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THE INFLUENCE OF PROTONS AND ZINC IONS ON THE STEADY-
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Abstract: Using the whole-cell patch-clamp technique, we investigated the
influence of extracellular pH and zinc ions (Zn°") on the steady-state inactivation
of Kv1.3 channels expressed in human lymphocytes. The obtained data showed
that lowering the extracellular pH from 7.35 to 6.8 shifted the inactivation
midpoint (V;) by 17.4 + 1.12 mV (n = 6) towards positive membrane potentials.
This shift was statistically significant (p < 0.05). Applying 100 uM Zn>" at pH
6.8 further shifted the V; value by 16.55 = 1.80 mV (n = 6) towards positive
membrane potentials. This shift was also statistically significant (p < 0.05). The
total shift of the V; by protons and Zn>* was 33.95 + 1.90 mV (n = 6), which was
significantly higher (p < 0.05) than the shift caused by Zn®" alone. The
Zn*"-induced shift of the V; at pH 6.8 was almost identical to the shift at pH =
7.35. Thus, the proton- and Zn* -induced shifts of the V; value were additive.
The steady-state inactivation curves as a function of membrane voltage were
compared with the functions of the steady-state activation. The total shift of the
steady-state inactivation was almost identical to the total shift of the steady-state
activation (32.01 £ 2.10 mV, n = 10). As a result, the “windows” of membrane
potentials in which the channels can be active under physiological conditions
were also markedly shifted towards positive membrane potentials. The values of
membrane voltage and the normalised chord conductance corresponding to the
points of intersection of the curves of steady-state activation and inactivation
were also calculated. The possible physiological significance of the observed
modulatory effects is discussed herein.
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Abbreviations used: gK,om — normalised relative chord conductance; gKssnom — steady-
state normalised relative chord conductance; k; — steepness of the voltage dependence
(inactivation); k, — steepness of the voltage dependence (activation); pH, — extracellular
pH; TL — human T lymphocytes; V; — inactivation midpoint; V,, — activation midpoint;
Zn*" — zinc ions
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INTRODUCTION

Zinc ions (Zn") are important endogenous regulators of the functions of many
proteins, including ion channels. It is known that Zn>" is present in the central
nervous system at concentrations of up to 100-300 uM [1, 2]. The results of
electrophysiological studies provide evidence that Zn*" modulates the activity of
many different types of ion channels [2]. Among them are GABA, and NMDA
receptors, voltage-gated sodium and calcium channels, voltage-gated and ATP-
dependent potassium channels, and voltage- and ligand-gated chloride channels
[2]. Importantly, it was shown that the modulatory effect of Zn>" on ion channels
was due to specific interactions with binding sites on the channels, and not due
to a compensation of negative surface charges [2].

Voltage-gated potassium channels Kv1.3 also belong to the group of ion
channels modulated by Zn*". These channels are expressed abundantly in human
T lymphocytes (TL), where they play an important role in setting the resting
membrane potential, cell mitogenesis, apoptosis and volume regulation [3-6].
Kv1.3 channels are also present in the rat central nervous system, especially in
olfactory bulb neurons, where they play a modulatory role in action potential
generation [7-9]. The channels are also expressed in human alveolar macrophages
[10], rat choroid plexus epithelial cells [11], rabbit kidney and colon epithelial
cells [12], human gliomas [13], and rat prostate cancer cell lines [14].

The modulatory effect of Zn*" on Kv1.3 channels was studied, and the results
were published [15]. The obtained data provided evidence that applying 10-100
1M Zn*" caused a shift in the voltage dependence of both steady-state activation
and inactivation towards positive membrane potentials. There was also
a significant slowing of the current activation rate. Raising the Zn®"
concentration from 100 pM to 2.6 mM caused a concentration-dependent
decrease in the current amplitude to about 20% of the control value without any
further changes in the voltage-dependence of the steady-state activation and
inactivation or in the activation kinetics. The modulatory effect of Zn*" was not
due to the compensation of negative surface charges by Zn [15].

