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ABSTRACT Identification of the minimum number of ways in which open and closed states communicate is a crucial
step in defining the gating kinetics of multistate channels. We used certain correlation functions to extract information
about the pathways connecting the open and closed states of the cation channel of the purified nicotinic acetylcholine
receptor and of the chloride channel of Torpedo californica electroplax membranes. Single channel currents were
recorded from planar lipid bilayers containing the membrane channel proteins under investigation. The correlation
functions are conveniently computed from single channel current records and yield information on E, the minimum
number of entry/exit states into the open or closed aggregates. E gives a lower limit on the numbers of transition

pathways between open and closed states. For the acetylcholine receptor, the autocorrelation analysis shows that there
are at least two entry/exit states through which the open and closed aggregates communicate. The chloride channel
fluctuates between three conductance substates, here indentified as C, M, and H for closed, intermediate, and high
conductance, respectively. Correlation analysis shows that E is =2 for the M aggregate, indicating that there are at least
two distinct entry/exit states in the M aggregate. In contrast, there is no evidence for the existence of more than one
entry/exit state in the C or H aggregates. Thus, these correlation functions provide a simple and general strategy to

extract information on channel gating Kinetics.

INTRODUCTION

A new approach for the kinetic analysis of channel gating
is presented. Whereas the, by now, traditional method of
analysis focuses on the forms of the distribution of open
and closed dwell times, we have attempted to extract
additional information about the structure of the kinetic
system by considering certain aspects of the time history of
the experimental records, in particular, dependencies
between successive events. This approach, applied to the
acetylcholine receptor channel (AChR) and the ClI~ chan-
nel of Torpedo californica electroplax, provides new infor-
mation concerning the identification of states and about
the pathways connecting the different states, thereby
establishing a firmer basis for the proposal of specific
mechanistic schemes.

In recent years, the technology has been developed to
incorporate and reconstitute membrane channel proteins
into planar lipid bilayers. These systems are ideally suited
to perform electrical measurements with the sensitivity and
time resolution necessary to record the opening and closing
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of individual channels (Montal et al., 1981). The advent of
the patch-clamp recording technique (Hamill et al., 1981)
and its explosive application in electrophysiology is leading
to the identification and characterization of a large num-
ber of ion channels. The combination of these two endea-
vors is generating a wealth of phenomenological informa-
tion on the activity of channel proteins at the level of single
molecular events.

Single channel recordings are especially amenable for
detailed statistical analysis. Thus far the major analytical
tool has been the computation of distributions, namely, the
dwell times (lifetimes) in the open state and in the closed
state of the channel. This analysis provides information
about the number of open or closed states but gives no clue
about the pathways to enter or exit from such states. We
have developed an approach to the analysis of single
channels that, in addition to one-dimensional distributions,
takes advantage of autocorrelation and autocovariance
functions in order to extract information about the path-
ways connecting the open and closed states (Fredkin et al.,
1985). This approach is only appropriate for the analysis of
stationary processes in membranes containing a single
channel.

Here we apply this approach to two well-characterized
membrane channel proteins from the electric organ of
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Torpedo californica. (a) The nicotinic cholinergic receptor
channel (AChR): It is the most extensively characterized
membrane channel protein from nervous systems. The
AChR was purified from electroplax membrane vesicles
and shown to be composed of five polypeptide components
(a,079, protein mol wt ~270,000) (for reviews see Change-
ux, 1981; Conti-Tronconi and Raftery, 1982; Karlin, 1983;
Anbholt et al., 1984). The purified AChR was reconstituted
in planar lipid bilayers and shown to exhibit the character-
istic properties of the postsynaptic receptor (Nelson et al.,
1980; Boheim et al., 1981; Labarca, 1984«, b). The AChR
channel undergoes rapid transitions between two well-
defined conductance states, open and closed (but see
Hamill and Sakmann, 1981; and Auerbach and Sachs,
1984).

(b) The chloride channel (Cl~ channel): This channel
appears to be derived from the noninnervated face of the
electroplax cell membrane and is highly selective for C1~
ions (White and Miller, 1979, 1981; Miller and White,
1980; Miller, 1982; Hanke and Miller, 1983; Tank et al.,
1982). The CI~ channel is assayed by the incorporation of
electroplax membrane vesicles into planar lipid bilayers
(Miller, 1982). The Cl~ channel undergoes rapid transi-
tions between three well-defined conductance states and,
therefore, offers a system to apply our analysis to a channel
that exhibits more than two states.

