.
2002, 2004; Starkus etal. 2003; Li etal. 2003; Somodi
et al. 2004; Zhang et al. 2005). In addition to accelerating
inactivation external acidification was also reported to
reduce the current amplitude in most cases as well. This
effect was attributed in part to the enhanced rate of inactiva-
tion from the open state and in part to closed-state inactiva-
tion (Starkus et al. 2003; Zhang et al. 2005; Claydon et al.
2007).

However, in none of these studies was slowing of inacti-
vation at low pH, observed as it was described for wild-type
Kv1.3 bearing a histidine (H399) at the Shaker equivalent
449. This unique feature of human Kv1.3 was first reported
almost two decades ago and was soon confirmed on rat
channels as well (Deutsch and Lee 1989; Busch et al.
1991), but until recently no model was suggested for this
anomalous behavior.

In our previous study we examined the role of the criti-
cally positioned H399 in the pH regulation of inactivation
(Somodi et al. 2004). Based on our results using mutant
channels, high-ionic-strength solutions and the measure-
ment of the dissociation rate of blocking Ba®* ions we
created a model to explain how H399 influences the
pH-dependence of inactivation. The main hypothesis of the
model is that the electric field of protonated histidine resi-
dues at position 399 creates a potential barrier at the exter-
nal mouth of the channel that impedes the exit of potassium
ions from the critical binding site controlling inactivation to
the extracellular space in low pH, (Somodi etal. 2004).
This manifests as slower inactivation.

Increased [K*], is known to influence the rate of inacti-
vation in K* channels and an interplay between [K*], and
pH, has also been reported (Kehl etal. 2002; Li et al.
2003; Claydon et al. 2004). In light of this, in the present
study we examined the effect of extracellular acidification
at different extra- and intracellular potassium concentra-
tions on the inactivation of the hKv1.3 channel. Here we
test the hypothesis that the potential barrier created by the
electric field of the histidines at low pH, also exists for
ions entering the pore from the extracellular side. Thus, in
conditions where the control site is likely to be filled from
the outside this barrier is expected to reduce its occupancy
and enhance inactivation. Besides using different K* con-
centrations we also examined the rate of entry of barium
ions into the pore from the extracellular solution at differ-
ent pH, values to gather supporting evidence for our
model.
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Materials and methods
Cells

Cytotoxic murine T cells (CTLL-2) were transiently co-
transfected with plasmids encoding the wild type Kv1.3
channel (pRc/CMV/WT) along with a Ccd4neo plasmid
(gifts from Dr. Carol Deutsch, University of Pennsylvania.
Philadelphia, PA), containing the gene for human mem-
brane-surface CD4, at a molar ratio of 5:1 or 8:1 [32 or
48 ng/ml total DNA] using electroporation (Deutsch and
Chen 1993). CTLL-2 cells were cultured in RPMI-1640
supplemented with 10% FBS (Hyclone, Logan, Utah),
2mM Na pyruvate, 10 mM HEPES, 4 mM L-glutamine,
50 uM 2-mercaptoethanol, and 100 CU/ml IL-2. Before
transfection, cells were cultured for 24 h in fresh medium
and collected in the logarithmic phase of growth. After har-
vesting, cells were suspended in Hanks’-20 mM HEPES
balanced salt solution (pH 7.23) at 2x107 cells/ml, and the
appropriate mixture of DNA was added to the cell suspen-
sion. This suspension was transferred to electroporation
cuvettes (400 pl/cuvette, 4 mm electrode gap), kept on ice
for 10 min, and then electroporated using a BTX-electropo-
rator (San Diego, CA) with settings previously determined
to give ~50% viability at 24 h post transfection (725 V/cm,
2350 pF, 13 Q). The resultant time constants were 22-25 ms.
Cells were incubated for an additional 10 min on ice, and
transferred back to culture medium (~0.5 x 10° cells/ml)
supplemented with 5 mM Na-butyrate (at 37°C, 5% CO,).
Cells were used for electrophysiology between 8—16 h after
the transfection.

Electrophysiology

Whole-cell measurements were carried out using Axo-
patch-200 and Axopatch-200A amplifiers connected to per-
sonal computers using Axon Instruments TL-1-125 and
Digidata 1200 computer interfaces, respectively. For data
acquisition and analysis the pClamp6 and the pClamp8
software package (Axon Instruments Inc., Foster City, CA)
were used. CD4 positive CTLL-2 cells were selected for
current recording by incubation with mouse anti-human
CD4 antibodies (0.5 ng/ 10° cells, AMAC, Westbrook), fol-
lowed by selective adhesion to petri dishes coated with goat
anti-mouse IgG antibody (Biosource, Camarilo, CA), as
previously described by Matteson and Deutsch (Matteson
and Deutsch 1984) and Deutsch and Chen (Deutsch and
Chen 1993). Dishes were washed gently five times with
1 ml of normal extracellular bath medium (see below)
before the patch-clamp experiments. Standard whole-cell
patch-clamp techniques were used, as described previously
(Hamill et al. 1981). Pipettes were pulled from GC150F-15
borosilicate glass capillaries (Clark Biomedical Instru-