The results of our recent experiments showed that the magnitude of the shift of
the steady-state activation and the degree of current inhibition by Zn®>" were
independent of extracellular pH (pH,) in the range from 6.4 to 8.4 [16]. The
modulatory effects of Zn*" on Kv1.3 channels also did not depend on changes in
the intracellular pH in this range [Teisseyre — unpublished observations].
Nevertheless, it was shown that lowering the pH, from 7.35 to 6.4 significantly
slowed the current activation rate, shifted the activation midpoint by about 16
mV towards positive membrane potentials and reduced the current amplitude to
about 0.55 of the control value. By contrast, raising the pH, from 7.35 to 8.4 did
not significantly affect the activation midpoint and current amplitude [16]. The
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modulatory effects of protons at pH, 6.4 and Zn*" were additive [16]. The
additive modulatory effects of protons and Zn*" on the steady-state activation
and activation kinetics of Kv1.3 channels were also observed at pH, 6.8 and at
a Zn>" concentration of 100 uM, as both values lie within a physiologically
relevant range [17].

Nevertheless, some aspects of the modulatory effects of protons and Zn on
Kv1.3 channels are still unknown. In particular, it remains unknown whether
lowering the pH, affects the steady-state inactivation of Kv1.3 channels and
whether the modulatory effects of protons and Zn®* on the steady-state
inactivation are additive. The available literature does not provide any
information on this issue [16-18]. Steady-state inactivation is an important
parameter of the activity of Kv1.3 channels [3-6]. It is known that the channels
are capable of activity under physiological conditions only within a “window” of
membrane potentials where they can open and are not inactivated [3]. Since it is
known that the steady-state inactivation of Kv1.3 channels was markedly shifted
towards positive membrane potentials upon Zn>" application [15] and because
the modulatory effect of protons on the channels resembled the effect exerted by
Zn*" [16], it is possible that the steady-state inactivation was also shifted by
protons towards positive membrane potentials. Such a hypothesis was presented
in our recently published article [16]. However, because no experiments were
performed, this hypothesis remained speculation.

In this study, the influence of protons and Zn>" on the steady-state inactivation of
Kv1.3 channels was examined. Since Kv1.3 channels are expressed abundantly
and predominantly in human TL [3-6], these cells were used in our experiments
as a model system.

The obtained results demonstrate that lowering the pH, from 7.35 to 6.8 shifted
the steady-state inactivation curve of the channels towards positive membrane
potentials. The shifts in the steady-state inactivation caused by protons and Zn*"
were additive, such as in the case of the steady-state activation. Because of the
shifts in the steady-state activation and inactivation towards positive membrane
potentials, the “window” of the membrane potential in which the channels can
be active under physiological conditions was also shifted towards positive
potentials.

MATERIALS AND METHODS

Cell separation, solutions and pipettes

Human TL were separated from peripheral blood samples from 10 healthy
donors using a standard method described elsewhere [19]. For the experiment,
the cells were placed in an external solution containing (in mM): 150 NacCl,
4.5 KCI, 1 CaCl,, 1 MgCl,, 10 HEPES, 10 Glucose, pH = 7.35, adjusted with
NaOH, 300 mOsm. The pipette solution contained (in mM): 150 KCI, 1 CaCl,,
1 MgCl,, 10 HEPES, 10 EGTA; pH = 7.2, adjusted with KOH, 300 mOsm. The
concentration of free calcium in the internal solution was below 100 nM,
assuming a dissociation constant for EGTA of 10”7 M at pH = 7.2 [20]. This low
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calcium concentration was used in order to prevent the activation of calcium-
activated IKCal channels [20]. The reagents were provided by the Polish
Chemical Company (POCH, Gliwice, Poland), except for HEPES, EGTA and
ZnCl,, which were purchased from SIGMA. Dishes with cells were placed under
an inverted Olympus IMT-2 microscope. External solutions containing Zn were
applied using the RSC 200 fast perfusion system (Bio-Logic, Grenoble, France).
The pipettes were pulled from a borosilicate glass (Hilgenberg, Germany) and
fire-polished before the experiment. The pipette resistance was in the range of
3-5 MQ.

Electrophysiological recordings

Whole-cell potassium currents in TL were recorded applying the patch-clamp
technique [21]. The currents were recorded using an EPC-7 Amplifier (List
Electronics, Darmstadt, Germany), low-pass filtered at 3 kHz, digitised using the
CED Micro 1401 (Cambridge, UK) analogue-to-digital converter with
a sampling rate of 10 kHz. The linear (ohmic) component of the current was
subtracted off-line from the final record. The data was analysed using the WCP
J. Dempster Program.

