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COMPARISON OF SINGLE CHANNEL POTASSIUMCURRENT IN BIOLOGICAL AND SYNTHETICSYSTEMS � DEPENDENCE ON VOLTAGE�Zuzanna Siwya, Szymon Mer
ikb, Karina Weronb,Reimar Spohr
, Alexander Wolf
 and Zbigniew GrzywnaaaDepartment of Physi
al Chemistry and Te
hnology of PolymersSilesian University of Te
hnologyStrzody 9, 44-100 Gliwi
e, PolandbInstitute of Physi
s, Wro
law University of Te
hnologyWybrze»e Wyspia«skiego 27, 50-370 Wro
law, Poland
GSI Darmstadt, Plan
kstr. 1, D-64291 Darmstadt, Germany(Re
eived January 10, 2000)The in�uen
e of an external �eld on an ion 
urrent pattern in biolog-i
al and syntheti
 systems was investigated. The pat
h 
lamp re
ordingsof potassium 
urrent through a big 
ondu
tan
e lo
ust potassium 
han-nel (BK-
hannel) and a tra
k-et
hed polyethylene terephthalate membranewere examined by the power spe
trum, fra
tal analysis and relative disper-sion analysis. A similar dependen
e of potassium 
urrent behaviour on theexternal voltage in both systems was found. The generalized dimensionformalism is rede�ned to make it appli
able to the analysis of time series.PACS numbers: 87.22.�q, 05.40.+j1. Introdu
tionAppli
ation of the pat
h 
lamp te
hnique [1℄ into studies of ioni
 trans-port in purely syntheti
 membranes allowed to dis
over that single 
hannelion 
urrent �u
tuations 
an also be observed beyond biologi
al systems [2℄.The time series of ioni
 
urrent re
orded in biologi
al and syntheti
 systemslook very similar. The ioni
 
urrent 
ontinuously swit
hes between variousvalues 
orresponding to di�erent states of the 
hannel. The pro
ess is de-termined by the 
onstantly varying environment, intera
tions between ions,ions and the 
hannel, 
onformational 
hanges of polymer forming a 
hannelet
. High values of the 
urrent 
orrespond to an �open� state, while the� Presented at the XII Marian Smolu
howski Symposium on Statisti
al Physi
sZakopane, Poland, September 6�12, 1999.(1125)



1126 Z. Siwy et al.low ones to the �
losed� state of the 
hannel. The question, whi
h appearsin this 
ontext is whether the nature and 
hara
teristi
s of the measured
urrents is the same in both, entirely di�erent groups of 
hannels. Answer-ing this question may help to pinpoint the physi
al pro
esses, whi
h areresponsible for ion 
urrent �u
tuations in both types of systems 
onsistingof narrow 
ondu
ting 
hannels. Similarities and di�eren
es between ion 
ur-rents through biologi
al and syntheti
 membranes have already been pointedout by Pasternak et al., and Grzywna et al. [3�5℄. They found similar re-sponse of biologi
al and syntheti
 membranes to divalent 
ations, protonsand applied potential. In this paper we would like to 
ontinue the studiesof the in�uen
e of voltage on the ion 
urrent properties in biologi
al andsyntheti
 systems by appli
ation of te
hniques, whi
h may allow to get in-sight into the pro
ess o

uring inside the pore. To 
hara
terize time seriesof potassium 
urrent we use the power spe
trum, and also the fra
tal andrelative dispersion analysis.Tra
k et
hed polyethylene terephthalate (PET) membrane was the syn-theti
 system under study [6, 7℄. The average diameter and length of thepore were approximately equal to 5nm and 10�m, respe
tively. Potassium
urrent through a PET pore has been 
ompared with potassium transportthrough the big 
ondu
tan
e lo
ust potassium 
hannel [5℄.2. Materials and methods2.1. Syntheti
 membraneThe membrane examined was made of poly(ethylene terephthalate)(Hostaphan, PET) of a thi
kness of 10 � 1�m, that was irradiated withKr ions and subsequently et
hed in hot alkali [6℄. This treatment breaksthe ester bonds (generating free 
arboxyl groups), and renders the poreshydrophili
. As a result of et
hing pores of average size of 5nm were formedin the membrane.The membrane was pla
ed in a Petri dish with 0.1M KCl solution bu�eredto pH=7 (see Fig. 1). The pipette (prepared with a Kopf model 730 pipettepuller) �lled with 1M KCl, pH=7, was approa
hed to the membrane topusing a mi
rometer s
rew. After establishing ele
tri
 
