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Abstract. This paper describes the kinetics of Cl™
flux through mcCIC-Ka CI™ channels from basolat-
eral membranes of mouse CTAL cells. We have
cloned two separate but highly homologous Cl™
channels, mmCIC-Ka from cultured mouse MTAL
cells and mcCIC-Ka from cultured mouse CTAL
cells. The mmCIC-Ka and mcCIC-Ka channels ap-
pear to mediate net CI™ absorption in the MTAL and
CTAL, respectively. The kinetics of CI™ permeation
through mmCIC-Ka channels exhibit traditional cri-
teria for a first-order process, including saturation
kinetics. Thus mmCIC-Ka channels operate func-
tionally as if the channels were occupied by a single
Cl™ ion at any given time. In the present studies, we
examined conductance-concentration relations in
mcCIC-Ka channels, and compared both mole-frac-
tion effects and ion selectivity characteristics in
mmCIC-Ka and mcCIC-Ka channels. In mcCIC-Ka
channels, we observed both self-block at high exter-
nal Cl~ concentrations and, at constant ionic
strength, an anomalous mole-fraction effect using
external solutions containing varying F~/CI™ con-
centrations. Neither effect was obtained in mmCIC-
Ka channels. These data are consistent with the
possibility that CI™ permeation through mcCIC-Ka
channels involved multi-ion occupancy channels that
expressed single-file behavior.
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Introduction

This paper describes the kinetics of CI™ flux through
mcCIC-Ka CI™ channels from basolateral membranes
of mouse CTAL cells [21, 23]. We have cloned two
separate but highly homologous CI~ channels,
mmCIC-Ka from cultured mouse MTAL cells and
mcCIC-Ka from cultured mouse CTAL cells [23].
mmCIC-Ka appears to be the mouse homologue to
rat CIC-K2 [1, 16], to human CIC-Kb [7] and to
rabbit rbCIC-Ka [23, 25], while mcCIC-Ka shares
high homology with rCIC-K1 [16] present in thin
ascending limbs. Moreover, anti-rbCIC-Ka, a poly-
clonal antibody to rbCIC-Ka [20], also reacts with
mmCIC-Ka [20] and mcCIC-Ka [21].

Despite the high sequence homology [23] between
mmCIC-Ka and mcCIC-Ka, the physiologic charac-
teristics of these two channels differ appreciably [21].
The mmCIC-Ka channel is gated, without
(ATP + PKA), by increases in cytosolic Cl~ con-
centrations in the range 2-25 mm (K, = 10 mm)
[19, 21]. At low cytosolic CI™ concentrations, 2 mm,
(ATP + PKA) also gate mmCIC-Ka channels [19,
21], but at normal physiologic cytosolic ClI~ concen-
trations, 25 mwm [10], (ATP + PKA) have no effect
on the open-time probability of mmCIC-Ka [19, 21].
These properties, unique to our knowledge among
the CIC family of C1™ channels [4], are entirely absent
in mcCIC-Ka channels [21]. And as described previ-
ously [9, 21, 23], our experimental data are consistent
with the view that, so far as net ClI~ absorption is
concerned, the process is mediated functionally by
mmCIC-Ka in MTAL cells and by mcCIC-Ka in
CTAL cells.

Of particular pertinence to the present studies, an
analysis [22] of the kinetics of C1™ permeation through
mmCIC-Ka channels indicated that these channels ex-
hibited the traditional criteria [5, 8, 13] for a first-order
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Fig. 1. Current-voltage relations using seven different symmetrical solutions. All data were fitted by linear regression. (4) Symmetrical KCI:
75mm (n = 3,r = 0.96), 150 mm (n = 7, r = 0.98), 300 mm (n = 22, r = 0.99) and 450 mm (n = 12, r = 0.99); (B) Symmetrical KCl:

450 mm (n = 12, 7 = 0.99), 600 mm (n = 9, r = 0.98), 750 mm (n

process, including saturation kinetics, that could be
rationalized quantitatively by the Michaelis expression
applied to conductance-concentration relations with a
K> = 163 mm CI. Put differently, mmCIC-Ka chan-
nels operate functionally as if the channels were occu-
pied by a single Cl™ ion at any given time.

