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New metliods are described to detect subconductance levels and to analyse jon charnel gating. These methods are applied to
simulated and experimental data. Single chioride channel records from inside-out membrane patches exciscd from human
umbilical veinous endothelial cells (HUVEC) exhibit, in addition 1o the full closed and full open configurations, intermediate
subconductanee levels which are multiple of an ¢lementary conductance of 112.5 pS. Analysis of transitions from ong state to
another and the comparison of real data with simulated data leads to the proposal of a cooperative model of gating for the

observed subunits of a ¢hloride channel.

Introduction

lon channels are large integral membrane proteins
which control the passive flux of jions through lipid cell
membranes [1] by switching between closed and open
conformatjons that permit this flow, The patch-clamp
technique [2] enables ane te perform current recording
of the flow of ions through ion channels.

Ion channel gating mechanisms have been generally
assumed as Markovian processes with a small number
of open and closed channel states. However, other ion
channel gating models have been developed in terms of
non Markovian processes as fractal [3] diffusion and
reptation models [4,5]. Furthermore, recently, it has
been demonstrated that a deterministic model of ion
channe! gating based on the theory of chaotic process
can mimic an intrinsic raadom process [6] In this
model, the current through the channel at time (1 + di)
is a function of the value of the current at the previous
time (1). Nevertheless, comparative studies of Marko-
vian, fractal, diffusion and related models of ion chan-
nel gating provide justification for continued to use of
Markovian models in the exploration of channel gating
mechanisms [7-9]. However, the validity of Markovian
models and classical mathematical methods used to
study Markovian signals have been questioned [6,10].
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Based on patch-clamp recording, three different
conducting states of a channel can be predicted. Firstly,
current through a channel is minimal and thus the
channel is closed. Secondly, current through the chan-
nel is maximel and the channel is fully open. For the
third state, when the channe] switches between these
open and closed states, the current passes through
certain levels corresponding to subconductance states,
For the subconductances two types of gating have been
described [11]. The first type is called *subunit’ and the
second ‘partially open’ (or partially closed) substate.
Subunit gating is indicated when the conductance of a
channcl changes with steps of equal value. Those kinds
of substate have been described for chioride channels
[12,13). The second type of substate has been observed
for several channels: potassium channels [14-16), chic-
ride channels [17). Nevertheless, it is not demonstrated
whether subconductance states represent a partially
open channel or whether they result from the presence
of parallel conductive units as shown for potassium
channels in renal tubules [18], On the other hand, it
has been ohserved that, sometimes, open channe! cur-
rents ate separated from each other by short closed
periods called flickers. Such flickers exhibiting subcon-
ductance levels have besn described for nicotinic ion
channels {19].

Furthermore, related or not to subconductance
states, it has been shown, for Na conductance in squid
axon, that disparities exist between the micro- and
macro-kinetics {20] and that channel intcractions can
be observed [21-231. These observations suggest that
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linear models are not always appropriate for to des-
cribe the gating of the channels. Thus, it has been
proposed that the kinetie model for allosteric cazymes
can be considered as an alicrnative madel of gating
[24).

Many parameters are used to characterize a chan-
nel. Conductance is one of them. ! is usually estimated
from the slope of the current-voltage relationship, To
build this relationship, the most frequent method con-
sists in using data provided by binned histograms of
current amplitude measurements for diffcrent mem-
brane potential values. In such histograms. each cur-
rent level is represented by a Gaussian population.
Unfortunaicly, only main current levels can be distin-
guished hy this mcthod especially when the
signal /noise ratio is low or when the bascline is dis-
torted. Furthermore, there is no automatic method to
detect transient subconductance states so, a time-con-
suming visual inspection is the only method used. Thus,
to overcome this difficulty, some authors [16] have built
two types of amplitude histograms (‘raw’ and ‘ex-
cluded') from the same long period of uninterrupted
cvrrent recording. Nevertheless, the direcl inspection
of records of digitalized data remains the most applied
methad. Yet, when they are abserved, subconductance
states arc difficult to be incorpurated into channcl
gating models and are frequently disreparded. How-
ever, the great varicty and the larpe number of ion
charnels which exhibits substates demonstrate the im-
portance of this mechanism for the physiology of the
cel! (for review see Ref. 11).

In the present study, we describe ap allernate ap-
proach to the analysis of patch-clamp records contain-
ing transient substates of conductance. The procedure
is verified using simulated ion channc] data. lts appli-
cation is illustrated vsing data from the chloride chan-
nels of human umbilical veinous endothelial cells
(HUVEC). These channels exhibit multi-current levels
which can be described by four subunits cxhibiting a
cooperative mode of gating.