An extended account of the theoretical formalism
discussed in this work (Fredkin et al., 1985) and a prelimi-
nary report of the experimental results (Labarca et al.,
1984¢) were presented elsewhere.

MATERIALS AND METHODS
AChR Preparation

Receptor from the electric organ of Torpedo californica (Pacific Bio-
Marine Laboratories, Inc., Venice, CA) was solubilized, purified, and
reconstituted in lipid vesicles as described in detail elsewhere (Nelson et
al., 1980; Anholt et al., 1981, 1982). Analysis on sodium-dodecyl sulfate
polyacrylamide gel electrophoresis shows that this preparation is com-
posed of the four polypeptide subunits characteristic of the AChR
(a,8v5). The functional integrity of the AChR in the reconstituted
vesicles was assayed by the carbamylcholine-induced *Na*-uptake (Hu-
ganir et al, 1979; Anholt et al., 1981, 1982) before the electrical
measurements.

Planar Lipid Bilayers

Monolayers were derived from the reconstituted vesicles (Schindler and
Quast, 1980) as described by Nelson et al. (1980) and Labarca et al.
(19844, b). Planar bilayers were assembled from two monolayers across a
200 um diameter hole pierced through a 12 um thick Teflon partition
separating two 1-ml capacity Teflon chambers (Montal, 1974; Labarca et
al., 1984a, b) or at the tip of a patch pipette, as described in detail
elsewhere (Suarez-Isla et al., 1983). For the studies of the AChR channel,
the aqueous medium was 0.5 M NaCl, 5 mM CaCl,, 2.5 mM HEPES,
pH 7.4, and 20 mM KSCN. At this SCN~ concentration, the Cl--
channel is blocked (White and Miller, 1981). The AChR channel was
activated with ACh at the indicated concentration. The recordings of the
Cl~ channel were obtained under the same conditions but KSCN and
cholinergic agonists were ommited. The recordings of the AChR channels
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were obtained at 100 mV. At this voltage the frequency of transitions
between conductive states of the Cl~ channel is minimized since its
probability of being open is virtually 1.0. Likewise, the records of ClI-
channels were performed at negative voltage to maximize th frequency of
transitions between states (Miller, 1982). The CI~ channel protein
appears to copurify with the AChR protein as a minor constituent of the
preparation (=1% detection level of contaminants with silver stain gels;
Merril et al., 1981). All experiments were performed at room tempera-
ture.

Electrical Recordings

Single channel current recordings were obtained using techniques
described in detail elsewhere (Labarca et al., 1984a, b, Suarez-Isla et al.,
1983). Constant voltage was supplied by a variable direct current (DC)
source, and the trans side of the membrane (opposite to that where
agonist was added) was defined as zero voltage. Thus, a negative applied
voltage corresponds to a depolarization in the electrophysiological conven-
tion. The output of the current to voltage converter was recorded on FM
tape (RACAL 4DS, bandwidth DC to 5 kHz; Racal Recorders Ltd.,
Hythe, Southampton, England).

Data Processing

After filtering at 2 kHz, the data were digitized at a sampling interval of
100 us for AChR data and 50 s for C1~ channel data. Conductance levels
were discriminated using a PDP 11/34A computer (Digital Equipment
Corp., Marlboro, MA), as described in detail elsewhere (Labarca et al.,
1984a). A VAX 11/750 computer (Digital Equipment Corp.) was used
for statistical analysis of the data. Interactive data analysis used S, a
computer package for data analysis, statistics, and graphics (Becker and
Chambers, 1984), and curve fitting used MINPACK routines from
SLATEC (National Energy Software Center, Argonne, IL)' to minimize
the modified x? statistic

Z [Nobs — N(V)]2 (1)
Ncbs ’

where N, is observed and N(v) is expected for the parameter vector v.
There was evidence for distortion of the distribution of dwell times at
short times owing to the finite bandwidth of the electronics and the finite
sampling rate in the analog-to-digital (A /D) conversion. Therefore, only
dwell times that were 10 or more sampling intervals long were used to fit
the one-dimensional distributions.

