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Abstract

Ca®* release-activated Caf™ current (l,,.) has been previously characterized biophysically in Jurkat lymphocytes and other
non-excitable cells, but pharmacology remains poorly developed. The present objective was to delineate with whole cell recording details
of the interaction of the chloride channel blocker, 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB), with I, in Jurkat cells. NPPB
reversibly inhibited 1. in a concentration-dependent manner (ICg, = 5 uM). Kinetics for block and unblock of 1. by NPPB indicated
abimolecular interaction. Michaelis—Menten analysis indicated that NPPB interacts competitively with extracellular Ca?* permeating the
|4 Pathway. Finaly, analysis of the pH dependence of I, block by NPPB revealed a reduction in the apparent affinity during
extracellular alkalinization that based on the pK, for NPPB, suggested that the neutral form of NPPB blocks the Ca?* release-activated
Ca?™ (CRAC) channel. Taken together, our results suggest a direct interaction between NPPB and the CRAC channel, and should help
guide insights for developing novel and more selective analogues. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ca* release-activated Ca?* (CRAC) current (1,,.) isa
small, but highly selective Ca?* current that has been
identified and characterized at the electrophysiological level
in various non-excitable cell types such as mast cells,
macrophages and T lymphocytes (for review, see Lewis,
1999). Based on both noise analysis (Zweifach and Lewis,
1993; Lepple-Wienhues and Cahalan, 1996), and single
channel recordings with a monovalent charge carrier
(Kerschbaum and Cahalan, 1999), evidence has accumu-
lated that the |, pathway is subserved in physiological
saline by an ion channel (CRAC channel) of exceedingly
small conductance (on the order of fS), rather than an
alternative ion transport mechanism. A defining feature of
| IS that activation of the CRAC channel is linked
necessarily to depletion of intracellular Ca?* stores by
diverse manipulations such as: (1) direct chelation of free
cytosolic Ca?*; (2) prevention of store refilling through
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inhibition of Ca?* transporting ATPase; or (3) activation
of microsomal IP; receptors with mitogens (Zweifach and
Lewis, 1993). However, the mechanism coupling store
depletion to channel activation remains equivocal.

The CRAC channel provides the major pathway for
sustained Ca2* influx in T cells during mitogenic stimula-
tion (Zweifach and Lewis, 1993; Premack et al., 1994) and
has been implicated as critical to T cell activation (Chung
et d., 1994). More generally, the ability to modulate this
pathway has been linked to the control of diverse cellular
functions such as secretion and cell proliferation (for re-
view, see Lewis, 1999).

Although the proposed physiological roles of the CRAC
channel also infer considerable potential as a point for
therapeutic intervention, these hypotheses have only re-
ceived indirect support based primarily on manipulations
with a limited choice of poorly selective pharmacological
agents: selective, high affinity blockers of this pathway are
virtually lacking. In addition, there is little information
concerning the blocking mechanism of the known moder-
ate affinity inhibitors. Thus, these compounds may exert
their effect by acting directly at the CRAC channel or
alternatively by way of interfering with the poorly under-
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stood |, activation pathway, or other biochemical mech-
anisms modulating the CRAC channel. An improved un-
derstanding of the blocking mechanisms of the currently
known inhibitors would provide guidance for devel opment
of more potent and selective pharmacological tools.

Recently, Gericke et al. (1994) showed that 5-nitro-2-
(3-phenylpropylamino)-benzoic acid (NPPB) inhibits I,
in human endothelial cells, and Reinsprecht et al. (1995)
further reported that a number of organic molecules includ-
ing NPPB and NPAA (N-phenylanthranilic acid, also
known as diphenylamine-2-carboxylic acid) inhibit 1, in
the RBL-2H3 rat mast cell line. Those compounds are
better known for their ability to inhibit Cl- current in a
variety of epithelial tissues such as the rabbit loop of
Henle, the dogfish rectal gland, the rabbit colon, the canine
trachea, and the toad cornea (Wangemann et al., 1986;
Greger et al., 1987, 1991; Li and Kau, 1987; McCann et
al., 1989), as well as in many non-epithelial cells, includ-
ing fibroblasts, human peripheral T lymphocytes, bovine
pulmonary arterial endothelial cells and other non-excita
ble cells (Nilius et al., 1994; Heinke et a., 1995; Schu-
macher et al., 1995; Gschwentner et al., 1996).