The results of our earlier studies demonstrate that the currents recorded in TL in
the whole-cell configuration are predominantly due to the activation of Kv1.3
channels [15]. The steady-state inactivation of the currents was investigated
applying the following experimental protocol: the examined cells were patch-
clamped in the whole-cell configuration at various holding potentials from
-80 mV to 0 mV (at 10 mV increments) for 40 sec. Then, Kv1.3 currents were
evoked by applying 50-ms voltage pulses to +60 mV. Leak currents were
subtracted from the records during the off-line analysis. Since the magntitude of
the currents varied significantly from cell to cell, the normalised relative peak
currents were used for calculations of the steady state-inactivation. This current
was calculated by dividing the peak current recorded from a given holding
potential by the peak current recorded in the same cell from the holding potential
of -80 mV. Since all the currents were recorded at the potential of +60 mV, the
calculated relative peak current was equal to the normalised relative chord
conductance (gK,,m — see below). The gK,,. was defined by the equation:
eKoorm = gK/gKlgo, where gK is the chord conductance of the current recorded
from a given holding potential, and gK g is the chord conductance of the current
recorded from the holding potential of -80 mV. The chord conductance was
calculated according to: gK = 1,/(V-Vi,), where I, is the amplitude of the
current, V is the membrane potential at which the current was recorded (here
+60 mV for all the currents), and V.., is the reversal potential of the current, which
is -75 mV. Thus, gK =1/135 mV for all the currents, and therefore gK/gK 5o = I/Is0).
The voltage dependence of the steady-state inactivation was fitted by
a Boltzmann function given by the equation: gK,.m(V) = 1/[1+exp-(V-Vi)/ki],
where V; is the inactivation midpoint, and k; is the steepness of the voltage
dependence. To obtain the “windows” of the membrane potential in which the
Kv1.3 currents can be activated under physiological conditions, the voltage
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dependence of steady-state activation was also fitted to the data obtained in our
previous experiments. This was done by applying a similar Boltzmann function:
gKiom(V) = 1/[1+exp-(V-V,)/k,], where V,, is the activation midpoint, and k, is
the steepness of the voltage dependence. In this case, the gK,,,m» was defined by
the equation: gK,om = gK/gKeo, where gK is the chord conductance of the
current recorded at a given membrane potential, and gKs is the chord
conductance of the current recorded at the potential of +60 mV. The values of
the membrane voltage that correspond to the points of intersection of the curves
were calculated assuming that at the point of intersection (V-V;)/k; = (V-V,)/k,.
As the values of Vi, k;, V, and k, are known, V could be calculated by
rearranging this equation to: V = (Vik, -V, k;)/(k,— k;).

The data is given as the mean =+ standard error. All the experiments were carried
out at room temperature (22-24°C).

RESULTS AND DISCUSSION

Fig. 1 depicts the steady-state inactivation of Kv1.3 currents as a function of the
holding membrane potential. Under control conditions (pH, 7.35, no Zn’") the
value of V; was -56.66 = 0.61 mV (n = 10). When pH, was lowered to 6.8 in the
absence of Zn*", the steady-state inactivation curve was shifted markedly towards
positive membrane potentials. The value of V; at pH, 6.8 was -39.2 £ 0.51 mV
(n=6), which was significantly (p <0.05, Student’s t-test) more positive than
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Fig. 1. Steady-state inactivation of Kv1.3 currents in terms of the normalised relative chord
conductance (gK,om) as a function of the holding potential: filled squares, solid line —
control conditions (pH, 7.35, no Zn?", n=10); filled squares, dotted line — pH, 6.8, no Zn’",
(n=6); filled squares, dashed line — pH, 6.8, 100 pM Zn*', (n=6). The values of the holding
potential corresponding to V; are drawn as vertical dotted lines.
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under the control conditions. The application of 100 pM Zn*" at pH, 6.8 caused
a further shift of the steady-state inactivation of the currents towards positive
membrane potentials. The value of V; upon Zn®" application at pH, 6.8 was
-22.65 = 1.29 mV (n = 6), which was significantly (p < 0.05, Student’s t-test)
more positive than in the absence of Zn at pH, 6.8. The values of the steepness
parameter (k;) were -5.14 = 0.49 mV (n = 10), -7.23 = 0.43 mV (n = 6) and
-6.86 £ 1.29 mV (n = 6), respectively under control conditions, at pH, 6.8 and
upon the application of 100 uM Zn*" at pH, 6.8 (not shown). These values were
not statistically different from each other (p > 0.05, one-way ANOVA).

