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Correlation studies of open and closed state fluctuations in an ion channel: Analysis of ion current
through a large-conductance locust potassium channel
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lon current fluctuations occurring within open and closed states of a large-conductance locust potassium
channel(BK channe] were investigated for the existence of correlation. Both the time series, extracted from
the ion current signal, were studied by the autocorrelation function and the detrended fluctuation analysis
(DFA) methods. The persistent character of the short- and middle-range correlations of time series is shown by
the slow decay of the autocorrelation function. The DFA exporerns significantly larger than 0.5. The
existence of strongly persistent long-range correlations was detected only for closed state fluctuations, with
a=0.98+0.02. The long-range correlation of the BK channel action is therefore determined by the character
of closed states. The main outcome of this study reveals that the memory effect is present not only between
successive conducting states of the channel but also independently within the open and closed states them-
selves. As the ion current fluctuations give information about the dynamics of the channel protein, our results
point to the correlated character of the protein movement regardless of whether the channel is in its open or
closed state.
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I. INTRODUCTION the behavior of ion current is non-Markovi§6,7]. For ex-
ample, the method of testing Markovianity, based on the
lon transport through biological channels is a phenom-Smoluchowski-Chapman-Kolmogorov equatio8], dis-
enon that has attracted the attention of biophysicists and biinctly revealed a non-Markovian action of the large-
ologists for many year§l]. The main reason for this pro- conductance locust potassium chan(B# channe). Dwell-
found interest is that ion channels, abundant in most, if notime series of the same system subjected to the
all, eukaryotic cells, are involved in many physiological pro- autocorrelation,(ii) Hurst, and (iii) detrended fluctuation
cesses such as secretion, regulation and membrane potentahalysis(DFA) showed the existence of long-range memory
signal transduction, and osmoregulatiph,2]. A break- effects in the BK channdl9].
through in such studies was brought about by the patch Previously, the focus of attention has been on the charac-
clamp technique, which enables one to measure singlger of the transitions between open and closed states of the
channel ion currents with millisecond time resolution andchannel without detailed studies of fluctuations occurring
therefore probes the dynamics of the channel prd®@jiiThe  within one state. If large conformational changes of the chan-
tiny, picoampere current through an individual ion channelnel protein result in channel closing and opening, observed
“clamped” at constant voltage does not lead to a constanas low and high values of the current, respectively, then the
signal but presents a peak-valley landscape pattern of highuctuations of closed and open states can reflect the protein
and low current values. The channel's opening state can beonformational substates. The existence of a spectrum of
determined on the basis of the ion current: a low currenprotein substates occurring on a wide time scale range is
corresponds to a closed channel state, while high curreupported by strong experimental evidence, and has been
values indicate an open state. The analysis of ion currenwidely discussed10-14. It would therefore be interesting
recordings has been found to be a tremendous challenge fas answer the question whether this channel action is also
many theoreticians. Usually the data were analyzed in termgoverned by a deterministic force, seen as a correlation be-
of models and tools based on the assumption that the channgleen the substates.
kinetics is a Markov procesgs]| over a small number of A new way to examine this problem appeared after a thor-
discrete statefl,3,4]. There is, however, clear evidence that ough study of the effect of trends and noise in the detrended
fluctuation analysis, as presented by Hual. [17]. These
authors showed an elegant and rather thorough analysis of

*Email address: siwy@zeus.polsl.gliwice.pl time series containing signals with different correlation char-
"Email address: marcel.ausloos@ulg.ac.be acteristics. As ion current recordings can be also treated as a
*Email address: kristy@essc.psu.edu superposition of two signals, i.e., closed and open state dy-
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20 - - - - - - - determined the thresholt* separating closed and open
- states. A given ion current point is categorized as belonging
£10 1 to an open state if>1*, otherwise it belongs to the closed
state. As we want to investigate correlation properties of
0 L m m = pre - = 20 closed and open states separately, the fluctuations of the two
20 . . . . . . . states have to be extracted from the ion current time signal.

