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Summary. We evaluated the effects of varying aqueous Ci~ con-
centrations, and of the arginyl- and lysyl-specific reagent phenyl-
glyoxal (PGO), on the properties of Cl~ channels fused from
basolaterally enriched renal medullary vesicles into planar lipid
bilayers. The major channel properties studied were the anion
selectivity sequence, anionic requirements for channel activity,
and the effects of varying Cl~ concentrations and/or PGO on
the relation between holding voltage (Vy, mV) and open-time
probability (P,).

Reducing cis Cl~ concentrations, in the range 50-320 mm,
produced a linear reduction in fractional open time (P,) with a
half-maximal reduction in P, at ¢is C1~ =~ 170 mm. Channel activ-
ity was sustained by equimolar replacement of ¢is Cl~ with F~,
but not with impermeant isethionate. For rrans solutions, the
relation between C1~ concentration and P, was negatively cooper-
ative, with 50% reduction in p, at 10 mm Cl~. Reducing c¢is Cl~
had no effect on the gating charge (Z) for channel opening, but
altered significantly the voltage-independent energy (AG) for
channel opening.

Phenylglyoxal (PGO) reduced Z and altered AG for Cl-
channel activity when added to cis, but not frans solutions. Fur-
thermore, in the presence of cis PGO, reducing the c¢is Cl~ con-
centration had no effect on Z but altered AG. Thus we propose
that ¢is PGO and cis Cl~ concentrations affect separate sites
determining channel activity at the extracellular faces of these
Cl~ channels.

Key Words Cl~ channels - bilayers - PGO inhibition - C1~
dependence - open-time probability

Introduction

The experiments reported in this paper were de-
signed to evaluate certain of the determinants of
channel activity in C1~ channels fused from basolat-
erally enriched renal medullary vesicles into planar
lipid bilayers. Such Cl~ channels, when incorpo-
rated into planar lipid bilayers, exhibit linear cur-
rent-voltage (I/V) relations when cis and trans solu-
tions are symmetrical: in 320 mmMm KCI, the unit
channel conductance (gq, pS) is approximately 90

pS, and the gating charge (Z) required for channel
opening is 1.11 [13].

These Cl~ channels exhibit several interesting,
and in certain instances unique, features when the
aqueous phases are asymmetrical, that is, when the
cis and trans solutions are 320 and 50 mMm KCl,
respectively [13]. First, the I/V relations are consis-
tent with classical Goldman-Hodgkin-Katz (GHK)
rectification. The open-time probability (P,) is also
voltage dependent, so that g, the time-averaged
Cl~ conductance (that is, P, gc) is more strikingly
voltage dependent than predicted from simple GHK
relations. Second, P, is exquisitely sensitive to re-
ductions in trans but not cis ionized Ca’* concentra-
tions below =50 nM; thus, it is likely that the intracel-
lular faces of the ClI™ channels are oriented to the
trans solutions. Third, and of particular pertinence
to the present studies, the Cl~ channels are com-
pletely inactivated when Cl~ concentrations in the
cis, or extracellular, solutions are reduced to 50 mM;
in contrast, reducing the trans, or intracellular, Cl~
concentrations to 50 mm has little effect on P,

The present studies evaluated the effects of two
variables, varying aqueous Cl~ concentrations and
the arginyl- and lysyl-specific reagent phenylglyoxal
(PGO) [8, 9, 16], either individually or in concert,
on C1™ channel activity (P,) and on the determinants
of channel activity. The results show that reducing
cis Cl~ concentrations, in the range 50-320 mm,
produced a linear reduction in P,. Alternatively, for
trans solutions, the relation between Cl~ concentra-
tion and P, was negatively cooperative. Finally, re-
ducing cis C1~ had no effect on the gating charge for
channel opening, but altered significantly the volt-
age-independent energy component for channel-
opening.

Second, we found that PGO, which inactivates
amiloride-sensitive Na* channels [5], reduced the
gating charge and altered the voltage-independent
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energy for Cl- channel activity when added to cis,
but not trans solutions. Furthermore, in the pres-
ence of cis PGO, reducing the cis Cl~ concentration
had no effect on gating charge, but altered the volt-
age-independent energy for channel opening. A pre-
liminary report of some of these findings has ap-
peared elsewhere [15].

Materials and Methods

The procedure for preparing basolaterally enriched vesicles from
rabbit renal outer medulla, and the enzymatic characteristics of
these vesicles, have been described previously [13]. For the pres-
ent studies, these vesicles were suspended in 250 mM sucrose and
30 mMm histidine (pH 7.4) at a protein concentration of 10-20 mg/
ml. The vesicles were used immediately or stored at a temperature
of —70°C for up to a week without noticeable changes in the
characteristics of the CI~ channels.