ments, UK) in five stages and fire-polished to give elec-
trodes of 2-3 MQ resistance in the bath. The standard
extracellular solution (S-ECS) was (in mM): 145 NaCl, 5
KCl, 1 MgCl,, 2.5 CaCl,, 5.5 glucose, 10 HEPES (pH 7.35
using NaOH, 305 mOsm/kg). The pipette solution was (in
mM): 140 KF, 11 EGTA, 1 CaCl,, 2 MgCl,, and 10 HEPES
(pH 7.20 using KOH, ~295 mOsm/kg). Cells with low
series resistance (2-5 MQ) were used and series resistance
compensation up to 85% was applied to minimize voltage
errors and achieve good voltage clamp conditions. The
uncompensated series resistance error was in the order of
5-10 mV. The reference electrode was connected to the
recording chamber with an agar bridge to eliminate junc-
tion potential changes during perfusion.

Test substances

In external solutions with 20, 40 or 150 mM [K*], (20, 40
or 150 mM K-ECS), NaCl was partially or completely
substituted by KCI to get the given [K*].. In the 15-mM-
Ba®* solution NaCl was replaced by equimolar BaCl,. Bath
solutions having low pH (6.5, 5.5) were buffered with
10 mM MES instead of HEPES. When the effect of low
[K*]; was tested the pipette solution contained (in mM) the
following: 140 NaF, 5 KF, 11 EGTA, 1 CaCl,, 2 MgCl,,
and 10 HEPES (pH 7.20 using NaOH, ~295 mOsm/kg).

Bath perfusion with different test solutions was achieved
using a gravity-flow perfusion setup with eight input lines
and a PE10 polyethylene tube output tip with flanged aper-
ture to reduce the turbulence of the flow. The solutions
were applied in an alternating sequence of control and test
solutions, unless stated otherwise. Excess fluid was
removed continuously from the bath.

Data analysis

Prior to analysis whole cell current traces were corrected
for ohmic leak and digitally filtered (three point boxcar
smoothing). Non-linear least squares fits were done using
the Marquardt-Levenberg algorithm. Fits were evaluated
visually as well as by the residuals and the sum of squared
differences between the measured and calculated data
points. For the determination of the time constant of expo-
nentially decaying current traces the first cursor was placed
to 90% of the peak (on the declining phase), and the second
cursor was placed to the end of the record where the current
reached a steady-state value.

Because of the inherent acceleration of the rate of inacti-
vation with time after achieving whole cell configuration,
current decays were characterized (either using time con-
stants or APPR, see the definition below) for control condi-
tions both before and after treatment and the mean of
these values was compared with the value obtained during
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treatment. Paired comparisons were performed for each
individual cell to exclude the effect of cell-to-cell variability
of the inactivation rate.

Statistical comparisons were made using Analysis of
Variance (ANOVA), student’s ¢ test, and when appropriate,
paired ¢ test at P =0.05. For all experiments, the standard
error of the mean (SE) is reported.

Results

Low external pH accelerates inactivation kinetics
in high-extracellular-potassium solutions

In our earlier study we confirmed the original observation
of Deutsch and Lee that the rate of slow (P/C-type) inacti-
vation of Kv1.3 is slowed when extracellular pH (pH,) is
lowered in an extracellular solution containing 5 mM K*
(Fig. 1a) (Deutsch and Lee 1989; Somodi et al. 2004). In
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Fig. 1 Effect of extracellular pH on the inactivation kinetics of Kv1.3
currents at different [K*],. a K* currents of a CTLL-2 cell expressing
Kv1.3 channels were recorded in whole-cell configuration during 2 s-
long test pulses to +50 mV from a holding potential of —120 mV. Test
pulses were applied every 60 s. The bath was perfused with S-ECS
([K*], =5 mM), pH 7.35 or with S-ECS pH 5.5. For the cell shown,
inactivation time constants were 142 and 184 ms at pH 7.35 and 5.5,
respectively. Only the first 1,000 ms of the traces are shown. b K* cur-
rents of a CTLL-2 cell were recorded in whole-cell configuration dur-
ing 3 s-long test pulses to +50 mV. The holding potential was
—120 mV. Test pulses were applied every 90 s. The bath was perfused
with K-ECS ([K"], = 150 mM), pH 7.35 or with K-ECS, pH 5.5. The
decay of the currents in K-ECS solutions could be fitted with the sum
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this study we examined the effect of changes in pH, on
inactivation kinetics in extracellular solutions with high K*
concentration.