THEORETICAL CONSIDERATIONS

In this section we briefly review some of the results of Fredkin et al.
(1985). Further results and derivations are contained in that paper.
Channel gating kinetics are modeled as stationary Markov process in
continuous time with a finite state space. The states are classified into
observable aggregates: for the AChR, there are two aggregates, open and
closed, and for the Cl~ channel there are three aggregates, one closed and
two open. Each of the aggregates may contain one or more states, and the
inferential problem is to deduce from observation of the aggregated
process the structure and perhaps transition rates of the underlying
Markov process. In general, it may not be possible to do this in full,
although some aspects of the structure may be deducible.

One-dimensional Distributions

The observational data consists of a sequence of dwell times in the
different aggregates, and all the information about the underlying process

'We used a locally modified (by D. R. Fredkin) version of SLATEC
suitable for use under the UNIX operating system. UNIX is a trademark
of Bell Laboratories.
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COVARIANCE ANALYSIS OF
SINGLE CHANNEL CURRENTS

Given a sequence of observed
dwell times T; , T; 4 1, -
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Schematic (idealized) representation of covariance analysis of single channel currents and the predicted covariance of the open

state for two kinetic schemes. Notice that both schemes will give two open states in a one-dimensional (lifetime) distribution analysis but not in
a covariance analysis. The roughness of the functions intends to convey the fluctuations due to sampling error that arise from using a finite
amount of experimental data. The theoretical covariance functions are smooth.

is contained in the joint probability law of such sequences. The joint
probability law was shown to be completely determined by the probability
law of successive pairs of dwell times (actually, only the case of two
aggregates is treated therein, but it can be shown that the same
phenomena occur in general; Fredkin et al., 1985). Therefore, analysis of
the joint distribution of successive pairs of dwell times can, in principle,
extract all the obtainable information about the transition rates of the
underlying process.

Important, but limited, information is traditionally extracted from
experimental data from an analysis of one-dimensional distributions, for
example, the probability distribution of the open dwell times. It is shown
in Colquhoun and Hawkes (1981) that a one-dimensional distribution of
dwell times has the form of a sum of exponentials and that the number of
summands gives a lower bound on the number of states in the correspond-
ing aggregate. This information, although extremely useful, gives no clues
as to how these states are connected together or as to how they are
connected to states in other aggregates.

As mentioned, dwell times of duration <10 sampling intervals were not
used in fitting one-dimensional distributions. If there were relatively fast
time constants, they would have been missed in the analysis and their
presence would have biased the fitted values of slower time constants. It is
quite possible that short open times were missed since the data are noisy
and discretely sampled. Missing a short open time, for example, could
result in a long apparent closed time and vice versa. The net effect on the
analysis is not completely clear to us. This problem, which pervades all
studies of this type, has not been extensively addressed in the literature.

Autocorrelation Analysis

Information about the connectivity of the aggregates is contained in
autocovariance or autocorrelation functions, which we will now describe.
We assume that the process is stationary in time. For a particular
aggregate, denote the sequence of successive dwell times in that aggregate
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by T,, T, T;,... (Fig. 1). This is a stationary sequence, and has a
covariance function

I'(k) = Cov (T, Ti.4)- 2
Note that this is a covariance of successive dwell times (not successive
current samples). We also work with the correlation function

I'(k)

p(k) = )

(3)

In the aggregate there are certain states, which we call entry/exit states,
through which the aggregate communicates with the other aggregates.
Denote the number of such states by E,. Similarly, in the other aggregates
there are entry/exit states through which they communicate with the
aggregate of interest. Denote the number of these by E,. Let E be the
smaller of E, and E,. Theorem 5.12 of Fredkin et al. (1985) states that
there exist ¥, and «;, 0 < «; < 1, such that

E-1
I'(k) = Z “iKiIkl,

i=

4)

for k # 0. T is thus a sum of geometrically decaying components.

The practical importance of this result is that a lower bound for E is, in
principle, obtainable from the covariance or correlation function, and
provides information about the complexity of the intercommunication
between different aggregates. At the simplest level, if E 1, no

¥There the quantities E,, E, and E were called M,, M;, and M,
respectively. We have changed notation to avoid conflict with the
designation M for the intermediate conductance aggregate of the chloride
channel.
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correlation will be present. This may occur because there is only one
entry/exit state in the aggregate or because there is only one entry/exit
state in the other aggregates. However, note that if u; or «; are 0, no
correlation will be present (see Fig. 1).

