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BAPTA-AM is a well-known membrane permeable Ca®* chelator. The present study found
that BAPTA-AM rapidly and reversibly suppressed human ether a-go-go-related gene (hERG
or Kv11.1) K* current, human Kv1.3 and human Kv1.5 channel currents stably expressed in
HEK 293 cells, and the effects were not related to Ca®* chelation. The externally applied
BAPTA-AM inhibited hERG channels in a concentration-dependent manner (ICso: 1.3 pM).
Blockade of hERG channels was dependent on channel opening, and tonic block was
minimal. Steady-state activation Vys of hERG channels was negatively shifted by 8.5 mV
(from —3.7 & 2.8 of control to —12.2 & 3.1 mV, P < 0.01), while inactivation V, s was negatively
shifted by 6.1 mV (from —37.9 + 2.0 mV of control to —44.0 & 1.6 mV, P < 0.05) with applica-
tion of 3 uM BAPTA-AM. The S6 mutant Y652A and the pore helix mutant S631A significantly
attenuated blockade by BAPTA-AM at 10 uM causing profound blockade of wild-type hERG
channels. In addition, BAPTA-AM inhibited hKv1.3 and hKv1.5 channels in a concentration-
dependent manner (ICso: 1.45 and 1.23 uM, respectively), and the blockade of these two types
of channels was also dependent on channel opening. Moreover, EGTA-AM was found to be
an open channel blocker of hERG, hKv1.3, hKv1.5 channels, though its efficacy is weaker
than that of BAPTA-AM. These results indicate that the membrane permeable Ca?* chelator
BAPTA-AM (also EGTA-AM) exerts an open channel blocking effect on hERG, hKv1.3 and
hKv1.5 channels.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

are hydrolyzed by cytoplasmic esterases and the active
compound BAPTA is revealed to act as an intracellular Ga®*

The membrane-permeable Ca®* chelator BAPTA-AM (1,2-bis-
(0o-aminophenoxy)-ethane-N,N,N’,N'-tetraacetic acid, tetraa-
cetoxymethyl esteris) developed by Tsien [1] contains four
esters groups attached to the Ca* binding sites which confer
its membrane permeability. By entering the cells, the esters

buffer [1]. BAPTA-AM has been widely used as an intracellular
Ca?* sponge to control the internal Ca®* concentration in the
studies on intracellular Ca?* signals regulation of cellular
physiological and biological functions [2,3] including ion
channel activity [4-8].
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It was reported that BAPTA-AM inhibited neuronal Ca”*-
activated K* channel currents [9,10], and up-regulated the
decreased cardiac sodium current (Iy,) density by chelating
intracellular Ca®* [4]. The human ether a-go-go-related gene
(hERG) channels, referred to asKv11.1 encoded by KCNH2 [11],is
responsible for the rapidly activating delayed rectifier potas-
sium channel current (Iy,) in the heart. Dysfunction of the
channel has been implicated in long QT syndrome that can
predispose individuals to lethal arrhythmias. Either inherited
mutations of hERG or hERG channel block by variety of
medications can cause long QT syndrome [12,13]. It has been
reported that human ether a-go-go gene (hEAG) potassium
channels are regulated by intracellular Ca®*/calmodulin [14,15].
The present study was initially designed to investigate whether
hERG channels would be regulated by intracellular Ca®* using
the membrane permeable Ca®*-chelator BAPTA-AM. We found
that hERG channels were blocked by the application of BAPTA-
AM in bath solution, and also a similar effect was observed in
Kv1.5 and Kv1.3 channels stably expressed in HEK 293 cells.

2. Material and methods
2.1. Gene transfection and establishment of cell lines

The vector of hERG/pcDNA3 generously provided by Dr. G.
Robertson (University of Wisconsin, Madison, WI, USA) [16]
was transfected into HEK 293 cells (ATCC, Manassas, VA, USA)
using 10 pl Lipofectamine 2000™ (Invitrogen, Hong Kong) with
4 ug hERG/pcDNA3 plasmid, and selected using 1000 pg/ml
G418 (Sigma-Aldrich, St. Louis, MO). Colonies were picked
with cloning cylinders and examined for channel expression
by whole-cell current recordings as described previously [17].
The selected cell line stably expressing hERG channels was
maintained in DMEM medium containing 400 pg/ml G418
(Sigma-Aldrich) and 10% fetal bovine serum.

The mutant hERG channels S631A and Y652A generously
provided by Dr. S. Zhang (University of Manitoba, Winnipeg.
MA, Canada) [18,19] were transiently expressed in HEK 293
cells. HEK 293 cells were seeded at 5 x 10° cells/60-mm-
diameter dish. The cells were transiently transfected using
10 pl of Lipofectamine 2000™ with 4 pg of hERG mutant cDNA
in pCDNA3 vector. After 24-48 h, 20-30% of cells expressed
channels.

The vector of hKv1.3/pcDNA3 provided by Dr. O. Pongs
(Institut fur Neurale Signalverarbeitung, Germany) [20] and
the vector of hKv1.5/pBKcyy provided by Dr. M Tamkun
(Colorado State University, CO, USA) were separately trans-
fected into HEK 293 cells using Lipofectamine 2000™, and
selected with 1000 pg/ml G418. Colonies were picked with
cloning cylinders and examined for channel expression by
whole-cell current recordings as previously described [17]. The
HEK 293 cell line stably expressing hKv1.5 or hKv1.3 was
maintained in DMEM medium containing 400 ng/ml G418
(Sigma-Aldrich).