Elevation of the external K* concentration is known to
slow the rate of inactivation in various K* channels (L6pez-
Barneo et al. 1993; Baukrowitz and Yellen 1995; Baukro-
witz and Yellen 1996). This is presumably due to the higher
occupancy of the control site (Lopez-Barneo et al. 1993;
Baukrowitz and Yellen 1996; Harris et al. 1998). More-
over, the kinetics of inactivation of Kv1.3 channels
becomes biphasic, so current decay can be characterized by
a fast (7;) and a slow (t,) time constant (Grissmer and Caha-
lan 1989). This was seen in our records when the cell was
perfused with K-ECS (high-K*-concentration extracellular
solution) pH 7.35, which contained 150 mM K*: the fit con-
taining two exponential terms yielded t;=60.5 & 3.8 ms
(n=11) and 7,=610£46ms (n=11) for the fast and
slow components, respectively. The relative weight of the
amplitude of the slow inactivating current component was

150 K-ECS pH 7.35

150 K-ECS pH 5.5

500 ms r

1.0 1

400 pA

O

0.8 1

0.6 1

Ag/ (Ag+ Ap)

7.35 6.5 5.5
extracellular pH

of two exponential terms: I(f) = A; x exp (—t/t; )+ A, x exp (—t/
7,) + C. The resulting time constants were t,= 506 ms, 7,= 76 ms at
pH 7.35; ;=437 ms, 7;=94 ms at pH 5.5. ¢ Inactivation time con-
stants (7, and 7,) of whole-cell currents were determined in K-ECS
(1735) and in solutions having lower extracellular pH (t) from double
exponential fits to the decaying parts of current traces. The ratio of 7/
7735 was calculated for n =7 experiments at pH 6.5 and for n =10
experiments at pH 5.5 for the slow (hatched bar) and fast (cross-
hatched bar) component. Error bars indicate SE. d The relative weight
of the slow component of the decay was expressed as AJ(A; + Ap)
where A and A; are the amplitudes of the slow and fast components of
decay, respectively, at pH 7.35, 6.5 and 5.5
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higher than the weight of the fast inactivating component,
the ratio of A /(A + Ap) was 0.830 = 0.011 (n = 11).

We examined the effect of pH,, on the rate of inactivation
in K-ECS. In contrast to the slowing seen in low external
K* the inactivation of Kv1.3 current became faster in low
pH. (6.5 and 5.5) in a dose-dependent manner when the cell
was perfused with K-ECS. Figure 1b shows current traces
recorded from CTLL-2 cells expressing Kv1.3 channels in
K-ECS, pH 7.35 or K-ECS, pH 5.5. The inactivation of the
Kv1.3 current is significantly faster at pH 5.5 than at pH
7.35. We determined the two time constants and their
amplitudes in low pH, and expressed them as the percent-
age of the control value (the respective values measured in
pH 7.35). In K-ECS, pH 6.5 the peak current did not
change, its magnitude was 102.6 £ 1.8% of the control
(n="7, P=0.2). At pH 5.5 the peak current decreased to
94.7 +2.3% of the control (n=10, P =0.044), but the
decrease was less drastic than the one induced by an identi-
cal pH change in S-ECS. At pH 6.5 the inactivation time
constants did not change significantly (z,: 111.8 & 8.4%, 14
123.4 + 15.0% of the control value, n=7, P =0.212 and
0.174, respectively, Fig. 1c). At pH 5.5 7, did not change
(102.2 £ 11.1% of the control, n = 10, P = 0.84), while the
value of 7, was 127.7 £ 10.9% of the control (n=10,
P =0.024, Fig. 1c). These relatively small changes of inac-
tivation time constants cannot explain the faster inactiva-
tion at low pH, so we also compared the amplitudes of the
two components.

The amplitude of the slow inactivating component (A,)
decreased in a dose-dependent manner with pH,, A, was
91.7+£2.2% (n=7, P=0.008) and 77.4 £ 4.6% (n =10,
P <0.001) of the value at pH 7.35, when the cell was
treated with S-ECS, pH 6.5 and 5.5, respectively. The
amplitude of the fast inactivating component (A;) increased
significantly in both low-pH conditions, the value of A; was
1699 +£237% (n=7, P=0.026) and 173.7 £17.9%
(n=10, P=0.003) of the control at pH, 6.5 and 5.5,
respectively.

The relative weight of the slow component significantly
decreased at low pH,, the value of AJ/(A,+A;) was
0.738 £ 0.018 at pH 6.5 (n=7) and 0.651 %+ 0.030 at pH
5.5 (n =9) (Fig. 1d). Thus, the decreased relative weight of
the slow inactivating component accounts for the faster
inactivation at low extracellular pH..

The interpretation of the change of the biphasic inactiva-
tion kinetics using the parameters of a double exponential
fit [A,, 75, Ap, T, AJ(A + Ap)] is complicated, so we used an
alternative method to express the change of the rate of inac-
tivation. We calculated the area under curve for the leak-
corrected traces and we subtracted the area corresponding
to the non-inactivating current component (Fig. 2d). The
ratio of this corrected area and the amplitude of the inacti-
vating current component gives a “time constant-like”

quantity, which is equal to the value of the inactivation time
constant in the case of monophasic current decay and is
inversely proportional to the overall rate of inactivation in
case of currents with biphasic inactivation kinetics. We
termed this quantity area/peak ratio (APPR). The advantage
of this method is that it describes the inactivation process
using only one parameter, so the interpretation of data is
much clearer than using the parameters of a double expo-
nential fit.

