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Abstract. In cultured A6 monolayers from distal
Xenopus kidney, external Ni> " stimulated active Na "
uptake via the epithelial Na® channel, ENaC.
Transepithelial capacitance measurements ruled out
exocytosis of ENaC-containing vesicles underlying
the Ni*" effect. Na ™ current noise analysis was per-
formed using the neutral Na'-channel blocker 6-
chloro-3,5-diamino-pyrazine-2-carboxamide (CDPC)
and amiloride. The analysis of CDPC-induced noise
in terms of a three-state channel model revealed that
Ni*" elicits an increase in the number of open
channels as well as in the spontaneous open proba-
bility. While Ni** had no influence on CDPC-
blocker kinetics, the macroscopic and microscopic
blocking kinetics of amiloride were affected. Ni*"
turned out to compete with amiloride for a putative
binding site but not with CDPC. Moreover, external
Na'—known to compete with amiloride and so
producing the ‘‘self-inhibition” phenomenon—and
Ni’* exerted mutually exclusive analogous effects on
amiloride kinetics. Na " current kinetics revealed that
Ni*" prevents ENaC to be downregulated by self-
inhibition. Co®* behaved similarly to Ni**, whereas
Zn>* did not. Attempts to disclose the chemical na-
ture of the site reacting with Ni** suggested cysteine
but not histidine as reaction partner.
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Introduction

The epithelial Na ™ channel (ENaC) is a member of the
newly identified channel family ENaC/degenerin.
Studies of the membrane topology describe the channel
as a multimer made of the homologous a-, B- and -
subunits, each of which being formed by two trans-
membrane segments (M1 and M2) separated by a large
extracellular domain. The extracellular loop represents
more than 50% of each subunit protein and it is not
found in other channel families (Benos & Stanton,
1999).Itisthought to characterize the ENaC/degenerin
family and contains two highly conserved cysteine rich
domains (CRD). The fact that so much of the primary
structure of ENaC lies in the extracellular domain was
taken as a hint for the extracellular localization of some
well-known “‘regulatory” sites as well as of an amilo-
ride-binding site in this segment. Amiloride has been
shown to be the specific label of choice for ENaC. Be-
sides a specific binding site localized in the pre-M2
segments of each ENaC subunit (Schild et al., 1997),
Ismailov et al. (1997) identified a six-amino-acid resi-
due track in the extracellular loop of a-ENaC as a
second specific binding site.

Many regulatory mechanisms modulate the ac-
tivity of ENaC. For instance, the extracellular Na ™"
concentration has a marked effect on Na™* transport
described by two phenomena (Lindemann, 1984):
feedback inhibition (related to a rise of intracellular
Na™ concentration after increasing external Na ™)
and self-inhibition (caused solely by external Na™).
Apart from regulation by hormones, which is typical
of Na™ transport in frog skin, kidney, urinary bladder
or colon, Na™ uptake via ENaC is sometimes stimu-
lated by a number of polyvalent cations. Several
decades ago, Hillyard (Hillyard & Gonick, 1976)
suggested direct interaction of external Cd*>" ions
with the frog skin Na™ channel. In the isolated uri-
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nary bladder of the toad Bufo marinus, a clear stim-
ulation of Na™ transport was reported after addition
of external Mg®> " (Aguilera, Kirk & DiBona, 1978).
Furthermore, it turned out that mercurial organic
compounds and polyvalent inorganic cations such as
La’",Zn?",Cd*>" and Ni*>™ are able to increase Na *
uptake in frog skin (Zeiske, 1979). These ions were
studied in relation to the process of Na™ self-inhibi-
tion, with which they were interfering. For the apical
membrane of frog skin Grinstein et al. (Grinstein,
Candia & Erlij, 1978) related the action of di- and
trivalent cations to surface charge screening. Li and
Lindemann (1980) only briefly remarked that Ni*™*
stimulates Na " transport in frog skin, without a de-
tailed study or interpretation. Recently, the influence
of Ni** on rat ENaC and mouse ENaC has been
described in studies on ENaC-expressing oocytes
(Segal et al., 2002; Sheng, Perry & Kleyman, 2002). In
both studies, the authors report a noticeable inhibi-
tion of the amiloride-sensitive Na ™ current when
Ni?" was added from the extracellular side, thus the
opposite of Ni*" action on amphibian ENaC.

Ni>" is a transition metal whose reactivity de-
pends on the coordination geometry or its oxidation
state. Although Ni*" is able to catalyze, in trace
amounts, metabolic reactions by binding to metallo-
enzymes, its accumulation from the environment
represents a serious risk for human health (Watt &
Ludden, 1999). Among the known harmful effects of
Ni*" are skin allergies, lung fibrosis, kidney and
cardiovascular system poisoning and stimulation of
neoplastic transformation (Denkhaus & Salnikow,
2002). The experiments reported in the present paper
were performed in an effort to investigate the influence
of Ni** on the Na™ transport in amphibian renal
epithelial cells. Using the analysis of transepithelial
conductance (GT), capacitance (Cr), short-circuit
current (I), I, kinetics and CDPC/amiloride-in-
duced blocker noise, we can show that Ni** stimu-
lates Na ™ transport across A6-cell ENaC. Moreover,
Ni*" competes with apical Na* and amiloride (but
not with CDPC) for a putative site resident in the
extracellular loop of one or more channel subunits.
The thiol reagent, para-chloro-mercuribenzoate (p-
CMB) imitated the action of Ni**, whereas diethyl
pyrocarbonate (DEPC), a histidine reagent, could not
prevent ENaC stimulation by Ni*". Extracellular
Co”" has an effect comparable to Ni** although to a
lesser degree, while Zn®" is inert.

Materials and Methods

CeELL CULTURE

All experiments were carried out on polarized monolayers of A6
cells (a gift from Dr. J. P. Johnson, University of Pittsburgh,
Pittsburgh, PA) grown on permeable Anopore filters (pore size 0.2
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pm; Nunc Intermed, Roskilde, Denmark) at 28°C and 1% CO, in a
humidified incubator. The growth medium was renewed twice
weekly and consisted of a 1:1 mixture of Leibovitz’s L-15 and
Ham’s F-12 media, supplemented with 10% fetal bovine serum
(Sigma, St. Louis, MO), 2.6 mm NaHCO;, 3.8 mm glutamine, 95
IU ml~" penicillin and 95 pg ml~! streptomycin.