2.2.  Solution and reagents

Tyrode solution contained (in mM): NaCl 140, KClI 5.0, MgCl,
1.0, CaCl, 1.8, NaH,PO, 0.33, HEPES 10.0, glucose 10, and pH

adjusted to 7.3 with NaOH. When external K" concentration
([K*lo) was increased, equimolar external Na* was reduced
(specified). The pipette solution contained (in mM): KCI 20, K-
aspartate 110, MgCl, 1.0, HEPES 10, EGTA 5.0 (or 0.05 specified),
and GTP 0.1, Na,-phosphocreatine 5.0, Mg,-ATP 5.0, with pH
adjusted to 7.2 with KOH. In some experiments, the pipette
EGTA was replaced by BAPTA (specified). BAPTA-AM (Calbio-
chem, UK) was prepared as 10-30 mM stock solutions in
dimethyl sulfoxide (DMSO) and added to the bath solution at
the indicated final concentrations, and the final concentration
(0.1%) of DMSO had no effect on any channel current. All the
chemicals were purchased from Sigma-Aldrich except for
those specified.

2.3.  Data acquisition and analysis

Cells on a coverslip were transferred to an open cell chamber
(0.5 ml) mounted on the stage of an inverted microscope and
superfused with Tyrode solution at ~2 ml/min. Experiments
were performed at room temperature (21-22 °C). The whole
cell patch-clamp technique was used as described previously
[21]. Briefly, borosilicate glass electrodes (1.2 mm OD) were
pulled with a Brown-Flaming puller (model P-97, Sutter
Instrument Co., Novato, CA, USA) and had tip resistances of
2-3 MQ when filled with the pipette solution. A 3-M KCl-agar
salt bridge was used as reference electrode. Tip potentials
were zeroed before the pipette touched the cell. After a
gigaohm seal was obtained, the cell membrane was ruptured
by gentle suction to establish whole-cell configuration to
record hERG, Kv1.5, or Kv1.3 channel currents. Liquid junction
potentials after membrane rupture between the external and
pipette solutions (10.5 + 0.3 mV) [22] were not corrected for all
current recording. The membrane currents were recorded
with an EPC-10 amplifier and Pulse software (HEKA, Lam-
brecht, Germany). Command pulses were generated by a 12-
bit digital-to-analog converter controlled by Pulse software.
Current signals at 2-5kHz sampling rates were low-pass
filtered at 5kHz and stored on the hard disk of an IBM
computer.

Values are presented as mean + S.E.M. Nonlinear curve
fitting was performed using Pulsefit (HEKA) and/or Sigmaplot
(SPSS Science, Chicago, IL, USA). Paired and/or unpaired
Student’s t-tests were used to evaluate the statistical
significance of differences between two group means. ANOVA
was used for multiple groups. Values of P <0.05 were
considered statistically significant.

3. Results
3.1. Effects of BAPTA-AM on hERG channel current

Our initial purpose was to study whether the chelation of
intracellular Ca®* with external BAPTA-AM would affect hERG
current (Ihgrg), @ pipette solution with low EGTA (0.05 mM) was
used to record Ingrg in HEK 293 cells stably expressing hERG
channels superfused with normal Tyrode solution. We found
that Iygrg Was rapidly inhibited by application of 10 uM
BAPTA-AM in Tyrode solution, and the effect quickly
recovered upon washout (n =5, data not shown), suggesting
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that the inhibition of I,y by BAPTA-AM is not likely related to
the intracellular Ca®* chelation.

Fig. 1A illustrates the time course of hERG tail current
recorded in a representative cell with the voltage protocol
shown in the inset using a pipette solution containing 5 mM
EGTA. Ingre did not change during dialysis of high EGTA pipette

solution, while the current was rapidly inhibited by applica-
tion of 10 pM BAPTA-AM in Tyrode solution. The effect
reached a steady-state level within 2 min, and significantly
reversed by washout for 3 min. Original current traces at
corresponding time points are shown in right of the panel.
Similarly, Ingrg recorded with a pipette solution containing
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Fig. 1 - Inhibition of hERG channel current by BAPTA-AM. (A) Time course of hERG tail current recorded in a HEK 293 cell
stably expressing hERG channels with a standard pipette solution containing 5 mM EGTA. Membrane current was elicited
by a 1-s voltage step to +30 mV from a holding potential of -80 mV, then back to —50 mV (left inset) every 20 s. BAPTA-AM at
10 pM reversibly suppressed hERG channel current. (B) Time course of hERG tail current recorded in another cell stably
expressing hERG channels with a pipette solution containing 5 mM BAPTA using the same protocol as in A. BAPTA-AM at
10 pM exhibits a similar inhibition of hERG current to that with 5 mM EGTA pipette solution. (C) Inclusion of 10 uM BAPTA-
AM in pipette solution produced no effect on hERG channel current; however, extracellular application of BAPTA-AM caused
a substantial reduction in hERG channel current. (D) Inclusion of 1 pM dofetilide in pipette solution produced a substantial
reduction in hERG channel current. (E) Blockade of I;;zc by BAPTA-AM was not affected by removal of external Ca®*. Original
current traces at corresponding time points are shown in the right of each panel.
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5mM BAPTA also showed a rapid reduction with 10 uM 10 uM BAPTA-AM in the pipette solution containing 5 mM
BAPTA-AM superfusion, and the effect quickly reversed on EGTA. The dialysis of BAPTA-AM did not affect Igrg, and the
washout (Fig. 1B). To investigate whether the inhibition of extracellular application of 10 uM BAPTA-AM produced a