Lipid bilayer membranes were formed by painting a lipid
solution over a 0.2-0.3 mm aperture in the wall of a polystyrene
Mueller-Rudin cup [11]. The solutions used to form bilayers were
1 : 1 mixtures of phosphatidylserine and phosphatidylethanolam-
ine in decane (20 mg lipid/ml). Formation and thinning of the
bilayers were monitored electrically. The aqueous phases (vol-
ume =~ 3 ml) initially contained varying concentrations of KCl, 1
mum CaCl, and 5 mm HEPES (pH 7.4) solutions in both the cis
and frans chambers. The specific KCl concentrations, as well as
varying buffer compositions, are indicated in individual experi-
ments. CaCl,, 1 mM, was uniformly present in all aqueous phases.

Channels were incorporated into lipid bilayers as described
previously {13]. Fusion of membrane vesicles added to the cis
chamber was promoted by an osmotic gradient (4, 13] across the
bilayer (cis = 320 mm KCl, trans = 50 mm KCl). After detection
of a Cl~ channel! in the bilayer, additional changes in the solutions
were made by addition or by perfusing the c¢is chamber with a
controlled infusion pump (Gilson Minipulse I1). Samples obtained
during perfusion were analyzed for Cl~ concentrations electroti-
trametrically [12].

The bilayers were voltage clamped using a patch-clamp am-

, In a single C1™ channel. The value of P, at
each of the indicated ¢is Cl™ concentration is
indicated in the figure. The rrans solution

contained 50 mm CI~. Note that the
-—M..L«closed differences in current amplitude at the three

different cis C1~ concentrations occurred
because of variations in Eg, and consequently
in (Vy — Eg), the electrochemical gradient

3.12 pA

plifier (Dagan 8900) connected to the bilayer chambers by Ag-
AgClelectrodes in 3 M KClagar bridges. Voltages were expressed
as cis with respect to trans chamber; the frans chamber was
grounded. The output of the clamp amplifier was digitized at 44
kHz, recorded on VHS tape (PCM-2, Medical Systems), and
simultaneously displayed on an oscilloscope (Hitachi VC6G20).
Records were replayed, filtered by an 8-pole Bessel filter (Model
902L.PF, Frequency Devices), digitized {System 570, Keithley)
and analyzed by computer as described previously [13]. Records
were filtered at 200 Hz (—3 dB cutoff) and sampled at 2 kHz.

The data in this paper are presented using the following
conventions. The bilayer voltages are referenced to the trans
chamber, which was grounded. Movement of C1~ from cis to trans
chambers was taken to be a negative current, which appeared as
a downward deflection in current traces. All results are expressed
as mean values = sEM for the indicated number of experiments.
A single bilayer was takentobe n = 1.

Results

EFrFeECT OF VARYING cis Cl- CONCENTRATIONS

Figure 1 shows the results of paired measurements
in a single bilayer membrane where we evaluated
the effect of varying cis Cl~ concentrations on P,
while holding the trans Cl~ concentration constant
at 50 mM. Clearly, reducing the cis C1~ concentra-
tion produced a progressive decline in P,,. The trac-
ing shown in Fig. 1 also indicates that, as the cis
Cl™ concentration was reduced, bursts of channel
activity were separated by increasingly long periods
during which the channel was quiescent.

Figure 2 illustrates the results of paired observa-
tions in 11 different bilayer membranes on the rela-
tion between P, and cis C1~ concentrations when
the trans Cl~ concentration was held constant at 50
mM. The experiments reported in Fig. 2, as well as
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Fig. 2. The relation between P, and cis
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measurements in individual bilayers (n = 11).
The trans CI~ concentration was 50 mm, and
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all other comparisons, were carried out by paired
experimental maneuvers on the same bilayer.

Two observations are especially pertinent.
First, in 10 of 11 instances, there was a monotonic
decline in P, as cis C1~ concentrations were re-
duced; and in all instances, reducing cis C1~ concen-
trations to =70 mM produced virtually complete
channel inactivation. Second, the results in Fig. 2
show that there was considerable variation in the
values of P, at a cis ClI~ concentration of 320 mm.
Thus the P, data from Fig. 2, at varying cis CI~
concentrations, were expressed as the percentage of
the paired P, values at a cis CI~ concentration of
320 mm (Fig. 3, filled circles). The results were ra-
tionalized by a linear fit, with a 50% reduction in P,
occurring at a cis Cl~ concentration of =175 mm
(Fig. 3, solid lines).