Using the APPR as a measure of the rate of inactivation
kinetics we confirmed the acceleration of inactivation by
low pH, in high-external-K* conditions. The APPR was
308.9 + 9.7 ms in K-ECS, pH 7.35 (n = 12), while lower-
ing pH, decreased the APPR to 92.1 £1.5% (n=7,
P =0.001)and 82.5 =3.9% (n =9, P = 0.005) of this value
at pH 6.5 and 5.5, respectively.

[K*], dependence of the effect of pH, changes

Because of the opposite effects of acidification of the extra-
cellular solution at 5 mM and 150 mM [K*], we also car-
ried out the measurement at intermediate K* concentrations
of 20 and 40 mM. At these concentrations, reliable fits of
the decay of the current traces could be obtained neither
with single nor double exponential equations, so the APPR
was used to describe the inactivation kinetics. The mean
APPRs were 201.1 &+ 23.6 ms (n = 8) at 20 mM [K*], and
229.4 £ 22.0 ms (n=6) at 40 mM [K*].. Upon switching
from pH 7.35 to 5.5 in 20 mM K-ECS the inactivation was
slowed, the APPR increased to 120.0 &= 4.7% of that mea-
sured at pH 7.35 (n =9, P =0.003, Fig. 2a, c). In case
of 40 mM K-ECS the switch from pH 7.35 to 5.5 did
not change the inactivation kinetics, the APPR was the
97.2 & 4.4% of the control (n =8, P=0.549, Fig. 2b, c).
For the sake of direct comparison of the inactivation kinet-
ics at 20, 40 and 150 mM [K*], with those in S-ECS (5 mM
[K*],) we determined the APPRs for traces recorded in
S-ECS solutions as well. In S-ECS, pH 7.35 the APPR
was 131.6 £ 13.1 ms (n = 16). Lowering pH, increased the
APPR to 116.1 +3.8% (n=7) and 133.2 £ 2.5% (n =5) of
the control at pH 6.5 and 5.5, respectively (Fig. 2c). These
results do not differ from that obtained from the fit of the
decay of current traces using single exponential function
(Somodi et al. 2004).

Inward potassium current: reduced filling of the binding
site from the intracellular side

The second possibility to increase the weight of external
filling of the control site is to create conditions in which
potassium ions flow inward through the channels. This
could be accomplished by lowering the intracellular [K*].
We first tried to lower the internal [K*] while keeping the
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Fig. 2 [K"], dependence of acidification induced change in inactiva-
tion rate (a, b) K* currents of a CTLL-2 cell were recorded in whole-
cell configuration during 2 s-long test pulses to +50 mV. The holding
potential was —120 mV. Test pulses were applied every 60 s. The bath
was perfused with control solutions (20 mM K-ECS, pH 7.35 for panel
a and 40 mM K-ECS, pH 7.35 for panel b), and then with 20 mM K-
ECS pH 5.5 (a) or with 40 mM K-ECS pH 5.5 (b). ¢ Peak whole-cell
currents and the area under the traces at +50 mV test potential were
measured and the area/peak ratios were calculated at pH 7.35

original S-ECS, but with these conditions, Kv1.3 channels
collapsed and were not able to conduct potassium current.
The probable reason is that the occupancy of potassium
binding sites in the conductive pathway of the channel is
critically low, which causes the collapse of the channel
(Gomez-Lagunas 1997). The lowest [K*];,, which resulted
in functional channels was 5 mM. With 5 mM [K*], we had
to increase the extracellular [K*] to get inward current. In
our experiments we used at least 20 mM extracellular [K*].

Our expectation was that due to the greater contribution
of extracellular filling of the binding site the protonation of
the histidines (H399) in low pH, would lower the occu-
pancy of the control site compared to the normal intracellu-
lar [K*] condition. The lower occupancy of the binding site
results in faster inactivation kinetics according to our
hypothesis.

Using 5 mM [K*] in the pipette the reversal potential for
K* differs from the conventional —85 mV. When the cell
was perfused with 20, 40 or 150 mM K-ECS the calculated
reversal potential for potassium was +35.4, +53.1 and
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(APPR;;5) and at 5.5 (APPR; s, see text for details). The ratio of
APPR; s/APPR, ;5 was calculated for different [K*].-s. Error bars indi-
cate SE. d Calculation of APPR. The inactivating component of the
current amplitude (P;) is calculated by subtracting the steady-state (SS)
current level from the absolute peak. Similarly, the charge correspond-
ing to the inactivating component (A;, empty area) is obtained by inte-
grating the current trace and subtracting the area (charge) contributed
by the SS component (cross hatched). Then the A,/P; ratio is calculated

+87.3 mV, respectively. Since these values are close to
+50 mV the driving force is very low at this voltage. Con-
sequently, we used +20 mV test potentials to get greater
driving force for the inward current and therefore higher
current amplitude. Inward currents recorded in 20, 40 or
150 mM K-ECS are shown in Fig 3a—c, respectively. The
complex inactivation kinetics of the currents was character-
ized by the APPR values in order to provide direct compar-
ison of these results with those measured with 140 mM
internal [K*]. In 20 mM K-ECS the switch from pH 7.35 to
5.5 did not change the APPR (Fig. 3a, d, 101.7 £ 1.9% of
the value at pH 7.35, n =13, P =0.400), while in 40 mM
K-ECS the same switch decreased the ratio to 93.0 = 2.1%
of the control (Fig 3b, d, n = 15, P = 0.005).