It is easy to estimate a correlation function from data. If the sequence
of abserved dwell times is T\, T, . . ., T,, the covariance function may be
estimated by

. | L] — —
Pk = =7 2 (T = T)(Touc = T, (5)
where

T - Z (6)
-1
The correlation function p(k) is estimated by p(k) = I'(k)/[(0).
Experimental records do not contain perfect measurements of the
succession of dwell times, T;. The data are noisy and discretely sampled
and there is always the possibility that more than one channel is present.
Some of the effects on the measured correlation structure can be
analyzed. They certainly do not produce a non-null correlation structure.
Here we take the conservative approach of drawing inferences only from
indications of non-null correlation structure. Where nontrivial correlation
was found, we did not attempt to fit Eq. 4 to it; only the existence of
correlation was used.

1
ny

RESULTS

AChR Channel

Fig. 2 shows single channel currents recorded from a
planar lipid bilayer containing purified AChR activated by
ACh at the concentration of 50 uM. As indicated in the
figure, the currents flowing through the individual chan-
nels appear at discrete transient steps that fluctuate
between two identifiable levels: the closed and open states
of the channel. A conductance histogram computed from
such a record displays two distinct Gaussian distributions,
corresponding to the current levels of the closed and open
states. The single channel conductance estimated from the
conductance histograms was 45 pS at 0.5 M NaCl. Single
channel current records where only one channel was open
at any given time were analyzed.

One-dimensional Distribution

Tables I and II present the result of conventional analysis
of the one-dimensional probability densities of dwell times

CLOSED
0s W iin MM\WW‘W I, g
W-l V; Ll M
OPEN
45 uSI ol g WWA\.II,M «M\ermw’ i Ay ’-r]
|
/ M
1[I ms

FIGURE 2 Single AChR channel currents activated by acetylcholine
(50 pM) at an applied voltage of — 100 mV. The recordings were obtained
from a bilayer formed at the tip of a patch pipette. The seal resistance was
5 GQ. The record was low-pass filtered at 2 kHz. As indicated, a
downward deflection corresponds to a channel opening event. The single
channel conductance was in this particular record 50 + 5 pS.
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TABLE I
ONE-DIMENSIONAL PROBABILITY DENSITIES OF
DWELL TIMES IN THE OPEN STATE OF THE AChR;
NUMBER OF EXPONENTIAL COMPONENTS

Number of Degrees of 2 .
exponentials freedom X P
1 161 393.8 0.0000
2 159 201.9 0.0121
3 157 138.8 0.8882

Acetylcholine concentration was 50 uM and the applied voltage was
+100 mV. All dwell times <10 sampling intervals were discarded. The
number of sampling intervals is equal to the number of degrees of freedom
plus twice the number of exponentials.

*If the number of exponentials is correct, the probability that x? would be
larger than the observed value is p (from the x* distribution with the
indicated number of degrees of freedom). A model would be statistically
rejected at level & (e.g., a = 0.05) if > p.

in the open state of the AChR. Table I shows the quality of
fit possible with sums of various numbers of exponentials,
measured by the value of x”. Specifically, a histogram of
dwell times, normalized to have total area equal to one, is
fitted as described under Methods, by a probability density
of the form

N
f@) =3 Aen M

If we adopt a 5% significance level (p=0.05), we see that
the open aggregate consists of at least three states. Table I1
gives the actual values of the time constants and prefactors
for the acceptable fit with a sum of three exponentials. This
new information was derived from the expansion of the
one-dimensional probability density analysis to longer
dwell times than we had previously attained (see Labarca
et al., 1984a4).