It was pertinent to exclude the possibility that
the relation between P, and cis Cl~ concentrations
was affected by the trans Cl~ concentration. Ac-
cordingly, we also evaluated, in paired experiments
like those shown in Fig. 2, the effect of varying
cis Cl~ concentrations on P, when the trans Cl~
concentration was held constant at 320 mm (Fig. 3,
open circles). The dashed line in Fig. 3 is the linear
regression of the latter data. The experimental data
shown in Fig. 3, as well as the two regression lines
for the two sets of data, show clearly that the relation
between varying cis Cl~ concentrations and P, was
virtually the same whether the trans solution con-
tained 50 or 320 mm KCL

It has been observed that, in other tissues, both
HEPES [18] and SO}~ [17] can block C1~ channels.
Since the experiments reported in Figs. 1-3 were

uniformly —-20 mV
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Fig. 3. The filled circles express the data from Fig. 1 as individual
P, values, at a given cis C1~ concentration, as a percentage of
control values at a c¢is ClI™ concentration of 320 mm. The solid
line is the linear regression for these data (r = 0.84). In the
experiments shown as open circles, measurements like those
shown in Fig. | were carried out when the trans C1~ concentration
was 320 mM. The dashed line is the linear regression (r = 0.94)
of the latter data. The slopes and intercepts of solid and dashed
lines were statistically indistinguishable

carried out with a HEPES buffer, we wished to ex-
clude the possibility that the inactivation of P, at
low cis C1~ concentrations was referable to an un-
masking of inhibition of CI~ channel activity by
HEPES. We also wished to evaluate whether
SO;~ might alter inactivation at reduced cis Cl-
concentrations. The experiments reported in Table
I show, in this connection, that reducing cis Cl~
concentrations to 70 mM virtually abolished channel
activity when the aqueous buffer was either Tris-
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Table 1. Effect of varying cis CI™ on P, using various aqueous
buffers

Buffer P,

cis C17 = 320 mM
85.8 =04

cis CI7 =75 mm
Tris-SO, 5.7+ 47
(n =4

Tris-Cl 84.8 = 10.4 5.5 +%35

I

(n =3)

Open probability (P} of the chloride channel was determined
in the two different indicated buffers (all pH 7.4) with paired
meaurements in the same Cl~ channel in the same bilayer under
control (320 mMm KClI cis) and experimental (75 mm KCl cis)
conditions. All data were obtained at a holding voltage of —20
mV and with 50 mM KCl in the trans solution. The results are
expressed as mean values = sgM for the indicated numbers of
bilayers.

SO, or Tris-Cl (Table 1), in close accord with the
results obtained using HEPES (Figs. 1--3).

It was also pertinent to assess the relation be-
tween the holding voltage (Vy, mV), varying cis C1~
concentrations and determinants of channel activity.
The Boltzmann distribution for a simple two-state
model may be expressed as:

In(P,/l — P)) = (ZFIRT) V, + AG (1)

where Z is the gating charge; AG is the voltage-
independent free energy change for channel open-
ing; and F, R and T have their usual meanings. Thus
an estimate of Z is provided by the slope of the
relation between In(P,/1 — P, and Vy; and the
value of In(P,/1 — P,) atazero V, provides an index
to AG. We note in this regard that, at any given Z,
the measured value of In(P,/1 — P,) at zero V; will
be rather sensitive to the control value of P,. But as
noted in Fig. 2, control values of P,, at a cis CI~
concentration of 320 mMm, vary appreciably. As a
consequence, AG values may also vary appreciably.
Thus in our view, an evaluation of the effects of a
given maneuver on either Z or AG in terms of Eq.
(1) requires, for these C1~ channels, paired observa-
tions in the same bilayer.

Accordingly, in order to assess the interactions
between Z, AG and cis Cl~ concentrations, we eval-
uated the relations between P, and Vy in paired
experiments when the cis solution was either: 320
mM KCl, the control condition; or 125 mm KCI,
which is, from the data in Fig. 2, a c¢is Cl~ concentra-
tion where P, was =0.25 at Vg = —20 mV. At cis
Cl™ concentrations below 100 mM, the values of P,
at V; values greater than —20 mV were too small to
permit assessment of the relation between P, and
Vi
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Fig. 4. Paired measurements of the relations between In(P,/1 —
P,) and Vg at the two indicated cis Cl™ concentrations. The
symbols are the mean values of In(P,/1 — P,) at the indicated V,
values for the indicated number of bilayers. The lines are the
mean regressions for the two different conditions. The indicated
values of Z and AG were obtained from the slopes and the ob-
served values of In(P,/1 — P,) at a zero V, respectively

The results presented in Fig. 4 show clearly that,
under paired experimental conditions, reducing the
c¢is Cl~ concentration from 320 to 125 mm had no
effect on the gating charge Z, which was approxi-
mately 1.4 in both cases. However, the measured
values of in(P,/1 —~ P,) at a zero V}; were clearly
different at the two different cis Cl~ concentrations.
In short, reducing cis C1~ concentrations from 320
to 125 mM altered the voltage-independent, but not
the voltage-dependent, determinants of channel ac-
tivity. It should also be noted that the Z and AG
values shown in Fig. 4 for 320 mm cis CI~ agree
closely with those reported previously for the same
condition [13].