SOLUTIONS AND CHEMICALS

Solutions contained (in mm): 102 NaCl, 2.5 KHCOs;, 1 CaCl, (200
mosmol/kg H,O, pH = 8.2). In A6 epithelial cells, the apical mem-
brane has negligible water permeability, thus the apical osmolality
does not influence Na* current or conductance (De Smet, Simaels &
Van Driessche, 1995). Solutions with different NaCl concentrations
such as 30, 60 and 90 mm were therefore prepared by diluting NaCl
Ringer with NaCl-free saline. In HEPES-buffered solutions (pH =
7.6), Ni*" was a weaker current stimulator. Possibly Ni*" forms
mixed complexes, thus reducing the free Ni?* concentration, or else
the Ni> " effect may be pH sensitive. To avoid putative formation of
Ni?* complexes we decided to perform experiments in KHCOs-
buffered solutions at pH = 8.2. This pH remains stable after Ni**
addition.  Solutions containing para-chloro-mercuribenzoate
(p-CMB) and the histidine reagent diethyl pyrocarbonate (DEPC)
were freshly prepared before use. All chemicals were purchased from
Merck (Darmstadt, Germany), except for the amiloride, p-CMB and
DEPC, which were obtained from Sigma (St. Louis, MO) and CDPC,
which was purchased from Aldrich (Milwaukee, WI).

ELECTROPHYSIOLOGICAL MEASUREMENTS

Current and voltage electrodes for the Ussing-type chamber (De
Wolf & Van Driessche, 1986) were made of Ag-AgCl wires and
connected to the solutions with 1 m KCl agar bridges. The
monolayers were short-circuited with a high-speed voltage clamp.
The transepithelial conductance (Gt) was measured by imposing a
1 Hz sine wave of 5 mV amplitude to the tissue. Na™ transport
(Ina) was defined as the amiloride-sensitive component of /.

Continuous recording of the transepithelial capacitance (Ct),
which is a convenient measure of membrane area, was based on the
current elicited by five 5-mV sine waves of 2, 2.7, 4.1, 5.4 and 8.2
kHz, respectively, across the monolayer, as described previously
(Van Driessche et al., 1999). Model calculations based on a
lumped, two-membrane model demonstrated that in the high-
frequency range Ct equals the equivalent capacitance of the series
arrangement of the apical (C,,) and basolateral capacitance (Cy;)
(Van Driessche et al., 1999):

1 1 1

— = 4+ — 1
CT Cap Cbl ( )

As, in A6 tissues, Cy is about 12 times larger than C,,, changes in
Ct will reflect mainly area changes of the apical membrane, i.e., the
result of endo- and exocytotic processes.

NoOISE ANALYSIS

For calculation of the kinetic parameters we used two blockers: the
highly specific blocker amiloride and a weak, reversible blocker of
Na™ transport CDPC (6-chloro-3,5-diamino-pyrazine-2-carbox-
amide). For the CDPC-induced noise we used a pulse protocol
similar to that described by Blazer-Yost et al. (Blazer-Yost, Liu &
Helman, 1998). The apical surface of A6 epithelia was exposed
alternatively to 10 or 40 pm CDPC for periods of 5 minutes.
Current noise at both blocker concentrations was amplified, digi-
tized and Fourier-transformed to yield power density spectra.
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During each 5-min period we recorded noise spectra as the mean of
50 sweeps of 2 s duration, resulting in a fundamental frequency of
0.5 Hz. The amiloride-insensitive current (/5n,;) was measured by
blocking the channels at the apical side with 50 pm amiloride. The
blocker-sensitive, macroscopic current (In,) was calculated as:

INa = Isc - IAmi (2)

The interaction of CDPC with the Na™ channel induced a Lor-
entzian component in the power density spectra. The two Lor-
entzian parameters, the low-frequency plateau (S,) and the corner
frequency (f.), were determined by non-linear curve fitting of the
spectra (Lindemann & Van Driessche, 1977). The on (k,,) and off
(ko) rates of the blocking reaction were calculated from:

277:7% = kon[B] + korl‘ (3)

where [B] is the blocker concentration. Using the Na ¥ currents and
the Lorentzian parameters (f. and S,) obtained from noise analysis,
we estimated the single-channel current (in,) and the density of
open, amiloride-sensitive Na™ channels in the apical membrane
(N,) according to Helman et al. (Helman & Baxendale, 1990).
Then, single-channel currents in the presence of 10 pm CDPC (i}\?.d)
could be used as single-channel currents in the absence of blocker,
since both do not differ significantly from each other:

10 _ S¢ @)

"= 4
INa 41]1\?akon [B} ( )

where S, f10 and I{, are the values of S,, f. and Iy, in the
presence of 10 um CDPC. N, for functional channels at 10 pm
CDPC (N(IJO) is given by:

N = g

o

N, in the absence of CDPC is calculated as follows:

N, =NY (1 + P @> (6)
Kg
where Ky is the equilibrium constant for the blocking reaction of
open channels (kog/kon) in pM. P, represents the open probability
of the Na™* channel for spontaneous blocker independent con-
ductance fluctuation. According to Helman (Helman & Baxendale,
1990), P, was calculated using K from the fractional inhibition of
the blocker-sensitive Na™ transport, I{, I}\?d(l?\?a/lo) elicited by in-
creasing the CDPC concentration from 10 to 40 pm:
0/10
o — i KB (7)
400" — 10

The analysis of the amiloride-induced noise was restricted to the
evaluation of the blocking/unblocking rate constant according to
Eq. 3.

DATA ANALYSIS

Linear least-square fitting was used to obtain kinetic parameters
(kon, and kyg). For all experiments, results are given as means =+
SEM; n represents the number of experiments.

Results

ErrecTs OF NI°" oN Na™ CURRENT (Iny).
TRANSEPITHELIAL CONDUCTANCE (GT) AND
TRANSEPITHELIAL CAPACITANCE (Cr)

Figure 14 shows the time courses of I, Gt and Crt
for a typical experiment from a series of 6, after ad-
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dition of 2 mm NiCl, to the apical Ringer solution
(n = 6). As a result, I rose rapidly by roughly 50%,
followed by a 15% decline to a plateau, which was
reached in few minutes. The steady state is, however,
much above the control value of I.. The Ni’"-in-
duced increase of current goes along with an increase
of conductance (Gt). The initial phase of current
stimulation can be described by a single exponential
with a time constant of 0.5 + 0.02 min (not shown).
After Ni*" removal, a rapid return (0.41 + 0.04 min)
of I, to the initial value was noticed, indicating a
perfect reversibility of the process. The evidence that
the Ni*> " -stimulated current is a Na ™ current comes
from the fact that 100 um amiloride inhibits all of the
current (data not shown). Moreover, 2 mm Ni*" ad-
ded to Na™-free solutions had no effect on either
current, which is close to zero, or conductance (data
not shown). The fast onset of Na ' -transport activa-
tion and the rapid washout suggest a site of action of
Ni** at the extracellular surface of A6 cells.