Autocorrelation Analysis

Fig. 3 shows the correlation function for the open aggre-
gate of the AChR channel. Since the estimates are com-
puted from finite stretches of data, they are subject to
random variability, and must be interpreted with this in
mind. In the case of white noise (a time series of indepen-
dent and identically distributed observations, and thus with

TABLE 11
ONE-DIMENSIONAL PROBABILITY DENSITIES OF
DWELL TIMES IN THE OPEN STATE OF THE AChR;
PARAMETERS OF EXPONENTIAL COMPONENTS

Time constant Prefactor
ms ms!
48.73 0.003028
5.828 0.09768
0.6496 0.8408

Acetylcholine concentration was 50 uM and the applied voltage was
+100 mV.
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FIGURE 3 Autocorrelation function for the open aggregate of the
AChR channel. The dashed horizontal lines are at =2, i.e., plus and
minus twice the approximate standard error of the estimate in the case of
white noise. Acetylcholine concentration was 50 uM and the applied
voltage was 100 mV. The total number of openings in this analysis was
1,600. The origin of the bump near k = 12 is not entirely clear. It appears -
to be caused by two very long openings separated by 11 shorter ones. Note
that the estimates of p(k) for different k are correlated, so the anomaly
has an extended width.

p(k)=0 for k + 0) the correlation function estimates are
approximately normally distributed with mean zero and
variance 1/n, where the observed series is of length n (Cox
and Lewis, 1966). Since the theory described above states
that the correlation function decays geometrically, we
focus attention on the correlation function near zero and
only consider a correlation significant if it is larger in
absolute value than 2/ Jn.

As seen in Fig. 3, substantial correlation is present, and
the correlation at small lags is stronger than that observed
in the C1~ channel (see Fig. 6). We have not attempted to
fit the correlation function with geometrically decaying
components; it is not clear whether there is sufficient
resolution to allow discrimination between one and two
components, and the appropriate statistical tests are more
complicated than the chi square tests used to determine the
number of components in the one-dimensional distribu-

tions. Thus, it is clear that there are at least two entry/exit
states through which the open and closed aggregates
communicate.

Chloride Channel

Fig. 4 illustrates single channel records of the Cl~ channel
obtained at three different applied voltages: —80, —120,
and — 180 mV. As originally reported by White and Miller
(1979) and Miller (1982) the Ci~ channel is voltage
dependent. At —80 mV, three distinct conductance levels
are distinguishable: a low conductance level, here denoted
as C, an intermediate conductance level, identified as M,
and a high conductance level, defined as H. The channel
fluctuates between the three substates with apparent con-
ductances of 0, 16, and 32 pS in 0.5 M Cl . Transitions
between the three states are observed at —120 and — 180
mV. Notice, however, that the probability of occurrence of
the different states varies with the applied voltage. At —80
mV the most populated state is H, while the frequency of
occurrence of the C state is very low. As the voltage is
made more negative, the probabilities of occurrence of the
M and C states increased progressively, at the expense of
the H-state probability. This is clearly illustrated in Fig. 5,
where a conductance histogram is shown: Three distinct
Gaussian distributions are evident corresponding to the
current levels of the C, M, and H states. The single channel
conductances are readily estimated from the difference of
the current at the peaks of the distributions divided by the
applied voltage. The left-hand panel is the conductance
histogram for the recording obtained at —80 mV. Two
distinct peaks corresponding to the H and M states are
identified, whereas that corresponding to the C state is not
discernable. In contrast, at —180 mV three distinct peaks
are observed where the probability of occurrence of the C
state increases at the expense of the H state. An interme-
diate situation is presented at —120 mV, where the C state

V=-120 mV

V=-180 mV
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FIGURE 4 Single Cl- channel records obtained at —80, — 120, and — 180 mV, respectively. The bilayers were formed across an aperture ina
Teflon partition separating two aqueous chambers. Three contiguous sections of the records at each voltage are illustrated. The three
conductance states C, M, and H are indicated with the corresponding conductances of 0, 16, and 32 pS. A downward deflection corresponds to
and increase in membrane conductance. All the records were Jow-pass filtered at 2 kHz.
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FIGURE 5 Single Cl~ channel conductance histograms. The histograms
are plots of the frequency of occurrence of a given current level. The
upper panel is the conductance histogram obtained at —80 mV, the
middle panel is that for the recording obtained at —120 mV, and the
lower panel corresponds to the —180-mV record. Three Gaussian distri-
butions are clearly discerned in the latter record: the first one with a mean
value ~0 current, the second with a peak ~16 pS, and the third peak ~32
pS. The three peaks correspond to the conductance associated with the C,
M, and H states, respectively. The relative areas under the curves are
proportional to the probability of occurrence of each state at the indicated
voltage.

is populated at the expense of the H state. These observa-
tions agree well with those previously reported by Miller
and collaborators (White and Miller, 1981; Miller, 1982;
Hanke and Miller, 1983).