The goal of the present study was to evaluate in greater
depth properties of NPPB block of 1., in an effort to
improve more generaly the understanding of pharmaco-
logical mechanisms by which inhibitors exert their effects
on this channel. Thus, we demonstrated that |, in Jurkat
cells was sensitive to NPPB blockade in the low micromo-
lar range. Moreover, we have obtained data at the macro-
scopic level that NPPB interacts with CRAC channels with
apparent 1:1 stoichiometry, and that NPPB appears to
compete directly with external calcium permeating the
channel. This evidence is consistent with a direct interac-
tion of NPPB and the CRAC channel. Finaly, we have
obtained evidence that the uncharged form of NPPB is the
relevant active species for blocking 1,., based on the
effect of pH in modulating inhibition. Some of these
results have been published in preliminary form (Spence et
al., 1996; Li et al., 1997, 1998).

2. Materials and methods

2.1. Cell culture

All studies were performed in the human leukemic E6-1
Jurkat T cell line (ATCC T1B 152). Cell cultures were
maintained at log growth phase between 0.1 and 1.5 X 10°
cells/ml in medium containing RPMI 1640 (Mediatech,
Herndon, VA) and 10% fetal bovine serum (HyClone,
Logan, UT). Cell cultures were incubated at 37°C in an
atmosphere containing 5% CO,. For recording, cellsin a
150-pl aiquot of media were allowed to adhere to a
poly-b-lysine-coated plastic culture dish for 3-5 min be-
fore being switched to experimental solutions.

2.2. Recording solutions

The composition of the extracellular solution was (in
mM): NaCl 160, KCl 4.5, CaCl, 2, MgCl, 1, p-glucose 5,
HEPES 5, pH:7.4 with NaOH, ~ 320 mOsm. The pipette
solution included: Cs-aspartate 140, MgCl, 2, EGTA 10,
HEPES 10, pH: 7.2 with CsOH, ~ 305 mOsm. The
““Ca*-free” extracellular solution used to evaluate leak
current in |, recordings consisted of equimolar Mg?*
substituted for Ca?*. For recording volume-activated Cl~
current (Ig0)), external solution was changed to one
diluted by 20% with deionized H,0. Solutions were fil-
tered through 0.22-p.m pore size filters and stored for up to
1 month as aliquots at 4°C (extracellular) and —20°C
(intracellular solution).

NPPB (RBI, Natick, MA) was dissolved in dimethyl
sulphoxide at a concentration of 5 mM and stored frozen
as stock aliquots for final dissolution in extracellular buffer
on the day of the experiments.

Extracellular solutions were switched with alinear array
of gravity fed glass-lined tubes (100 p.m i.d.; Hewlett
Packard, Wilmington, DE) controlled by a system of
solenoid valves (BME Systems, Baltimore, MD). The tube
containing the desired solution was localized <1 cell
diameter from the cell before the solenoid was activated.
This system enabled complete exchange of extracellular
solutions in <200 ms, based on the time course for
disappearance of Ca’*-selective I, upon switching to
Ca’*-free solution (Christian et al., 1996a).

