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Abstract. Excised patches were used to study the kinetintroduction
ics of a Cl channel newly identified in cultured human
fibroblasts (L132). The conductance of ca. 70 pS in 150Several studies have shown that ion channels can inter-
mm symmetrical Cl, and the marked outward rectifica- convert among two or more distinct gating patterns of
tion ascribe this channel to the ICOR family. Long activity, usually called modes. Interconversion can oc-
single-channel recordings (>30 min) revealed that thecur spontaneously, or can be induced by agonists modu-
channel spontaneously switches from a kinetic moddating the channel protein. Magleby and coworkers
characterized by high voltage dependence (with activityBlatz & Magleby, 1986; McManus & Magleby, 1988)
increasing with depolarization; mode 1), into a secondhave shown that fast Cl channels and Ca-activated maxi
mode (mode 2) insensitive to voltage, and characterize channels from rat skeletal muscle can switch among
by a high activity in the voltage range +120 mV. On three and four modes of activity clearly distinguishable
patch excision the channel always appeared in mode ¥rom the marked difference in the distribution of their
which was maintained for a variable time (5—20 min). open and closed times. In both cases, mode-switching
In most instances the channels then switched into mode/as not induced by agonists or modulators or any other
2, and never were seen to switch back, in spite of theexternal parameter, but seemed to represent an intrinsic
eight patches that cumulatively dwelled in this modeproperty of the channel proteins that spontaneously in-
2.33-fold as compared to mode 1. Stability plots of longterconvert among several kinetic macro, multistate
recordings showed that the channel was kinetically stablevorlds. Single glutamate-activated channels in locust
in both modes, allowing standard analysis of steady-statenuscle undergo sudden spontaneous changes in their ki-
kinetics to be performed. Open and closed time distri-netic behavior, evidenced by a major shift in the distri-
butions of mode 1 and mode 2 revealed that the apparemiution of their open and closed times (Patlak, Gration &
number of kinetic states of the channel was the same iiHushewood, 1979). Mode-switching of channels among
the two modes. The transition from mode 1 into mode 2several patterns of activity was also postulated by Patlak
was not instantaneous, but required a variable time in th& Ortiz (1985) and subsequently and more convincingly
range 5-60 sec. During the transition the channel meaby Bolhe & Benndorf (1995) to explain the slow com-
open time was intermediate between mode 1 and mode ponent of inactivation of Na channels from rat and
The intermediate duration in the stability plot however ismouse myocardial cells.
not to be interpreted as if the channel, during the transi-  Other studies have instead shown mode-switching to
tion, rapidly switches between mode 1 and mode 2, butesult from agonist modulation of the channel protein.
represents a distinct kinetic feature of the transitionalThe phosphorylation state of tyrosine residues on a cat-
channel. ion channel determines its gating pattern. In particular,
dephosphorylation brought about by membrane-bound
phosphatases converts a |®ys., burstlike activity of
Key words: Human fibroblasts — Chloride channels — the channel into a high-activity mode, characterized by a
Patch clamp — Channel moding continuous highP,,,, kinetic pattern (Wilson & Kacz-
marek, 1993). Mode switching similarly promoted by
agonist (dihydropyridines Ca agonist Bay K 8644, and
I Ca antagonists nimodipine and nifedipine) binding to the
Correspondence tcE. Franciolini channel was proposed to account for the different fre-
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quency distribution of the three modes of L-type Cachannel current resolution necessary for a reliable kinetic analysis,
channel gating in cardiac cells (Hess, Lansman & Tsieni'ntracellular solution contained (inm): NaCl 500, CaCl 1, EGTA 10,

. . in the cytoplasmic side of the membrane in the experiments carried out
erendent prOth",n kinase was shown to modulate thﬁ inside-out configuration to measure channel conductance in sym-
intermode transitions on the same L-type Ca channeletric I condition.

(Yue, Herzig & Marban, 1990). A generic cellular con-

trol was instead proposed to modulate the mode-

switching among the three different gating patterns ofDATA ANALYSIS
N-type Ca channel from frog sympathetic neurons (Del-

cour et al 1993) These authors complemented previougpen probability of the channel was calculated from amplitude histo-
" ) rams of 60-sec recordings in which only a single channel was present.

observations that had O”gma”y SqueSted the eXIStenC%he duration of open intervals was assessed by using the 50% threshold

of “reluc'[ant"_and “_vviIIing" gating modes modulated by method (Colquhoun & Sigworth, 1983), and the events were binned
neurotransmitters in N-type Ca channels (Bean, 1989)according to the logarithm of their durations (McManus, Blatz &