Materials and Methods

Isolation of endotfelial cells

Human umbilical veinous endothelial cells were ob-
tained according to the method of Jaffé [25). Bricfly,
the cells ware isolated in a medium (M 199 Boehringer
Mannheim} containing 0.5 unit/ml of collagenase type
1A (Sigma). Then: the cells were plated at 107 cells/ml
density on fibronectin coated dishes (Falcen) and cul-
tured in M 199 medium supplemented with 30% pooled
iniman scrum, 100 U /ml penicillin, 0.1 mg/ml strepto-
mycin and 2 mM glutamine. The cells were incubated
at 37°C in humidified 5% CO,/93% O, atmosphere,
Cells grow to confluence after 5 to 7 days. Cells from
passage 3-4 were used in these experiments.

Current measturement

Standard patch-clamp tcchnique was used [2), Patch
pipettes were made from Kimax-51 glass capillaries
(Kimble Products) and filled with extracellular solution
containing: 110 mM Cl TEA buffered at pH 7.35 by 10
mM Hepes. The pipette resistances were 3-5 Mohms.
The recordings were made in the ‘inside-out’ patch
configuration, with a symmetrical bathing solution. The
current signal was obtained by using a patch-clamp
amplifier (RK 30i) Biologic, Claix, France), samplcd at
8 kHz. Data were analysed on a Tandon PCA/12
microcomputer using a commercial software (Biopatch,
Biologic, Claix, France) and a program developed in
our laboratory.

Data analysis

Transition detection. We have developed an auto-
matic computerized program to delect iransitions in
long lasting patch-clamp records. The procedure is
based on the scanning of the record by a detecting
rumnigg window. The amplitude range and the dura-
tion range of the window are chosen by the operator
on the basis of the signal characteristics (sampling rate,
signal /noise ratio). The choice of the operator is made
easier by signal and analysis window displaying, In this
program, the event finder subroutine is different from
that of the Event-Catching Program proposed by Sig-
worth [26). A single-channel signal is considercd as a
succession of steady state and transient state scctions.
A steady state section is a record section where current
values are close to a mean value. On the othe: hand, a
transicnt seetion is a reeord section where the current
values cxhibit a deviation higher than the standard
deviation. During the scanning of the record by the
running window, steady state and transient state sec-
tions of the record are detected. If points exhibit an
amplitude dispersion lower than the amplitude range
of the window, they are considered as the components
of a steady statc section and the current amplitude
value of each point is considered as egua! to the mean
value. The other sections are classed as transient sec-
tions. A specific procedure is used to analyze these
sections. In this procedure, the varation of the current
amplitude between two consecutive puints of the tran-
sition is calculated and compared to the standard devi-
ation. If this amplitude is cqual 1o, or greater than the
standard deviation no transition is delected. For the
subsequent histopram the coefficient of this point is
considercd as eero. On the other hand, when this
amplitude s equal to zero a transition is detected and,
for the subsequent histogram, the coefficient of these
points is assumed to be one. Finally, when the current
amplitude between two points varies from zero to the
standard deviation, the corresponding points are af-
fected with a coefficient varying in a proportional man-
net between ane and zero. Furthermore, a time thresh-



old is utilized to detect the events exhibiting a duration
less than a chosen valuc {which can be determined
according to the bandwidth of the amplifier and the
filter characteristics).

Current amplinde histogramis. In a theoretical signal
{Fips. 1a and 1b), different types of current level can be
distinguished: long lasting current levels called steady-
statc currcnt levels and short lasting current levels
cled transient state current levels, Therefore, three
types of current histograms can be built: (i) a ‘classical’
current level amplitude histogram (Fig. 1¢); (i} a cur-
rent step histogram corresponding to the current varia-
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tion between two consecutive steady-state current ley-
els [26]; (iii) a current step histogram corresponding to
variation of current fram a steady state to the following
transient states (Fig, 1d).