hERG channels by BAPTA-AM was related to the interaction reversible inhibition of Iygre (Fig. 1C), similar results were
with intracellular binding site(s) of the channels, we included obtained in a total of 3 cells. To exclude the possibility that
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Fig. 2 - Concentration-dependent suppression of hERG channel current by BAPTA-AM. (A) Voltage-dependent hERG channel
current was recorded in a typical experiment with 1-s voltage steps to between —60 and +60 mV from a holding potential of
—80 mV, then back to —50 mV (inset) at 0.05 Hz in the absence and presence BAPTA-AM. BAPTA-AM at 1 and 3 pM inhibited
voltage-dependent hERG channel step current (Ihgrc.step) and tail current (Iherc.tai)), and the effect was reversed by washout.
(B) Current-voltage (I-V) relationships of Ihgrg.step (l€ft) and Ingerg.tai (right) in the absence and presence of 1, 3, and 10 pM
BAPTA-AM. I,gre Was substantially suppressed by 1-10 pnM BAPTA-AM at potentials positive to —10 mV for Igrg.step (N = 8,
P < 0.05 or 0.01 vs. control) or at potentials positive to 0 mV for Inggg.tail (P < 0.05 or P < 0.01 vs. control). Ingre.step Was
measured at the end of step from zero current, and Ingre.tain Was measured at the peak of tail current. (C) Concentration
response relationship of BAPTA-AM for inhibiting I,grg.tain (n = 6-9 experiments for each concentration). (D) Steady-state
activation relationships of hERG channels were fitted to the Boltzmann distribution: y = 1/{1 + exp[(Vm — Vo.5)/S]}, where V,,
is the membrane potential, V, 5 is the midpoint, and S is the slope. The V5 for activation conductance of hERG channels
was —3.7 = 2.8 mV for control and —12.2 + 3.1 mV for 3 pM BAPTA-AM (n = 13, P < 0.01), while S was 7.9 + 0.3 and

6.9 + 0.3 mV for control and BAPTA-AM, respectively (P > 0.05).
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incomplete drug dialysis from pipette solution induced a non-
observable effect of BAPTA-AM, we included 1 pM dofetilide
(an intracellular hERG channel blocker) in pipette solution.
Dialysis of dofetilide caused a remarkable block (Fig. 1D).
These results suggest that blockade of hERG channels by
BAPTA-AM, not like dofetilide, is likely related to its interac-
tion with the channels from outside of the cell.

In addition, a similar inhibition of Iygrg by 10 uM BAPTA-
AM was observed (Fig. 1E) after removing external Ca*, similar
results were obtained in other 6 cells. To study whether BAPTA
would show a similar inhibitory effect on hERG channels,
10 M BAPTA was added in the Ca**-free bath solution. A slight
reduction (by 5.1+2.3%, n=5, P=0.05 of Ihprgtaii Was
observed with 10 uM BAPTA (data not illustratively shown),
and the effect was much weaker than that of BAPTA-AM
(78.1 +2.9%, P < 0.0001 vs. BAPTA). These results indicate that
BAPTA-AM blocks hERG channel in an external Ca®* indepen-
dent manner.

Concentration and voltage dependence of I,zrc Was studied
with 0.1-30 pM BAPTA-AM. Fig. 2A shows the effects of
BAPTA-AM on voltage-dependent Ingrg recorded in a repre-
sentative cell. BAPTA-AM at 1 and 3 pM substantially
suppressed Ingrg, and the effect was reversed by washout.
Fig. 2B illustrates current-voltage (I-V) relationships of hERG
step current (Inerg.step) and tail current (Inerc.tai) before and
after application of 1, 3, and 10 pM BAPTA-AM. Both Ingrg.step
and Iherc.tail Were substantially blocked by BAPTA-AM in a
concentration-dependent manner. The concentration—
response relation (Fig. 2C) was fitted to the Hill equation:
E = Emax/[1 + (ICso/C)?], where E is the inhibition of current in
percentage at concentration C, Enmax is the maximum inhibi-
tion, ICsq is the concentration for a half-maximum action, and
b is the Hill coefficient. The ICso of BAPTA-AM for inhibiting
IherG.tait Was 1.31 pM, Hill coefficient was 1.0, and E.,.x Was
91%, and the ICso for inhibiting Ihgrgstep Was 1.10 pM, Hill
coefficient was 1.07, and E,,.x was 88%.

Voltage dependence of hERG channel activation (G/Gmax)
was determined by normalizing Ihgrctail in the absence and
presence of 3 uM BAPTA-AM (Fig. 2D). The G/Gmax CuUrves were
fitted to a Boltzmann distribution to obtain midpoint (Vg s) of
activation potential and slope factor. The Vs of hERG channel
activation conductance was negatively shifted by 8.5mV
(from —3.7 £ 2.8 of control to —12.2 + 3.1 mV, n=13, P < 0.01)
by 3 uM BAPTA-AM, and the slope factor was slightly
decreased (7.9 £ 0.3 mV for control, 6.9 + 0.3 mV for BAPTA-
AM, P > 0.05).