EFFECT OF VARYING trans CI- CONCENTRATIONS

Figure 5 shows the results of a representative experi-
ment in a single bilayer in which we evaluated the
effect of varying the rrans Cl~ concentration on
channel activity (P,) while the cis C1~ concentration
was held constant at 320 mm. The results presented
in Fig. 5 show clearly that reducing the trans CI~
concentrations from 320 to 50 mMm produced only a
modest fall in P, while reducing the trans Cl~ from
50 to 10 mm produced a considerably greater reduc-
tion in P,. The tracing shown in Fig. 5 also shows
that, when the rrans Cl~ concentration was reduced,
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Fig. 6. The relation between P, and trans Cl~ concentrations.
Paired measurements of P, at each of the indicated trans C1~
concentrations were carried out in each of the indicated number
of bilayers. The cis C1~ was 320 mm KCl and both aqueous phases
contained 5 mm HEPES, pH 7.4. The holding voltage (Vy, mV)
was —20 mV. The results are expressed as mean values * SEM.
The lines connecting these values were drawn by eye. The inset
contains a Lineweaver-Burk plot for the mean data

bursts of channel activity were separated by incres-
ingly long intervals when the channel was quiescent.

Figure 6 presents the results of paired experi-
ments in a number of bilayers which evaluated the
effect of varying trans Cl~ concentrations on P,
while the cis Cl1~ concentration remained constant
at 320 mM. As in earlier studies, V, was —20 mV,
where P, is approximately 0.8 at a trans C1~ concen-
tration of 320 mm [13]. The results presented in Fig.
6, like those shown in Fig. 5, indicate that reducing
the trans C1~ concentration from 320 to 50 mm had
only a slight effect on P,, while subsequent reduc-

500 ms

= closed

Fig. 5. A representative experiment showing

the effect of varying trans Cl~ concentrations
~closed on P, in a single C1~ channel. The value of
P, at each of the indicated rrans C1~
concentrations is indicated in the figure. The
cis solution contained 320 mm KCI

3.12 paA

tions in trans C1~ concentrations produced greater
reductions in P,,. Thus the relation between P, and
trans C1~ was nonlinear. P, was reduced to 50% of
control values at a zrans C1~ of 10 mM, but apprecia-
ble channel activity occurred even at a trans Cl-
concentration of 2 mm, where P, was 0.32.

The inset in Fig. 6 shows a Lineweaver-Burk
plot of the mean data presented in Fig. 6. The Line-
weaver-Burk plot was not linear over the range of
trans C1~ concentrations tested, but rather was con-
vex upward, and thus consistent with negative co-
operativity.

It is also pertinent to note in this connection
that, in our earlier studies [13], we observed that
reducing trans Cl~ concentrations from 320 to 50
mM had no effect on the gating charge Z, but altered
appreciably the In(P,/l — P,) at a zero V,. Thus
varying the trans Cl~ concentration appears to affect
voltage-independent determinants of channel func-
tion, but not gating charge.

ANION SELECTIVITY

To evaluate the anion selectivity sequence for these
CI~ channels, we measured I/V relations and zero-
current reversal voltages (V,, mV) when cis solu-
tions contained 320 mM KCl and trans solutions
contained 50 mm KCI plus 270 mm K * salts of the
different test anions. The results are shown in Fig.
7 and Table 2.

The data presented in Fig. 7 show clearly, in
accord with our earlier findings [13], that the 7/V
relations were linear for V,, in the range =40 mV for
each of the anions tested. Table 2 shows the zero-
current reversal voltages (V,, mV) for the anions
indicated in Fig. 7 with respect to Cl~, and the per-
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Fig. 7. Evaluation of anion selectivity. Current-voltage (// V) rela-
tions were carried out when the cis solutions contained 320 mm
KCl and the trans solutions contained 50 mMm KCl plus 270 mm
of the K™ salt of each of the indicated anions. The results are
expressed as mean values for the number of bilayers indicated
for each test anion in Table 2

Table 2. Anion selectivity of C1~ channels estimated from rever-
sal voltages

Anion Vv, n P /Py
(mV)

NOj —10.1 = 2.8 3 1.65

F- 49+12 4 0.78

1- 13.9 £ 0.7 3 0.43

Isethionate 254 2 0.17

The zero-current reversal voltage (V,, mV) was measured when
the cis solution contained 320 mMm KCI and the trans solution
contained 50 mm KCl plus 270 mM KX, where X is each of the
indicated anions. The results are expressed as mean values =
seM for the indicated number of bilayers.

meability ratio P /P, where x is the test anion,
computed from the V, data.