The dose-response curve depicted in Fig. 1B
suggests saturation behavior of the Ni**-induced
In, stimulation (current peaks). The half-maximal
effect was reached at a Ni*" concentration (K,,) of
0.10 + 0.02 mm, whereas 2 mm Ni2" were sufficient
for the complete stimulation of the current. The Iy,
stimulation may be due to changes of basolateral
Na/K-ATPase activity or changes of the apical Na "
transport mechanism. However, since the effect of
Ni** is very rapid and shows an equally fast re-
versibility, stimulation of the usually rate-limiting
apical Na ' transfer step seems more likely. There-
fore, Ni** probably stimulates transport through
the epithelial Na™ channel (ENaC). Several studies
on tight epithelia suggested that apical activation of
Na™ transport might occur by exocytotic insertion
of new channels in the apical membrane. Such a
process will cause a notable increase in membrane
area and therefore in transepithelial capacitance
(Ct), which largely reflects the apical membrane
area (Jans et al., 2000). Such a relation between In,
and Ct was established for the hormonal activation
of apical Na™ uptake (Van Driessche & Erlij, 1991;
Erlij, De Smet & Van Driessche, 1994). As shown in
Fig. 14, Cr does not change when Ni*" is added to
the apical solution, so the stimulation of apical Na "
transfer is not related to the insertion of new
channels in the apical membrane. Rather, the in-
crease of Na™ current is most probably the con-
sequence of the activation of the Na™ transfer
through preexistent Na™ channels in the apical
membrane.

REesuLTs FRoM CDPC NOoISE OF Iy,
To further elucidate the process, it was necessary to

examine the parameters that describe the transapical
Na " current, which is given by:
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Fig. 1. Effect of Ni** on the macroscopic transport parameters.
(A) Effect of 2 mm Ni?" on Iy, Gt and Cr. The apical and
basolateral solutions had the same composition (see Materials and
Methods), where 2 mm Ni*" was added only to apical solution. (B)
Dose-response relationship for Ni**-stimulated current. The per-

centage current increase by Ni2" is plotted as a function of apical

Ni*>* concentration. A Michaelis-Menten fit of the data gives a K.,
of 0.1 £ 0.02 mm and a maximal increase in current by
49.5 £ 2.2%; data are plotted as averages = sEM. The number of
experiments is indicated in parentheses.

]Na = iNaNT = iNaPoNo (8)

where in, is the single-channel current, N, the open-
channel density, Nt total number of channels in the
apical membrane and P, open probability. Both Nt
and/or P, can be responsible for changes in apical
Na™ uptake. The determination of in, and N, was
done by noise analysis. CDPC-induced noise (for
details, see section Materials and Methods) is easily
measurable under conditions of minimal inhibition of
Na™ current. This inhibitor permits the analysis of
the blocker dependence of the parameters iy, and N,
much below half-maximal blocker concentration. We
used a three-state model (closed & open < blocked)
to calculate in, and N, (Helman & Baxendale, 1990).
Because 27f, increased linearly with the CDPC con-
centration (Fig. 2) we can calculate the k., rate
constant (the slope) as 7.4 + 0.3 pM~'s™! and the
unblocking rate constant k. = 236.6 + 14.3 s !
from the ordinate intercept (see Materials and
Methods). In the presence of 2 mm Ni*", k., = 8.7
+ 0.6 uM s " and ko = 264.7 + 18.3 s~ In this
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Fig. 2. Effect of Ni** on the CDPC rate constants of blocker-
receptor interaction. Relationship between corner frequency (2 7f;)
and blocker concentration ([CDPCJ,;,) in control conditions (white
symbols) and when 2 mm Ni’" were added to the apical solution
(black symbols). Solid lines were obtained by linear regression
analysis. Statistical comparison indicates no significant differences
between the two conditions. The data represent the mean + SEm of
S experiments.

set of 5 experiments, the differences between k,, and
ko in control and in the presence of Ni*", respec-
tively, were statistically not significant, showing that
the chemical rates (27nf.) of the blocker CDPC are not
affected by the presence of Ni**. Figure 3 shows the
percentage differences of the ENaC kinetic para-
meters ina, NV, and P, as revealed by CDPC-induced
noise, for the presence of Ni*" relative to control
conditions. When 2 mm Ni*" were present in the
apical Ringer solution Iy, increased, while iy, did not
change significantly. Since Iy, increase must reflect
the changes of in, and/or N, the Ni*"-stimulated
current reflects an augmentation of N, which in-
creased from 18.9 = 1.5 to 32.9 £ 2.7 million
channels/cm? by the action of Ni**. We could also
estimate a similar increase of P, for every experiment
in the series of 5.

2% AND AMILORIDE

INTERACTIONS BETWEEN Ni
As known since a long time, the epithelial sodium
channel is also reversibly blocked by amiloride
(Garty & Benos, 1988). The amiloride molecule has a
pyrazine ring, as does CDPC, but contains a guani-
dinium moiety, which is attached to the carboxy-side
chain and is charged at pH < 8.7. Some studies sug-
gest that the charged guanidinium group blocks the
entrance of the channel directly, while the pyrazine
ring binds to a second site in the ENaC protein
(McNicholas & Canessa, 1997). However, both parts
of the molecule are necessary for maximal inhibition
of Na™ transport (Li, Cragoe & Lindemann, 1985).
Figure 44 shows the percentage inhibition of Na™
current by increasing concentrations of apical
amiloride in control and in solutions containing 2 mm
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Fig. 3. Effect of Ni?* on CDPC-induced noise. Noise analysis was
performed by exposing the tissues alternatively to 10 and 40 um
CDPC for 5 minutes. Ni*" (2 mwm) drastically increased total
number of channels N, and open probability P, and had no effect
on single channel current iny,.