In the present studies, we examined conductance-
concentration relations in mcCIC-Ka channels, and
compared both mole-fraction [5] effects and ion se-
lectivity characteristics in mmCIC-Ka and mcCIC-Ka
channels. In mcCIC-Ka channels, we observed both
self-block at high external ClI™ concentrations and, at
constant ionic strength, an anomalous mole-fraction
effect using external solutions containing varying F~/
CI™ concentrations. Neither effect obtained in
mmCIC-Ka channels. A kinetic analysis of these data
indicated that CI~ permeation through mcCIC-Ka
channels was consistent with the possibility that the
latter were multi-ion occupancy channels [5, 13] that
expressed single-file kinetics of the type originally
described by Hodgkin and Keynes [6].

A preliminary report of these findings has ap-
peared in abstract form [24].

Materials and Methods

The procedures for preparing and isolating basolaterally enriched
vesicles from cultured mouse CTAL and MTAL cells have been
described previously [18, 20]. For the present studies, these vesicles
were suspended in 250 mm sucrose and 30 mwm histidine (pH 7.4) at
a protein concentration of 10-20 mg/ml.

4,7 =0.97) and 900 mm (n = 4, r = 0.97).

Lipid bilayer membranes were formed as described previously
[14, 19-21]. The solutions used to form bilayers were a 1:1 mixture
of phosphatidylserine and phosphatidylethanolamine in decane (20
mg lipid/ml). The bilayers were voltage clamped using a patch-
clamp amplifier (Dagan 8900, Minneapolis, MN) connected to the
bilayer chambers via silver electrodes in 3 mm KCI agar bridges.
Records were stored and analyzed by computer using pclamp 5.5
(Axon Instruments, Foster City, CA). Records were filtered at 200
Hz (-3 dB cutoff) and sampled at 2 kHz. All voltages reported in
this paper are expressed for frans solutions with respect to cis so-
lutions.

Basolateral vesicles from cultured mouse CTAL cells were used
to obtain mcCIC-Ka channels [18, 20], and basolateral vesicles
from cultured mouse MTAL cells were used to obtain mmCIC-Ka
channels [20, 21, 23]. The methods for vesicle incorporation into
lipid bilayers were used as described previously [14, 19-21, 23]. In
the present studies, cis and trans chambers uniformly contained 1
mmMm CaCl, and 5 mm HEPES, pH 7.4. The KCI concentrations in
the cis and trans solutions in each experiment are indicated in the
Results. KF, KI and Klsethionate (KIse) were added directly from
a stock 3 m solution. Openings and closings of the channel were
defined by a 50% threshold discriminator. All results were ex-
pressed as mean values + sEm for the indicated number of ex-
periments. A single bilayer was taken to be n = 1. Curve fitting
and simple linear regression were done on computer using “Origin
4.1 (Microcal Software, Northhampton, MA).

Results

CURRENT-VOLTAGE RELATIONS

Figure 1 shows the current/voltage (/) relations of
these mcCIC-Ka channels for symmetrical cis and
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Fig. 2. The relation between the slope conductance gcy and varying
symmetrical Cl~ concentrations measured in the 55 bilayer exper-
iments illustrated in Fig. 1. Closed circles and lines connect paired
experiments; the open circles are unpaired experiments.

trans KCl concentrations in the range 75-900 mm.
Figure. 14 shows that, for external concentrations in
the range 75-450 mwm, the I/V relations were linear at
each of the KCI concentrations tested. Moreover, for
the four KCl concentrations tested, the slopes of the
1]V relations, that is, gc; (pS), were positive linear
functions of external KCI concentrations. Figure 1B
shows that, for each of the four KCI concentrations
tested — 450, 600, 750, and 900 mm — we also ob-
served linear I/V relations. However, at external KCl
concentrations in excess of 450 mm, g fell as exter-
nal KCl concentrations rose.

Figures 2 and 3 illustrate these data quantita-
tively by plotting gcy as a function of external Cl™
concentrations. At KCI concentrations exceeding 450
mwM, there occurred self-block characteristic of chan-
nels having single-file behavior with simultaneous
multiple ion occupancy [5, 8, 13]. Clearly, using pre-
dominantly paired measurements, gc; fell linearly
when external KCI concentrations exceeded 450 mm.