Signal reconstitution and baseline distortion removal.
Using the data obtained from ihe running window
detection and irom the current step histograms, the
ideal ion channel signal can be identified. For this
purpose, cach cxperimental point is classified as base-
line or as a state of open channel, This classification is
based on the comparison of each experimental data
with the value of current steps given by the current
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Fip. 1. Simutated ion channct signul data analysis. () Signal Trom of an elementary sequence generaled by an exteraal simulator (SMP 30,
Biologic. Claix, France). A, B, C. D, L. F and G are long-lasting current Yevels (duration more than 10 mskh: a, b. ¢ are short lasting intermediae
Tevels {duration: 2 msb, d is o flicker (duration: T msh (b) In this simulated sigral, the elementary sequence deseribed in Fig, 12 has been repeated
o hundred times, the baseling has been distorded by addition of 7 = § sin(lwre fAF)+ sin{2ee /F) function (1, time in ms; F, sampling frequency
in Hz i. corrent in pA), a Gaussian noise with a standard deviation of 3 pA, coming from a teal record, has been then added. {c} Classic level
histogram performed from the simlated signat shown on Fig. 1b. Using the Biopatch software (Biologic, Claix, France), the haseline distortion
has been removed, the gawssian peaks cozrespond to the main current levels, respectively, (A + D +G) for 0 pA, (b +E+Fhfor 20 pA. {B-+ ¢} for
30 pA and C for 60 pA. Short lasting current levels {a) and (d) cannot he distinguished in this histogram. The {b} and (c) steps are masked,
respectively, by (E+ F) and {B) main current levels. (d) Current steps histogram performed on the values of the simulated signal shown in Fig. Ib,
without any previous buseline distostion removal. White hins represents current variations fram one steady state to another: (- 60 pA; C - D;
~ 2 pA: F - G: 30 pA: D = E: 30 pA: A = B and B = C). Dark bins represent current varialions from a steady state to the following transient
states (=30 pA: C = ¢ WpA: A » 0 D pAt A <band E—~ d}
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step histogram. Thus, each experimental data point
corresponding to a step of current is substituted for the
most likely ideal value. When no step is detected,
current level is considered as equal to the previous
value, thus the bascline distortion is automatically re-
moved and an idealized signal is buils.

Event map, Data from a single-channei record con-
sists in switches from one current level to anather.
Using the idealized signal, a map representing the
signal as a di = f(i} [unction can be built (Fig. 2). In
this map, each event is plotted with previous current
level (§) as abscissa and current step amplitude (dé) as
ordinate. Plot surface is propoctional o event number.
As defined before, some events are too short and thus
are considered as unresalved. Therefore, the number
of transient states or flickers exhibiting 100 short a
duration, less than 2 fixed time threshold, are plotted
on the abscissa-axis and are not taken into account.

Simulated signals, To test the ability of our program
to detect short lasting events, we have built a signal
exhibiting short Tasting cvents, a low signal /noise ratio
and a baseline distortion. For this purpose we have
used a stimulator (SMP300, Biologic, Claix, France),
giving the elementary sequence of the signal shown in
Fig. la. This scquence was repeated one hundred
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times. Then the baseline was distorded using the func-
tion:

P=5sin{2m! /4F) +sin(2mi /F)

where i is the current amplitude (pA), F is the sample
frequency (Hz) and tis the time {ms). Furthermore, a
Gaussian noise coming from a real record with a stan-
dard deviation equal to 3 pA has been added (Fig. 1b).

Gating of simulated subunit signal. To model the
signal ohserved with chloride channels of HUVEC, we
have synthesized two types of simulated signals, Firstly,
a signal resulting from the sum of four independent
Markovian channels tor subunits), sgcondly, a signal
resulting from the activity of two pairs of cooperative
channels. In the first case, the opening constant rate
was chosen equal to 1077 5™, and the closing constant
rate to 7- 1072 57, The general kinetics of each chan-
nel unit is described as follows:
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In the second case, channel gating already respects
a Markovian process. However, in each couple, the
channels are cooperative. Initial gating of one subunit
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Fig. 2. Even! map representation of simulated record. After o reconstitution of the signal in an ideal form, it is possible to map cvent gatings as a
di = 1) function, This figure shows gating events of the simulated signal of Fig. 1. In such a representation, cach gating event is ploiled with
previous current level as abscissa (i) and current step amplitude as ordinate (di). The ploi surfuce is proportional to the number of events, The
baseline is represented by a central point (0;0), When the channcls are openiag (grey squares) inward currents are plotted in the bottom left hand
corner and outward currents in the top right hand corner. When the channels are closing (white squares), inward currents are ploiled in the top
left hand cormner and outward eurrents are plotted in the bottem right hand corner. {a) The time threshold is equal to 0 ms. In this case, every
event is 1aken into account, This map can be used to determine the gating origin of the charnel: for example, the diagonal alignement crossing
the abscissa axis at 20 pA (dashed line) shows thit the 20 pA current levels (b, £, and F) are reached after: (i)} the opening of the full elused
channel (D: 0 pA —+ E: 20 pA), plot No. 1 ((520% (ii) the opening of the partia) open channel {a: 10 pA - b: 20 pA}. plot No. 2 (1010} Gii) the
closing from the 40 pA state (d: 4t pA — E: 20 pA), plol No. 3 (40; - 203(The plot numbers appear as white digits within black circles.). (b) Evert
mapping of the same signal with a lime threshold equal to 1.5 ms: opening ard closing of 1 ms flickers (20 pA & 40 pA), previously plotted,

respectively, a1 (20,20} and (4~

20 twhite plots), are gathered as unresolved events on the abscissa axis (20,01,



triggers the gating of the other subunit (Fig. 4). A
x’-test has been used to compare the simulated signals
characteristics to those of the experimental record.

