Irreversible Inhibition of Sodium Entry Sites in Frog Skin

by a Photosensitive Amiloride Analog

Abstract. A photosensitive binding reaction is described in which an analog of
amiloride is bound to sites that control sodium entry into frog skin. This reaction
results in irreversible inhibition of net sodium transport.

Amiloride is a relatively new, potas-
sium-sparing diuretic that inhibits so-
dium transport across amphibian skin as
well as in renal distal tubules, colon, sali-
vary ducts, caudal epididymis, toad uri-
nary bladder, fish gills, and erythrocytes
(I). This action is extremely specific for
sodium, completely inhibiting active so-
dium transport in frog skin at concentra-
tions as low as 107>M. Amiloride is ef-
fective in frog skin only when present in
the external solution. Its speed of action
and rapid reversibility are indicative
of an interaction with sodium entry sites
located on the external aspect of the
frog skin (2). This site has properties that
render its classification as a ‘‘receptor”
justifiable, namely, saturation Kinetics,
modulation of transport rate by various
external influences such as pH, divalent
cation concentration and hormones,
competition with other cations, and fi-
nally drug inhibition (2—4). Evidence has
been presented that this site is a protein
(4) having characteristics identified with
those of a channel (5).
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The specificity of amiloride’s action
has already provided information regard-
ing the functional nature of its inter-
action (or receptor) site, especially
through the use of chemical analogs (¢).
The rapid reversibility of amiloride’s in-
hibitory effect has proved invaluable in
these and other similar studies. Addi-
tional information concerning both the
functional and chemical attributes of this
entry site could be obtained if an analog
of amiloride were found that would both
inhibit sodium transport in frog skin as
well as bind irreversibly to the entry site.
For example, the binding of tritiated oua-
bain to intact cells and tissues has pro-
moted a greater understanding of the dis-
tribution and physiological operation of
the sodium-potassium active transport
system (6). In order to perform similar
studies on the sodium entry site in frog
skin and other amiloride-sensitive epi-
thelia, we initiated a search for an analog
of amiloride with the aforementioned
characteristics. We now report that one
analog of amiloride, bromoamiloride (Br-
A), can irreversibly inhibit sodium trans-
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port across frog skin after irradiation
with ultraviolet light.

Binding of Br-A to frog skin was ac-
complished by the following procedure.
The ventral skin of the bullfrog (Rana
catesbiana) was mounted in a modified
Ussing chamber equipped with a circular
quartz window, and then equilibrated in
110 mM NaCl Ringer solution under
short-circuit conditions (7). A paired
skin was usually mounted in a conven-
tional chamber. A trace reproducing the
short-circuit current () as a function of
time in a typical experiment is shown in
Fig. 1. After equilibration, the external
surface of the experimental skin was first
irradiated for 30 minutes to ensure that
ultraviolet exposure by itself had no un-
toward effects on .. In this experiment,

ultraviolet irradiation of the external skin
surface in the absence of drug resulted in
a slight increase in I, (Fig. 1A). There-
after, the reversibility of amiloride was
tested with and without ultraviolet irra-
diation. The effect on I, of a 30-minute
exposure to 107°M amiloride in the ab-
sence of ultraviolet was completely re-
versible after thorough washing with 0.5
to 1 liter of Ringer solution (Fig. 1B).
Photoirradiation in the presence of
107®M amiloride likewise caused no irre-
versible inhibition of I, (Fig. 1C). This
result contrasts with the irreversible I,
inhibition (16 percent) shown in Fig. 1D
after a 30-minute period of ultraviolet ex-
posure in the presence of 10~°M Br-A.
Exposure of the paired skin to 10-°M Br-
A for repeated 30-minute periods in the
absence of ultraviolet light resulted in no
irreversible inhibition of I, (Table 1). A
second exposure of ultraviolet irradia-
tion in the presence of 10~°M Br-A pro-
duced additional irreversible inhibition
(26 percent), as shown in Fig. 1E (8). The
last panel in Fig. 1 again demonstrates
that ultraviolet irradiation in the pres-

Table 1. Reversibility and irreversibility of I, under various experimental conditions. Photoirra-
diation and drug additions were to the external surface of the skin. Results are expressed as the
mean percentage of the initial f, remaining (+ 1 standard error of the mean) subsequent to
exhaustive washing after the experimental manipulation indicated. Abbreviations; N, number

of skins; UV, ultraviolet irradiation.