onta
t between thepipette tip and a pore of the membrane, the ele
tri
 
urrent through thepore was measured. The 
hosen value of pH 
orresponds to earlier observa-tions of ion 
urrent through PET membranes [2℄, indi
ating that neutral pHfavours 
urrent �u
tuations.Measurements of the ion 
urrent through the PET membrane were 
ar-ried out at the Materials Resear
h Department of GSI Darmstadt.
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current

applied voltage

Fig. 1. S
heme of the experimental set up for measurements of the potassium
urrent through PET pore [5℄.2.2. Biologi
al systemBK-
hannel data was re
orded from 
ell atta
hed pat
hes of adult lo-
ust (S
histo
er
a gregaria) extensot tibiae mus
le �bres [8℄. The mus
lepreparation was bathed in 180mM NaCl, 10mM KCl, 2mM CaCl2, 10mM4-(2-hydroxyethyl)-1-piperazineethenesulphoni
 a
id (HEPES), pH 6.8, andthe pat
h pipettes 
ontained 10mM NaCl, 180mM KCl, 2mM CaCl2, 10mMHEPES, pH 6.8. Channel 
urrent was re
orded using a List EPC-7 Pat
h-Clamp ampli�er. Output was low-pass �ltered at 10kHz, digitized at 22kHzusing a Sony PCM ES-701 and stored on a videotape. Re
ords were trans-ferred to the hard disk of an IBM 
ompatible PC via an analog-to-digital
onverter (Axon Instruments) sampling at 10kHz.3. Results and dis
ussion3.1. Power spe
trumThe power spe
trum is one of the tools, whi
h 
an give information aboutthe 
hara
ter of an examined signal [9℄. Appli
ation of its high frequen
yrange into studies of the potassium 
urrent through a PET pore and a big
ondu
tan
e lo
ust potassium 
hannel, has already been shown in [5℄. Powerlaw s
aling of the power spe
trum dete
ted in examined time series has sug-gested a non-Markovian nature of the ion transport, 
on�rming the resultsobtained by the appli
ation of the Markov pro
ess de�nition [10℄.



1128 Z. Siwy et al.The low frequen
y range of the power spe
trum, as shown by Bezrukov[11℄, 
an also be used to examine the 
hara
ter of an ion 
urrent signal. Thelevel of low frequen
y noise gives information about so 
alled shot noise, anon-equilibrium noise, whi
h is asso
iated with 
urrent �ow a
ross a poten-tial barrier. It is due to the �u
tuation of 
urrent around an average valueresulting from the dis
rete nature of a 
harge transfer [12, 13℄. The 
urrentspe
tral density of the shot noise is white (independent of the frequen
y)up to the frequen
y of the order of the inverse time of elementary 
hargetransfer through the 
hannel and is given by the S
hottky's formula [11,12℄:SI(f) = 2qhIi ; (1)where q is the transported 
harge, hIi � the average 
urrent. Formula(1) is valid for any system, independent of its 
omplexity, if the transfer of
harge is unidire
tional and 
harge transfer events are un
orrelated. Only
orrelations between elementary steps of di�erent 
harge 
arriers 
an 
hangethe low-frequen
y shot noise amplitude. TABLE IComparison of shot noise (see Eq. (1)) and low-frequen
y noise of the power spe
trum forA the BK 
hannel and B the PET pore.A 20mV 40mV 60mV 80mV 100mV 120mVSI (f) = 2qhIi�A2Hz � 1:5 � 10�30 1:9 � 10�30 2:9 � 10�30 3:3 � 10�30 4:0 � 10�30 4:2 � 10�30noise level in thelow frequen
yrange of the 1:1 � 10�25 6:3 � 10�25 1:6 � 10�24 4:7 � 10�24 1:2 � 10�23 6:6 � 10�24power spe
trum�A2Hz �B 0V -1V -2V -3V -4V -5VSI (f) = 2qhIi�A2Hz � 4:8 � 10�32 9:8 � 10�31 7:0 � 10�30 1:5 � 10�29 3:2 � 10�29 7:0 � 10�29noise level in thelow frequen
yrange of the 1:0 � 10�35 5:0 � 10�33 1:0 � 10�31 5:0 � 10�31 8:0 � 10�31 1:0 � 10�30power spe
trum�A2Hz �Examination of the noise level in the low-frequen
y range of the powerspe
trum enables to dete
t a deterministi
 