Fig. 3A illustrates the voltage protocol and representative
current traces used for determining voltage dependence of
steady-state inactivation (availability) of hERG channels. After
a 1-s pulse to +40 mV to activate the channels, the membrane
voltage was stepped briefly to various test potentials and then
to +40 mV. During the brief 20-ms pulses, the inactivation of
hERG channels relieved rapidly to the steady-state level, and
the initial current on stepping to +40 mV gave the relative
number of open channels. Fig. 3B represents the initial current
amplitude at +40 mV against the interpulse potentials in the
absence and presence of 3 uM BAPTA-AM. At negative
potentials, the currents decline because significant closing
of channels occurs through deactivation. It was corrected for
by extrapolating exponential falling phase measured in full at
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Fig. 3 - Effect of BAPTA-AM on steady-state inactivation of
hERG channels. (A) Current recordings obtained with the
protocol used to assess steady-state inactivation. After a
1-s inactivation step at +40 mV rapid inactivation of hERG
channels was relieved by application of 20-ms test pulses
to potentials ranging from —120 to +30 mV. (B) Steady-
state inactivation of hERG channels. Peak outward
currents (from A) elicited during the second step to +40 mV
obtained in the absence and presence of 3 phM BAPTA-AM
were plotted as a function of voltage steps. (C) Peak
outward currents corrected for closing inactivation curves
in the absence and presence of BAPTA-AM. (D) Normalized
inactivation curves of corrected hERG current in the
absence and presence of BAPTA-AM fitted to a Boltzmann
distribution.

end of the procedure back to the start of the negative voltage
step, and applying the same relative correction to the initial
outward current as described previously by Smith et al. [24].
Fig. 3C shows the corrected current by extrapolating the
exponential decay phase back to the start of the negative
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voltage step and applying the same relative correction to the
initial outward current as described previously [23,24]. The
normalized inactivation curves (Fig. 3D) of corrected Igrc Were
fitted to a Boltzmann distribution. The V5 of hERG channel
inactivation was negatively shifted by 6.1 mV with 3 puM
BAPTA-AM (from —37.9 + 2.0 mV of control to —44.0 + 1.6 mV,
n=_8, P <0.05), and slope factor was —18.8 + 0.7 for control,
and —24.0 + 1.3 mV for BAPTA-AM (P < 0.05).

3.2 Open channel block of hERG channels by BAPTA-AM

The short voltage pulses above could not reflect the develop-
ment of hERG channel block. Therefore, the time-dependence
of development of blocking Ingrg by BAPTA-AM was investi-
gated using a 10-s step to 0 mV from a holding potential of
—80 mV (upper panel of Fig. 4A). The protocol was applied in
control, and discontinued during 3 min exposure to 3 uM
BAPTA-AM (holding potential —80 mV), then reapplied in the
presence of drug. Fig. 4A shows representative Iygrg traces
(lower panel) during a 10-s step to 0 mV recorded in control
and after 3 uM BAPTA-AM. BAPTA-AM inhibited I rrc less at
beginning of the current activation than at end of depolariza-
tion step, showing an apparent current inactivation, consis-
tent with open channel block.

To analyze the onset of open channel block, the time course
for the development of inhibition by BAPTA-AM was expo-
nentially fitted as in Fig. 4B. The drug-sensitive current was
expressed as a proportion of the current in the absence of the
drug ((Ic — Is)/Ic), where I and Iz are the currents in the
absence and presence of BAPTA-AM. Drug-induced block was
then plotted as a function of time after the onset of the pulse
[25]. The block was found to develop in a time-dependent
fashion, with an exponential onset as shown by the curve fitin
the Fig. 4B. Time constant of the rate of block development was
1606.3 £ 158.0 ms with 3 uM BAPTA-AM (n = 7), and the time-
dependent onset of block is consistent with open channel
block.

The time course for the development of BAPTA-AM block of
hERG channels was also assessed using an envelope of tail test
[26]. Cells were held at a holding potential of —80 mV and
pulsed to depolarizing voltage (+30 mV) for a variable duration
from 50 to 4950 ms in 250-ms increments. Ihgrg.ail Was
recorded upon repolarization to —50mV (upper panel of
Fig. 4C). The envelope tail test was performed in the same cell
before and after addition of 3 uM BAPTA-AM. The onset of
hERG channel block was expressed by plotting the relative tail
current as a function of the pulse duration (lower panel of
Fig. 4C). The envelope tail current with 3 uM BAPTA-AM was
expressed relative to control (Fig. 4D), and the relative tail
current decayed in a pulse duration-dependent manner. The
time course of this decay was fitted to a single exponential
function. The onset of hERG channel block by 3 uM BAPTA-AM
developed rapidly with a time constant of 328.5+9.9 ms at
+30 mV (n = 5). In addition, the inactivation of hERG channels
would be significant with the long step protocol and envelop
test tail protocol. Therefore, it should be noted that the
development of hERG channel inactivation likely contributes
to the development of blockade with these protocols.