2.3. Whole cell recording and analysis

Experiments were performed at room temperature (22—
24°C) in a static bath chamber mounted on the stage of a
Nikon Diaphot inverted microscope. The standard whole
cell configuration of the patch clamp technique was used
for recordings (Hamill et al., 1981). Pipettes were fabri-
cated from thin wall borosilicate glass (1.5 mm o.d., 1.12
mm i.d.; World Precision Instruments, Sarasota, FL) on a
Flaming-Brown P-87 Puller (Sutter Instruments, Novato,
CA), fire polished to a DC resistance of 2-8 MQ and
coated with Sylgard (Dow Corning, Midland, M) near the
tip. Membrane currents were amplified with either an
Axopatch 1B, 200A or 200B amplifier (Axon Instruments,
Foster City, CA), low pass filtered at 1 kHz with an 8-pole
Bessdl filter, and then digitized at 3-5 kHz as computer
files with either a TL-1 (Scientific Solutions, Solon, OH)
or a Digidata 1200 interface (Axon Instruments). Voltage
clamp protocols were implemented and data acquisition
performed with pClamp 6.0 software (Axon Instruments).
Origin software (Microcal, Northampton, MA) was used to
iteratively fit various functions to the data and construct
figures. Averaged data are expressed as mean + S.E.M.
For statistical tests, p < 0.05 was taken to denote a signifi-
cant effect.
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The pipette current was zeroed before a seal was formed.
The resistance of the patch seals was > 10 G(). Whole
cell capacitance was nulled with circuitry in the amplifier.
Following initial attainment of the whole cell configura-
tion, and at subsequent intervals during the experiment,
uncompensated capacitive current transients at the onset
and offset of voltage steps of —1 mV and 10 ms duration
were obtained to determine the whole cell capacitance, C,,,
and the series resistance, R,. Cells were rejected if either
of these parameters varied by > 10% during the experi-
ment. Series resistance compensation was not used in most
experiments. Command potentials were not corrected for
the approximately —10 mV calculated junction potential
(Barry and Lynch, 1991) between the standard pipette and
bath solutions. None of these measurement errors were
judged to have significant impact on the conclusions
reached in this study.

To minimize the electrochemical gradient for Ca?*
influx, cells were held at a potential of 0 mV. 1, was
measured with repetitive (0.1-1 Hz) stepsto —100 mV for
200 ms. Under these conditions, stable recordings were
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attainable for usually > 10 min. Three to five current
epochs were digitally averaged for al measurements. The
current amplitude was determined in the averaged trace by
further digital averaging over a 2—3-ms interval, 10 to 15
ms after the onset of the voltage step to avoid contribution
by uncompensated capacitive transients and minimize
CRAC channel inactivation. The magnitude of specific
l4oc Was calculated as the difference between the currents
measured in the presence and in the absence of Ca2*
(“‘leak’” current; equimolar substitution by Mg2*). Inhibi-
tion produced by compounds was normalized as a percent-
age between the control (100%) and leak current (0%)
values.

lcivory Was evaluated as current evoked during repetitive
(0.1-1 Hz) 200 ms voltage ramps from — 100 to +20 mV
(0 mV holding potential), following exposure of recorded
cells to hypotonic external solution. Current with this
protocol remained stable generally for > 10 min and could
be reversed by reapplication of isosmotic solution. I¢,
was measured by digital averaging over the interval from
+15to +18 mV.
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Fig. 1. Concentration-dependent inhibition by NPPBOf |, and lcyo1 in Jurkat cells. (A) Superimposed traces of whole cell current responses elicited by
the voltage step protocol in the upper panel, using solutions described in Section 2 for |, recording. Records were filtered at 1 kHz and digitized at 5
kHz. Each treatment is indicated to the left of the corresponding trace. The responses in figure were recorded after the effect reached a steady-state. (B)
Superimposed traces of whole cell current responses elicited by the voltage ramp protocol shown (upper trace in panel), using solutions defined in Section
2 for lgyyony recording. (C) Mean steady-state concentration—response relationships for g, and I¢y,p inhibition by NPPB. Each data point represents the
mean + S.E.M. (n in parentheses) percentage current inhibition obtained to the indicated NPPB concentration. Data were obtained with the protocols
shown in panels A and B. Percentage inhibition for current in each experiment was normalized between 0% and 100% as described in Section 2. Lines
(solid, 1g,c; dashed, Igq) are iterative fits to a Hill equation: 100/[1 + (IC,/x)™], where x is the NPPB concentration, 1Cs, is the concentration
producing 50% current block, and ny is the Hill coefficient. Parameters obtained by the fit were: 1, 1Cso = 5.6 wM; ny =0.9; lgq)), 1Cs = 12.2