When the cell was perfused with 150 mM K-ECS, pH 7.35
inactivation was clearly biphasic, the inactivation time con-
stants were 7= 1186 +217 and 7;=131 £30ms (n=23),
the proportion of the slow inactivating component was
0.511 £0.023 (n=3). Application of 150 mM K-ECS, pH
5.5 accelerated inactivation kinetics (Fig 3c), but the
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<— 20 K-ECS,pH 5.5
20 K-ECS, pH 7.35
200 ms
C T
150 K-ECS,pH 5.5
150 K-ECS, pH 7.35
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Fig. 3 [K"], dependence of acidification induced change in inactiva-
tion rate for inward currents (a—¢) K* currents of CTLL-2 cells were
recorded in whole-cell configuration during 2 s-long test pulses to
+20 mV from a holding potential of —120 mV. Test pulses were ap-
plied every 60 s. The pipette solution contained 5 mM K*, so reversal
potentials for K* were more positive than +20 mV. The bath was per-
fused with 20 mM K-ECS, pH 7.35 (panel a), 40 mM K-ECS, pH 7.35

inactivation time constants did not change (ry: 122.0 £
29.0%, P =0.527; 1 84.6 = 10.3%, P =0.273; n=3). The
weight of the slow component AJ/(A,+ A;) decreased to
0.378 £ 0.020 at pH 5.5, which is responsible for the overall
acceleration of inactivation. For direct comparison of these
data with the ones obtained at intermediate [K*],, the APPR
vales were also calculated. The APPR was 271.3 &+ 16.8 ms
at pH 7.35 and the switch to pH 5.5 reduced it significantly
76.6 = 3.2% of the control (Fig. 3d, n =3, P =0.018).
Overall, the effect of the pH switch on the rate of inactivation
of inward currents was dependent on [K*],, showing
pronounced acceleration with increasing [K+]e (Fig. 3d).

The results mentioned above indicate that when the con-
tribution of filling of the critical binding site from the extra-
cellular side of the pore is increased, the rate of inactivation
in response to extracellular acidification is increased in con-
trast to the slowing observed in physiological conditions.

Low extracellular pH slows the wash-in kinetics
of barium ions

In order to further examine ion entry into the pore from the
extracellular side we used barium ions. Barium ions are
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(panel b) or 150 mM K-ECS, pH 7.35 (panel c), and with solutions
containing K* in the same concentration with pH 5.5. Currents were
normalized for easier comparison of inactivation kinetics. d Peak
whole-cell currents and the area under curve at +20 mV test potential
were measured and the area/peak ratios were calculated at pH 7.35
(APPR; 35) and at pH 5.5 (APPRy ). The ratio of APPRss/APPR; 55
was calculated for different [K*].-s. Error bars indicate SE

able to enter the pore of various K* channels, but they are
bound more strongly inside the permeation pathway
because of their divalent nature. The slow permeation of
barium ions hinders the permeation of potassium ions,
which causes an apparent block of K* current. We showed
in our earlier results that in Kv1.3 channels the electrical
barrier generated by the positively charged side chains of
the amino acid residues at position 399 (protonated histi-
dines or lysines) impedes the exit of Ba* ions from the
channel on the basis of wash-out kinetics of Ba** ions after
block at different pH values. This time our aim was to
investigate how the entry rate of Ba®* ions into the pore is
affected by changes in pH..

Since the frequency of test pulses that can be applied to
Kv1.3 channels is limited by cumulative inactivation it is
difficult to resolve small changes in the fast wash-in kinet-
ics of barium. This prompted us to modify our original pro-
tocol to improve the temporal resolution. As Ba®* block of
K* channels is voltage dependent we used a less negative
(—90 mV) holding potential and more positive (+70 mV)
depolarizing pulses to delay the entry of barium ions into
the pore (Harris et al. 1998). In addition, we decreased the
duration of the depolarizing pulses (the duration of channel
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opening) to 10 ms. The use of such short depolarizing
pulses enabled us to apply them every 15 s without cumula-
tive inactivation.

Application of 15 mM Ba®* in S-ECS reduced K* cur-
rents of Kv1.3 channels to 39.1 £2.9% (n=6) and
179 &£ 1.4% (n=06) of the control at pH 7.35 and 5.5,
respectively. Figure 4a and b show that the wash-in kinetics
was significantly slower at pH 5.5 than at pH 7.35, the time
constant of wash-in was 32.8 £ 1.4 (n=7) and 46.5 £
2.6 s (n=06) at pH 7.35 and 5.5, respectively (P <0.001,
Fig. 4c). Pairwise cell-by-cell comparison yielded a
similar result: the time constant increased in low pH, to
137.3 £ 2.8% of the control value (n =6, P < 0.001).