Resuits
Simulated data analysis

The behaviour of a complex channel exhibiting sub-
conductance states and flickering have been simulated
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(Fig. 1a). By repeating this sequence a hundred times
with the addition of Gaussian noise and the distortion
of the basal level, a simulated single-channel record is
obtained (Fig. 1b). Each elementary sequence includes
a short lasting current (a, b, ¢} and flickers (d). As
shown in Fig. ¢, the *classical’ current level amplitude
histogram performed after the baseline distortion has
been removed, shows only main current levels (0 pA
for A, D and G; 20 pA for E ana F, 30 pA for B and 60
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Fig. 3. Signal from chloride channels observed on an inside out patch of a human umbilical veinous endothelial cell with o membrane patential
clamped av —40 mV. {2) Signal sampled at 8 kHz befare filtering and baseline distortion removal (1 /80 display). (b) Current sicp histogram of
previous signal. White bins show steady state to steady stale current steps, dark bins show steady state to following trznsient stalc current steps.
A state is considered steady if it lasts more than §0 ms. Four types of gating can be chserved: —4.5 and ~9 pA current steps correspond 10
opening while 4.5 and 9 pA current steps correspond 10 closing. No current step of +13.5 pA or 18 pA is observed. This histogram leads to the
conclusion of the existence of four el y Is or sut of —4.5 pA (112.5 pS). {c) Real signal of Fig. 3a after 500 Hz Hanning
fittering and baseline smoothing correction ¢1,/80 display), (d) Classical current level histogram performed an the filtred signal showa in Fig. 3c.
In this histogram only three main current levels are shown at D pA (fully closed), —9 pA and - 18 pA. No inlermediate cursent level can be
distinguished a1 ~4.5 ar - 13.5 pA. Alone, this histogram leads to the conclusion of the existence of only two channels of =9 pA (225 pS).
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pA for C). Transient substates (a, b, c} and flickers {d)
cannot be distinguished. By contrast, using the compu-
tation procedure described in Materials and Methods,
the histogram of current transitions performed on the
steady current levels shows main current steps (C — D:
—60 pA; F~ G: —20 pA; D> E: 20 pA; A~ B and
B-»C: 30 pA) while histogram of transitions from a
steady state to a transicnt state shows transient events
{C—c 30 pA; A=a: 10 pA; A-b: 20 pA) (Fig.
1d). Furthermore, using the transition histograms this
‘record” has been transformed into an idealized ‘re-
cord’ without any noise nor baseline distortion. The
observed proportion of transitions from one level to
another in the noisy and distorded siniulated signal has
been compared to the theoretical proportion of these
transitions. The y>test has shown (P <0.05) that
smoathing of the baseline and idealization of 1k signal
do not induce any significant alteration of gating infar-
mation and that the transitions are correctly detected,
Using the data of this idealized record, we have built
the event map shown in Fig. 2. The gating of the
channe! can be deduced from the observation of this
map: thus, we can predict all transitions leading from
an open state to another open state or leading from an
open state to a closed state (and vice versa). According
tw the signal cut-off frequency, the operator can fix a
time threshold under which transient events are disre-
garded (Fig. 2b).

Experimental data analysis

Vascular endothelial cells exhibit several types of
ion chanmels: non selective cation channels {27], cal-
cium channels [28), potassium channels [14,29], chlo-
ride channels [30]. Fig. 3a shows a typical inside-out-
patch record of HUVEC chloride channels. Several
intermediate conductance levels and flickers can be
observed: the histogram of cuiient sicps (Fig. 3b) shows
+4.5 and +9 pA current steps from one sleady state
to anather {white bins) as well as from a steady statc to
a transient state (black bins). No current step of +£13.5
or +18 pA is detected. After SO0 Hz Hanning filtering
and the removal of basecline distortion (Fig. 3c), a
classical current level histogram can be constructed
(Fig. 3d). On this histogram, three current levels can be
identified 0 pA (basclinc), —9 pA and —18 pA. No
intermediate level is measurable either at —4.5 pA or
at —13.5 pA.