Fig. 2 shows the value of the inactivation midpoint (V;) shift upon the lowering
of pH, to 6.8 and upon the application of 100 uM Zn*" at pH, 6.8, and the total
shift caused by the two factors. The average value of the shift upon the lowering
of pH, was 17.4 £ 1.12 mV (n = 6), and the application of Zn*" at low pH,
shifted the inactivation midpoint by a further 16.55 £ 1.80 mV (n = 6) towards
positive membrane potentials. The total value of the shift was 33.95 = 1.90 mV
(n = 6), which was significantly (p < 0.05, Student’s t-test) higher than the shift
caused by Zn*" application.
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Fig. 2. The average inactivation midpoint shift caused by protons at pH, 6.8, with 100 uM
Zn*" applied at pH, 6.8, and the total shift caused by both ions.

Fig. 3 compares the average values of the inactivation midpoint shifts upon
application of 100 uM Zn*" at pH, 6.8 and 7.35. The value obtained for pH, 7.35
was calculated on the basis of our previously published data [15]. Apparently,
the shifts induced by Zn*" at pH, 6.8 (16.55 + 1.80 mV; n = 6) and pH, 7.35
(17.01 £ 0.92 mV; n = 10) were not significantly different from each other
(p > 0.05, Student’s t-test). Thus, the obtained results demonstrate that the Zn*'-
induced shift of the steady-state inactivation of Kv1.3 currents was not affected
by the lowering of the pH, from 7.35 to 6.8.



226 Vol. 12. No. 2. 2007 CELL. MOL. BIOL. LETT.

20

o W
L L

Inactivation midpoint shift [mV]
(4]

0 4=

: ; d
Zn at pH=6.8 Zn at pH=7.35

Fig. 3. Average inactivation midpoint shift caused by 100 uM Zn*" applied at pH, 6.8 and 7.35.
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Fig. 4. Curves of steady-state inactivation (filled squares) and steady-state activation
(open squares) as a function of voltage. A — control conditions (pH, 7.35, no Zn*",
n=10); B — pH, 6.8, no Zn*" (n=6); C — pH, 6.8, 100 uM Zn>" (n=6). The values of
voltage and gK,mm corresponding to the points of intersection of the curves are indicated
by vertical and horizontal lines, respectively.
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As mentioned above, Kv1.3 channels can be activated under physiological
conditions only within a “window” of membrane potentials where they are open
and not inactivated. Such a “window” can be estimated by putting together the
curves decribing the voltage dependence of the steady-state activation and
inactivation. The channels can be activated under physiological conditions only
when the curves of steady-state activation and inactivation intersect with each
other: the point of intersection is the point where the probability for the channels
to be open and not inactivated is the highest. The “frames” of the “window” are
defined by those parts of these curves which lie below the point of intersection.
We estimated the “windows” of the membrane potentials for Kv1.3 channels
under control conditions, at pH, 6.8 and upon the application of 100 pM Zn*" at
pH, 6.8 by putting the curves of steady-state inactivation presented in Fig. 1
together with the curves of steady-state activation obtained by fitting our
previously recorded data with the Boltzmann function defined in the Materials
and Methods section. The results are presented in Fig. 4.

Apparently, the steady-state inactivation and activation curves were both shifted
towards positive membrane potentials when the pH, was lowered from 7.35 to
6.8 (Fig. 4B) and when 100 uM Zn®* was applied at pH, 6.8 (Fig. 4C).
Therefore, the “windows” were also shifted towards positive membrane
potentials. The values of the membrane voltage which correspond to the points
of intersection of the curves were calculated. The values were -44.12 mV for the
control conditions (pH, 7.35, no Zn*"), -28.3 mV at pH, 6.8 with no Zn*" and
-10.23 mV when 100 uM Zn*" was applied at pH, 6.8. The value of the gKpom,
which corresponds to the voltage at the point of the curve intersection, defines
the steady-state normalised chord conductance gKssnom. The calculated values of
gKssnorm Were 0.08 for control conditions (pH, 7.35, no Zn2+), 0.18 at pH, 6.8
with no Zn**, and 0.14 when 100 uM Zn*" was applied at pH, 6.8.