One-dimensional Distribution

Tables I1I and IV show the analysis of the one-dimensional
probability densities of dwell times in each of the three
states C, M, and H of the Cl~ channel at each of three
representative voltages. Table III shows that, if we adopt a
5% significance level (p=0.05), there are (at least) two
states in the aggregate M, there is no evidence for more
than one state in H, and there are two states in C. There
are two few transitions to C at —80 or — 120 mV to permit
the conclusion that there are two states, but the evidence at
—180 mV is clear. Table IV gives the actual values of the
time constants and prefactors for the acceptble fits.

Autocorrelation Analysis

Fig. 6 shows the estimated correlation functions for the
aggregates C, M, and H for each of the three voltages. The
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TABLE I11
ONE-DIMENSIONAL PROBABILITY DENSITIES
OF DWELL TIMES IN EACH OF THE THREE
STATES C, M, AND H OF THE CI- CHANNEL AT
THE INDICATED VOLTAGE; NUMBER OF
EXPONENTIAL COMPONENTS

Number of Degrees of 2
State  Voltage exponentials freedom r*
my

H —80 1 332 2432 0.9999
~120 1 323 284.1  0.9418

—180 1 227 200.6 0.8960

M —-80 1 181 253.3  0.0003
2 179 187.2 03220

-120 1 210 384.0 0.0000

2 208 189.0 0.8234

- 180 1 225 690.4  0.0000

2 223 166.4  0.9982

C -80 1 18 10.71 0.9063
-120 1 36 40.47 0.2795

—180 1 73 447.0  0.0000

2 7 4390 0.9953

All dwell times <10 sampling intervals were discarded.

*If the number of exponentials is correct, the probability that x* would be
larger than the observed value is p (from the x? distribution with the
indicated number of degrees of freedom).

only significant correlation function in the figure is for
aggregate M at —180 mV. The correlation functions for
aggregate M at —80 and — 120 mV are not significantly
different from 0. This does not mean that they are, in fact,
0 but only that they appear to be small enough to be
indistinguishable from the noise level. Fig. 5 indicates one
reason for the lack of observed correlation at these two
voltages: there are relatively few transitions from aggre-

TABLE IV
ONE-DIMENSIONAL PROBABILITY DENSITIES
OF DWELL TIMES IN EACH OF THE THREE
STATES C, M, AND H OF THE CI- CHANNEL AT
THE INDICATED VOLTAGE; PARAMETERS OF
EXPONENTIAL COMPONENTS

State Voltage Time constant Prefactor
mv ms ms™"
H —80 29.02 0.03334
—120 14.22 0.06624
—180 5.730 0.1714
M —80 4.762 0.1820
0.4533 0.7328
-120 6.428 0.1272
0.1967 7.730
—180 6.750 0.09984
0.4292 2.156
C —80 2.351 0.4864
—120 3.782 0.2712
-180 7.711 0.1820
0.3245 7.202

BIOPHYSICAL JOURNAL VOLUME47 1985




V=-80mV

V=-120mV

V=-180 mV

Au

Pw

50 0

FIGURE 6 Autocorrelation functions for the C, M, and H aggregates (rows) at —80, —120, and —180 mV (columns). The dashed
horizontal lines are at plus and minus twice the approximate standard errors of the estimates in the case of white noise. The number of
openings corresponding to each plot are given as follows: for state C at ¥ = —80, —120, and — 180 mV the corresponding openings are 116,
260, and 1,189, respectively; in states M and H at the same ¥ values the corresponding openings are 2,066, 2,500, and 3,086, respectively, in

state M and 2,066, 2,268, and 2,066 in state H.

gate C to aggregate M. At —180 mV, there are enough
transitions into/from M from/into both C and H to show
that there are at least two distinct entry/exit states in the
M aggregate. Data obtained at — 160 mV, not reported for
considerations of space, all show correlation. The correla-
tion functions for aggregates C and H are indistinguishable
from O at all voltages. This is consistent with a model in
which there is only one entry/exit state in each of these
aggregates.