Ni*". Ni** significantly diminished the amiloride
inhibition in the range of low (<5 um) concentra-
tions. At higher amiloride concentrations, the effect
of Ni*" is not noticeable, because the majority of
Na™ channels are blocked and the Ni** effect cannot
be assessed any more. In other words, the response of
Na™ channels to Ni*" is balanced by the inhibition
elicited by amiloride. As the Michaelis-Menten con-
stant (K;) for amiloride is shifted upwards by a factor
of about four, competition between Ni** (stimulat-
ing) and amiloride (blocking) seems likely. The na-
ture of the interaction between Ni*>" and amiloride
can be further investigated by /. fluctuation analysis
of the amiloride blockade. The amiloride-induced
Lorentzian components in the /. noise, which are
recorded in the presence and in the absence of Ni* ™",
show differences in corner frequencies dependent on
the Ni*" concentration. In Fig. 4B one can notice
that the corner frequency decreases as the apical
Ni*>* concentration increases. The calculation of as-
sociation (k,,) and dissociation (k) rate constants is
based on the linear fit of the 2 nf.-[Ami] data. How-
ever, a large uncertainty of kg, being close to zero,
was found for the amiloride block (Van Driessche,
1994). The origin of the error relates to the fact that
amiloride-induced noise can only be recorded with
amiloride concentrations far above the Michaelis-
Menten constant (K; = kog/kon). Therefore, we can
conclude at least that increased Ni*" concentrations
cause a decrease in amiloride k,,. These results may
point towards a competition between Ni*" and
amiloride for a common binding site, although the
former stimulates and the latter blocks Na = current.

The comparison of CDPC with amiloride gives
information about the different behavior with respect
to ko, of the two blockers. As already presented in
Fig. 2, the CDPC corner frequency was not depend-
ent on Ni*", but Fig. 4 shows this to be the case for
amiloride. Clearly, the suspected Ni*"-amiloride

37
100
A &
g,g—-ﬁﬂ /l
=
%inn | e
g g
sol. |
|
.
]
ot ' 1 i
0 8 16
[Ami]_ uM
B 400
2nfc
200 |-
s
0. L 1 1
0 8 16
[Ami]_| uM

Fig. 4. Effect of Ni>" on the inhibition of In, by amiloride. (4)
Percentage inhibition of current in the absence (white squares) and
in the presence of 2 mm Ni2" (black squares) in the apical Ringer
solution. The data are shown as the means & sem of 8 experiments.
(B) Effects of Ni?>" on amiloride rate constants. Linear fits (solid
lines) obtained by regression analysis were used to determine k,,
and kg constants of amiloride. In the absence of Ni** (white
squares) we obtained: kon = 20.2 + 0.1 pm~'s™! ko = 5.6 + 0.5
s~'. ko, decreases as Ni*" concentration is augmented from 0.5
(black circles, kon = 10.7 £ 02 pm~'s™! ko = 2.3 £ 095 ") to
2 mm Ni?*™ (black squares, ko, = 5.8 £ 0.1 a7 ko =
5.9 + 0.5 s7"). ko does not show a consistent change (see text).

competition has to do with the presence of the
guanidinium group. In the light of these experiments
we may speculate that Ni*?" competes with guanidi-
nium for a common binding site, which is different
from that of the pyrazine moiety.

* AND Na™

INTERACTIONS BETWEEN Ni’
As expected from a pore blocker, amiloride interacts
with Na . Early studies on many native epithelia
demonstrated that increasing extracellular Na™ con-
centrations reduced the channel affinity for amiloride.
However, discrepancies exist among investigators
concerning the type of amiloride inhibition. In grass
frog and bullfrog skins, some authors claim a non-
competitive mechanism, while in toad and Rana
temporaria skins the mechanism appeared to be of a
mixed type competition (Benos, Mandel & Balaban,
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Fig. 5. Effect of increasing Na® concentrations on amiloride
blockage. (4) The potency of amiloride to block Iy, is significantly
decreased by augmenting apical Na™ concentration from 30 (cir-
cles) to 102 mm (squares). (B) Amiloride noise shows a decrease in
corner frequency when apical Na™* concentration increases from 30
(white circles, ko, = 45.5 £ 1.3 prlsfl, ko = 107 £ 5.9 571,
n = 6)to 102 mm (white squares, kon = 19.9 + 02 pm~'s™! ko =
49 + 13 s ', n = 8). In the presence of 2 mm Ni** in the apical
solutions f; is much depressed and k,, is low and the same in 30
(black circles, ko = 5.5 £ 0.2 prls’I,kOﬁ- =78 £ 14s n=
8) and 102 mm Na™ (black squares, ko, = 6.6 = 0.7 uM’ls’l, ko
=44+ 025" n=23).

1979). Using amiloride-induced noise analysis it had
been shown that amiloride k., increased as the Na™
concentration decreased for Rana pipiens and Rana
temporaria skins (Hoshiko & Van Driessche, 1986).
In other words, as the Na™ concentration decreased,
blocker inhibition became more effective, i.e., Na™
and amiloride are competitive.

In the present study, too, the Iy, inhibition by
amiloride was diminished when apical Na™ concen-
tration was increased, as depicted in Fig. 54. The a-
miloride association constant (k,,) diminished as well
when apical Na™ concentration was increased (Fig.
5B). The effect of increased Na ™ concentrations is
therefore similar to the situation where addition of
apical Ni** produced a k., decrease for amiloride (Fig.
4B). It is then worthwhile to investigate a possible in-
teraction between Na™ and Ni**. As noise analysis
gives the most accurate information about the amilo-
ride kinetics, we performed measurements at two dif-
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Fig. 6. Effect of Ni** concentration on Na " -dependent amiloride
noise of I. (4) Dependence of f. at 8 um amiloride on [Na*]ap
(white squares). When 2 mm Ni?™ are added to the apical solutions,

fe is much suppressed and the observed decrease in f. is abolished

(black squares). Data are shown as averages = SEM for 6 experi-
ments. (B) Dependence of 8 pum amiloride f. on [Ni“]up in 30
(circles) and 102 mm [Na ™ [, (squares) in a logarithmic scale. Solid
lines represent fittings with a sigmoid equation (see text) and the
result shows that K, values depend on Na™ concentration.