The anion selectivity sequence estimated from V,
(Table 2) was NO,>Cl>F>I>iscthionate. The
NO; /Cl~ selectivity ratio in Table 2 is the opposite
of that determined from **Cl~ fluxes in intact rabbit
renal medullary vesicles 1] and in porcine outer
medullary vesicles {2]. The present data provide no
insights into the factors responsible for this dif-
ference.

EFFECT OF PERMEANT OR IMPERMEANT cis
ANIONS ON P,

Figures 8 and 9 present the results of a series of
experiments evaluating the effect on P, when the cis
K* concentration was 320 mm, and 270 mm of the
cis Cl- concentration was replaced either by the
relatively impermeant anion isethionate (Fig. 8) or
by the relative permeant anion F~(Fig. 9). The re-

KCI mM 320 50 50

KF mM 0 0 270
10+
& 054
0 -
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Fig.8. The effect of varying cis KCland/or K isethionate concen-
trations on P,. The trans solution was 50 mM KCI; both solutions
contain 5 mM HEPES, pH 7.4. The lines connect paired measure-
ments in the same bilayer

Fig. 9. The effect of varying cis KCl and/or KF concentrations
on P,. The trans solutions are the same as listed in Fig. 6. The
lines connect paired measurements in the same bilayer

sults shown in Fig. 6 indicate clearly, in accord with
our earlier findings [ 13], that the channel inactivation
which occurred when the cis C1~ concentration was
reduced from 320 to 50 mm was reversed when the
cis C1~ concentration was again raised to 320 mm.

The results in Fig. 8 also show that, when 270
mM cis Cl~ was replaced by an equimolar concentra-
tion of isethionate, a relatively impermeant anion
(Table 2), the channels were again inactivated. Thus
the inactivation of Cl~ channels which occurred
when cis Cl~ concentrations were reduced to 50 mM
was not referable to variations in ionic strength and/
or osmolality, but rather to the reduction in the con-
centration of the permeant species ClI~. Finally, the
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Fig. 10. Paired observations on the effects of 1 mm PGO on the
relation between P, and Vy. PGO was added to either the cis
(filled symbeols) or zrans (open symbols) solutions. The solid and
dashed lines connect control measurements and, in the same
bilayer, measurements with PGO, respectively. The cis and trans
solutions contained 320 mM KCl and 50 mm KCl, respectively

results shown in Fig. 9 indicate that, when F~ re-
placed Cl~ in cis solutions, channels inactivated by
Cl~ deletion were reactivated. Thus the data in Figs.
8 and 9 indicate that relatively permeant, but not
relatively impermeant, anionic species in cis solu-
tions are required for channel activity.

EFrFecT oF PGO

The relatively hydrophilic molecule PGO is an argi-
nyl- and lysyl-specific reagent [8, 9, 16] which inacti-
vates Na* channels in toad urinary bladder by inter-
acting with a guanido group of arginine presumed to
be near the mouth of the channel [5]. Virtually all
voltage-sensitive channels studied to date contain
arginine-rich domains [3], and it is reasonable to
suppose that the anion selectivity of these CI~ chan-
nels might also depend in part on positively charged
moieties such as dibasic amino acids. Thus in the
present experiments, we evaluated the effects of
PGO on channel activity and on the determinants of
channel activity.

Figure 10 shows the results of paired experi-
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Fig. 11. Effect of 1 mm cis PGO on the relation between P, and
Vy expressed according to Eq. (1). The cis and frans solutions
contained 320 mm KCl and 51 mMm KCl, respectively. The control
(filled symbols) and experimental (cis PGO, open symbols) data
are paired values (mean *+ SeM for the indicated number of bi-
layers) at each of the indicated values of V. The indicated values
of Z (mean * SEM) were computed from the linear slopes accord-
ing to Eq. (1). The indicated values of AG are the experimental
values of In(P,/1 — P,) at a zero Vg

ments evaluating the effect of adding 1 mm PGO to
either cis (filled symbols) or trans (open symbols)
solutions on the relation between P, and V. The
solid lines and dashed lines connect control mea-
surements and paired measurements with PGO, re-
pectively. The cis and trans solutions contained 320
and 50 mm KCl, respectively. The results presented
in Fig. 10 indicate that cis PGO addition caused a
significant displacement of the relation between P,
and Vg, while trans PGO addition had no effect on
this relation. Although the data are not shown in
Fig. 10, neither cis nor trans PGO addition had a
significant effect on g, the single-channel Cl~ con-
ductance.