Using the values given by the current step his-
toprams (steps of +4.5 and £9 pA) the real signal of
Fig. 3a has been idealized (Fig. 5-A1). A current level
histogram performed with the values corresponding to
this idealized siznal points out the existence of five
current [evels: 0 pA, —4.5 pA, —9 pA, —13.5 pA and
—18 pA (Fig. 5-A2).The distribution of current levels
{Fig. 5-A2) is not binomial (P < 0.05). An event map
representation (Fig. 5-A3)} gives the gating of the chan-

nels. For example, it can be ohserved, that four path-
ways lead o the open slate (9 pA level): (i} opening
from @ pA level {current step amplitude: -9 pA); (i)
apening from —4.5 pA level (current step amplitdue:
~4.5 pA); {iii) closing from —13.5 pA level (current
step amplitude: 4.5 pA); (iv) closing from — I8 pA level
{current step amplitude 9 pA).

Discussion

fon channel behaviour can be interpreted by assum-
ing that the channel exhibits two conductance states
{open and closed) and that the transitions between
these states can be described by a Markevian process.
However, it has been noticed that many ion channels
do not conform to this simple model and include
subconductance states between the closed and the main
open states: potassium channels [31,32), calcium chan-
nels [33], chloride channels [12,34). Furthermore, it has
been proposed that a channel would he expected to
exhibit a continuum of many conformational states
rather than few discrete states [35), [6],

Standard analysis of unit channel data are ineffi-
cicnt 1o detect very transient subconductance states
(Fig. lc) leading to the proposition of simple gating
mechanisms. In this paper, we describe an imptoved
method for the detection and analysis of ion channel
subconductance states, which can be used to detcct
transient event such as intermediate steps and flickers.
Furthermore, event mapping and utilization of models
give informations on the complex behaviour of chan-
nels.

The *classical’ current amplitude histogram (Fig. 3d)
applied ta the analysis of HUVEC chloride channels
shows only three current levels (0 pA, —9 pA and —18
pA), leading to the conclusion that this record results
from the activity of two unitary channels of —9pA. By
contrast, current step histegrams (Fig. 3b) show the
existence of steps of +4.5 pA (1125 pS). This current
step value is an integral iraction of ~9 and — 18 pA,
leading te the conclusion that there are four channels
(or subunits) with current of —4.5 pA. In agreament
with this observation, the current level histograms per-
formed on the idealized signal disclose intermediate
current levels of —4.5 and -135 pA (Fig. 5-A2).
Occupancy of the different states by the chloride sub-
units deviates from a binomial distribution (P <0.05)
leading to the conclusion that the chioride channel
subunits are not independent, Thus, it can be observed
that levels O pA, 9 pA and —18 pA exhibit a larger
probability of occupancy than —4.5 pA and ~13.5 pA
levels. Moreover, an event map (Fig. 5-A3) shows that
simultaneous opening or closing is frequently observed
between rrain siates. For example: —9 pA current
steps are often observed between 0 pA and —9 pA and
between =9 pA and - 18 pA, but rarely between —4.5



PA and -13.5 pA. i channels were independent the
simultancous opening or closing would obey a binomial
distribution as shown on Fig. 5-B2. However, this is not
the case, the simultancous opening (or ctosing) of three
and four subunits is too rare {Fig. 5-B3). Thus, as
mentioned above, the chloride subunits are not inde-
pendent. With a time threshold of 0.5 ms, —4.5 pA
subunits are gating either singly or in pairs leading to
the conclusion that a functionnal coupling exists be-
tween two units of the same two-channel cluster,
Some proteins are already known to be composed of
multiple subunits. In some of them, the binding of a
substrate to one subunit influences the binding of the
substrate to the other subunit (ex: O,/hemoglobin).
This process is called cooperativity. In addition to
cooperativity, 2 molecule exhibits allosteric interactions
when its activity depend on the occupency of a hinding
site. The discrepancy observed between the miciu- and
macro-kinetics for Na conductance in squid axon [20),
fluctuations and linear analysis of Na current kinetics
in squid axon [36] and evidence of channel interaction
[16,22,23,37,38] suggest that cooperative gating exists in
ionic channels and that the application of the kinetic
properties of allosteric proteins could be applicable to
ion channels in membranes [24,39). Thus, allosteric
induction of channel conformation switches has been
proposed to explain subconductance states observed in
the acetylcholine nicotinic receptor channel [40,41], in
caicium channels [42), and in potassium channels [23).
To test this hypothesis for chioride channels, we have
built two simulated signals resulting from the activity of
four Markovian suounits, Fig. 5-B1 shows a simulated
signal built with four independent subunits as de-
scribed in Materials and Methods. The closing rate
constant is here more important than the opening rate
constant. Consequently, low current levels (0 pA, —-4.5
pA) are more frequent than high current levels (-9
pA, —18 pA). The occupancy probability of eachi cur-
rent level fits a binomial distribution (Fig. 5-B2). Event
mapping with a time threshold equal to 0.5 ms shows
clearly that elementary openings are frequent (di=
=45 pA) while simultaneous opening are rare. Thus,
no simultaneous opening of four channels is observed
{(di=—18 pA), three simultaneous opening (di=
—13.5 pA) is less frequent than two simultancous
opening (di = —9 pA), On the other hand, three si-
multaneous closing {(di = 13.5 pA) are more frequent
than two simultaneous closing (di =9 pA). The event
map of this signal built with four independent subunits
(Fig. 5-B3) is statistically ditferent (P < 0,05) from the
rcal data (Fig. 5-A3). As the model of four indepen-
dent subunits was unsuitable to describe the behaviour
of the observed HUVEC chloride channels, we have
built a gating model including a strong cooperativity in
coupled subunits, This model is based on the concerted
modei proposed for allosteric prutein by MONOD et
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Fig. 4. Cooperative kinetic model to generate a simulated signal
close to the ohserved signal of chloride ciianned from human umbili-
cal veinous endothelial cells. To simulate the signal showa on Fig.
5-Cl. two pairs of channels have been considered. In each pair of
channels (or subunits) the gating probabilitics of ure element de-
pend on its state as well as on the stale of its neighbour. A state
corresponds Lo a spalial conformation (open: D, closed ©) andd o
kinetic potential (relax: square), (tense: circle) The pair of channels
is in & s1able state when the two channels are elosed or open (ouble
line) and in unstable states when one subunil is open and the other
closed (single line}, When the bisubunit is in a full closed state (CC),
the opening probabitity of <ach subunit is equal to 6-107 s~"
When one subynit is open. its clasing rate constant is 7-107% 5!
while i stant rate of ils neighbour increases up 1o 1072
5”1, The apening of & subunit in a bisubunit includes, then, an inilial
opening which is a 1rigger for the second npering(CC « OC - 00),
The closing of o Mully open bisubunit vespeels symetrical kinelics
(00 = OC = CC). Thus, in this simelated model, half-open states
{OC) have not the same gating potentiality when it resuli hom an
initial opening (high opening rate constant) or when it result from a
closing (high closing rate constant).