This was achieved using the procedure discussed in Ref.
EOWMMMMMAWWWWWWWWWWW [17], based on cutting out “bad,” i.e., noninteresting parts of
—° a time series: for extracting the closed state signal, all points

belonging to the open states were cut out and the resulting

0 5 10 15 20 25 30 3 40 segments “stitched” together. The same procedure has been

20 ' ' ' ' ' ' ' applied for getting open state fluctuations: after cutting out
- closed states, the open state points were joined together. The
S10p 1 resulting time series of closdd and openl, state fluctua-
Z ol A it AL Pl A P tions contained 128 760 and 121 240 points, respectively; the

0 : m m o P = p 0 signals are presented in Fig. 1.

time [ms]
FIG. 1. lon current time series through a large-conductance lo- lll. RESULTS AND DISCUSSION

cust potassium channel, recorded at the pipette potential of 60 mV

(top), together with extracted series of oplen(middle) and closed

I . (bottom state fluctuations. The closed and open state fluctuations The detrended fluctuation analysis is a tool for investigat-

were found on the basis of the threshold curiént5.6+0.2 pA, ing correlations in a self-similar time series with stationary

separating two modes in the ion current probability density functionincrements[17,20,21. It provides a simple quantitative

(PDP [19]. A given ion current point is categorized as belonging to parameter—the scaling parameterwhich is a signature of

an open state if>1*, otherwise it belongs to the closed state time the correlation properties of the signal. The advantages of

series. DFA over many methods are that it permits the detection of
long-range correlations embedded in seemingystation-

namics, we have applied this DFA technique to a time serieary time series, and also that inherdrgndsare avoided at

of ion current through BK channel. The experimental record-all time scales. The DFA technique, similar to the Hurst

ing has been divided into two signals, containing closed andnalysis, can be applied to a random walk “mimicking” the

open state fluctuations, respectively. We consider, thereforgumulative time series. The DFA technique consists of divid-

the closedopen state as a whole with the opposite state asing a time seriex(t) of lengthN into N/n nonoverlapping

n “interruption.” It enabled us to check the existence of hoxes(also called windows each containingy points[22].
long time-lag memory effects occurring in spite of the gapsThe local trendz(t) in each box is defined to be the ordinate

in channel activity. The resulting time series have been subof a linear least-square fit of the data points in that box. The
jected to both a DFA and an autocorrelation function analysigletrended fluctuation functioR,(n) is then calculated as

A. Detrended fluctuation analysis

(AFA). follows:
sie (k+1)n N
Il. EXPERIMENTAL DESIGN
Fam=— X [x®-2zn]°, k=012... ,(——1).
t=kn+1 n

Data sets from cell-attached patches of adult locust
(Schistocerca gregarjaextensor tibiae fibergs,18] are dis-
cussed. The potassium current through a voltage-sensitivéveraging Fg(n) over the N/n intervals gives the mean-
large-conductance locust potassium chani@ channe) square fluctuations(n) = +/ Fz(n as a function of window
was measured by the patch clamp technifiewith a sam-  sizen. The DFA exponentr is obtalned from the power-law
pling frequencyf.,=10 kHz and at a 60 mV voltage. De- scaling of the functiorf(n) with n, and represents the cor-
tails of the experimental setup and recordings of the dataelation properties of the signatv=0.5 indicates that the
have been given in Ref$8,19. The analyzed ion current changes in the values of a time series are random and, there-
data consist of one record of 25 s duration, composed dfore, uncorrelated with each other. #<0.5 the signal is
250 000 pointgsee Fig. L All points in the time series have antipersistent(anticorrelategl while «>0.5 points to the
been first divided into two groups, to be called closed andositive persistencycorrelation in the signal.
open, depending on their values in relation to the threshold The results of the DFA analysis of cumulative ion current
currentl* =5.6+=0.2 pA, separating two modes in the ion time seriegstudied in Ref[23]) and its two components: the
current probability density functiofPDF). The value ofl * series of closed and open state fluctuations are presented in
has been determined l§i) approximation of PDF by means Figs. 2 and 3. The DFA analysis of the ion current signal is
of kernel density estimator technique afiid presenting the revisited here. In Ref.23] the averagex for the whole ex-
resulting function in double-logarithmic coordinatg€s9].  amined time range has been found equalvte0.89+0.07.