ferent Na™ concentrations. In Fig. 5B we show the 2
nf.-[Ami] relationship at 30 and 102 mm apical Na ™.
The association rate constant in 30 mm [Naﬁ]ap de-
creased from 45.5 + 1.3t0 5.5 + 0.2 pm 's 'in the
presence of Ni**, while in 102 mm [Na+]"‘1p’ kon di-
minished from 19.9 + 0.2t06.6 + 0.7 um~ 's™' when
Ni*" wasadded (n = 6). We found that in the presence
ofapical Ni** the on-rate constants are not statistically
different in 30 and 102 mm Na ™. Moreover, we per-
formed a more detailed amiloride-induced noise anal-
ysis at 8 uM amiloride, but varying apical Na ™. The
apparent half-maximal [Na "] is around 40 mm. The
decrease in f; caused by increasing [Na+]ap was com-
pletely abolished by 2mm Ni* (Fig. 64). In Fig. 6B the
influence of various Ni* * concentrations on £, is shown
at30and 102 mm apical Na ™. The data have been fitted
with the following sigmoid equation:

yi—»n
y =

= 4
1+ [N /K
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Fig. 7. Effect of [NiH]ﬂp on Na™ kinetics. (4) Comparison of
Hanes graphs for the kinetics of Na™ current in control (white
squares) and in 2 mm apical Ni*" (black squares). In control con-
ditions line / represents the linear fit for the data obtained at
[Na*]ap below 20 mm. The extrapolated abscissa intercept repre-
sents —K! . Line 2 represents the linear fit for the data when
[Na*]ap is >20 mm and the respective intercept is 71(;. In the
presence of 2 mm [Ni2+]ﬂp the data were fitted with a single line 3
and gave the —K>, as abscissa intercept, almost identical to —K?,.
(B) Magnification of plot 4 for 0-20 mm [Na+]ap where the ab-
scissa intersections of the extrapolated lines (solid lines) indicate K,
values.

where the fit parameters are y, as the initial y value,
¥ as the final y value, and K, represents the apical
Ni*" concentration at which the corner frequency
drops at the half-maximal value. K, is 0.11 £ 0.01
and 0.27 + 0.02 mM for 30 and 102 mm [Na ],
respectively. One can notice that 2 mm Ni** were
sufficient to block the influence of Na * concentration
on f.. However, the K, values were significantly dif-
ferent for the two concentrations chosen. Therefore,
we can assume that Ni** competes with higher affi-
nity than Na™ for a common amiloride binding site.

A better understanding of this process may come
from the studies of Na™ channel kinetics in the ab-
sence of amiloride. Previous studies described a uni-
versal kinetic property of Na® transport where
saturation of Iy, occurs at higher apical Na* con-
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Fig. 8. Effect of [Ni“]ap in the presence of two putative group-
specific reagents at the apical side. (4) The sulphhydryl blocker
p-CMB (0.2 mm) causes a fast increase in current and conductance.
Applied after p-CMB, Ni*" has largely lost its stimulatory power.
(B) The histidine reagent DEPC (0.5 mMm) causes an inhibition of
Na™ but does preserve the stimulatory action of 2 mm NiZ*.

centrations (>20 mm). In some tight epithelia it has
been observed that, at a rapid step increase in apical
Na™ concentration, Iy, increases but then declines
rapidly within seconds to a steady-state level (Fuchs,
Larsen & Lindemann, 1977; Scholtz & Zeiske, 1988).
The process was described as the recline phenomenon
and later on as “Na self-inhibition” (Chraibi &
Horisberger, 2002). In many amphibian epithelia,
self-inhibition can be abolished by apical treatment
with apparently unrelated compounds such as sul-
phhydryl reagents (Benos, Mandel & Simon, 1980),
organic cations (Zeiske & Lindemann, 1974), or in-
organic divalent cations (Scholtz & Zeiske, 1988), all
shown to block the recline process. The techniqe used
in such a study involves a very fast solution change at
the apical border of the tissues. Although reliable for
amphibian skins and bladder, the procedure is not
applicable for A6 monolayers, which are more fragile
and can be dislodged from the filter (their culturing
substrate) during a rapid solution change. None-
theless, self-inhibition may also show up in the
absolute K,, value for the Na™ concentration de-
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Fig. 9. Effect of Co®>" and Zn>" on amiloride kon. (4) Apical
Co** (2 mMm) causes a decrease of ko, from 22.9 + 0.4 (white
squares) to 15.8 + 0.4 pm~'s™! (black squares). (B) 0.1 mm Zn>"*
(black squares) has no effect on f.. Data are shown as averages +
SEM for 6 experiments.

pendence. A high K, value is characteristic of a late
or a lack of saturation, while a low K, value is typical
of an early saturation (Smets et al., 1998). According
to Eq. 8, Ina saturation may reflect saturation of in,,
N, or both. In A6 epithelial cells, previous assessment
of Ina. kinetics yielded a K, value of =5 mm, but
turned out to be due to Na "-concentration depend-
ent changes of both iy, and N,. The process was
described to reflect a saturation of in, on one hand
and, on the other hand, an additional decrease of N,
as a function of [Na+]ap, thus resembling a recline
(Smets et al., 1998). The change in N, occurred with a
very steep function between 5 and 20 mm [Na *]. We
decided to study Na™ kinetics below 20 mm. In this
range amphibian skin and bladder had been shown
earlier (Van Driessche & Lindemann, 1979; Els &
Chou, 1993) to exhibit a steep N, drop with in-
creasing [Na '],y

Figure 74 shows a Hanes plot in control and in
the presence of 2 mm apical Ni** for a typical ex-
periment in a series of four. The linear least-squares
fitting resulted in a higher regression coefficient when
data where fitted with two lines than with one line.
The data in the interval of Na™ concentration up to
20 mm were fitted with a first line. Its negative abscissa
intercept K. determined by the extrapolation of the
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regression was =5 mM [Na+]ap. A second line fits the
data between 20 and 102 mm [Na "], and gives a K2,
around 12 mM [Na"]. It is likely that K! reflects the
Na "-dependent decrease of N,, whereas K2, repre-
sents the in, saturation above this concentration,
where N, is no more dependent on [Na+]ap (Smets et
al., 1998). In case Ni*" behaves as a blocker of Na ™
self-inhibition, N, should remain permanently high
and [Na " ]-independent, i.e., a recline-phenomenon (if
measurable) would no longer occur. The Na ™ current
is then solely determined by the in, saturation with
K =14 mm [Na*]ap as determined by fitting only
one linear regression function to the data in the
presence of Ni**. Indeed, the formerly double-linear
fit becomes mono-linear, the slope is decreased (re-
flecting an increased maximal Iy,), K becomes equal
to K2,. Figure 7B represents a magnified version of the
same experiment as in Fig. 74, so that abscissa in-
tercepts and the differences between K, in control and
in the presence of Ni*" become evident.