The kinetics of Ba®>* block was also measured in mutant
channels with a neutral residue (L) or a permanently posi-
tively charged residue (K) in the critical 399 position at pH
7.35 and 5.5. 15 mM Ba®* caused a significantly higher

A WT pH 7.35
4 4 00\
T 31 \‘\
=
2 54 N
_z
< 1
a
15 mM Ba’"
O1T— 71 T1 1
0 1 2 3 4
time (min)
C WT
50 1
O
= 40
=]
<
% 30 7
=
)
020_
Q
g
=10
0
7.35 55

extracellular pH

Fig. 4 Wash-in kinetics of Ba** block in wild type, H399L and
H399K mutant channels. a, b Reduction of extracellular pH slows the
wash-in kinetics of Ba?* block in wild type Kv1.3 channels. Currents
were recorded in whole-cell configuration during 10-ms-long test pulses
to +70 mV. The holding potential was —90 mV. Test pulses were
applied every 15 s. The panels show the peak currents under different
ionic conditions. The bath was perfused with control solution S-ECS
pH 7.35 (a) and S-ECS pH 5.5 (b) and with the same solution contain-
ing 15 mM Ba?* (black stripe above the time axis indicates the duration
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block of the mutant channels than the wild-type channels,
and the wash-in kinetics was too fast to resolve. Since the
Ba?* association rate is proportional to its concentration we
reduced the association rate by applying Ba®* at only
5 mM. The remaining current fractions in the presence of
5mM Ba®" were 34.3 + 1.28 (n=6) and 32.1 £+ 1.04%
(n = 6) for the H399L mutant, and 17.4 + 0.71 (n = 6) and
13.0 £ 1.2% (n =5) for the H399K mutant at pH 7.35 and
5.5, respectively. For the H399L mutant the wash-in time
constants were 18.1 0.6 s(n=5)and 18.3 £ 0.6 s (n =6)
at pH 7.35 and 5.5, respectively (Fig 4d). The correspond-
ing values for the H399K mutant were 25.51 & 1.12s
(n=6) at pH 7.35 and 2695 £092s (n=5) at pH 5.5
(Fig 4d). Statistical analysis (ANOVA supplemented with
Bonferroni ¢ test) of the results showed that the time con-
stants at pH 7.35 and 5.5 differed neither for the H399L nor
for the H399K mutant, but wash-in kinetics were signifi-
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of Ba%* application). The superimposed dashed lines show single-
exponential fits to the wash-in kinetics. The wash-in time constants for
the cells shown were 32.0 and 45.0 s at pH 7.35 and 5.5, respectively.
Wash-in time constants for the wild type (c¢) and for the H399L and
H399K mutant (d) channels at pH 7.35 and at 5.5. In the case of mutant
channels the experimental conditions were the same as in wild-type
channels, but the holding potential was —120 mV and the Ba** concen-
tration was 5 mM. Error bars indicate SE
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cantly faster for H399L than for H399K channels at both
pH values.

Discussion

The Kv1.3 potassium channel has been known to slow its
inactivation rate upon exposure to low pH, in contrast to
the acceleration seen in other related channels (Deutsch and
Lee 1989; Perez-Cornejo 1999; Kehl et al. 2002; Starkus
et al. 2003; Li et al. 2003; Somodi et al. 2004). In our previ-
ous study we identified the H399 residue to be responsible
for this anomalous behavior and constructed a model to
explain the mechanism. The main concept of the model is
that in low extracellular pH the protonated histidine resi-
dues in position 399 create an electric potential barrier,
which hinders the exit of K* ions from the pore of the chan-
nel to the extracellular space. The hindered exit rate results
in the higher occupancy of the control site and the slowing
of inactivation.

The effect of the extracellular ionic composition, espe-
cially K* concentration, on the rate of slow inactivation of
K* channels has been also known for long. The slowing of
the inactivation rate in high [K*], is attributed to the
increased occupancy of a control site by K* ions in the
selectivity filter. The inactivation of Kv1.3 channels is also
slowed by high [K], and becomes biphasic. Under these
conditions, lowering pH, to 5.5 accelerated inactivation as
opposed to the slowing observed in low [K].. In the current
study, we reconcile this result with our existing model and
gather more supportive evidence for its validity.

Simply assuming that the electric field of the protonated
histidines at the extracellular entrance of the pore repre-
sents a potential barrier for cations both on their way into or
out of the pore, the expected consequence is that the
increased filling of the control site from the extracellular
side provided by the high K* concentration is hampered. As
a result the occupancy of the site is decreased and inactiva-
tion rate is increased. Thus, no additional assumptions are
needed to make the model more complex; it is compatible
with the observation that the rate of inactivation is acceler-
ated, provided that the significance of external filling of the
control site is increased.