Tonic block of hERG channel current by BAPTA-AM was
estimated by the initial value of the relative tail current
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Fig. 4 - Onset of hERG channel current block by BAPTA-AM
using a long step pulse protocol and an envelope of tails
protocol. (A) Voltage-clamp pulse protocol and
representative recordings of hERG current before and after
exposure of cell to 3 M BAPTA-AM. The current was
substantially inhibited by 3 uM BAPTA-AM, and similar
results were obtained in a total of 6 cells. (B) Drug-
sensitive current expressed as a proportion of the current
in the absence and presence of 3 pnM BAPTA-AM. Raw data
(points) were fitted to a single exponential function with a
time constant of 865 ms. (C) Envelope tail protocol and
representative hERG current before (control) and after
application of 3 phM BAPTA-AM. (D) A plot of the onset of
current block expressed as relative tail current. The time-
dependent decay in relative tail current was fitted to a
single exponential function. The relative steady state
value of the current was 0.27 (n = 8).

activated by the envelope protocol. The initial relative tail
current (at 50 ms) with 3 pM BAPTA-AM was 94.5 + 2.3%,
therefore actual tonic block of hERG channels by 3 uM BAPTA-
AM was minimal. Taken together, these results indicate that
BAPTA-AM does notbind to hERG channels in the resting state,
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and activation is required for BAPTA-AM to block hERG
channels.

3.3.  Effects of alanine substitution of S631 and Y652 on
BAPTA-AM

To further study BAPTA-AM block of hERG channels, two hERG
mutants, S631A and Y652A, were evaluated. The S631A
mutation lies near the external mouth of the channel pore,
and the Y652A mutation is on the S6 helices of the hERG
channel, both mutations have been shown to dramatically
attenuate Ingrg block by a number of drugs [27-30]. To test
whether BAPTA-AM also binds to the outer mouth of the
channel pore or within the inner cavity of the channel, the
inhibition of S631A and Y652A hERG channels by BAPTA-AM
was measured in HEK 293 cells. The results in Fig. 5 show that
the mutant Y652A significantly attenuates hERG channel
block, while the mutant S631A dramatically reduces hERG
channel block by BAPTA-AM. At test potential of +30 mV,
BAPTA-AM (10 uM) inhibited Ingrestep and Inergrain DY
84.1+ 2.1% and 85.8 + 1.2% for wild type channels, 66.5 +2.5
(n=6, P <0.01 vs. wild type) and 69.8 + 5.6% (P < 0.05 vs. wild
type) for Y652A channels, and 34.8 £+4.1% (n=5, P < 0.01 vs.
wild type) and 24.6 +3.1% (P < 0.01 vs. wild type) for S631A
channels. The inhibition of S631A channels by BAPTA-AM was
weaker than that of Y652A channels (P < 0.01). Because the
maximum soluble concentration of BAPTA-AM was 100 uM in
our working solution, the E,.x of BAPTA-AM for inhibiting the
mutant channels could not reach to the similar maximum
value to that in wild type channels. Therefore, we did not
compare the ICsq value of BAPTA-AM in wild type and mutant
channels. BAPTA-AM at 100 pM produced an Epax Of Ihgrg tail
inhibition of 40.5 + 8.8% for S631A mutant, and 72.8 + 1.8% for
Y652A mutant.

The above results with the non-inactivating mutant
S631A suggest that inactivation is likely involved in the
blockade of hERG channels by BAPTA-AM. To test this, we
increased [K*], to 20 mM to reduce the inactivation of wild
type hERG channels [28;30]. Using BAPTA-AM (0.1-100 pM),
we found that the ICso of BAPTA-AM for inhibiting Ihgre.tail
was 2.93 pM under conditions of 20 mM [K*], (data not
illustratively shown), suggesting the efficacy of channel
block slightly decreased (ICsp=1.31 pM with 5mM K*,) as
[K*]o increased. This result suggests that channel inactiva-
tion is partially involved in the blockade of hERG channels by
BAPTA-AM.

3.4. Effects of BAPTA-AM on hKv1.3 and hKv1.5 channels

Previous studies showed that BAPTA-AM directly inhibited the
delayed rectifier K* channel currents in rat neurons [31] and
bovine chromaffin cells [32]. In the present study, HEK 293 cells
stably expressing hKv1.3 or hKv1.5 were employed to
determine whether BAPTA-AM suppressed cloned human
delayed rectifier K* channels. Fig. 6 illustrates the effects of
BAPTA-AM on hKv1.3. BAPTA-AM at 3 pM inhibited Kv1.3
current and increased inactivation process of the current, the
inhibition reversed on washout (Fig. 6A). Fig. 6B displays the I-
Vrelationships of hKv1.3 in the absence and presence of 1 and
10 uM BAPTA-AM. BAPTA-AM significantly suppressed hKv1.3

(A)

hERG (WT)

BAPTA-AM (10 uM)

éiﬁ 0
_go —-50mV

(B) hERG (Y852A) BAPTA-AM (10 uM)
200 pA
1s !
(© hERG (S631A) BAPTA-AM (10 uM)
400 pA
1s
(D) — WT

— Y652A

lhERG.tail mEmm S631A

IhERG.step

0 20 40 60 80 100
Current reduction (%)

Fig. 5 - Effects of alanine substitution of S631 and Y652 on
BAPTA-AM. (A) Current traces recorded in a HEK 293 cell
stably expressing Wild type (WT) hERG channels in the
absence and presence of 10 pM BAPTA-AM. (B)
Representative current traces recorded in a HEK 293 cell
transiently expressing hERG Y652A channels before and
after 10 pM BAPTA-AM. (C) Current traces recorded in a
HEK 293 cell transiently expressing hERG S631A channels
before and after 10 uM BAPTA-AM. D. Percent reduction of
the current after application of 10 pM BAPTA-AM in hERG
wild type (n = 8), hERG Y652A (n =5), and hERG S631A

(n =5) channels. ‘P < 0.05; "P < 0.01 vs. wild type hERG
channels. *P < 0.01 vs. Y652A mutant.

at test potentials from —30to +60 mV (n=5,P < 0.050r P < 0.01
vs. control), and stronger inhibition was observed at more
positive potentials. The concentration-response relationship
of BAPTA-AM for inhibiting hKv1.3 is illustrated in Fig. 6C. The
curve was fitted to a Hill equation; the ICso of BAPTA-AM for
inhibiting hKv1.3 was 1.45 uM, Hill co-efficient was 0.6, and
Emax Was 83%.