ErrecTs oF Ni*" IN THE PRESENCE OF OTHER
K~NowN Na* TRANSPORT MODIFIERS

The results obtained so far indicate that Ni*" acts on
ENaC in A6 cells by increasing only P,, and therefore
N, (see Eq. 8), suggesting the release of the channel
from self-inhibition. Ni*" might compete for a puta-
tive binding site with the amiloride guanidinium
moiety as well as with Na™ (see Figs. 4 to 6). Other
compounds such as the trivalent La’*, organic com-
pounds (p-CMB and benzimidazoly-2-guanidinium,
BIG) or divalent cations like Ca®" and Cd>" were
proven to abolish self-inhibition in several native ep-
ithelia (Zeiske, 1979). Although similar in their effect
onNa " current, the binding sites for these agents may
be different but, perhaps, close to each other. In order
to investigate two possible binding sites for Ni**, we
used two compounds: p-CMB as sulphhydryl and
DEPC as a histidine reagent, which are discussed as
high-affinity ligands for thiols and histidine, respec-
tively. The mercurial compound p-CMB is known as a
blocker of Na ™ self-inhibition in frog skin (Li &
Lindemann, 1983), colon epithelium and mouse
ENaC-expressing oocytes (Chraibi & Horisberger,
2002). The effect has been interpreted to reflect an
interaction of the agent with one or more sulphhydryl
groups on ENaC. In our hands, p-CMB caused a
rapid and reversible transient increase of /. and Gr,
followed by a decrease (not shown). Figure 84 illus-
trates the effect of Ni* " after addition of 0.2 mm p-
CMB (the maximal concentration that was soluble in
Ringer solution). Like Ni*", p-CMB caused a rapid
increase in current by about 54%. Added after p-
CMB, the Ni**-stimulated current is only by about
10% larger than that obtained with p-CMB. These
results may suggest that Ni>", as a heavy metal, and
p-CMB, containing mercury, share a common bind-
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ing site, e.g., one or more SH-groups. The fact that
Ni*" stimulation is not completely abolished by p-
CMB might be due to the concentration limit reached
for p-CMB or to the existence of several SH-groups
that are better accessible to the smaller Ni*" ions.

Studies of mouse-ENaC expressed in Xenopus
laevis oocytes led to the assumption that histidine is a
putative Ni*" binding site. Like conserved cysteine
regions, also a strategic histidine group was found for
mouse-ENaC (Sheng et al., 2002): Ni*" inhibition of
ENaC was abolished after pretreatment with the
histidine-modifying reagent DEPC. In our hands,
DEPC caused an inhibition of the Na™ current, while
subsequent Ni>" treatment still gave an enhancement
of the Na™ current by 40% (Fig. 8B). From these
results, we may exclude, for A6 tissues, the possibility
that Ni>" binds to a histidine-containing site and so
stimulates Na ™ current. However, putative histidine-
modification by DEPC reversibly blocks Iy, (see Fig.
8B). This then should occur at a site different from
that of stimulation by Ni* . Thus, DEPC could bind
to histidine (in contrast with Ni**) and so inhibit I,
as did Ni** in mouse-ENaC.

In Fig. 9 we show the results obtained with two
other divalent cations on the amiloride-induced noise.
Amiloride k,, was decreased by concentrations of
Co** comparable to those of Ni> " (Fig. 94), but was
not affected by Zn>"* (Fig. 9B). Moreover, contrary
to amphibian skin (Zeiske, 1979), Zn*" (just like
Ni*" on mouse ENaC) turned out to be an inhibitor
of Na™ transport in A6 cells up to a concentration of
1 mm. For Zn?>" a blocking effect was also reported
in studies on rat-ENaC-expressing oocytes (Amuz-
escu et al., 2003).

Discussion

In this study, we show the effects of Ni’* on the
epithelial Na™ channel from A6 cells. Ni** is known
as a powerful blocker for low-voltage-activated Ca” "
channels (Perchenet, Benardeau & Ertel, 2000), while
for high-voltage-activated Ca>" channels it is a low-
affinity blocker. Contrary to other divalent cations
that can permeate Ca’" channels, Ni*" has the
ability to bind to a regulatory site in the external part
of the protein (McFarlane & Gilly, 1998). The geo-
metric flexibility of Ni*" allows formation of differ-
ent complexes with amino-acid residues. Due to these
special properties, Ni> " is a useful tool for studies of
channel gating and to probe regulatory sites in the
external part of the proteins.

MEecHANISM OF A6 ENaC AcCTIVATION BY NiZ ™"

In experiments where the cells were superfused with
solutions containing Ni*”, current and conductance
were stimulated in few seconds, the time necessary for
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the solution to reach the chamber. Similarly, the
stimulation was reversed quickly by returning to a
Ni® " -free solution. The onset of activation as well as
the perfect reversibility of the process suggests a site
of action on the extracellular face of the channel. In
addition, a covalent Ni** binding seems, therefore,
unlikely. Contrary to the stimulation of /Iy, by hor-
mones, which cause an increase of total capacitance
(Erlij et al., 1994), the enhancement of Na™ current
by Ni*" is not paralleled by an increase of capaci-
tance. This implies a stimulation of silent Na™
channels in the apical membrane and not the inser-
tion of new channels by exocytosis. On oocytes ex-
pressing mouse ENaC, the inhibition of Na™ current
by Ni** has been described with a maximal effect
observed one minute after quick solution exchange
(Sheng et al., 2002). The authors have assumed that a
putative Ni*" binding site is extracellularly located.
In native epithelia like amphibian skin, Ni2" causes
stimulation of Na™ transport, while in rat- and
mouse-ENaC-expressing oocytes the effect is an in-
hibitory one. It cannot be excluded that Ni*" effects
depend on whether the channel is native or exogen-
ously expressed. In native channels, some other pro-
teins may be involved in the activation process.
Alternatively, Ni** effects may be species-dependent.