In order to evaluate quantitatively the effects of
cis PGO addition on the determinants of channel
activity, we tested the relation between P, and V,
expressed according to a Boltzmann distribution
(Eq. (1)), in paired observations in a number of bi-
layers. The results are presented in Fig. 11. The
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Fig. 12. The effect of varying cis CI~ on P, when | mmM PGO was
uniformly present in cis solution. As in the experiments shown in
Fig. 6, isethionate provided an equimolar replacement for Cl~
when the latter was less than 320 mM. The frans solution con-
tained 50 mm Ci~; S mm HEPES, pH 7.4, was added to cis and
trans solutions. V; was —20 mV. Lines connect paired measure-
ments in the same bilayer

control values of Z and AG, that is, without PGO,
are closely comparable to those reported for the
same conditions in Fig. 4 and in our earlier studies
[13]. The results in Fig. 11 also indicate that cis PGO
reduced the gating charge Z from 1.32 = 0.2 to 0.57
+ 0.04. Moreover, the value of In{(P,/l —P,) at a
zero Vi, was —0.8 = 0.3, without PGO, and —0.07
+ 0.2, with PGO. In other words, the results pre-
sented in Figs. 10 and 11 show clearly that cis but
not frans PGO altered two determinants of channel
activity. That is, cis PGO reduced the gating charge
for channel opening and altered the voltage-indepen-
dent energy charge (AG, Eq. (1)) for channel
opening.

INTERACTION BETWEEN cis PGO AND REDUCED
cis CI~

In Na* channels from toad urinary bladder, increas-
ing external Na™ concentrations provide partial pro-
tection against channel inactivation by PGO [5]. Ac-
cordingly, we assessed the interactions between
varying cis Cl~ concentrations, PGO, channel activ-
ity and the determinants of channel activity.

The data shown in Fig. 12 are the results of
paired experiments in which the cis Cl~ concentra-
tion was reduced while 1 mM PGO was uniformly
present in cis solutions. There was equimolar substi-
tution of isethionate for Cl~ (see Fig. 8), so that
ionic strength and osmolality were both constant. A
comparison of the results in Figs. 2 and 12 indicates
that the magnitude of Cl~ channel inactivation by
reducing cis Cl1™ concentrations was approximately
the same with or without cis PGO.
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Fig. 13. Paired measurements of the relation between P, and V4,
expressed in terms of Eq. (1), when cis solutions contained either
320 mm Cl™ (filled symbols, solid line) or 118 mm CI™ (open
symbols, dashed line). The c¢is solutions uniformly contained 1
muM PGO. The data are mean values for the indicated number of
bilayers. The values of Z and AG for the paired conditions were
computed as described in Figs. 3 and 9

As noted previously, either a variation in c¢is Cl~
concentration (Fig. 4) or cis PGO addition (Fig. 11)
affects the value of AG. Thus we evaluated, in paired
experiments, the effects of reducing cis C1~ concen-
trations on the determinants of channel activity
when 1 mm PGO was uniformly present in ¢is solu-
tions (Fig. 13). A comparison of the data in Figs.
11 and 13 indicates that comparable values of Z,
approximately 0.5, obtained under the same condi-
tions, that is, with 320 mM cis Cl— and 1 mM cis
PGO. Significantly, and in keeping with the results
in Fig. 4, the data in Fig. 13 indicate that, when cis
PGO was present, reducing cis C1™ from 320 to 118
mM had no significant effect on Z, but altered sig-
nificantly the value of AG.

Discussion

We proposed previously that the cis, or extracellu-
lar, and trans, or intracellular, faces of these Cl~
channels were asymmetric [13]. The results in this
paper provide added support for this view. Thus the
cis, but not the trans, faces of the channels contained
PGO-sensitive determinants of channel activity.
Moreover, a comparison of the results in Figs. 2, 3
and 6 indicates, in accord with our earlier findings
[13], that dramatic reductions in P, with reducing
aqueous Cl~ concentrations occurred over a rather
lower range of Cl~ concentrations in the trans with
respect to cis solutions.
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The present experiments permit a limited num-
ber of conclusions about the trans, or intracellular,
faces of these Cl~ channels. The results in Fig. 6
indicate, for the intracellular faces of these Cl~ chan-
nels, the steepest variation of P, with CI~ occurred
with rrans Cl~ concentrations in the vicinity of 10
mM. This finding may have particular pertinence to
the determinants of basolateral Cl~ conductance
(g2, mS cm™?) in intact thick ascending limb
(TALH) cells. Thus the measured intracellular Cl~
concentrations in in vitro microperfused rabbit
TALH cells are in the range 10—25 mM [6]. Likewise,
calculations from intracellular voltage data indicate
that, in microperfused mouse medullary TALLH, an-
tidiuretic hormone (ADH) raises intracellular CI™
activity from approximately 16 to 25 mM; pari passu,
the basolateral membrane Cl~ conductance g, rises
from approximately 65 mS cm 2 to 142 mS cm 2
[10].