The PDF has been treated as a superposition of two unimddere we show that the two significant regions of DFA scaling
dal densities with distinct power laws, whose intersectioncan be distinguished, with the threshold at 70 ms. For win-
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10* : : : : : than 0.5, points to their persistent character. Note that the
correlation ranges within the closed and open states are very

similar. The analysis indicates that the character of channel
dynamics within a certain time scale range up to ca. 50 ms is
0 E the same, regardless of the channel conducting state.

The correlation properties of closed states show crossover
of the functionf(n) at approximately 50 ms. The function
2| f(n) scales as follows:

n069:0.02  for n<50 ms,
fo(n)ex
e(N) n0-980.02  for n>50 ms.

As the time series contain two closed states of duration
longer than 200 ms, which corresponds to over 2000 experi-
. mental points, we calculated the local for those closed
1200-‘ s e e e o states. Similar analysis was not possible for open states as
n [ms] the longest duration of open state is only 27210 ms,
which does not assure a reliable averaging required in the
FIG. 2. The DFA analysis for ion current sigriaee Fig. 1, the  DFA analysis. For two closed states of duration 300.8 ms and
mean-square fluctuations functid(n) is plotted as a function of 202.9 ms, in the range 0tn<20 ms, a=0.71+0.10,
the window siZ(_en. Lingar regression in log-log coordinate_s re- which is in a very good agreement with the value determined
vealed two scaling regions: far<70 ms, «=0.83-0.01, while 5 the pasis of the overall closed state signalfer50 ms.

for n>>70 ms exponentr equals 1.040.04. The mean-square fluctuation functibn) for open states

reads
dows smaller than 70 msg=0.83+0.01 while for n 0.65:0.01
>70 ms,a=1.04+0.04. The significancéwith 5% signifi- f (ol " for n<80 ms,
cance level of the scaling difference in the two regions ° n% 7001 for 240<n<1500 ms.

(0.5<n<70 ms and 7&n<2000 ms), has been assessed
by at test. The paired test has been used to show a signifi- ~ For the range of window size between 80 and 240 ms it
cant difference between the two series obtained after fittingvas not possible to determine reliably the scaling exponent
the DFA data witha=0.89+0.07, and newly foundr val-  for open state fluctuations.
ues, respectively. As the existence of a threshold may depend Note that the crossover of DFA of closed state fluctuations
on the order of DFA appliel17,24], we confirmed that our (50 mg is similar to the crossover found in the correlation
results are the same also for DFA of higher orddrg. between successive ionic current valyégsy. 2). For both

A power-law scaling of thef(n) function for the three signals the threshold determines the onset of strongly persis-
signals has been found over a wide time-scale ratiygee  tent long-range correlations with close to 1. Interestingly, a

orders of magnitude the DFA exponent significantly higher similar scaling behavior was found in both, the time series of
closed states’ durations as well as series consisting of all the
3 dwell times, closed and open, studied in our previous paper
' ‘ ' ' [9]. The correlations between successive durations of closed
states are characterized for-70 ms also by a higla ex-
ponent equal to 0.860.07. Similar scaling was found for
the series of dwell-time durations with the thresholdnat
=100. The memory within and between the closed states as
well as between neighboring conducting states, might there-
fore originate from a similar fords), one of which is cer-
tainly the applied voltage. The influence of the external field
is especially visible at large time scale>$70 ms):« close
to 1 for ion current signal, closed states, and dwell-time se-
ries, indicates a strongly persistent ion movement through
the pore.
We would like to point out that our results, showing per-
sistent self-similar changes of ion current within closed and
107 S — = '3 . open states of the channel, support fractal models of the ion
10 10 10 — 10 10 10 channel action, developed by Liebovitch and co-workers
[25,26. The power law(or scaling nature of the ion channel
FIG. 3. The DFA analysis for close@rossesand oper(points f(n) function implies that the timing of channel switchings
state fluctuationgsee Fig. 1; the mean-square fluctuation function is self-similar, therefore correlated within a certain time
f(n) is plotted as a function of the window sire scale. It has further consequences for the state of the channel
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FIG. 4. Double logarithmic plot of the autocorrelation function _ ©/G- 5. Double logarithmic plot of the autocorrelation function
of the ion current signalsee Fig. 1 [19]. The power laws are of closed(crossesand open(points state fluctuationgsee Fig. L
035005 for t<1 ms t 014002 for 1<t<40 ms. and The dashed lines show the relatior®% which indicates the aver-