In our study, we used for the first time CDPC-
induced noise for investigation of Ni*" effects on
ENaC kinetics. In the presence of Ni*", we could
observe a noticeable increase of N, in the plasma
membrane, which may reflect the increase of P,. The
control of the spontanecous ENaC open probability
(P,) is not completely understood. Previous experi-
ments have shown that this channel exhibits two
main conformations: one with a high P, at low ex-
ternal [Na "] and one with a low P, at high [Na ],
(Palmer & Frindt, 1996). According to this model,
when the channel is exposed to Ni*", ENaC may
change from the low to the high P, mode, which is
then reflected by the increase of N,.

In A6 cells, hormones such as insulin and al-
dosterone cause an increase of Na™ transport to-
gether with modification of the ENaC kinetics
(Blazer-Yost et al., 1998; Erlij et al., 1994). Using the
same protocol of CDPC-induced noise, the authors
have shown that these hormones effect an increase in
the total number of channels, without changes in P,.
These results emphasize the hypothesis that the acti-
vation of the ENaC by hormones has a pathway
different from that of the stimulation by divalent
cations, e.g., Ni>" in A6 cells.

The effect of Ni*" is likely to be the result of an
interaction with the open state of the ENaC channel,
since the stimulation of Na™* current is not possible
when all the channels are blocked by 10 um amiloride.
At sub-maximal amiloride concentration (100 nm) the
effects of Ni*" are not perturbed. Amiloride de-
creases the number of open channels in a dose-de-
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pendent manner as suggested by noise analysis
(Helman & Baxendale, 1990). However, at low doses
of amiloride there are still channels in the open state
that can be stabilized by Ni*", and this may cause an
increase of the current. Considering the Na ™ -de-
pendent gating mode of ENaC as described, it is also
possible that amiloride, being competitive with Na ™,
changes the channel from the high P, to the low P,
mode, as suggested previously by Chraibi (Chraibi &
Horisberger, 2002).

Ni2" INTERFERES WiTH ENaC SELF-INHIBITION

Changes in N,, and also in P, and in, were exten-
sively studied with respect to the current-saturation
phenomenon. Using amiloride-induced noise, Van
Driessche and Lindemann (1979) found that N,
steeply decreased, whereas iy, linearly increased
when [Na+]ap was augmented. This implied that the
number of open channels decreases with increasing
[Na+]ap. Transport saturation has been attributed to
two phenomena as defined by Lindemann (1984). (i)
Feedback inhibition represents the downregulation of
the channel density due to an increase of intracellular
[Na*]. (ii) Self-inhibition downregulates the channel
density by Na ™ acting on the extracellular surface of
the apical membrane. In A6 cells, CDPC-induced
noise revealed a two-step mechanism for the satura-
tion process dependent on [Na*]ap. In the range be-
tween 0 and 20 mMm external Na™, N, decreased
steeply as a function of [Na*]ap, whereas above this
concentration it had a constant value. However, in,
saturated monotonously from 0 to 120 mm [Na+]ap.
In our experiments, the Hanes plot could be fitted
with two lines corresponding to two concentration
ranges (see Fig. 7). As described in the Results sec-
tion, this is the consequence of the current saturation
behavior based on the opposite Na ™ dependence of
N, and iy, respectively. When Ni’" was added, the
best fit was obtained with a single line and gave a
higher value for K. The finite slope of the Hanes
graph reflects saturation behaviour of in,, which has
so far not been described for amphibian skin or
bladder. Besides, lines 2 (control) and 3 (in the
presence of Ni*") intersect almost exactly at their
ordinate intercepts. Such a clockwise turn (line 3
versus 2) is identical to the results obtained for
blockers of Na " self-inhibition in skin or bladder.
The higher value of K, accounts also for the release
of Na™ channel from self-inhibition.

Several decades ago it was suggested that Na™
self-inhibition involves binding of Na™ ions to an
extracellular site (Zeiske & Lindemann, 1974; Fuchs
et al., 1977). This process may cause conversion from
the high P, to the low P, state, including possibly a
large conformational change or isomerization of the
channel (Chraibi & Horisberger, 2002). A specific site
for Na™ binding has not been explicitly described,

D. Cucu et al.: ENaC Stimulation and Amiloride Site

only a short conserved domain termed DEG residue
is presumed to be involved in the binding of extra-
cellular proteases and in Na™ self-inhibition (Kel-
lenberger, Gautschi & Schild, 2002). Ni* " triggers the
release of ENaC from self-inhibition, a process that
can take place by occupying this putative Na ™
binding site. This might be done by blocking its ac-
cessibility for Na™ via a conformational change (al-
losteric competition), or by competing directly with
Na™ for the same position (isosteric competition).
Contrary to Na™, Ni*" binding would then induce a
conversion to the low P, state.

Ni2" REDUCES AMILORIDE INHIBITION

Amiloride K; is increased by raising the apical Na™
concentration. Lindemann and Vofte (1976) postu-
lated that amiloride might bind to the same modifier
site as Na™ but with higher affinity. However, there
are some indications that besides its pore-blocking
effect, amiloride and some of its derivates stimulate
Na™ current and release ENaC from self-inhibition
(Cuthbert & Wong, 1972; Bevevino & Lacaz-Vieira,
1982; Li & Lindemann, 1983). In our hands, amilo-
ride did not show a stimulation of the current, even in
low (nMm) concentrations, where it definitively has a
stimulatory effect on Iy, in frog skin (Zeiske, 1979).
Although human ENaC showed signs of a stimula-
tory effect of amiloride, this effect may be masked by
the high-affinity pore-blockade characteristic of a-
miloride (Chraibi & Horisberger, 2002). This also can
be so in our case and could indicate two amiloride
binding sites, one stimulatory and one inhibitory.

Nickel significantly perturbed the amiloride in-
hibition, as shown by the increase of macroscopic K;,
as well as of the microscopic Kj, in contrast to CDPC
with which Ni*" did not interact. Our results suggest
a competition with the guanidinium group of the
amiloride molecule, as K; increases with Ni*". Com-
petition between Ni*" and amiloride raises one
problem: while Ni** has a stimulatory effect on Na ™"
current, amiloride is a blocker.

WHERE DoEgs Ni?" INTERACT WITH THE CHANNEL?