Regardless of whether occurring spontaneously, or inMagleby, 1987). The resulting distributions of open events were fitted
duced by agonists, mode-switching always was shown t@ith a sum of exponential functions and the minimum number of
be a fast and reversible process. components were estimated by the maximum likelihood method (Mc-

In this study we report the finding that a Cl channel Manus et al., 1987). An additional exponential component was con-

v id ified in h fibrobl displ d sidered significant when the increase in the logarithm of the likelihood
newly identiied in human fibroblasts displays mode- was greater than 3. To reduce the error introduced by the limited time

switching. The channel presents two major modes Ofesolution, the detected events with a duration shorter than two times
activity, or gating patterns characterized by markedlythe dead time of our recording system (dead timel15 pusec) were
different voltage sensitivities, and mean open and closegxcluded from the fitting. Stability plots were constructed as described
times. The relevant aspects of this channel moding ar&y McManus & Magleby (1988). Briefly, the mean durations of
that upon patch excision the channel a|Ways appeared iwoups_ of 50 sequential open intervals were measured fqr a contmuogs
the highly voltage-dependent mode, and once it haéecordlng of about 5,000 open events and plotted against sequential

. g . .. . interval number. Data are expressed as meagn:
switched into the voltage-insensitive mode, it was never
found to reconvert back into the original mode. Another
distinctive aspect of the moding of this channel is that theresults
shift or transition from one mode into the other was not

instantaneous, but required several to tens of seconds.
CHARACTERIZATION OF THE CI CHANNEL

Materials and Methods . : :
The bimodal behavior was found on anion-permeant

channels newly identified in human fibroblasts. Chan-
nels were identified as anion permeant on the basis of
Cultured human fibroblasts (L132) derived from pulmonary endothe-their anionvs.cation selectivity, as shown by the inward-
lium were plated into Petri dishes at a density of approximéatelyith going current in salt gradient condition (150nNaCl,,

PREPARATION

respect to confluency, and used within 72 hr. vs. 500 mm Nactnt) at zero voltage (Fig. A and C).
The zero-current potential in these conditions was 13
ELECTROPHYSIOLOGY mV, a value significantly lower than 30 mV expected for

Single-channel currents were recorded by using the patch-clampteche-‘ purely selective Cl channel. This indicates t_hat, Na
nigue in the inside and outside-out configuration (Hamill et al., 1981), could measurably permeate the channel. Quam'tatlvely'

with borosilicate pipettes (Hilgenberg GmbH, Malsfeld, Germany), the reversal potential of 13.6 + 1.8 mV averaged from
pulled with a programmable puller (PUL-100; WPI, Sarasota, FL), three experiments could be accounted for by the GHK
whose resistance ranged between 1 and)2vhen filled with standard  voltage equation assuming R/Pc = 0.37. TheilV

150 mv NaCl pipette solution. Currents were amplified with a List plot of Fig. 1C also shows the marked outward rectifi-
EPC-7 amplifier (List Medical, Darmstadt, Germany), and digitized cation of the channel. Channel activity was character-

with a 12 bit A/D converter (TL-1, DMA interface; Axon Instruments, . d b high It d d WR t |
Foster City, CA). The pClamp software package (version 5.6; Axon'Z€ y a high voltage dependence, Bpen steeply

Instruments) was routinely used on a Compag Pentium PC (Compa${iCr€asing at positive voltages. This feature is quantita-
Computer, Houston, TX) for generating the command voltage pulsestively illustrated by theP,,.,Vs. voltage relation shown
recording and archiving the currents, and preliminary analysis of thein Fig. 1B. Data points were obtained by measuring the
data. For online data collection, current signals were usually filtered aipopen of long stretches of single channel recordings at
3 kHz and sampled at 6@sec/point. Experiments were carried out at varying voItages, and fitted by a Boltzmann function
room temperature (18-22°C). h .

which gave a valency of the gating charge equal to 3.0
andVy, = —29 mV. In four similar experiments includ-
ing the one shown in Fig. 1 the gating charge afg
Extracellular solution contained (inw): NaCl 150, KCI 3, Cacj1, ~ Were respectively 2.8 + 0.22, and 31.6 + 2.4 mV. These
MgCl, 1, MOPS 5, titrated to pH 7.2 with NaOH. For a good single features, together with the channel (chord) conductance