£=0285020for £~ 40 ms[19,23. age expected value of the AFA exponentscalculated from the
' theoretical relationship betweenand o« exponentg28].

openings and closings, therefore rearrangements of the chan- .

nel protein structure itself. If the channel protein operates iffantly already at=0.2 ms(to the value of approximately
a fractal mode then the open-closed rearrangements do ngtd- At t=0.5 ms the slow power-law decay begins.
happen all by themselves but rather result from smaller Autocorrelation function of closed state fluctuations
changes, introduced by the motion of small portions of the>Ces as
protein. The little pieces of the protein function, according to {-162:040 f5r t<05 ms
such a fractal model, “in a concerted whole” when the chan- k(1) ' K

nel switcheg25]. Thus, the above results on the persistent ¢ t~ 02005 for t>0.5 ms.

character of the closed and open state fluctuations likely re-

flect the persistent, coherent conformational changes of the For open states the functid{t) has the following form:

channel protein.
t~184:014 f5r t<0.5 ms,

ko(t)“[ —0.37£0.05
B. Autocorrelation function t=2=0 for t>0.5 ms.

The autocorrelation function is next used in order to in-  Note, that the scaling exponent for-0.5 ms, therefore
vestigate the correlatioimemory in the time series of describing the middle- and long-range correlation for closed
closed and open state fluctuations as shown 'nT[Rgl- The  state fluctuations, is very close to the value of the scaling
autocorrelation functiork(s,t) of the signal{X};—, is de-  exponent found in the autocorrelation function of ion current

fined as signal in the time rangél, 40 ms. The scaling exponent in
this region is equal to 0.140.02 (see Fig. 4 [19]. This
K(s,t)= <(XS_“S)(XS“_“SH)>7 finding confirms the DFA results showing thtite closed
OsOs+t state dynamics dominates ion channel behasgiwithe long-