at. [43]. We assume that: (i) observed channels exhibit
the activity of two independent pairs of subunits; (if)
the subunits of each pair exhibit a concerted coopera-
tivity; {iii) gating of each subunit conforms to a Marko-
vian process. The final model includes four channels
gathered into two clusters of two subunits. Opening of
cach subunit results in -4.5 pA current. Witk each
nair of subunits in the fully closcd state (CC), the rate
constant of the initial gating of one subunit is low
6+ 107* s~1), in retern an initial gating of onc subunit
increases the rate constant of the other subunit up to
1072 5" In such a madel the first subunit which
opens {or closes) becomes a trigger for the other sub-
unit. Nevertherless, the ‘wrigger subunit’ can go back to
its previous configuration before the gating of the
other subunit, with a constant rate egual to 7- 102
s~ ', Thus the madel, shown in Fig. 4, exhibits a posi-
live cooperativity through an allosteric interaction be-
tween two unitary subunits, In cach pair of subunits
the cluster is in a stable state when the two subunits
arc in the same conformation (CC or 0O0) and in an
unstable state when the two subunits are in opposite
conformations (CO or OC). The signal simulated by
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the addition of two couples of cooperative subunits
(Fig. 5-C1) loaks like the real ane (Fig. 5-Al1), this is
confirmed by a x2-test performed on the current level
histograms data carresponding to the Figs. 5-A2 and
5-C2, as well as by y*test performed on the event
maps data of Figs. 5-A3 and 5-C3, (Table D), (P < 0.05).
As in experimental data, the simulated signal exhibit
three main current levels (0 pA, —4.5 pA and - 18
pA) and two intermediate sublevels (—4.5 and —13.5