In another set of experiments, we included 10 pM BAPTA-
AM in pipette solution. Dialysis of BAPTA-AM did not show
any inhibitory effect on hKv1.3 channels, while bath applica-
tion of 10 uM produced a substantial suppression of hKv1.3 in
the same cells (n = 4, data not illustratively shown), suggesting
that the block of hKv1.3 channels by BAPTA-AM, as in hERG
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channels, is likely related to its interaction with the channels
from the outside of cell.

The increased inactivation of hKv1.3 channels observed
in Fig. 6A and D suggests that the effect of BAPTA-AM is due
to open channel block. To analyze the onset of open channel
block, the drug-sensitive current was expressed as a
proportion of the current in the absence of BAPTA-AM as
described previously [25]. Drug-induced block was then
plotted as a function of time after the onset of the pulse. The
block was found to develop in a time-dependent fashion
with an exponential onset as shown by the curve fits in the

Fig. 6E. The rate of block development increased as
concentration increased; average time constants were
111.3+9.0 and 61.5+10.8 ms at 1 and 3 uM BAPTA-AM
(n=6, P <0.05) respectively. The time-dependent onset of
block is also consistent with open channel blocking
mechanism.

The effects of BAPTA-AM on hKv1.5 areillustrated in Fig. 7.
BAPTA-AM reversibly inhibited hKv1.5, and increased inacti-
vation of the current (Fig. 7A). Fig. 7B displays the I-V
relationships of hKv1.5 in the absence and presence of 1 and
10 uM BAPTA-AM. BAPTA-AM significantly suppressed

(A) Control BAPTA-AM (3 uM) Washout
1nA +60 mV
80
ms _50
-80
C
®) 0.8 ©) 100 ICs0 = 1.45 uM
S 80
0.6 ]
O Control 8
® 1uM 5 601
10 uM &
M o 40-
S
= 204
0 T T T
60 40 20 0 20 40 60 0.1 1 10
Voltage (mV) BAPTA-AM (uM)
(D) 10- (E) 08~
8_
0.6
@ 3 uM
£ 6 o
S X 04
g 4 \.z 1 uM
o =
2 0.2 4
3uM
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T T T T 00 |l T T 1
0 100 200 300 0 100 200 300
Time (ms) Time (ms)

Fig. 6 - Open channel block on hKv1.3 by BAPTA-AM. (A) Kv1.3 current recorded in a representative HEK 293 cell stably
expressing hKv1.3 channels using 300-ms voltage steps to voltages between —60 and +60 mV from a holding potential of -
80 mV (inset) at 0.1 Hz in the absence and presence of 3 pM BAPTA-AM. BAPTA-AM inhibited the current amplitude, and
accelerated inactivation process of the current, and the effect was partially reversed by washout. (B) I-V relationships of hKv1.3
(measured at end of the depolarization steps from the zero current) in absence and presence of 1 and 10 xM BAPTA-AM.

(C) Concentration response relationship of BAPTA-AM for inhibiting hKv1.3 channels (n = 5-7 cells for each concentration).
(D) Representative hKv1.3 traces recorded with a 300-ms pulse to +50 mV from a holding potential of —80 mV in a typical
experiment in the absence and presence of 1 and 3 puM BAPTA-AM. The current inhibition by BAPTA-AM was stronger at the
end of voltage step than that in the beginning of voltage step. (E) Drug-sensitive current expressed as a proportion of the
current in the absence and presence of 1 and 3 pM BAPTA-AM. Raw data (points) were fitted to a single exponential function
with time constants of 115.6 and 58.9 ms, respectively for 1 and 3 phM BAPTA-AM (n = 6, P < 0.05).
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Fig. 7 - Open channel block of hKv1.5 by BAPTA-AM. (A) Kv1.5 current recorded in a representative HEK 293 cell stably
expressing hKv1.5 channels with 300-ms voltage steps to between —60 and +60 mV from a holding potential of —80 mV
(inset) at 0.1 Hz in the absence and presence of 3 pM BAPTA-AM. BAPTA-AM inhibited the current amplitude, and
accelerated inactivation process of the current, and the effect was partially reversed by washout. (B) I-V relationships of
hKv1.5 (measured at end of the depolarization steps from the zero current) in the absence and presence of 1 and 10 pM
BAPTA-AM. (C) Concentration response relationship of BAPTA-AM for inhibiting hKv1.5 channels (n = 5-9 cells for each
concentration). (D) Representative hKv1.5 traces recorded with a 300-ms pulse to +50 mV from a holding potential of
—80 mV in a typical experiment in the absence and presence of 1 and 3 pM BAPTA-AM. The current inhibition by BAPTA-
AM was stronger at the end of voltage step than that in the beginning of voltage step. (E) Drug-sensitive hKv1.5 current
expressed as a proportion of the current in the absence and presence of 1 and 3 pM BAPTA-AM. Raw data (points) were
fitted to a single exponential function with time constants of 59.7 and 46.1 ms respectively for 1 and 3 hM BAPTA-AM (n =6,

P <0.05).

hKv1.5 at test potentials from —10 to +60 mV (n =11, P < 0.05
or P < 0.01 vs. control). The concentration-response relation-
ship of BAPTA-AM isillustrated in Fig. 7C. The curve was fitted
to a Hill equation, and the ICso of BAPTA-AM for inhibiting
hKv1.5 was 1.23 pM, Hill co-efficient was 0.6, and Epax
was 78%.