wM; ny =11).
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3. Results

3.1. Equipotent inhibition of |
NPPB

and I, in Jurkat cells by

crac

As previously described by several laboratories (Mc-
Donald et d., 1993; Zweifach and Lewis, 1993; Christian
et a., 1996a), depletion of microsomal Ca?* stores in
Jurkat cells by dialyzing with Ca?*-free pipette solution
activated a Ca?"-selective |, that reached an asymptotic
amplitude over several minutes, as monitored by repeated
stepsto — 100 mV from a 0-mV holding potential. Fig. 1A
exemplifies the effects of various ionic and pharmacologi-
cal manipulations on this asymptotic current. The Ca?*
specificity of this current was evidenced by its near abol-
ishment when the external Ca?™ was substituted with
equimolar Mg®*. NPPB (0.1-30 pM) reduced 1, in a
concentration-dependent manner to nearly complete block
(i.e., Mg?* substitution level) a 30 wM (Fig. 1A). The
mean dose—response curve constructed from a group of
experiments in physiological externa medium was well
fitted by a Hill equation, revealing that NPPB inhibited
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lgae With an IC5, of 5.6+ 2.6 uM and Hill coefficient
(ny) of 0.9+ 0.3 (Fig. 10).

lciwon activated by cell swelling with hypotonic solu-
tion has been documented previously in Jurkat cells (Lewis
et al., 1993). In agreement with this prior report, reduction
of extracellular osmolality (dilution of buffer by 20%)
resulted in activation of an outwardly rectifying current, as
measured by repetitive voltage ramps from —100 to +20
mV (Fig. 1B). This current achieved a steady-state magni-
tude after several minutes of recording in dilute buffer.
The current reversed near —45 mV, consistent with the
predicted Cl- reversal potential under these conditions, and
thus was taken to be g, NPPB blocked Igq, in @
concentration-dependent manner, and with a potency (IC.,:
122+ 2.1 uM; ny: 1.1 + 0.2), similar to that observed for
inhibition (Fig. 1C).

I crac

3.2. Sochiometry of | block by NPPB

crac

The Hill coefficient of ~ 1 determined from the evalua
tion of steady-state 1., block by NPPB suggested that
NPPB interacts to block I, with a non-cooperative 1:1
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Fig. 2. Kinetic analysis of blocking and unblocking rates of |, by NPPB. (A) Concentration dependence of NPPB blocking rate. Time courses of
inhibition of current were obtained from three different cells exposed to the indicated (Panel B, legend) NPPB concentrations at time 0. Current was
measured by repetitive (1 Hz) 100-ms test steps to — 100 mV. For this plot, I,,. amplitudes were normalized between the control current (1) and leak
current (0) levels, as described in Section 2. Solid lines on data points are fits to a monoexponential decay function yielding a = for each concentration. (B)
Rate of recovery of I.,. from NPPB block at various concentrations. Format is identical to (A). (C) Plot of reciprocals of = values for block (circles) and
unblock (squares) of I, by NPPB, as a function of concentration. Data were derived using experimental protocols shown in (A) and (B). Solid lines
represent linear regression fits to the data points, and dashed lines the upper and lower 95% confidence limits for each fit, based on the S.E.M.s of the data.

See Section 3 for binding and unbinding rate constants derived from these fits.
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Fig. 3. Effect of extracellular Ca2* concentration on inhibition of 1,
by NPPB. Each point represents the mean+ S.E.M. (n in parentheses)
lrac density obtained to the indicated [Ca®* ], under Control conditions
(squares), and in the presence of 30 .M NPPB (circles). Solid lines are
iterative fits to a type of Michadis—Menten equation of the form:
lerae = lax[C& Toue /AICET 1o, + Ky}, where 1, represents the maxi-
mal current density achievable at saturating [Ce?* 1o, and Ky the
dissociation constant of Ca2* for self-inhibiting flux through the CRAC
channel. Data derived from the fits were: Control, I, =4.9 pA/pF,
Ky=8.1mM; NPPB, |, =45 pA/pF, Ky=17.7 mM.