As acidification induced opposite effects on the inactiva-
tion rate at 5 and 140 mM [K*], we examined the effect of
low pH, at intermediate K* concentrations. The direct com-
parison of the inactivation rates in various conditions,
which often deviated from a simple single exponential
decay, was made possible by the introduction of the quan-
tity termed APPR, which gives the ratio of the total charge
under the inactivating component of the current trace and
the amplitude of the inactivating component. The result is a
quantity measured in time units that serves as an “overall

time constant” to describe the rate of current decay due to
inactivation. Using APPR, we found that at [K*], <40 mM
the inactivation rate was slowed by low pH,, it was
enhanced at [K*],=150 mM and was not changed at
40 mM. This is clearly demonstrated in Fig. 2c¢ by the ratios
of the APPRs determined at pH 5.5 and 7.35 at various
[K*]. : the ratio is greater than 1 at [K*], = 5 and 20 mM,
is about 1 at [K*], =40 mM and less than 1 at [K*], =
150 mM. The figure shows the tendency from slowing to
acceleration as the significance of external filling of the
control site increases.

Our model suggests that in conditions when the control
site is mostly filled by K* from the extracellular side, pro-
tonation of the histidine side chains will cause acceleration
of the inactivation. Besides raising [K*],, we aimed to test
this hypothesis by keeping [K*], at the physiological 5 mM
and inducing inward currents. We assumed that even if
[K*], is kept low, K* ions representing inward current
should encounter the electrostatic barrier of the histidines
as they are entering the pore from the outside and this
should be apparent in the accelerated rate of inactivation.
However, K* channels are known to lose their conductance
in very low potassium concentrations due to the restructur-
ing of the selectivity filter (Zhou et al. 2001; Gomez-Lag-
unas 1997), and accordingly, lowering the internal [K*] to
below 5 mM resulted in no measurable current. Conse-
quently, we modified our solutions and protocol to suit the
goal of the experiment: 5 mM internal and 20 mM external
[K*] were used along with depolarizing pulses to +20 mV
to obtain inward currents.

At [K*], = 20 mM with normal intracellular solution the
inactivation rate of the outward current was significantly
slowed by the switch from pH 7.35 to 5.5. However, at the
same [K*], the inactivation rate was unchanged by the pH
switch when currents were inward. With 5 mM K* in the
pipette raising [K*], produced a tendency similar to that
observed for high [K*];: with the increasing weight of
extracellular filling acceleration of the inactivation rate
upon lowering pH, became more pronounced. Thus,
increasing [K*], resulted in an overall shift from slowing
(or no change) to acceleration in inactivation rate with the
switch to low pH,, regardless of the intracellular [K*] used
(compare Figs. 2c, 3d). However, the “turning point”, the
extracellular K* concentration at which the pH, switch
induces no change in the inactivation rate because it repre-
sents the transition from slowing to acceleration, was
shifted toward lower [K*], when inward currents were
measured, as expected from the model. Obviously, at lower
[K*]; and inward currents a lower [K*], is sufficient to
supply the K* ions for filling the control site from the
extracellular side.

In our previous study we demonstrated the delayed exit
of barium ions from wild-type Kv1.3 channels in low pH,,
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as well as the pH,-insensitive exit of Ba>* from the mutants
H399K and H399L, whose side chains at position 399 are
not protonated upon the switch from pH, 7.35 to 5.5
(Somodi et al. 2004). Considering the filling of the control
site from the outside, our model predicts that positively
charged side chains at the extracellular entrance of the pore
should hinder the entry of Ba®** as well, which could be
detected as slower wash-in kinetics, when the histidines are
protonated. Our results confirmed this expectation: block of
the channels by barium was significantly slower in low pH..
Furthermore, wash-in kinetics were pH,-insensitive for
both mutants with non-titratable residues at position 399,
supporting the assumption that it is the charge gained by
protonation of H399 that modifies Ba>* entry rate. It is also
noteworthy that wash-in kinetics of H399K bearing a posi-
tive side chain had slower kinetics than H399L with a neu-
tral side chain. Their direct comparison, however, may not
be relevant since besides the charge, the length and struc-
ture of their side chains are also different, and even conser-
vative mutations at this position are known to induce great
changes in inactivation rate (Ldopez-Barneo etal. 1993;
Somodi et al. 2004).

Although the focus of this study was the effect of pH, on
the inactivation rate, it cannot go unnoticed that the current
amplitude was also reduced upon acidification in physio-
logical solutions. This phenomenon has been reported for
Shaker and several related mammalian channels (Kehl et al.
2002; Starkus et al. 2003; Somodi et al. 2004). Internal pro-
tons were shown to directly block Shaker channels, but low
pH, was found to reduce current amplitude via accelerated
inactivation only (Starkus et al. 2003). The opposite con-
clusion was reached for Kv1.5 channels: even though the
involvement of an inactivation mechanism was proposed
based on the sensitivity of current inhibition to [K*], and
the identity of the Shaker 449 equivalent residue, it could
not account for the decrease in current amplitude alone
(Kehl et al. 2002). Our present results reinforce this obser-
vation in Kv1.3, since in high [K*], hardly any current
amplitude decrease was detected, while the inactivation rate
was significantly increased. These facts suggest a link, but
not a direct consequential one, between enhanced slow
inactivation and amplitude decrease. A recent study using
voltage-clamp fluorimetry proposes a resolution of this
question by concluding that in addition to the acceleration
of P/C-type inactivation the major mechanism of pH.,-
induced current inhibition is the inactivation of channels
from closed states from which they can activate, but not
open (Claydon et al. 2007).