Figure 3 compares the data (mean + Sgm) from
Fig. 2, using mcCIC-Ka channels, with the data re-
ported previously [22] for mmCIC-Ka channels. The
dashed lines in Fig. 3 are from Fig. 2 in Ref. 22 for
mmCIC-Ka channels. Even at external CI~ concen-
trations well in excess of 600 mM, mmCIC-Ka chan-
nels exhibited classical saturation kinetics typical of
channels containing a single ion, in this case Cl, at
any given time [5, 8, 13].

ANION SELECTIVITY

We evaluated the anion selectivity sequence for these
mcCIC-Ka channels using a protocol identical to that
used for evaluating anion selectivity patterns in rabbit
rbCIC-Ka channels [18]. Specifically, the cis solutions
contained 300 mMm KCI and the trans solutions
contained 50 mm KCI plus 250 mm K™ salts of
the various test anions. Under these conditions we
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Fig. 3. Mean values = sem published previously [22] for mmCIC-
Ka channels fitted by the Michaelis expression (R, = 0.986;
GE&™ = 114 pS; Ky, = 163 mm CI™ (open circles). Mean values
+ sem for all the data presented in Fig. 2. The solid lines indicate
the positive linear slope for Cl™ concentrations in the range 0-450
mm and the negative linear slope for Cl™ concentrations in the
range 450-900 mm (closed circles).

Fig. 4. Evaluation of anion selectivity. Current-voltage (I/V) rela-
tions were carried out when cis solutions contained 300 mm KCI
and the trans solutions contained 50 mm KCI plus 250 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 1.

measured both //V relations and zero-current reversal
voltages (V;, mV).

The results shown in Fig. 4 indicate that, in ac-
cord with the data presented in Fig. 1, the I/} rela-
tions were linear for KCl in the range £ 60 mV and,
for the other anions, virtually linear in the range + 40
mV. Table 1 shows the zero-current reversal voltages
for isethionate, I~ and F~ with respect to Cl™. The
ionic selectivity sequence observed, F~/ CI™ = 0.67,
I7/CI” = 0.13 and Ise”/CI™ = 0.08, was qualita-
tively the same as that observed previously [18] by us
for rbCIC-Ka channels from rabbit outer medulla.
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Table 1. Anion selectivity of mcCIC-Ka CTAL Cl™ channels

Anion V. (mV) N Py/Pc
F -99 + 28 3 0.67
I —-36.1 + 4.7 4 0.13
Ise™ —51.5 £ 3.8 7 0.08

The V, data are from the experiments illustrated in Fig. 4. V,
was measured when the cis chamber contained 300 mm KCI and
the trans chamber contained 50 mm KCI and 250 mm of the K"
salt of the indicated anion. The results are expressed as mean
values £ sem for the indicated number of bilayers.
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Fig. 5. Effect of raising cis F~ anion mole fraction on total single-
channel conductance gci+r) in mmCIC-Ka (closed circles) and
mcCIC-Ka (open circles)y CI~ channels from CTAL and MTAL
cells, respectively. The cis solutions contained total 450 mm K™
salts of CI™ and Fat the indicated mole fractions for F~. The trans
solutions contained 450 mm KCI. The single-channel conductances
were measured between +60 mV, and the results are expressed as
mean values £ SEM.

ANoMALOUS MoLE-FracTioN EFFECT

The anomalous mole-fraction effect, in phenomeno-
logic terms, involves channel conductances passing
through a minimum when different mole fractions of
one permeant anion are substituted for another per-
meant anion, all at constant ionic strength. This effect
is generally [5, 8, 13, 15] but not universally [12]
considered to be the consequence of channels holding
at least two ions at the same time.

The data presented in Fig. 5 and Table 2 evalu-
ated the possibility of an anomalous mole fraction
effect in both mmCIC-Ka channels and mcCIC-Ka
channels. In both sets of experiments, the trans so-
lutions contained 450 mm KCI and the cis solutions
varying mole fractions of F~, with total cis anion
concentrations (CI~ + F7) of 450 mm. The F~ anion
was used since, from Table 1, the F~/CI™ selectivity
ratio was the highest among the anions tested.