stoichiometry. To further characterize the properties of the
interaction of NPPB with the CRAC channel, a kinetic
analysis of the blocking and unblocking rates was under-
taken (Fig. 2). The rate of block and unblock of 1, by
NPPB was investigated at NPPB concentrations from 1 to
100 M. Fig. 2A and B show that both the blocking and
unblocking time courses were well described by mono-
exponential kinetics. The NPPB block rate was concentra-
tion-dependent, with increasing NPPB concentration in-
creasing the rate of block and thus decreasing the time
constant. The unblocking time constant (measured in a
separate set of experiments), in contrast, appeared to be
concentration-independent. The reciprocal of the blocking
time constant was a linear function of NPPB concentration
(Fig. 2C), and linear regression yielded a binding rate
constant of 1.25x 10° M~ s, The reciprocals of the
directly measured unblocking time constants were aso
fitted by linear regression to yield an unbinding rate
constant of 0.027 s~ 1. These kinetic measurements yielded
a K, of 2.5 pM, which was ~ 4-fold greater than the
ICs, derived from the steady-state |, inhibition measure-
ment (Fig. 1). However, since the steady-state-derived
ICy, was inclusive within the 95% confidence bands of the
regression lines fitted to reciprocal time constants, the
values derived from the steady-state and kinetic measure-
ments were not considered to be statistically distinct.

3.3. Ca?*-dependence of |, inhibition by NPPB

In the rat mast cell, 1.,. amplitude has been shown to
be a saturable function of extracellular [Ca®*] with an
apparent K, of 3.3 mM and a Hill coefficient of 1 when
measured during a —40 mV voltage step (Hoth and Pen-
ner, 1993). In the Jurkat cell, the conductance of CRAC
channel shows a similar relationship to extracellular [Ca®* ]
(Premack et al., 1994). Fig. 3 confirms these reports by
showing that when extracellular [Ca2* ] was increased over
severa concentrations between 1 and 10 mM, |, mea-
sured during a — 100 mV voltage step increased toward an
asymptotic maximum. 1, amplitude as a function of
extracellular [Ca?"] was well fitted with a single-site
model of Ca2* self-inhibition that represents an adaptation
of a forma Michaelis-Menten analysis (Fig. 3). Thus, a
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Fig. 4. Effect of externa medium pH on |,.. (A) Superimposed ..
tracings in the presence and the absence of Ca2" (equimolar replacement
with Mg?*™) at normal external pH 7.4 and akaline pH 8.5. Note that
extracellular alkalinization increase |, in the presence of Ca?* but had
no effect on the background leak current labeled ‘Mg?*’. (B) Depen-
dence of 1, on externa pH in the range of 6 to 10. The ordinate shows
the amplitude of |, normalized to its value a pH 7.4. Data points
represent the mean+ S.E.M. obtained from three to six experiments. The
solid line represents an iterative fit to the same Hill function as in Fig.
1C. Parameters of the fit were pK, (=pICg): 7.2 and ny: 1.0,
indicative of a single-site interaction.
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maximal asymptotic |.,. density of 49 pA/pF and an
apparent K4 of 8.1 mM were indicated by this analysis for
cells in norma physiological buffer. The presence of 30
wM NPPB inhibited I, but the proportion of current
blocked decreased with increasing extracellular [Ca?™].
The Michaglis-Menten analysis applied to these data (Fig.
3) revealed that NPPB did not appreciably change maxi-
mal I, density (4.5 pA /pF in NPPB), but increased the
apparent K4 for Ca?* block of 1, from 8.1to 17.7 mM.

crac

3.4. pH dependence of | inhibition by NPPB

crac

To establish the range of pH for investigating the pH
dependence of NPPB inhibition of |, an analysis of the
dependence of |, itself on external pH was first neces-
sary. Fig. 4 shows that increasing the extracellular pH
from 7.4 to 8.5 increased current magnitude. That alkalin-
ization increased |,. specificaly was confirmed by the
fact that the pH increase had no effect on leak current
following substitution of Ca®* by Mg?* in the same cell
(Fig. 4A). While akalinization enhanced |, acidifica-
tion reduced it. The relation between 1., amplitude and
extracellular proton concentration was reversible, and
showed a sigmoidal relationship in pH range of 6 to 10
(Fig. 4B). Hill analysis of this relation yielded a pK, of
7.2 and a Hill coefficient of 1.