In addition, inclusion of 10 uM BAPTA-AM in pipette
solution did not exhibit any inhibitory effect on hKvl.5
channels, while bath application of 10 uM produced a
remarkable suppression of hKv1.5 channels in the same cells
(n=5, data not illustratively shown), indicating that the
inhibition of hKv1.5 channels by BAPTA-AM, most likely as

in hERG and hKv1.3 channels, is involved in its interaction
with the channel molecule from the exterior.

The increased inactivation of hKv1.5 inactivation (Fig. 7A
and D) implies an open channel block action with BAPTA-AM.
The onset of open channel block was analyzed by exponen-
tially fitting the drug-sensitive current (Fig. 7E). The block
developed in a time-dependent fashion with an exponential
onset. The rate of block development increased as concentra-
tion increased; average time constants were 60.4 + 6.3 and
45.9 £+ 5.9 ms, respectively, at 1 and 3 pM BAPTA-AM (n=7,
P < 0.05). The time-dependent onset of block for hKv1.5 is also
consistent with open channel block.
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3.5.  Effects of EGTA-AM on hERG, hKv1.3, and hKv1.5
channels

To investigate whether EGTA-AM would exhibit an inhibitory
action on ion channels, the effects of EGTA-AM on hERG,
hKv1.3, and hKv1.5 channels were determined in HEK 293 cell
lines. EGTA-AM at 50 pM substantially inhibited both Ingrg.step
and Iherctain in HEK 293 cell line stably expressing hERG
channels, and the effect was partially reversed by washout. At
test potential of +30 mV, Ihgrg.step aNd Ingrg.tail Were reduced
from 237 + 21.3 and 543.3 4+ 52.6 pA in control to 100.9 + 18.0
and 147.8+88pA (n=6, P<0.01 vs. control) with 50 pM
EGTA-AM, and recovered to 191.7 + 21.8 and 258.3 & 30.6 pA
(P <0.05 vs. EGTA-AM) after washout for 3 min. However,
EGTA at 50 pM had no inhibitory effect on hERG channels
(n=5, data not shown).

EGTA-AM at 50 pM also substantially suppressed Kv1.3
channel current, and increased inactivation of the current. At
test potential of +30mV, hKv1l.3 channel current was
decreased from 4.6 + 1.2 nA in control to 1.1+0.4nA (n=5,
P < 0.01 vs. control) with 50 pM EGTA-AM, and recovered to
2.8+ 0.9nA (P <0.05 vs. EGTA-AM) after washout.

EGTA-AM at 50 uM showed a weak inhibition of hKv1.5,
and also accelerated inactivation process of the current, and
the effect was fully reversed on washout. At test potential of
+30 mV, hKv1.5 was reduced from 2.6 £+ 0.5 nA in control to
1.9 + 0.4 nA with 50 pM EGTA-AM (n =8, P < 0.01 vs. control),
and recovered to 2.5+ 0.6nA (P<0.01 vs. EGTA-AM) after
washout.

4, Discussion

BAPTA-AM is a well known membrane permeable Ca®*
chelator widely used as an intracellular Ca?* sponge to control
intracellular Ca®* concentration in the studies on intracellular
Ca?* signal regulation of cellular physiological and biological
functions [2,3] including ion channel activity [4-7,33]. In
addition, it was reported that BAPTA-AM inhibited protein
kinase C in macrophages [34]. Moreover, BAPTA-AM was
found to directly inhibit delayed rectifier K* currents in rat
neurons [31]. It also blocked delayed rectifier and Ca®*
activated K* currents without affecting transient outward K*
current (In), Ca?* current, and Na* current in bovine chro-
maffin cells [32]. The present study demonstrated novel
information that in addition to blockade of hKv1.3 and
hKv1.5 channels, BAPTA-AM directly blocked hERG channels
stably expressed in HEK 293 cells.

Our results demonstrated that the blockade of hERG
channels by BAPTA-AM was not related to the buffer of
intracellular Ca?*. First, the inhibition of hERG channels by
BAPTA-AM was independent of intracellular and external
Ca”", because the effect was not affected by buffering
intracellular Ca®>* with 5mM EGTA (Fig. 1A) or 5 mM BAPTA
(Fig. 1B) in pipette solution or removing external Ca®*. Second,
the inhibitory effect rapidly reached a steady-state level after
exposure, and quickly reversed on washout. Third, the
intracellular application of BAPTA-AM did not show inhibition
of hERG channels, while external application of equimolar
BAPTA-AM exhibited a substantial and reversible suppression

of hERG channels (Fig. 1C), suggesting that the block of hERG
channels by BAPTA-AM is related to its interaction with
channel molecule from the exterior. On the other hand, our
results strongly support the notion that hERG channels, which
is different from human ether a-ago-go gene (hEAG) channels
[14], are not regulated by intracellular Ca** and/or Ca**-related
kinases (e.g. calmodulin).