Further Analysis of Transition Histories

The dwell times in M can be classified into four types,
depending on whether they were preceded or followed by
sojourns in C or H. To gain some qualitative insight into
the nature of the transition mechanisms, these four sets of
dwell times are compared in Fig. 7 at each of the three
voltages by means of box plots. A box plot of a batch of
numbers is constructed in the following way: A box is

V=-80mv

V=-120 my

drawn that contains the central 75% of the data, and a line
at the median is drawn in the box. “Whiskers™ are drawn
from the edges of the box out to the nearest data points
within a distance of 1.5 times the interquartile range.
Points beyond the whiskers are indicated by asterisks.
Finally, the width of the box is proportional to the square
root of the number of observations. Thus, a box plot
constructed from the log dwell times is a convenient
summary of the center, spread, and asymmetry of the
distribution of the data values, and of the presence of
extreme observations.

Fig. 7 illustrates that, at the less negative voltages, most
of the sojourns in M are preceded and followed by sojourns
in H. Further, as the voltage becomes more negative, most
of the sojourns in M that are preceded and followed by
sojourns in H become shorter in duration than the other
sojourns; note, however, that there are a relatively large
number of such dwell times at —180 mV that are sepa-
rated from the body of the other dwell times, as indicated
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FIGURE 7 Box plots of dwell times in M classified into four types, depending on whether they were preceded or followed by sojourns in C or
H, at —80, — 120, and — 180 mV. The construction of the box plots is discussed in the text.
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by the blur of asterisks. The following is a possible
explanation. Suppose that there is a state in M through
which transitions to and from H occur and that the
transition rate to H from this state is especially voltage
sensitive. Then, at large negative voltages when the process
exits from H and enters this state it is likely to return to H
very quickly without visiting any other states in M; the
body of the data consist of dwell times of this type. Some
small fraction of the time, however, upon leaving it, the
process either exits to a different M state, or exits to the
voltage-sensitive M state and then leaves this state for
other M states to finally return to H. These dwell times are
typically much longer and correspond to the blur of
asterisks.

The box plots also reinforce a conclusion reached from
examination of the correlation functions: if there were only
one entry/exit state in M, the box plots would look
identical (apart from sampling error), and instead we see a
clear indication of more complexity in the interaggregate
structure.

The general analysis in Fredkin et al. (1985) indicates
that information about an aggregated system may be
contained in two-dimensional distributions, for example,
the joint distribution of dwell times in M and succeeding
dwell times in H. Fig. 8 is a scatterplot of such pairs of
dwell times at — 180 mV, in which there is no apparent
dependency; this is to be expected if H and M are linked by
a single state since, in that case, the dwell time in M is
independent of the succeeding dwell time in H. This result
(and others not presented for considerations of space)
supports the conclusion based on the correlation functions
that there is no evidence for the existence of more than one
entry/exit state in C or in H. This is consistent with the
one-dimensional distribution of dwell times in H, which
were shown above to be well fitted by a single exponential.
The one-dimensional analysis of C required fitting two
exponentials giving information about the complexity of C,
but could not yield information about the complexity of
intercommunication between C and M.

By

7]

g '
- «
=] el
=

S 5.0 1
o

w

o

o

=

w %
= |

= 05F

= |

SR

== |

=

=]

005 t TR =g 1 K T SRR 5 SRS e S
0.05 0.5 5.0 50

DURATION IN M (ms)

FIGURE 8 Scatter plot of the dwell times in H vs. the preceding dwell
times in M at — 180 mV.
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We note that the correlation analysis and transition
history analysis shown in Figs. 6 and 7 are inconsistent
with the model proposed by Miller (1982) in which the
channel consists of two simple identical pathways in paral-
lel, each consisting of an open and closed state, since for
this model the correlation functions should all be null. A
detailed analysis of this model is provided in the Appen-
dix.

DISCUSSION AND CONCLUSIONS

The analysis of single channel currents of the purified
AChR performed by Labarca et al. (1984a) provided
evidence for the existence of two open states. The analysis
applied here further supports that notion and, in addition,
indicates that these two open states can be entered or
exited via at least two pathways. This new information was
extracted from the autocovariance analysis and it is an
independent demonstration for the existence of, at least,
two open states. Jackson et al. (1983), studying the AChR
channel in cultured cells, applied a different correlation
test based on the analysis of pairs of openings and reached
a similar conclusion. The evidence provided here obtained
from autocovariance functions is of a more general nature:
it provides evidence for the existence of at least two open
states and it also indicates that the two open states can be
reached from at least two closed states.