The amiloride-binding site has been located to the
pre-M2 segments of ENaC subunits that are sup-
posed to form the outer pore of the channel (Kel-
lenberger & Schild, 2002). One study has indicated
that the amiloride molecule interacts with the channel
at two distinct sites (McNicholas & Canessa, 1997).
The authors presented evidence that the guanidinium
group binds to homologous sites in of and oy
channels, while pyrazine has a different binding site.
Also, experiments on frog skin have shown that
CDPC and amiloride have different binding sites
(Flonta et al., 1998). As CDPC is a derivative of a-
miloride without the guanidinium moiety, these re-



D. Cucu et al.: ENaC Stimulation and Amiloride Site

sults suggest different binding sites for pyrazine and
guanidinium. However, the molecular structure for
two separate binding sites has not been described so
far, although some aspects, in the case of amiloride,
were addressed previously (Li et al., 1985).

The geometric flexibility of Ni** in aqueous so-
lution allows associations of the hydrated metal with
several amino-acid residues (Hausinger, 1993). Re-
cent studies have suggested a new putative binding
site for amiloride situated in the extracellular domain
of the rat dENaC. Analysis of an anti-amiloride an-
tibody revealed in the CRD1 of the extracellular loop
a residue pattern of six amino acids (WYRFHY),
including a histidine. Ni*" binds with high specificity
to histidine and, thus, a histidine residue contained in
the putative binding site of amiloride may be re-
sponsible for the inhibitory effect of Ni** on the
mouse ENaC (Sheng et al., 2002). However, the au-
thors claimed that there are no interactions between
Ni’* and amiloride inhibition. A moderate dose of
DEPC caused in our experiments the inhibition of
Na ™ current, as in the previous study by Sheng et al.
(Sheng et al., 2002), but the stimulatory effect of Ni> "
in A6 cells was not suppressed. Our results suggest
that the binding site for Ni>" is different from the one
reported in studies on rat- or mouse-ENaC-express-
ing oocytes, and may not contain a histidine residue.
On rat and mouse ENaC Ni* " causes an inhibition of
Na™ current, while on A6 cells the effect is stimula-
tory. There are several other reports telling that some
chemical compounds have dissimilar effects on
ENaC, when native tissues are compared to ENaC-
expressing oocytes. For instance, BIG and novobio-
cin known as Na™ uptake activators in amphibian
skin (Johnston & Hoshiko, 1971; Zeiske & Lind-
emann, 1974) cause an inhibition of Na™ current in
oocytes expressing human-ENaC (Chraibi & Horis-
berger, 2002). P-CMB caused the increase of Na™
current via the rabbit colon ENaC (Turnheim, Luger
& Grasl, 1981), while in human-ENaC-expressing
oocytes this compound caused inhibition of the cur-
rent (Chraibi & Horisberger, 2002). These dis-
crepancies might be related to the fact that the
channel is heterologously expressed. Of course, we do
not exclude the existence of different Ni** binding
sites on ENaC due to species differences.

Ni?* can also bind to cysteine in special square
planar geometries. The sulphur of these residues can
serve as a redox centre, a nucleophile, a determinant
of protein tertiary structure, a Bronsted base, or a
Lewis base for binding metal ions. Cysteine-metal ion
binding is found in cysteine-rich metallothioneins,
whose roles include scavenging excess essential metals
or sequestering potentially toxic metals. All ENaCs
described by molecular biology methods contain two
or three cysteine rich domains (CRD). A very inter-
esting study concerning the implication of the cy-
steines in the channel function was performed on the
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ryanodine receptor calcium release channel (RyRs)
that contains 80-100 cysteine residues per subunit
(Dulhunty et al., 2000). The authors have described
four major classes of cysteine residues with dissimilar
functional roles. By covalent modifications of these
cysteines RyRs can be either activated or inhibited. A
battery of free and modified thiols, with different ac-
tions on this channel, allows for a differential re-
sponse. As, in ENaC channel, the number of cysteines
is rather large, it is possible that not all the cysteines
are involved in disulfide bonds, but some of them are
free and thus susceptible for interactions especially at
reducing ambient conditions. The sulphhydryl-reac-
tive metals include very toxic metals such as mercury,
cadmium and lead, but also nickel, zinc and the
p-CMB reagent. P-CMB causes in A6 cells a stimu-
lation of the Na™ current apparently through the
same pathway as Ni*" does. We assume that a pu-
tative binding site for Ni*" contains free cysteines
from the extracellular loop of ENaC. By analogy (see
Fig. 9), Co*" ions, which are most similar to Ni*",
may act in the same way. Interestingly, Zn>* does not
cause a stimulation of the current, but has a highly
specific inhibitory effect, although it is also a sul-
phhydryl-reactive metal (Amuzescu B., 2003). The
effect of Zn>" does not alter amiloride inhibition and
has a mechanism different from that of Ni** or hor-
mones. As described for RyRs it may be that also in
ENaC, Ni*" and Zn>" react with different cysteine
groups (and probably in different ligand geometries)
that have a different environment on the extracellular
side. More precisely, the putative Ni*" binding site,
which we assume to be common to that of amiloride
and Na ¥, may contain other residues in addition to
cysteines and thus be more specific for Ni**. Like
Zn*" and Cd**, which have complete 3d-electron
shells, the trio of metal ions, cobalt (II), nickel (II),
and copper (II), all with 3d-electron gaps, are well-
known diagnostic substitutes for each other or for
other essential metals in cysteine protein environ-
ments. In our experiments, too, Co?™ seems to bind to
the same site as Ni* " but with a lower affinity.

Wny NICKEL?

As a naked ion, Ni’" can coordinate in a manifold
way with nucleophiles; the resulting complexes are
generally very stable and may be responsible for the
effects observed here, e.g., with SH-groups. Ni*" ions
can coordinate up to six water molecules in aqueous
solution (Hausinger, 1993). This hydration may en-
able interactions, e.g., hydration bonding over large
molecular distances, by crossing long or several
channel units (McFarlane & Gilly, 1998). For cyclic
nucleotide-gated channels or for mouse ENaC, it was
demonstrated that Ni*" binds to several domains.
Along with the geometric flexibility, these character-
istics make Ni’* a tool for studies of the gating
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properties and ligand sites in proteins. In our studies
performed on rat-ENaC-expressing oocytes and A6,
respectively, Ni** shows different effects indicating
different binding sites on ENaC.

Whether these binding sites depend on the
channel species, on the expression system, or on the
channel conformation is still an open question. To
answer this question, we intend to continue these
studies by similar experiments with Xenopus laevis
ENaC expressed in Xenopus oocytes.
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