SOLUTIONS



L. Catacuzzeno et al.: Bimodal Kinetics of a Cl Channel from Human Fibroblasts 167

Mode 1
AT T G
—  +B0mV 10 = [ o
LJ ! U —  +60mV 2 08 4
A f— ot o =" '2
—  +20mV % 06+ )

Joraiei, " —_ omVv r T T N
- m 8 o4 -100 -50 L 50 100
WW — -20mvV c -2 (mV)

[8]
. omv 8' 02 L4
Ly ]
mwm — 80 mv 00
. . , Ls (pA
_ somv -100 -50 0 50 100 s eA
N i T membrane potential (mV)
SpA

100 ms

Fig. 1. General features of the ICOR channel from human fibroblagisS{ngle channel records from an excised inside-out patch at varying
holding potentials. Internal and external NaCl concentrations were 500 andv 5@spectively. Currents were low-pass filtered at 1 kHz. Current
levels for open and closed states are indicated in each re&)r@pen-state probabilitys.voltage relationship for the CI channel showrAinData
points were fitted by a Boltzmann function of the forRy,,e, = 1/[1 + exp €F[V, - VI/RT], whereV,,, is the voltage for half-maximal activation
(Popen = 0.5) andzis the gating charge. The activation function was best fitted with 3.0, and &/, = —29 mV. (C) Current/voltage relationship

in 150 mv symmetrical NaCl (closed squares) and after replacement with 508l&Cl in the internal side of the membrane (open squares). Each
point in thei/V plot was determined via amplitude histograms constructed from single channel records of the type shdwathv/V relationship

is the least-square fit by a polinomial function (solid lines).

of ca. 70 pS (at zero mV) in symmetrical 150M1Cl, kinetic behavior between the two modes was obvious.
assign this channel to the ICOR (Intermediate ConducThe upper trace, typical of the channel in mode 1, is
tance Outward Rectifying) family (for revievgeee characterized by frequent and extremely shog. 0.5
Greger, 1994). msec on average) openings. The lower trace, represen-
With time, however, these Cl channels often andtative of the channel in mode 2, displays instead very
spontaneously changed the kinetic behavior describetbng openings, with the channel open for most of the
above, characterized by a high voltage sensitivity, into &ime. The middle trace presents in its first half a gating
second gating phenotype insensitive to voltage. Typicapattern intermediate between mode 1 and mode 2, con-
single channel records taken at varying voltages after theaining both long and very short openings mixed to-
channel had switched into this second gating pattern argether. This portion of the trace anticipates another ma-
shown in Fig. 2. The most dramatic change consists ifor feature of the moding of this channel, that is the

the loss of the voltage dependence, evidenced by the highoding transition is not instantaneous, but develops over
activity of the channel at all voltages (Fig. 2), including several secondséelater).

voltages as negative as ~80 mV at which the channelwas  The change in the gating pattern, visually detectable
hardly active before. This aspect is quantitatively illus-jp panelA, appears clearly in the stability plots of dwell

trated byPqen vs. voltage plot of Fig. B. Channel se-  gnen times an®,e, (Fig. 38 andC). The stability plot
lectivity and permeation were instead unchanged agt qell open times was constructed by averaging the
shown by the constancy of the reversal potential (12 mV), .41 duration of consecutive groups of 50 open time

fes“'t"’.‘g from th?'./v plot Of. Fig. 2C obtained under intervals against sequential interval number for the full
same 1onic conditions of Fig. 1, and by the OUtW‘"‘rdrecording partly shown in Fig. 8 which contained
rectification of the current. 17,380 intervals. The moving mean of dwell open times
fluctuates only negligibly around the overall mean of
CHANNEL MODING mode 1 and of mode 2 (indicated by arrows). The sta-
bility plot for the closed times is not presented because of
The change in gating behavior, or moding, is morethe much higher fluctuation of the moving mean around
clearly shown in its temporal development by Fig. 3.its overall mean value, due to the wider range in the
PanelA presents a continuous 90-sec segment of a longluration of closed events that could be observed in the
single-channel recording selected to visualize the changsingle channel record. The stability plot Bf,.,for the
in channel behavior (i.e., the spontaneous switch fromsame recording was constructed by plotting fg.,, of
mode 1 to mode 2). The single-channel recording wasonsecutive segments of the single channel recording
taken at =60 mV, a voltage at which the difference incontaining 50 openings against sequential segment num-
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Fig. 2. General features of the ICOR channel in modeA).fingle channel records from the same excised inside-out patch of Fig. 1 at varying
holding potentials. Internal and external NaCl concentrations were 500 andv 5@spectively. Currents were low-pass filtered at 1 kHz. Current
levels for open and closed states are indicated in each re&)r@pen-state probabilitys.voltage relationship for the CI channel shownAin(C)

iV relationship for the ClI channel shown & (open squares). The individudV points (symbols) were determined via amplitude histograms
constructed from individual segments like those showA.itachi/V relationships is the least-square fit by a polynomial (solid lines).