range memory of the channel action is mainly due to corre-
whereas is the standard deviation and, is the mean value lation within and between closed states
of the sample at the momes[19,27]. The stationarity of the Having found the scaling exponents of DFA and AFA,
ion current signal, which implies the stationary character ofand y, respectively, we checked whether they are related to
the closed and open state fluctuations examined here, haach other by the known formulg=2(1—«) [28]. We
been discussed in Rd#8]. The time series has been divided would like to note that those exponents can be compared
into smaller sections whose similar statistical characteristicgvith each other only in the time region in which the two data
as well as lack of any trend have been found. The autocomnalysis methods have some overlap, i.e., in the low time-lag
relation function of ion current signal was studied beforescaling region (xn<50 ms, from Fig. 3for DFA, and the
[19]. Three regions of power-law scaling have been deterhigh time correlation region (05t<40 ms, from Fig. b
mined with two crossovers: at 1 ms and 40 (Rgy. 4. A for AFA. Nevertheless, from the definition of the and y
power-law behavior has also been found in the autocorrelaane should notice that the equation relating them holds true
tion function of closed and open state fluctuations, presentednly in the limits of eithern or t going to 1 ms. Thea
in Fig. 5. For both time series the correlation drops signifi-exponents in the overlapping region are 0.69 and 0.65, for
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the closed and open states, respecti@lig. 3). For com- relation between successive durations of closed and open
parison in Fig. 5, the scaling %6° (this is just for suggesting states, as well as correlation existing between subsequent
a slope is shown to indicate the expected validity of the dwell times, therefore, neighboring closed and open states
theoretical relationship. It appears that whileequals 1.62 (Figs. 7 and 8 in[9]). Here we looked in detail into the
and 1.84 for the closed and open states, respectively, frostructure of each state. An interesting observation was made
the best fit(Pearson correlation coefficieRF=0.9), taking by comparing the results of those two approaches. Surpris-
into account the five lowest experimental points, the valueingly, the DFA analysis showed the existence of a similar
—0.65 also seems very reliable in both cases: near the crostiweshold at approximately 50 ms, regardless whether the
over, there is a remarkable agreement for the open state caseccessive durations of the closed state, or the successive
with such a value, and some reasonable one, for the closeattual values of the current within the state are examined.
state case. Moreover, this threshold was also revealed by the DFA scal-
ing of subsequent dwell-time durations. These findings sug-
IV. CONCLUDING REMARKS gest that there is a similar mechanism, regulating intrastate
behavior of the channel as well as duration of the dwell
The main objective of the study was to investigate corretimes. Assuming that the observed memory effect is mainly
lation properties of ion channel fluctuations within two ex- due to the applied field, it can be concluded that external
treme conducting states: closed and open, eliminating crosgitage influences the channel action on an amazingly broad
correlation. Previous studies showed the existence of corrgime scale, starting from the short-range memory between
lations between successive durations of closed and opefe states distant by 0.1 ms, up to tens of milliseconds range.
S.tateS[g]. The procedure of determining the dwell-time se- An interesting probiem is to consider how the macro-
ries was preceded by reconstructing the ion current time sescopic electric field can interact with the many degrees of
ries intc_) a dichotomous signal; therefore the individual statgreedom of the channel protein, resulting in a correlated char-
fluctuations were not taken into account. As the patch clampcter of the protein dynamics. This question is related to the
technique, which enables us to determine the time course @hain function of the voltage-gated family of channels, i.e.,
current states, gives some information about the conformastapilization of the transmembrane voltage, which is cer-
tional states of the channel, we wanted to examine the chagainly influenced by the channel capability to close and open.
acter of the dynamics of channel conformational substatesthis question was examined in the multichannel system con-
The closed and open state fluctuations were extracted frorgisting of voltage-dependei@hakerchannels, expressed in
ion current time series using the procedure discussed in Refhe membrane of Xenopumocyte[14—16. The system was
[17]. The approach of treating the closgapen state as one  studied by observing voltage fluctuations for a various num-
entity enabled us to look at the “intrastate” correlation fea- per of channels. For a small number of chanritiie smallest
tures, occurring within one, uninterrupted state of the channumber reported was 1%he observed fluctuations revealed
nel, as well as “interstate” correlation structure, present ing wide range of time scales, which pointed to the existence of
the state with activity gaps. The resulting time series wergnyitiple closed and open states. We focused here on the dy-
SUbjeCtEd to DFA and AFA methods. Both teChniqueS ShOV‘ﬁamics of a Singie Voitage-gated Chan(mudied on the ba-
that the correlation between sublevels of the closed states is of ion current fluctuationsand showed thself-similarity
stronger than between substates of the open channel. Longf hoth closed and open states independently of each other.
range correlations in the fluctuations within the closed Sta’[egur results point to the necessity of performing a thorough
are characterized by a DFA exponent close to 1, and by gnalysis of the dynamics of a single channel, before creating
slow decay of the autocorrelation functionith a power-law  models of the possible connection between microscopic dy-
exponent 0.2+ 0.05). Both the examined time series revealpnamics of the channel protein and macroscopic biological
very similar scaling properties at small and medium time-lagphenomena such as transmembrane potential. Indeed, we
scales: in both cases for<50 ms, « is equal to approxi- show that the most important outcome of this study is to
mately 0.7. show the existence of dynamical correlation in a single chan-
The important problem to study is the time region atnpel, with two conducting states.
which the two methods overlap, i.e., their exponents are not
independent, they are related by the known linear formula
[28]. We have found that for the examined data, the scaling ACKNOWLEDGMENTS
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