pA), flickers are observed essentially at main current
levels. The simultancous opening of two subunits is
observed at 0 pA and —9 pA (di= -9 pA), and
simultancous closing is observed at —18 and ~9 pA
(di =9 pA). Finally the subunit behaviour in the simu-
lated signal is closed to that of ebserved chloride
channels. Therefare, it can be concluded that the coop-
erative mode! proposed for these HUVEC chloride
channels, may be an appropriate model to deseribe the
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Fig. 5. Comparison of real data to diffesent types of simulated signal data. (A1) Chloride channels signai of Fig, 3 after idex! neconstitution (1 /80
point displayed). (A2) Classic current level histogram performed on an idealized real signal. The three main current levels (0, —9 and — 18 pA)
are shown as well as two intermediate sublevels { —4.5 and — 13.5 pA). {(A3) Event map of thz idealized real signal. The time threshold is fixed to
05 ms. Consequently, short lasting even! of less than 0.5 ms are plotted on abscissa axis as unreselved cvents. In this representation the five
current levels are obsecved {vertical alignments a1 0, —4.5. =9, —13.5 and - 18 pA) as weli as the four main curtent steps Chorizantal alignmenis
al +4.5 pA and +9 pA).+9 pA current steps are missing a1 intermediate currznt levess (—-4.5 and ~ 13.5 pA). Unreselved cvents are mure
frequent at main currend levels (0 pA, —9 pA and —18 pA). The tigure exhibits a symmetsy point (—90). (B1) Simulated signal of four
independent subunits, Each subunit gating respects 1 Markovian process with 1072 5™ U as opening rate constant and 7- 10~ s~ as closing rate
constant. {B2) Curzeat tevel histogram of the simulated signal BL. Peak Jdistribution fits a binomisl distribution { P < 0.05). Number of gating is
regularly decreusing from fully closed staie {four channels closed) to fully open state (four subunils open}. As the opening rate constant is higher
than the closing rate constant, ihe fully open state (— 18 pA) is very rare, (B3) Eveni map of the signal Bl. Distribution of current step is
significantly dilferent from this of real signal (Fig. 5-A3) (P < 0.05), (C1) Simulated signal bunll by the addilion of two pairs of subunits exhibiting
the cooperalive model discribed in the Fig. 4. (C2) Corrent keved histogram of the coop ted signal of Fig, 5-CL. There is no statistical
difference { P < 0.05) between this histogram and the histogram derived from real data (Fig. 5-A3). (C3} Event map of the cooperative simulated
signal of Fig. 5-CI. The distribution of the events is statistically in agreament with the distribution of the corresponding events disiribution
observed for real data from the Fig, 5-A3 (P <0,05),
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TABLE I
Comparison between HUVEC ehloride channel record and simulated cooperative te

Real data correspond to HUVEC chioride channels activity of & inside-out patch —40 mV clamped, with 110 mM TEACL 10 mM Hepes in the
pipette and in the bath. Simulated data pond 10 a simulated bunit built with twa pairs of cooperative subunits (kinetics described in
Fig. 4). Duration of each record: 10 s. Sampling rate: ¥ kHz. For each type of record, the number and the proportion of each current siep
between two conseculive current fevels (i in pAY are reported, The comparison of current siep distribution (x?: 13.54; 1hreshold with 2 <0.05

h

and 11 degeees of freedom: 19.67) shows no significant difference between real and simulated data.

Previous ¢urrent
level (pA) 0 0 -45 -45 -9
Next cusrent
level (pA) -45 -9 0 -9 0
Current step
amplitude (pA) -45 -9 45 =45 -9
Real data
Number of steps 49 44 48 108 46
Percent of steps 61 54 59 133 37
Sintulated date
Number of steps 3l 14 kx] 47 1
Percent of sleps 88 4 9.4 134 31

-9 -9 -9 -135  -13§5 -18 =18
-45 -135 -18 -9 -18 -9 -135
4.5 -43 -4 45 ~4.5 9 45

107 108 A 3 " 27 n

132 133 3 127 9l 33 48
52 41 1 46 28 8 k)]
148 1.6 kA 13.1 8 23 85

coupling of gating between structural subunits of chan-
nel clusters. Furthermore, we are working on to know
if the cooperativ madel leads to a reinterpretation of
the way classical Markov models have been used to
analyse the data from other channels.

In this work, using an improved methed of patch-
clamp channel data analysis, we preseni evidence for
the cxistence of four subunits of equal conductance
(1125 pS) in chloride channels of HUVEC, The obser-
vation of the event mapping and the analysis of the
probabilities of occupancy of the different substates
show that the behaviour of these channels deviates
from a binomial distribution. A concerted model of two
pairs of two subunits exhibiting a Markovian process is
consistent with the experimental data. However, this
model remains speculative and while useful conceptu-
ally to explain the data it may not in reality be the way
these channels function since the ability of a model to
reproduce data is not proof of a mechanism.

References

| Hile, B. (1984) in lonic channels of excitable membranes
(Sunderland, M.A.,, ed.), Sinauer Associates.

2 Hamill, O.P,, Marty, A., Neher, E., Sakmann, B. and Sigworth,
F.J. (198%) Pfliigers Arch. 391, 85-100.

3 Lighovitch, L.8., Fischbarg, J. and Koniarek, J.P. (1987) Math.
Biosci. 84, 37-68.

4 Milthauser, GL., Salpeter, E.E. and Oswald, R.E. (1988} Proc,
Natl. Acad, Sci. USA 85, 1503-1507.

§ Millhauser, G.L. (1990) Biophiys. J. 57, 857-B64.

i Liebovitch, L.5. and Toth, T.L (1991) J. Theor. Biol. 148, 243-267.