The data shown in Fig. 5 indicate explicitly that,
for mmCIC-Ka channels, gci+r), the total single
channel conductance, remained virtually constant for
F~/CI” mole fractions in the range 0-0.6. The data

Table 2. Comparison of mcCIC-Ka CI™ channel conductances at
different extracellular F~ mole fractions

F~ mole fraction gei+r (S) N P

0 105 + 4 16 -

0.11 61 + 3 7 0.00001
0.22 81 + 4 3 0.007
0.33 101 = 8 4 NS
0.44 109 £ 5 3 NS

The data are from Fig. 5. The values of gc, are expressed as mean
values =+ seM for the indicated number of bilayers.

presented in Fig. 5 also show that, for mcCIC-Ka
channels, g+ r) went through a distinct minimum at
an F/CI” mole fraction of 0.1, and returned to
control values at an F~/CI™ mole fraction slightly in
excess of 0.3. These latter data are illustrated quan-
titatively in Table 2. At an F~/CI™ mole fraction of
0.11, g1+ r) fell from a control value of 101 + 4 pS
to 61.3 £ 3 pS (p = 107°), rose to 81 + 4 pS
(p = 0.007) at a mole fraction of 0.22, and returned
to control values of 101 = 8 pS at an F~/Cl™ mole
fraction of 0.33.

Discussion

The experiments reported in this paper describe yet
another example of functional heterogeneity between
mmCIC-Ka and mcCIC-Ka channels, that is, strik-
ingly different kinetic properties for ionic conduc-
tance through the two channels. We now consider
these differences in detail.

In kinetic terms, mmCIC-Ka channels exhibit
first-order saturation kinetics with a K, of 163 mm
and a G&™* of 114 pS ([22]; Fig. 3). To illustrate this
point in more detail, Fig. 6 shows the latter data
plotted according to the Eadie-Hofstee relation [11]:

gc1 = (=K 2)ga/[CI7] + G&™ (1)

The lower half of Fig. 6 show that, by using equation
1 for MTAL channels, we obtained a linear relation
(R = 0.75). From the slope and intercept, we obtain
a Ky, of 156 mm Cl™ and a GZ™ of 112 pS, respec-
tively. In short, the K, and G&™ values for mmCIC-
Ka channels were virtually the same when analyzed
according to the Michaelis expression (Fig. 3) or an
Eadie-Hofstee plot (Fig. 6).

We also evaluated the MTAL data according to a
form of the Hill equation [8]:

log (gc1/GE™ — ga1) = Nlog[Cl™] — logN' (2)

where N is the slope and N’ is a complex zero-inter-
cept constant referring, in part, to the cooperativity
of ion conductance [5, 8, 17]. The relevant observa-
tion, shown in the lower half of Fig. 7, is that for
MTAL channels using a G&* of 112 pS (Fig. 6), we
obtained a slope of 1.01 for mmCIC-Ka channels.



C.J. Winters and T.E. Andreoli: Kinetic Properties of CTAL CI~ Channels 163

;
1104 CTAL
1004
90+
80 K1/2= 3565mM
_ § R=0.81
o 704
e
S 60
o .
50 4 E
40
304 e
| hd
20 T T T T T T T 1
0 50 100 150 200 250 300 350 400 450
120
100 4
80
2 ax
= G 112ps
o 607 K1/2= 156mM
R=0.75
40
20

0 ' 5lO 11.)0 1\:90 ' ZCI)O 2€I'>D 3(‘)0 3;)0 4(!)0 4%0
g/[CIl (pSImM)

Fig. 6. Eadie-Hofstee plots of the relation between gc; and gcy/
[C17] with [CI7] representing the KCl concentrations in symmetri-
cal external solutions. The data for mcCIC-Ka channels from
CTAL cells are from Figs. 2 and 3. No G&™ could be calculated
from the slope of gcy with respect to g/[Cl7] since the slope was
positive at g/[C17] values less than 225 pS/mm and negative for g/
[CI7] values greater than 225 pS/mmM. Thus for G&* for mcCIC-Ka
channels in the Hill plots shown in Fig. 7, we used the highest g¢
observed experimentally in Fig. 2, that is, 115 pS. The g data for
mmClIC-Ka channels are those published previously (Fig. 2 in Ref.
[22]) and shown in Figs. 3 and 6.