Since 1,. was nearly abolished at external pH < 6.5,
the pH dependence of NPPB inhibition could be investi-
gated with clarity only at alkaline and near neutral pH
values. Fig. 5 summarizes the results of inhibition on 1,
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Fig. 5. Effect of external pH on the fractional inhibition of 1,. produced
by 30 wM NPPB, 100 wM ochratoxin A (OTXA), and 50 uM econazole
methiodide (Met. econazole). Each bar represents the mean+ S.E.M. (n
in parentheses) percentage inhibition of the Control 1,. magnitude at the
indicated pH observed in presence of the compound at the same pH.
Statistically significant differences were noted only for NPPB and OTXA.

by NPPB at extracellular pH 7.4 and 8.5. The pH response
was first established for each cell, and the fractional 1.
block produced by 30 wM NPPB was then measured at
each pH and compared. At pH 7.4, NPPB reduced |, by
~ 80%; however, when the pH was raised to 8.5, the
inhibition was drastically reduced to < 20%. As shown in
the same figure, a nearly identical pH-related change in the
inhibitory activity of ochratoxin A (100 nM) was demon-
strable in a set of separate experiments. In contrast, the
quaternary salt econazole methiodide (50 wM; Christian et
al., 1996b) showed no dtatistically significant difference in
its inhibitory activity at these two pH values.

4, Discussion

4.1. Nature of the NPPB interaction with CRAC channels
in the Jurkat cell

NPPB, a prototypical Cl~ channel blocker, was first
shown to inhibit 1., in human endothelial cells (Gericke
et a., 1994) and later in the rat mast cells (Reinsprecht et
al., 1995). Available biophysica and pharmacological
studies support that |, in these cell types is virtually
indistinguishable from that in the Jurkat cell (for review,
see Lewis, 1999), with one exception being that the CRAC
channel in the mast cell has been reported to differ some-
what in terms of Ba?* permeability from that in the Jurkat
cell (Hoth, 1995). Nonetheless, our results here extend the
evidence of a common pharmacological profile of |, in
these different cell types, since NPPB inhibited |, inthe
Jurkat cell with a potency analogous to that with which it
affects |, in the other cells.

Therate of | ,. block by NPPB was linearly related to
concentration (Fig. 2C), as would be predicted for a 1:1
drug to channel interaction. In addition, we showed that
l.ac @mplitude increases to increasing extracellular [Ca®* ]
in a saturable manner (Fig. 3), confirming prior observa-
tions in mast cells (Hoth and Penner, 1993) and Jurkat
cells (Premack et al., 1994). Quantitatively, the relation
between extracellular [Ca?* ] and 1, is well described by
a Michaelis—Menten single-site fit, consistent with the idea
of a specific Ca2* binding site within the permeation
pathway of the CRAC channel. This, taken together with
our evidence that increasing extracellular [Ca2*] competi-
tively reduced NPPB-mediated block of I, (Fig. 3), is
consistent with an interesting hypothesis that NPPB blocks
the CRAC channel by competing with Ca®* for a specific
binding site in the permeation pathway. More conclusive
support of this hypothesis would rely on approaches such
as molecular structure-function studies based on mutagene-
sis of targeted residues. Such approaches are obviously
inaccessible at present because of a lack of a cloned
CRAC channel entity.
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4.2. Comparison of NPPB blocking mechanisms of CRAC
and I¢(,on Channels

In view of the above evidence supporting a direct
interaction of NPPB in the pore of the CRAC channdl, it is
worth considering available information about NPPB block
of lgwon- Several studies demonstrate that NPPB block of
lciwony N Cell types other than Jurkat cells is not voltage-
dependent (Schmid et al., 1998; Von Weikersthd et 4.,
1999). This suggests that NPPB, which is predominantly
ionized at physiological pH (Wangemann et d., 1986), is
not sensed by the membrane charge field, and thus pre-
sumably not exerting block at the pore. Alternatively, the
minor uncharged species constitutes the active blocking
particle for ¢, @ our data suggest is the case for the
CRAC channel (see below). In this regard, technical feasi-
bility problems associated with measurement of small I,
amplitude at depolarized potentials precluded a reasonable
experimental evaluation of voltage dependence of |,
block, but if these data had been attainable, they may be
predicted to reflect an apparent lack of voltage dependence
for I, due to the uncharged nature of the active blocking
particle. In conclusion, even though available reports sug-
gest, based on lack voltage dependency, that NPPB does
not block in the permeation pathway of the channel medi-
ating lg oy, additional experiments analogous to those
conducted here for the CRAC channel would be beneficia
to more definitively compare the NPPB blocking mecha-
nisms of these two channel types.