BAPTA (10 pM), however, showed a very weak blocking
effect on hERG channels (5% at +30 mV), compared with
equimolar of BAPTA-AM (78%), which suggests that the
combination of BAPTA with AM-ester molecule exhibits a
strong efficacy of channel block. This phenomenon may also
be applicable for EGTA. EGTA at 50 pM had no effect on hERG
channels, while equimolar EGTA-AM significantly inhibited
the channel current, although its effect was weaker than that
of BAPTA-AM. The structure differences between BAPTA and
EGTA may have contributed to the differential effects of these
two compounds

BAPTA-AM inhibited hERG channels in a concentration-
dependent manner with an ICso of 1.3 uM (Fig. 2), and the
concentration was much lower than those used for buffering
intracellular Ca®** in other systems [35-39], which further
supports the notion that BAPTA-AM inhibits Igrg by directly
blocking hERG channels.

BAPTA-AM showed a potent and rapid block of hERG
channels expressed in HEK 293 cells (Figs. 1 and 2). Block of
hERG channels by BAPTA-AM exhibited the properties
typical of open-channel blocker (Fig. 4). However, possible
contribution of channel inactivation could not be excluded
for the development of channel blockade. Tonic block of
hERG current by BAPTA-AM (3 pM) was minimal (Fig. 4),
suggesting that BAPTA-AM has a little affinity with channels
in the closed or resting states. The blocking effect increased
significantly at voltages more positive than +10 mV which
elicit maximal hERG channel activation (Fig. 2B), and
developed in response to a longer voltage pulse (Fig. 4A
and B), and/or envelope voltage protocol, indicating that
channel opening is required for the block of hERG channels
by BAPTA-AM.

In the presence of BAPTA-AM, the Vs for maximal
activation of hERG channel was shifted to more negative
potentials (Fig. 2D), suggesting that BAPTA-AM, like other
hERG channel blockers (e.g. mesoridazine, fluvoxamine,
clemastine) [29,40,41], affects the activation gating of hERG
channels. In addition, the Vj 5 of steady-state inactivation was
also negatively shifted by BAPTA-AM (Fig. 3), indicating that
the inactivation gating of hERG channels was affected by
BAPTA-AM.

A dramatically reduced blocking effectin the inactivation-
deficient mutant S631A of hERG channels (Fig. 5) suggests that
the channel inactivation is likely required for BAPTA-AM
block of hERG channels as observed in several studies using
cardiac or non-cardiac agents [28,30,42]. However, the
inactivation reduction with increasing external K* concen-
tration induced only a slight decrease of the efficacy of hERG
channel block by BAPTA-AM, and is not strong as those
observed in several cardiac agents [28,30], this supports the
notion that the blockade of hERG channels relies on both the
channel inactivation and binding to the outer mouth of the
channels.
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A weaker inhibition of hERG channels was observed in
Y652A with the same concentration of BAPTA-AM (10 pM)
(Fig. 5). Generally, agents (e.g. mesoridazine, clofilium,
ketoconazole, etc.) that affect this residue and mutants of
this residue exert their blocking action by crossing the
membrane and entering the channel cavity from the cell
interior [43-46]. However, the internally applied BAPTA-AM,
not like dofetilide (Fig. 1D), had no effect on hERG channels
(Fig. 1C). A possible explanation is that BAPTA-AM is probably
an exceptional case different from other hERG channel
blockers, and may bind to the central cavity of the gating
channels from the exterior. Otherwise, the mutation of hERG
channels may have directly altered channel affinity for this
compound.

BAPTA-AM exhibited an open channel block of delayed
rectifier K* channels in rat neurons [31] and bovine
chromaffin cells [32]; however, it had no effect on I [31].
BAPTA-AM inhibited hKv1.3 and hKv1.5 channels stably
expressed in HEK 293 cells in a concentration-dependent
manner with ICsps of 1.45 and 1.23 uM, respectively.
Blockade of these two types of Kv channels by BAPTA-AM
was also dependent on channel opening (Figs. 5 and 6) and
related to its interaction with the channels from the exterior.
The concentrations used in the present observation for
channel blocking are significantly lower than those in
neurons [31] and chromaffin cells [32]. The difference is
likely related to the cloned human Kv channels (i.e. alpha-
subunits) expressed in HEK 293 cells vs. the native animal Kv
channels (i.e. whole channel assemblage).

Previous studies reported that hERG, Kv1.3 and Kv1.5
channels could be regulated by PKC [47-51], and BAPTA-AM
was reported to inhibit PKC [34]. The present observation was
involved in the study upon effect of PKC on these channels.
However, possible effects of PKC could be excluded in the
present observation because no effect was observed for these
channels when BAPTA-AM was included in pipette solution.
Collectively, our results support the notion that BAPTA-AM
directly blocks hERG, Kv1.3 and Kv1.5 channels stably
expressed in HEK 293 cells. In addition, EGTA-AM showed a
blocking property similar to that of BAPTA-AM in hERG, Kv1.3
and Kv1.5 channels, although its efficacy is weaker than that
of BAPTA-AM.

In summary, the membrane permeable Ca®* chelator
BAPTA-AM (also EGTA-AM), in addition to the inhibition of
hKv1.3 and hKv1.5 channels, directly blocks hERG channels.
These effects are not related to intracellular chelation.
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