Moreover, as indicated in Fig. 5, no anomalous mole-
fraction effect was observed in mmCIC-Ka channels.
Thus when taken together, the results presented in
Figs. 3, 6 and 7 provide added support to our earlier
contention [22] that Cl- conductance through
mmCIC-Ka channels occurs by channel occupancy
by a single Cl™ ion at any given time [5, 8, 13, 22].
The anion selectivity sequences (Fig. 4; Table 1)
for mcCIC-Ka channels were qualitatively similar to
those observed in mmCIC-Ka channels [18]. How-
ever, the kinetic behavior of mcClC-Ka channels
differed strikingly from that observed in mmCIC-Ka
channels (Figs. 1, 2, 3, 6, 7). First, as indicated clearly
in Figs. 1-3, gc in mcCIC-Ka channels declined
sharply when external CI™ concentrations exceeded
450 mMm. Fig. 6 indicates that the Eadie-Hofstee plots
for mcCIC-Ka channels were qualitatively different
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Fig. 7. Hill plots of log gci/(GE™—gc1) with respect to log [Cl7]
fusing the results presented in Fig. 6.

from the results obtained with mmCIC-Ka channels.
More specifically, the upper panel of Fig. 6 indicates
that we observed a positive slope of the relation be-
tween gcy and gcy/[C17] at goy/[Cl7] values less than
200 pS/mmM, and a negative slope at gcy/[CI7] values
greater than 200 pS/mm. Second, in mmCIC-Ka
channels, Hill plots of log gci/(GE™ —gc1) yielded, for
log [Cl7] concentrations in the range 2.0-3.1, a pos-
itive linear relation with a unity slope (lower half of
Fig. 7). In contrast, in Hill plots using the conduc-
tance-concentration relations for mcCIC-Ka channels
reported in Fig. 3, we observed (upper half of Fig. 7):
with log [Cl] concentrations in the range 1.9-2.6, a
positive linear relation with a slope of 1.82, and for
log [CI] concentrations in the range 2.6-3.0, a neg-
ative linear relation with a slope of —3.99. The latter
differed significantly from 1.82, the positive linear
slope observed in mcCIC-Ka channels with log [C] ]
concentrations in the range 1.9-2.6.

This self-block observed with mcCIC-Ka chan-
nels (Figs. 1, 2, 3, 6, 7) is unique, to our knowledge,
among CIC channels, including CIC-0 and other CIC
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channels presumed to have double-barreled channel
architecture [2-4]. We interpret the results presented
in Figs. 1, 3, 6 and 7, together with the anomalous
mole-fraction data presented in Fig. 5 and Table 2, to
indicate that these mcCIC-Ka channels contain mul-
tiple ions simultaneously, and that the functional
geometry of these channels precludes side-by-side
passage of CI™ ions [5, 8, 11, 13, 15, 17].

We have no insight into the factors governing the
strikingly different kinetic behavior of mmCIC-Ka
channels and mcCIC-Ka channels, a surprising find-
ing given the 95% identity between the amino-acid
sequences of the two channels [23]. However, it
should be noted in this context that the mmCIC-Ka
and mcCIC-Ka channels were incorporated into bi-
layers using basolateral vesicles from mmCIC-Ka and
mcCIC-Ka cells, respectively. And the Cl™ transport
properties of MTAL and CTAL cells are quite dif-
ferent (22), as are many of the transport properties of
mmCIC-Ka and mcCIC-Ka channels (see Introduc-
tion). Thus it may be that the differing microenvi-
ronments of mmCIC-Ka and mcCIC-Ka channels
may play a role in modulating the different kinetic
conductance properties of the mmCIC-Ka and
mcCIC-Ka channels. Obviously, added experimental
data will be required to evaluate this possibility, or
alternative explanations.
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