Interestingly, the value of gKgssnom Was much higher at pH, 6.8 than under the
control conditions. This was because lowering the pH, shifted the steady-state
inactivation curve towards positive membrane potentials more significantly than
the steady-state activation curve (Fig. 4B). In fact, the calculations showed that
at pH, 6.8, the inactivation midpoint (V;) was shifted by 17.4 + 1.12 mV (n = 6)
towards positive membrane potentials, whereas the activation midpoint (V,) was
shifted only by 8.5 + 1.28 mV (n = 10). The difference in the values of the shifts
was statistically significant (p < 0.05, Student’s t-test). By contrast, application
of 100 uM Zn** at pH, 6.8 shifted the V; value by 16.55 + 1.80 mV (n = 6)
towards positive membrane potentials, whereas the V, value was shifted by
23.56 +£2.40 mV (n = 10) towards positive membrane potentials. Thus, applying
Zn*" shifted the value of V, significantly more (p < 0.05, Student’s t-test) than
the value of V;. Therefore, the value of gKssnom Was lower in the presence of 100
UM Zn*" at pH, 6.8 than in the absence of Zn>" at this value of pH,. The average
total shift in the V; value caused by protons at pH, 6.8 and 100 uM Zn*" at pH,
6.8 was 33.95 + 1.90 mV (n = 6), and it was almost identical (p > 0.05, Student’s
t-test) to the total shift in the V,, value (32.01 £ 2.10 mV, n = 10).
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The results of this study show that the Zn*"-induced shift in the steady-state
inactivation of Kv1.3 channels remained unchanged when the pH, was lowered
from 7.35 to 6.8. Lowering the pH, without Zn*" application caused an
additional significant shift in the steady-state inactivation towards positive
membrane potentials. The magnitude of the total shift in the steady-state
inactivation was significantly higher than the shift caused by Zn>" application.
The obtained results demonstrate that the modulatory effects of Zn>" and protons
on the steady-state inactivation of Kv1.3 channels were additive. It should be
pointed out that both a pH, of 6.8 and a Zn>" concentration of 100 uM are values
within a physiologically relevant range. Thus, additive modulatory effects of
protons and Zn*" on Kv1.3 channel steady-state inactivation are likely to occur
under physiolgical conditions. Similar results were obtained recently in the case
of the steady-state activation [17].

The results demonstrated that the modulatory effects of protons and Zn®" on the
steady-state activation and inactivation were different. In the case of protons, the
steady-state inactivation was shifted towards positive membrane potentials much
more than the steady-state activation. When Zn** was applied, the situation was
reversed: the steady-state activation was shifted much more than the steady-state
inactivation. These results might support the hypothesis presented in our
previous article [16] that the mechanisms of the modulatory effects of protons
and Zn>" on Kv1.3 channels were distinct. The fact that the proton-induced shift
in the steady-state inactivation was much more pronounced than in the case of
the steady-state activation might be surprising. This is because it is thought that
the modulatory effect of protons on Kv1.3 channels was primarily due to the
compensation of negative surface charges by protons [18]. In such a case, the
steady-state activation and inactivation should be equally shifted towards
positive membrane potentials. Nevertheless, it was shown that the effect of
protons on the inactivation kinetics of Kv1.3 channels was more complex and
included some specific interactions of protons with the histidine residue His399
[22]. It is possible that such interactions might also increase the shift of the
steady-state inactivation towards positive membrane potentials.

The results of this study might be of physiological significance. Since it is
known that the resting membrane potential in TL is set primarily by the activity
of Kv1.3 channels, and that it is close to the “window” of membrane potentials
[3], it could be suggested that the proton- and Zn*'-induced shift of the
“window” towards positive membrane potentials caused the membrane
depolarisation. It is known that application of Zn*" in vitro at concentrations up
to 200 uM stimulated the proliferation of TL [23]. This stimulation could be
related to the Zn*"-induced depolarisation of TL, as suggested in our previously
published papers [15, 16]. More studies are necessary to investigate the
influence of protons and Zn®" on the resting membrane potential in TL and to
correlate possible changes in the resting potential with TL mitogenesis.

It is also known that Kv1.3 channels are present in the central nervous system,
especially in olfactory bulb neurons [7-9], where they stabilise tonic firing of
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action potentials [8]. Kv1.3 channels can stabilise the action potential generation
in the “window” of membrane potentials, where they can be active. Because this
“window” is shifted towards positive membrane potentials due to the
modulatory effects of protons and Zn, the range of membrane potential where
Kv1.3 channels can stabilise the action potential generation would also be
shifted in the positive direction. How such a shift influences the Kv1.3-induced
stabilisation of the action potential generation remains to be elucidated.
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