In addition, the extension of the one-dimensional analy-
sis to longer dwell times than previously available revealed
the existence of yet another component of the distribution
of open time durations. This result may have significant
implications in the evaluation of current models of the
AChR channel operation. The analysis described here
extended to a wide range of agonist concentrations may
provide some insights into the correlation between agonist
binding and channel opening (Labarca, P., and M. Montal,
unpublished work).

Studies on the kinetics of gating of the Cl~ channel led
Miller and collaborators (Miller, 1982; Miller and White,
1984) to suggest that the channel consists of two subunits,
with identical conductance and kinetics, that open inde-
pendently of each other but are coupled through a closed
state. Histograms of channel residence times in the M and
H states were found to be well described by a single
exponential. The closed durations, however, were double
exponentials and it was proposed that the two conducting
units were coupled through the slow component of the
distribution of closed durations.

Our analysis of the one-dimensional distributions shows
that the M state has at least two components. The autocov-
ariance functions indicate that the M state has at least two
distinct entry/exit states. The transition history analysis
illustrated with the box plots (Fig. 7) show that there is a
structure in the transition history between the C, M, and H
states. The main results are that as the voltage is made
progressively more negative, the durations of M preceded
and followed by H become shorter, while the durations in
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M preceded and/or followed by C remain constant. The
model suggested by Miller is inconsistent with our follow-
ing findings: (a) the existence of two components in the
distribution of dwell times in the M state; (b) the existence
of autocovariance in the M lifetimes; (¢) the dependence of
the M lifetimes on the preceding and succeeding C and H
states, as shown in Fig. 7.

In brief, we have identified not only the existence of two
states in the M aggregate but established that the two
states are kinetically distinguishable in the ways they
communicate with the C and H aggregates. Our studies do
not necessarily discard the idea proposed by Miller that the
Cl™ channel is formed by two parallel subunits giving rise
to the two conductance states. They do show, however, that
these two open states are not identical or not independent.

In conclusion, autocorrelation analysis and transition
history analysis provide a simple and general strategy to
extract information on channel gating kinetics.

APPENDIX

Kinetic Schemes for the Cl~ Channel

Miller (1982) considers a model of the Cl~ channel as a functional dimer
consisting of two identical subunits (Fig. 9). These two subunits are linked
through another closed state, D, resulting in the kinetic structure shown in
Fig. 10. From Fig. 10 it is apparent that there is one entry state into C and
H so that the autocorrelation functions for those aggregates should be
null. Although there, are two entry states into the M aggregate, the
autocorrelation function for dwell times in this aggregate vanishes as well.
To see this we construct the partitioned ( matrix for the underlying
Markov process (for definitions see Colquhoun and Hawkes, 1981 or
Fredkin et al., 1985)

D GG co, GO0, 00,

D | -8 8 0 0 0
CC | a —(a+2)) A A 0
9- C0,| 0 n ~(u+X\) 0 A (A1)
C0, | 0 m 0 —w+N| A
0,0,| 0 0 u u 2
QCC QCM QCH
=|Omc Qum  Omn (A2)
Ouc Qum  Qum

The exponential decay parameters in the one-dimensional distribution of

A
CIT 0]

A
Cz -— 02
M
FIGURE 9 A model of the Cl~ channel with two independent, identical
subunits (Miller, 1982), where C represents closed-channel states and O
open states.
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N %

FIGURE 10 The kinetic scheme resulting from linking the subunits of
Fig. 9 through an additional closed state D. The aggregate C consists o
the states D and C,C,; M consists of C,0, and C,0,; H consists of
0,0,.

dwell times in M are eigenvalues of Qy; in the special case above both
eigenvalues are equal to — (i + A), so that a single exponential appears.

From Theorem 5.1 of Fredkin et al., (1985) the number of components
in the autocorrelation function of the M aggregate is <E— 1 where

E — rank [Quc | Oumul (A3)
0 )X

- rank[ ] (A4)
0 u A

1 (AS)

(The rank of a matrix is the number of linearly independent columns.)
Thus, Miller’s model predicts a null correlation structure for the M
aggregate. Note that if the subunits of Fig. 9 have different rate
constants, the autocorrelation function of the M aggregate will not, in
general, be null, and the one-dimensional distribution of dwell times in M
will, in general, have two exponential components.
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