omponent in a system. Table Ishows values of the shot noise, 
al
ulated a

ording to Eq. (1) for the high
ondu
tan
e lo
ust potassium 
hannel (A) and PET pore (B), together withthe low frequen
y noise of the power spe
tra.
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an be seen from the table the signi�
ant di�eren
e (several ordersof magnitude) between values of the shot noise and the low frequen
y noiseof the power spe
trum indi
ates the existen
e of 
orrelations in all examinedtime series and, therefore, a deterministi
 
omponent in the investigatedsystems [11℄. 3.2. Fra
tal dimensionSelf-similarity of a time series means that a property L(t) measured atthe time s
ale t is proportional to that property measured at the time s
aleat [14, 15℄ L(at) = kL(t); (2)where k = adT�dF is the proportionality parameter, dT is a topologi
aldimension, dF is a measure of the self-similarity in time, for a dis
rete timeseries a 2N . We have sele
ted every n-th (odd or even) point of an originalset, and have drawn it versus time as it would 
orrespond to measurementsat di�erent sampling frequen
ies. We point here at the di�eren
e betweenthe fra
tal dimension of an attra
tor in a pseudo-phase phase [16℄ and thefra
tal dimension of a time series 
al
ulated from Eq. (2).In our study of the experimental data we have de�ned L(t) as:1. The total 
harge Qtot transported through the pore over time t, equalto the integral of the ion 
urrent I(t); for a dis
rete time series, thetotal 
harge is equal to:L(t) � Qtot(t) = N�1Xi=1 12 (Ii + Ii+1)�t:N � length of the time series, �t is de�ned by the sampling frequen
y;N ��t = t.2. The total length of the 
urrent time series `tot; in this 
ase we treatI(t) as a geometri
al obje
tL(t) � `tot(t) = N�1Xi=1 q(�t)2 + (Ii+1 � Ii)2:As it 
an be seen from Fig. 2, the fra
tal dimension 
al
ulated on thebasis of the total transported 
harge is not sensitive to the external voltageand equals 1. It means that the 
harge �ow is dire
tly proportional to timeand the information of the total transported 
harge is independent of thesampling frequen
y. The examined pro
ess, therefore, is surprisingly regular
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Fig. 2. Fra
tal dimension found from Eq. (2) for the potassium 
urrent time seriesre
orded at di�erent voltages A for the BK 
hannel, B for the PET pore. L(t) hasbeen equal to the total 
harge transported through the 
hannel (stars) or to thetotal length of the fun
tion I(t) (
ir
les).

0 5 10 15 20 25 30 35 40 45 50
-120

-110

-100

-90

-80

-70

t [s]

I [
pA

]

0 5 10 15 20 25 30 35 40 45 50
-30

-20

-10

0

10

20

t [s]

I [
pA

]

Fig. 3. Time series of K+ 
urrent through PET pore re
orded at -1 V (top) and-4 V (bottom) with 1 kHz sampling frequen
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Comparison of Single Channel Potassium Current in : : : 1131from the point of view of the total transported 
harge over prolonged time,in 
ontrast to the 
haoti
 behaviour of ioni
 
urrent � the lo
al rate of the
harge transport. Figure 2 shows also that analysis of the self-similar proper-ties of the time series, treated as geometri
al obje
ts, allowed to di�erentiatebetween re
ordings obtained at di�erent voltages. Higher fra
tal dimensionsfor higher voltages indi
ate formation of more 
omplex ioni
 