43,1515
blockade?

inhibition by NPPB secondary to Cl ~ channel

Since NPPB as well as several other ClI~ channel
blockers also demonstrate inhibitory activity a |,., the
possibility deserves consideration that inhibition of the
CRAC channel may be an indirect secondary consequence
of CI™ channel blockade. One piece of evidence arguing
against this generalized suggestion is that the Cl~ channel
blocker, 4,4'-diisothiocyanatostilbene-2,2-disulphonic acid
(DIDS), dthough ineffective in inhibiting 1,,., blocks
completely the Cl~ current in rat mast cells (Reinsprecht
et al., 1995). However, DIDS may be an exception, since it
is structuraly quite dissimilar to NPPB, and furthermore,
is rather promiscuous with demonstrated inhibitory activity
on Na* current in guinea pig ventricular myocytes (Liu et
al., 1998). On the other hand, ochratoxin A, a closer
analog of NPPB, has been reported to be nearly 20 times
more potent than NPPB for blocking the plasma membrane
anion conductance in Madin—Darby canine kidney epithe-
lial cells in vitro (Gekle et al., 1993). Likewise, we have
demonstrated that in Jurkat cells, ochratoxin A is indeed
also more potent than NPPB in blocking I, (Li et a.,
1997). Thus, if |, inhibition were simply a secondary
consequence of Cl~ channel blockade, a more potent inhi-
bition of | by ochratoxin A than by NPPB would be
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anticipated. On the contrary, ochratoxin A was less potent
in blocking |, than NPPB (Fig. 6). This clear separation
of rank order potencies of these agents for CI~ vs. CRAC
channel block supports that the inhibition of 1,. by NPPB
involves a mechanism separable from its Cl~ channel
blocking activity. Thus, even in biochemical or pharmaco-
logical studies with cells or whole tissues where the cell
membrane potential is not clamped, the inhibition of 1.
by NPPB is likely attributable to mechanisms aside from,
or in addition to, a ssmple reduction of the driving force on
Ca?* asaresult of CI~ channel blockade.

4.4. pH modulation of NPPB blockade

The pH modulation of I, in Jurkat cells resembles
that described for the Ca?* currents activated through
depletion of intracellular Ca?* stores in human
macrophages (Maayev and Nelson, 1995). The rapid and
reversible action of extracellular proton concentration
changes on |, in Jurkat cells would suggest that protons
interact at an external site of the CRAC channel. Consis-
tent with this, we have observed that acidifying the intra-
cellular contents to pH 6.5 via the pipette solution does not
affect |, density relative to the normal intracellular pH
7.2 (unpublished data). A similar conclusion of the sites of
action of protons on I, in macrophages was arrived at
based upon an observed lack of effect of intracellular pH
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| ]
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Fig. 6. Concentration—response relationships for |, inhibition by NPPB
and OTXA at external pH 7.4, and the percentage inhibition of I,
measured to the indicated single concentrations of NPPB and OTXA at
pH 8.5 (diamonds). Note that based on the pK, values of 4.5 for NPPB
and 7.04 for OXTA, the concentrations of the neutral form of these at the
pH 8.5 test point would be equivalent to the concentration of neutral
species present a pH 7.4 in 25 pnM NPPB and 10 u.M OTXA,
respectively. These predicted concentrations of the uncharged species at
pH 8.5 would yield a percentage inhibition (based on the full concentra-
tion—response curves at pH 7.4) that is commensurate with the observed
inhibition for 30 WM NPPB and 100 uM OTXA at this higher pH (see
text).
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buffering capacity on the extracellular proton-induced
blockade of the current (Malayev and Nelson, 1995).
Nonetheless, a recent report indicates that intracellular
acidification can influence the kinetics of CRAC channels
as well as block the Ca®" current through these channels
(Kerschbaum and Cahalan, 1998).