We have proposed [7, 10] that this ADH-depen-
dent rise in g2, is secondary to a rise in intracellular
Cl™ activity; and that the latter, in turn, is the conse-
quence of a primary hormone effect on apical mem-
branes [14]. Since g, the time-averaged conduc-
tance of a Cl~ channel, is given by the product P,
gc [13], the findings presented in Fig. 6 are consis-
tent with the argument [7, 10] that ADH-dependent
increases in intracellular mTALH Cl~ activity may
be primarily responsible for significant hormone-de-
pendent increases in g@,.

Our earlier observations [ 13] indicated that, with
a cis Cl~ concentration of 320 mM, reducing frans
Cl~ from 320 to 50 mM yielded Z values of 1.11 and
1.15, respectively, and AG values of 1.5 and —0.53,
respectively. These values of Z and AG at 50 mMm
trans Cl~ correspond closely to values reported in
the present studies for the same conditions (Figs. 3
and 9). Thus the trans faces of these Cl~ channels
may contain Cl ™ -sensitive site(s), which modulate
open-time probability (Fig. 6) by affecting the volt-
age-insensitive determinants of channel activity, but
not gating charge [13].

% , - CI” VOLTAGE-INDEPENDENT}
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Fig. 14. A tentative model for
these Cl~ channels, as discussed
in the text

The present results also permit certain conclu-
sions about the cis, or extracellular, faces of these
Cl~ channels. The results in Figs. 2 and 3 and Table
1 indicate that reducing cis CI~ concentrations pro-
duced a linear decline in P, which was independent
of either the aqueous buffer used or the Cl~ concen-
tration in the frans solution. Reducing the cis CI~
concentration also altered the voltage-independent
but not the voltage-dependent encrgy required for
channel opening (Fig. 4). Moreover, the mainte-
nance of channel activity, for a given cis anion con-
centration, was appreciably greater with CI~ and
the relatively permeant species F~ than with the
relatively impermeant species isethionate (Table 1,
Figs. 8 and 9).

Accordingly, it is reasonable to conclude that
the cis faces of these Cl~ channels also contain
anion-sensitive site(s) which modulate P, (Figs. 2
and 3) by affecting the voltage-independent determi-
nant of channel activity, but not gating charge (Fig.
4). Judging by the results in Figs. 8 and 9, relatively
large anions such as isethionate are sterically hin-
dered from interacting with Cl~-sensitive sites.

The present results also indicate that the cis but
not the trans faces of these channels contained PGO-
sensitive site(s), presumably arginine or lysine resi-
dues [5, 8, 9, 16], which modulate P, by affecting
both the voltage-dependent and voltage-indepen-
dent determinants of channel activity (Figs. 10 and
11). We infer that the PGO-sensitive sites on the cis
faces of the C1~ channels are in a hydrophilic region
of the channel mouth, since trans PGO addition did
not affect the channels (Fig. 10).

Moreover, at least three lines of argument indi-
cate that PGO-sensitive sites on the cis faces of these
channels may be different from cis Cl ™ -sensitive
sites determining channel activity. First, as noted
above, cis PGO altered voltage-sensitive and volt-
age-insensitive determinants of channel activity
(Fig. 11) while varying cis Cl~ concentrations al-
tered AG but not gating charge (Fig. 4). Second, cis
PGO produced no appreciable change in the relation
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between cis Cl~ concentration and P, (Figs. 2 and
12). Finally, reducing the cis Cl~ concentration af-
fected AG but not Z in channels where both AG and
Z had been modulated by PGO addition (Figs. 11
and 13).