7 Sansom, M.S., Ball, F.G.. Kerry, CJ., McGee, R., Ramsey, R.L.
and Usherwood, P.N. (1979) Biophys. J. $6, 1229-1243.

8 McManus, 0.B,, Weiss, .S, Spivak, C.E,, Blatz, AL and Ma-
gleby, K1, (J98B) Biophys, J. 54, 859-870,

9 McManus, O.B,, Spivak, C.E., Blaiz, AL, Weiss, P.S. and Ma-
pleby, K.L. (1989) Biaphys, J. 55, 383-385,

10 Liebovitch, LS. and Toth, T.1. (1990} Synapse 5, 134-138,

11 Fox, 5.A. (1987) J. Membr, Biol. 97, 1-8.

12 Miller, C. (1982) Phil. Trans. R. Sec. Lond. Bioi. 299, 401-411.

13 Geletynk, V.1. and Kazachenko, V.N. (1985) J. Membz. Biol. 86,
O~15.

14 Sauve, R.. Roy, G. and Payel, D. (1983} J. Membr. Biol. 74,
41-49,

15 Takeda, K. and Trautmenn, A, (1984) 1. Physiol. Lond. 349,
353-374.

16 Weik, R.. Lonnendonker, U. and Neumcke, B, (1989) Biochim.
Biophys. Acta 983, 127-134.

17 Hamill, O.P., Bormann, J. and Sackmann, B. (1983) Nature 305,
805-B08.

18 Hunter, M. and Giebisch, G. (1987) Nature 327, 522-524,

19 Auerbach, A. and Sachs, F, (1983) Biophys. J. 42, 1-10,

20 Fishman, HM,, Leuchtag, HR. and Moore, L.E. (1983) Biophys.
1. 43, 293-307.

21 Neumcke, B. and Stampefli, R. {1983} Biochim. Biophys. Acta
727, 177-184,

22 Homn, R. (1984) in Ton Channels: Molecular and Physiological
Aspects (Stein, W.D,, ed), pp. 53-97. Avademic Press, New
York.

23 Kiss, T. and Nagy, K. (1985) Eur. Biopbys, J. 12, 13-18,

24 Fishmar, H M, {1985} Prog, Biaphys. Mol, Biol. 46, 127-162.

25 Jaffé, E.A., Nachman, R\, Becer, C.G. and Minick, C.R.
(1973) 1. Clin, Tnvest. 52, 27145-2756.

26 Sigworth, F.E (1983) Single-Channel Recording {Sakmann, B.
and NEHER, E,, eds.), pp. 301-321, Plenum Press, New York,

27 Nilius, B. {199)) Pfliigers Arch. 416, 609-611.

28 Bossu, J.L, Feltz, A, Rodeau, J.L. and Tenzi, F. (1989} FEBS
Lett. 255, 377-380.

29 Takedo, K., Schini, V. and Stoeckel, H. (1987) Piligers Arch, 410,
385393,

30 Queyroy, A, Tranqui, L. and Verdeni, J. (1991) J. Mol. Cell.
Cardiol. 23 (Suppl. ), 151(Abstr.).

31 Barrett, LN., Magleby, K.L. and Pallota, B.S. (1982) J. Physiol.
Losid. 331, 211230,

32 Meeves, H. and Nugy, K. (198%) Biochim. Biophys. Acta 988,
99- 105,

33 Siockbridge, L.L., French, AS. and Man, S.F. (1991) Biochim.
Biophys. Acta 1064, 212-218.

34 Bosma, M.M. (1989) J. Physio!, Lond, 410, 67-90.




168

35 Licbovitch, £.S. 2nd Sullivan, J.M. (1987) Biophys. J. 52, 979-988.

36 Fishman, H.M., Leuchtag, H.R. and Poussart, D. (1934) Biophys.
1. 45, 46-49.

37 Hill, T.L. and Chen, Y.D. (1971) Proc. Natl. Acad. Sci. USA 68,
2488-2492,

38 Chapron, Y., Cochet, C., Crouzy-S.. Jullien, T., Keramidas, M.
and Verdeti, J. (1989) Biochem. Biophys. Res. Commun, 158,
527-533.

39 Changeux, J.P., Giraudat, J. and Dennis, M. {1987} Trends Phar-
macul. Sci. §, 459-463.

40 Morris, C.E. and Montpetit, M. {1926} Can. J. Physiol. Pharma-
col. 64, 347-355.

41 Cull-Candy, $.G. and Usowicz. M.M. (1989) ). Physiol. Lond. 415,
555-582.

42 Prod’hom, B., Pietrobon, D. and Hess, P. (1987) Nature 329,
243-346.

43 Moned, J.. Wyman, 1. and Changeus, J.P. {1965) . Mol. Biol. 12,
RE-118