As demonstrated recently, under conditions where ex-
tracellular Ca2* and Mg?* are reduced to micromolar
levels, the previoudly highly Ca?* selective CRAC chan-
nel becomes permeable to monovalent Na® (Lepple-
Wienhues and Cahalan, 1996). We have noted that under
conditions which promote Na* permeation through |, @
pH modulation of current analogous to that observed with
Ca?" as the charge carrier occurs (Li et a., 1998). This
further supports the idea that the CRAC channel, like
many other ion channel types, is subject to modulation by
protons.

The pH dependence of NPPB or ochratoxin A mediated
|4 inhibition appeared similar. Since akalinization of
extracellular media increased |, this increased signal-
to-noise discrimination would, in principle, facilitate the
measurement of the inhibitory activity of blockers.
Nonetheless, we found that the inhibition of I, by a
near-maximal concentration of either NPPB and ochra
toxin A was decreased substantially when the extracellular
pH increased from 7.4 to 8.5. A possible explanation for
this reduction of inhibitory activity of ochratoxin A and
NPPB is that the neutral form of these molecules repre-
sents the active species for blocking the channel. Both
NPPB and ochratoxin A bear a carboxylic group and have
pK, values of 4.5 (Wangemann et al., 1986; Walsh and
Wang, 1998) and ~ 7 (Chu, 1971), respectively. There-
fore, even though NPPB is a stronger acid as compared to
ochratoxin A, the ionized form of either of these would
predominate at pH 7.4. As the externa medium pH in-
creases from 7.4 to 8.5, the fraction of the ionized form of
either compound would increase further, and the neutral
form would decrease accordingly. Hypothetically, the re-
duction of |, inhibition by either ochratoxin A or NPPB
at a more alkaline pH thus may be directly attributable to
the decrease of the neutral form of the blocker in the
medium. More specifically, the concentration of the neu-
tral form of 100 wM ochractoxin A at pH 8.5 is about the
same as the concentration that would be present in a
10-,.M ochratoxin A solution at pH 7.4. Likewise, 30 wM
NPPB at pH 8.5 would yield a concentration of neutral
species similar to that of 2.5 wM NPPB at pH 7.4. Indeed,
as shown in Fig. 6, the magnitudes of the inhibition of 1,
produced at pH 8.5 by 100 wM ochratoxin and 30 uM
NPPB were comparable to the levels of inhibition mea-
sured at pH 7.4 with 10 wM ochratoxin and 3 uM NPPB,
in accordance with the predicted equivalent concentrations
of neutral species under the two pH conditions.

To test further the hypothesis that the neutral species of
these acidic blockers represent the active forms responsible
for inhibiting | it would have been desirable to deter-
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mine whether increased inhibition could be recorded at
acidic pH. This was technically not feasible, since acidifi-
cation itself nearly eliminated 1,,. We therefore chose
instead to compare the effect of akaline pH on the in-
hibitory activity of abasic 1, blocker, econazole methio-
dide, for which the neutral form of the molecule would
predominate at the two pH values tested. Previoudy, this
guaternary salt of econazole at 30 wM and pH 7.4 was
shown to block 1, ~ 40% (Christian et al., 1996b). In
the present study, 50 M econazole methiodide blocked
lgac Dy ~ 60% at extracellular pH 7.4 as well as 8.5. The
lack of significant pH dependence of this inhibition by the
basic econazole methiodide is consistent with the idea that
the neutral form of this molecule, as with NPPB, also is
likely the active species.

In conclusion, we have provided a variety of convergent
experimental evidence supporting a hypothesis that the
potent chloride channel blocker, NPPB, interacts directly
to inhibit calcium flux through the CRAC channel with
potency comparable to that producing chloride channel
blockade. This information may thus provide an impetus to
use NPPB as a chemical starting point to design more
selective CRAC vs. chloride channel antagonists. Impor-
tantly, however, our findings also highlight that caution
must be applied in associating cellular and physiological
effects with chloride channel blockade as a result of
pharmacological manipulations with NPPB and struc-
turally analogous compounds.
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