Experimental condition

Percent of initial
I, remaining

UV irradiation (30 minutes) 99.1 £ 1.6(N = 22)
1076M amiloride exposure (30 minute; no UV) 99.8 = 3.0(N = 13)
107%M amiloride exposure (30 minute; no UV) 102.0 = 3.1 (N = 3)
1075M Br-A exposure (30 minute; no UV) 115.7 £ 3.1 (N = 5)
10-5M Br-A plus UV (30 minutes) 66.3 = 32(N =12
10~*M amiloride and 10-*M Br-A plus UV (30 minutes) 103.4 = 59(N = 4)
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Fig. 1. Trace of I as a function of time during various experimental manipulations explained in
the text. Current is given in microamperes; the exposed surface area of bullfrog skin epithelium
was 1.77 cm?®. Amiloride and Br-A were added to the external bathing solutions only.
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ence of amiloride does not elicit any irre-
versible effects on ..

A 30-minute exposure of the frog skin
to either ultraviolet by itself, 107°M
amiloride (without ultraviolet), 107¢M
Br-A (without ultraviolet), or 107M
amiloride plus ultraviolet results in no
permanent change in I, (Table 1). How-
ever, only a 66.3 percent recovery of I
is obtained after a 30-minute exposure to
10~°M Br-A in the presence of ultravio-
let. Further irreversible inhibition of I,
can be obtained with additional ultravio-
let and Br-A exposure periods. We inter-
pret the inactivated portion of I to be
the result of the irreversible binding of
Br-A to sodium entry sites on the ex-
ternal surface of the frog skin (9).

We also designed experiments to test
whether the binding of Br-A to the so-
dium site is specific (10) (Table 1). The
observed irreversible loss of transport
activity may be due to (i) Br-A binding to
the active site or (ii) secondary con-
formational effects having nothing to do
with site labeling. Since amiloride was
found to be unreactive and since it pre-
sumably interacts at the same active site
as does Br-A, amiloride was chosen as
a specific site ‘‘protector’’ agent. The
presence of 10™*M amiloride significant-
ly depresses (indeed prevents) the in-
activation of I, produced by 1075M Br-A
upon photolysis (I7). This observation
strongly supports the contention that the
photosensitive reaction between Br-A
and the sodium entry site is specific.

The mechanism of this Br-A, sodium
entry site reaction is unknown, but it
may proceed by at least two possible
routes: free radical generation or photo-
nucleophilic substitution (or both) (/2).
Elucidation of the reaction mechanism is
complicated, as evidenced by similar ul-
traviolet absorption spectra of Br-A and
amiloride solutions before and after pho-
toirradiation (Fig. 2), and by the obser-
vation that irradiated solutions of Br-A
and amiloride fail to inhibit ., even at
10~*M. These facts may indicate that ab-
sorption of ultraviolet light may cause re-
arrangement or breakage of the pyrazine
ring (13).

Regardless of the mechanism, the
photoreaction of Br-A and the frog skin
probably involves the 6-pyrazine ring
carbon atom. This conclusion is based
on the following experiment. Solutions
(10 mM) of Br-A and amiloride were pre-
pared in distilled water and samples of
each were placed in quartz cuvettes.
These solutions were then irradiated for
30 minutes under the conditions de-
scribed earlier. All solutions were sub-
sequently measured for free halide (/4).
The free halide concentration of the non-
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Fig. 2. Ultraviolet absorption spectra of
amiloride (N-amidino-3,5-diamino-6-chloro-
pyrazine carboxamide) and bromoamiloride
(N-amidino-3,5-diamino-6-bromopyrazine car-
boxamide) before (solid line) and after
(broken line) 30 minutes of ultraviolet irradia-
tion. Compounds were dissolved in distilled
water at the concentrations indicated and
placed in a quartz cuvette; the ultraviolet
spectra were determined with a Beckman DB-
GT grating spectrophotometer. Photoirradia-
tion was accomplished with an Oriel low-pres-
sure mercury lamp (energy output, ~14 uW/
cm? at 3 cm; major wavelength, 254 nm).

irradiated, 10 mM stock solutions of Br-
A and amiloride was determined to be,
respectively, 0 and 10.6 mM (amiloride
is prepared commercially as the hydro-
chloride whereas Br-A is not). After irra-
diation, the halide concentration in the
Br-A solution increased to 8.3 mM,
while that of the irradiated amiloride so-
lution remained as 10.7 mM. These re-
sults indicate that bromide is liberated
from the pyrazine ring during photolysis,
and that the 6-pyrazine ring carbon atom
may be the site of covalent attachment of
the Br-A molecule to its receptor group
on the frog skin.

In conclusion, we have found that Br-
A can act as a specific and irreversible
blocking agent of sodium transport in
frog skin after photoirradiation, due to
covalent binding to the sodium entry
site. This photoreaction may be ex-
ploited for use as a tool for numerous ex-
periments involving the sodium entry
step in amiloride-sensitive epithelia,
such as determining the number and dis-
tribution of these sites, and could lead to
the eventual isolation of these transport
proteins.
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