Thus when taken together, the present results
are consistent with the model for these Cl~ channels
presented in Fig. 14. The cis face of the channel is
pictured as containing a PGO-sensitive site, possibly
an arginine guanido group or a lysine residue [5, 8,
9, 16}, which modulates both voltage-dependent and
voltage-independent determinants of channel activ-
ity (Figs. 10 and 11). It is noteworthy in this connec-
tion that both voltage-sensitive K* channels and
Na™ channels contain arginine-rich domains which
are responsible for voltage sensitivity [3]. The cis
face of the channel is also pictured as having a sepa-
rate Cl~-sensitive site from which isethionate is ste-
rically hindered, which modulates voltage-indepen-
dent determinants of channel activity, but not gating
charge (Figs. 2—4, 8, 9, 11, and 13 and Table 2).
Moreover, judging by the present (Fig. 6) and prior
113] results, the trans face of the channel also con-
tains a Cl~-sensitive site which affects AG but not
gating charge.

We acknowledge the able technical assistance of Steven D. Chas-
teen. Clementine M. Whitman provided her customary excellent
secretarial assistance. This work was supported by a grant from
the National Instjtutes of Health (5-R01-DK 25540). W.B.R. is a
Squibb-American Heart Association Clinician-Scientist.

References

I. Bayliss, .M., Reeves, W.B., Andreoli, T.E. [990. Cl~ trans-
port in basolateral renal medullary vesicles: 1. C1™ transport
in intact vesicles, J. Membrane Biol. 113:49-56

2. Breuer, W. 1989. Characterization of chloride channels in
membrane vesicles from the kidney outer medulla. J. Mem-
brane Biol. 107:35-43

3. Catterall, W.A. 1988. Structure and function of voltage-sensi-
tive ion channels. Science 242:50-61

4. Cohen, F.S. 1986. Fusion of liposomes to planar bilayers. In:
lon Channel Reconstitution. C. Miller, editor. pp. 131-138.
Plenum, New York

C.J. Winters et al.; Determinants of Chloride Channel Activity

5. Garty, H., Yeger, O., Asher, C. 1988. Sodium-dependent
inhibition of the epithelial sodium channel by an arginyl-
specific reagent. J. Biol. Chem. 263:5550--5554

6. Greger, R., Oberleithner, H., Schlatter, E., Cassola, A.C.
1983. Chloride activity in cells of isolated perfused cortical
thick ascending limbs of rabbit kidney. Pfluegers Arch.
399:29-34

7. Hebert, S.C., Andreoli, T.E. 1984. Effects of antidiuretic
hormone on cellular conductive pathways in mouse medul-
lary thick ascending limbs of Henle: 1. Determinants of the
ADH-mediated increases in transepithelial voltage and in net
Cl™ absorption. J. Membrane Biol. 80:221-233

8. Kremer, A.B.. Egan, R.M., Sable, H.Z. 1980. The active
site of transketolase. Two arginine residues are essential for
activity. J. Biol. Chem. 255:2405-2410

9. Lundbiad, R.L., Noyes, C.M. 1984. Chemical Reagents for
Protein Modification. Vol. 11, pp. 1-47. CRC Press, Boca
Raton (FL))

10. Molony, D.A., Reeves, W.B., Hebert, S.C., Andreoli, T.E.
1987. ADH increases apical Na* ,K*,2Cl™ entry in mouse
medullary thick ascending limbs of Henle. Am. J. Physiol.
252:F177-F187

I1. Mueller, P., Rudin, D.O., Titien, H., Wescott, W.C. 1962.
Reconstitution of excitable cell membrane structure in vitro.
Circulation. 26:1167-1174

12. Ramsey, J.A., Brown, R.H.J., Croghan, P.C. 1955. Electro-
metric titration of chloride in small volumes. J. Exp. Biol.
32:822-829

13. Reeves, W.B., Andreoli, T.E. 1990. CI™ transport in basolat-
eral renal medullary vesicles: 1. Cl™ channels in planar lipid
bilayers. J. Membrane Biol. 113:57-65

14. Reeves, W.B., McDonald, G.A., Mehta, P., Andreoli, T.E.
1989. Activation of K* channels in renal medullary vesicles
by cAMP-dependent protein kinase. J. Membrane Biol.
109:65-72

15. Reeves, W.B., Winters, C.J., Andreoli, T.E. 1990. C1~ chan-
nels in renal medullary vesicles: Asymmetric dependence on
Cl™ concentrations. Kidney Int. 37:570

16. Takahashi, K. 1968. The reaction of phenylglyoxal with argi-
nine residues in proteins. J. Biol. Chem. 243:6171-6179

17. Tanifuji, M., Sokabe, M., Kasai, M. 1987. An anion channel
of sarcoplasmic reticulum incorporated into planar lipid bi-
layers: Single-channel behavior and conductance properties.
J. Membrane Biol. 99:103-111

18. Yamamoto, D., Suzuki, N. 1987. Blockage of chloride chan-
nels by HEPES buffer. Proc. R. Soc. London B 230:93-100

Received 6 March 1990: revised 29 May 1990