ber. Pypen also changed markedly following mode can be obtained from the significant number of exponen-
switching (fromca. 0.05 toca. 0.85), while fluctuating tial components required to describe the distribution of
around the mean value only minor within each mode.open and closed times (Colquhoun & Hawkes, 1981).
The small fluctuation of the moving mean of dwell open To determine the number of significant exponential com-
times andP,,.,and absence of drifts for both parametersponents, data points were fitted using the maximum like-
over long recordings indicate kinetic stability of the lihood method (McManus et al., 1987). The distribution
channel in both modes. of open times of mode 1 and mode 2 were best fitted by
Mode switching showed two other relevant features.a single exponential (Fig.AtandC), whereas the closed
First, the channel always showed up in the voltage sentimes, again of both modes, were best described by the
sitive mode (mode 1), a conclusion drawn from the ob-sum of four exponential components (Fid3 4nd D).
servation of 22 excised and 3 cell-attached patches wherEhese results show that the two modes of activity are
the channel displayed stable and sufficiently long activ-both described by the same minimum number of open
ity. Second, the switch into mode 2 appeared to be a onand closed states.
way process. In eight patches in which we recorded
mode switching (from mode 1 into mode 2) we never
saw the channel switch back to the initial mode 1, in spitgMODING TRANSITION
of the eight patches that cumulatively dwelled in this
mode 2.33-fold as compared to mode 1. Additionally,As already shown in Fig. 2, the transition from mode 1 to
mode switching was never observed in the cell-attache@hode 2 was not instantaneous, but required a variable
configuration of the patch. It need be added that in thistime in the range of 3-60 sec. This is shown in Fig. 5 by
configuration this type of Cl channel appeared rarely,the stability plot of a channel dwell open time during
and in those few instances (= 3) in which we could moding transition. For clarity, the channel with the long-
record channel activity, the patches did not survive forest moding transition is reported. The stability plot ob-
more than 20 min. tained from this recording shows that the mean open time
during the transition is intermediate as compared to
mode 1 and mode 2. The fluctuation of the running
STEADY-STATE KINETICS OF MODE 1 AND MODE 2 mean (of consecutive groups of 50 openings) during
moding transition was instead considerably larger when
The stability plots presented in Fig. 3 indicating kinetic compared to both mode 1 and mode 2. Because the sig-
stability of channels, a prerequisite for steady-state ki-ificant fluctuation of the mean duration of the open
netic analysis, has allowed us to perform this type ofevents, indication of a lack of kinetic stability, we have
analysis, which consisted in determining the number ofnot constructed the dwell time histograms for the transi-
open and closed states in mode 1 and mode 2. Informaion. Figure B shows three segments of single channel
tion on the (minimum) number of open and closed statesecording typical respectively of mode 1, the moding
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26.54 Fig. 3. Switching of the ICOR CI channel from

mode 1 into mode 2.4) Consecutive
single-channel records in excised outside-out
configuration showing the channel in mode 1
(upper trace), during moding transition (middle
trace), and in mode 2 (lower trace). Holding
potential is =60 mV, and ionic conditions are
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transition, and mode 2. It clearly appears that the chansensitive gating phenotype (with apparent gating charge
nel behavior during the transition is different from both of 2.8), into a voltage-insensitive one (with the channel
modes, presenting open and closed events with intermerighly active at all voltages). This feature can be further
diate duration when compared to mode 1 and mode 2documented by comparing R, vs.voltage relations
The intermediate duration in the stability plot is then notof the channel in the two gating modes (FigB.aind B),
to be interpreted as the channel rapidly switching, duringas well as from the stability plot d?,,., made at —60
moding transition, between mode 1 and mode 2. mV (Fig. 3C).
Apparent loss of voltage sensitivity, with the chan-
_ _ nel remaining active at all voltages, could result from a
Discussion shift of channel activation curve towards more negative
voltages. In other words, the voltage range within which
In this study we have investigated the gating behavior othe channel would previously (mode 1) not be active,
a Cl channel from human fibroblasts. The channel disnow (mode 2) falls in the saturating segment of the Bolt-
plays two major gating patterns that differed markedlyzmann curve. To test this possibility, we brought (volt-
for the channel’s sensitivity to voltage. In particular, the age insensitive) channels in mode 2 at very negative
channel was observed to switch from a highly voltage-voltages (down to —160 mV), but even at these voltages
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Fig. 4. Histograms of the open and closed times for the ICOR CI channel in mode 1 and madaril B) Open and closed time distributions