A mechanism similar to the main hypothesis of our
model was suggested to explain the role of a lysine residue
in the turret region of rat Kv2.1 channels (K356, equivalent
of Shaker 425) in K* permeation (Consiglio et al. 2003).
The side chain of this lysine was found to interfere with
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the K* dehydration/rehydration site located outside of the
selectivity filter (Zhou et al. 2001) in the outer vestibule
and make the K* exit from the selectivity filter in the out-
ward direction rate limiting. In addition, similar to our
model, this interference with the passage of K* ions was
also symmetrical, that is, the entry of K* ions into the selec-
tivity filter from the outside was hindered as well. This
effect seemed independent of the Y380 residue (H399 in
hKv1.3 and T449 in Shaker) and the authors found the
interaction between these two residues in the phenomenon
unlikely.

In agreement with our model another study also pro-
posed that the charge of residue R487 of hKv1.5 channels
(H399 in hKv1.3 and T449 in Shaker) influenced the occu-
pancy of the outermost K* binding site in the selectivity
filter, thereby controlling permeation (Jager and Grissmer
2001). These results, however, suggested an interaction
between H463 (equivalent of Shaker 425) and R487, the
protonation of the former changing the effective charge of
the latter, which in turn affected the binding site. The inter-
action between these residues and their combined effect on
inactivation was also reported by others (Zhang et al.
2005). More recently it was shown that mutations of H463
to residues of different charge and size had similar effects
on channel function, so a pure electrostatic interaction with
R487 was ruled out (Eduljee et al. 2007).

Thus, channels bearing a positively charged residue at
the Shaker 425 equivalent position may directly influence
permeation very much like we propose here the protonated
H399 influences the rate of inactivation, the main difference
being the location of the affected K* binding sites. Further-
more, that residue in the outer vestibule may interact with
the selectivity filter via the residue homologous to hKv1.3
H399 and indirectly affect permeation and slow inactiva-
tion. All these findings indicate that these two residues are
major determinants of the electrostatic landscape of the
outer pore region and as such have a major role in control-
ling K* permeation and inactivation. The hKv1.3 channel
examined here has a glycine at position 375 (the equivalent
of Shaker 425), which is unlikely to be involved in any of
such interactions due to the small size an neutral nature of
its side chain, so the residue at position 399 may be even
more dominant in this channel.

In conclusion, we have previously established a model to
describe the role of residue H399 in the pH.-dependence of
the slow inactivation of hKv1.3 in physiological conditions.
Here we tested and confirmed the validity of the model in
elevated [K*], conditions and for inward K* currents. The
results presented in these two studies support our hypothe-
sis that an electrostatic potential barrier is created at the
external mouth of the pore by the protonation of the H399
residues in low pH,, which is encountered by K* ions both
entering and exiting the pore. In the case of physiological
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K* concentrations and outward currents this barrier
increases the occupancy of the binding site and slows
inactivation, while in cases when the site is mostly filled by
K* ions from the outside, such as high-[K*], conditions and
inward currents, the barrier decreases occupancy and thus
enhances inactivation.

The model we propose qualitatively describes the phe-
nomenon of modulation of the inactivation kinetics of
Kv1.3 by pH, and [K].. In the absence of a coherent model
for the bi-exponential inactivation kinetics in high [K]. (i.e.
number of states and transitions between them and the
number of K* binding sites involved are not known) it is
also possible to imagine that the increasing [K], influences
the gating behavior of Kv1.3 through multiple mechanisms.
For example, there might be two regulatory K* binding
sites accessible from the extracellular space, one control-
ling the collapse of the outer pore, whereas the other con-
trolling the distribution of K* channels between gating
modes having distinctly different inactivation and conduc-
tion properties as a function of pH.. The discrimination
between these scenarios would require a mathematical
model of Kv1.3 inactivation at high [K*], and experimental
conditions where rate constants could be determined to
characterize inactivation, rather than the APPR as done in
our study.

Although our simple model, in which H399 has a central
role, can account for the anomalous change in inactivation
upon lowering pH,, H399 is probably not the sole determi-
nant of inactivation rate in hKv1.3. The acceleration of
inactivation in low pH, seen in numerous related channels
is most likely present in hKv1.3 too, since several of its
H399 mutants behave the same way (Somodi et al. 2004).
The protonation of Shaker D447 in the selectivity filter or
its equivalent residues in other channels have been sug-
gested to be responsible for this effect (Starkus et al. 2003;
Eduljee et al. 2007), which may be overridden by the elec-
trostatic effect of H399 in hKv1.3.
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