in mode 1. The smooth lines are the maximum likelihood fits with the sum of one exponential component to the open intervals, and four exponenti
components to the closed intervals. The dashed lines in the closed time distribution represent the four individual exponential components. The tir
constant of the open distribution is 0.44 msec. The time constant of the closed distributions are 200, 19.6, 2.4, and 1G4nwarcOpen and

closed time distributions in mode 2. The smooth lines are the maximum likelihood fits with the sum of one exponential component to the opet
intervals, and four exponential components to the closed intervals. The time constant of the open distribution is 21.7 msec. The time constant
the closed distributions are 125, 11.1, 1.79, and 0.26 msec.

the P,,., Was not sensibly lower than at positive volt- reported to be induced by membrane potential (Hoshi &
ages, always remaining well above 0.7. This observatiorsmith, 1987; Pietrobon & Hess, 1990).

may suggest that either the activation curve has shifted

further beyond our experimentally testable voltage range,

or that the channel has in fact lost its sensitivity to volt- MODING TRANSITION

age. This event may occur if, upon mode switching,

some part(s) of the protein (the voltage sensor, for inRelevant observations regarding moding transition were
stance) may get stuck in a “permissive” positiacf. ( the following. (i) the channel always showed up in the
Catterall, 1986) so that the voltage-dependent transitioroltage sensitive mode (mode 1); (i) moding transition
between the open and closed state occurring upon itsito mode 2 occurred after a long residence (five to
movement back to its “nonpermissive” position is no twenty minutes) in mode 1; (iii) switch into mode 2
longer allowed (or allowed with great difficulty), with appeared to be a one-way process, as the channel was
the result that the channel remains almost constantlyever found to switch back to mode 1; (iv) the transition
open. The marked increase in the duration of open timefrom mode 1 into mode 2 was not instantaneous, but took
(Fig. 3B) following channel switch into mode 2, ex- tens of seconds to complete. Although the mechanism
pected for a channel that can hardly close, is consisteninderlying the channel moding described here is not
with this view. The above mentioned test at very negaknown, the features described above are relevant to this
tive voltages showing that channel activity was not in-question excluding several interpretative options, while
fluenced by this hyperpolarization discards this paramfavoring others. The channel always appearing with
eter as a possible determinant of moding. This is a permode 1, and switching upon excision, although with de-
tinent question given that mode switching has been oftehay, into the second mode of activity without ever revert-
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Fig. 5. Kinetic features of the transition mode)(Single-channel records from excised outside-out configuration in mode 1 (left trace), during the
transition mode (middle trace), and in mode 2 (right trace). Holding voltage is =60 mV. lonic conditions grg B8Q. mm NaCl, and channel
opening is downward.B) Stability plot of the moving mean durations of consecutive groups of fifty open intervals against sequential interval
number.

ing to the original mode may indicate that some cyto-fibroblasts. This work supported by MURST grant Cofin-97-
plasmic modulator that is lost with patch excision keeps®705224541.

the channel in mode 1. The observation that the phos-

phorylation state of the channel by cytoplasmic protein

kinases is commonly reported as a determinant of mod&eferences

switching (Wilson & Kaczmarek, 1993; N.eumar?n' C.at- Bean, B.P. 1989. Neurotransmitter inhibition of neuronal calcium cur-
te_ra" & Scheuer, 1991; Yeu_ etal, ]_'990)' In conjunction rents by changes in channel voltage dependdature 340:153—
with the dephosphorylation action of membrane- 156

embedded phosphatases may suggest the following h¥atz, a.L., Magleby, K.L. 1986. Quantitative description of three
pothetical mechanism. In the native cell the channel is  modes of activity of fast chloride channels from rat skeletal muscle.
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nificant time (up to 20 min) could be explained by Colquhoun, D., Sigworth, F.J. 1983. Fitting and Statistical Analysis of

ideri h . ised h id bl Single-Channel Records. Single-Channel Recording. B. Sakmann
considering that in excised patches a considerable and E. Neher editors. pp. 191-263. New York, Plenum Press

amount of cytoplasm IS Often SUCk?d into the plpetteDelcour, A.H., Lipscombe, D., Tsien, R.W. 1993. Multiple modes of
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