urrent �u
-tuations at stronger external �eld applied. As it 
an be seen in Fig. 3, forlow voltage the signal is �silent�, while high voltage indu
es openings and
losings of the pore.3.3. Generalized dimension formalismAs the fra
tal dimension alone 
ould not 
learly distinguish betweentime series we asked the question whether the generalized dimension, whi
h
hara
terizes an obje
t with a set of numbers, provides a better way of thetime series des
ription. The generalized dimension Dq of an obje
t has beende�ned as [16, 17℄ Dq = lim"!0 11� q lnPM(")i=1 P qiln " (3)where Pi, i = 1; 2; : : :, is the probability of �nding an element of the obje
tin the i-th element of 
overing, " de�nes the s
ale of 
overing, M(") is anumber of 
overing elements at the s
ale ", q is a real number.To apply the notion of the generalized dimension into the analysis of timeseries, the set fPig had to be re-de�ned a

ordingly. We were interested inthe self-similarity in time, therefore, we 
ould not use the standard methodsleading to the analysis of an attra
tor in the pseudo-phase spa
e [16℄. The setfPig has been de�ned in two di�erent ways 
orresponding to two approa
hesfor 
al
ulation of dF used in the previous se
tion. The total time T ofre
ordings has been divided into N equal segments of length � and fPig
ould be de�ned in two ways:1. The 
harge �owing through the pore in the given time segment �i,divided by the total transported 
harge:Pi = Q(�i)Pnj=1Q(�j) ; i = 1; 2; : : : (4)2. The length of the 
urve I(t) in the given time segment divided by itstotal length Pi = `(�i)Pnj=1 `(�j) ; i = 1; 2; : : : (5)
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Fig. 4. Histograms of fPig distribution (Eq. (4)) for the potassium 
urrent throughthe big 
ondu
tan
e lo
ust potassium 
hannel for di�erent voltages. The y-axispresents the normalized frequen
y. The fPig set has been de�ned on the basis ofthe total 
harge transported through the 
hannel.
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Fig. 5. Generalized dimension found on the basis of the total transported 
hargefor the potassium 
urrent through the BK 
hannel (Dq , solid line) and for itssurrogates ( ~Dq , dashed line). The x-axis presents q. Voltages are indi
ated in theFigure. Note, that Dq found from Eq. (3) gives D0 equal to 1. The 
urves for ~Dqare not signi�
antly di�erent from one another.



Comparison of Single Channel Potassium Current in : : : 1133The set of probabilities fPig is the key quantity in Eq. (3), therefore,we have looked at �rst at their distribution. Figure 4 presents the nor-malized histogram of probabilities fPig, 
al
ulated on the basis of the totaltransported 
harge, for ion 
urrent in the BK system at di�erent voltages.The width of the histogram is a measure of heterogeneity of subsequenttime segments from the point of view of the total transported 
harge. Forlow voltages the histogram is narrow, getting wider with in
reasing appliedvoltage. For the highest applied voltage (120mV) the histogram be
omesnarrow again. The way, in whi
h the fPig distribution in�uen
es the gen-eralized dimension 
an be followed in Fig. 5. The dependen
e of the widthof Dq values range on the applied voltage is similar to the relation foundfor the width of the fPig histogram (see Table IIA). To 
he
k whether theDq formalism is sensitive to the 
hara
ter of the data the same analysis hasbeen performed for the surrogates of the K+ 
urrent experimental data. Thesurrogates have been obtained by the random shu�ing of all the data posi-tions [15℄. As it 
an be seen from Fig. 5 the general pattern, observed forthe original 
urrent data, is lost. A

ording to the earlier studies [18℄, forlow voltages the in�uen
e of a sto
hasti
 for
e (originating e.g. from thermalmotion) on the system behaviour is very strong, therefore, the narrowness ofthe fPig distribution as well as the Dq values is due to the predominan
e ofthe sto
hasti
 nature of the system. For higher voltages, the 
losed and openstates be
ome more distin
t, whi
h results in the widening of the fPig andDq ranges. For even higher voltage the ioni
 
urrent behaviour is governedby a deterministi
 for
e, and subsequent time segments be
ome again morehomogeneous.The same analysis has been done for the K+ 
urrent through a singlepore in the PET membrane. Figure 6 shows normalized histograms of theprobabilities fPig 
al
ulated on the basis of the total transported 
hargeat di�erent voltages. As it 
an be seen from Figs. 6 and 7 the same de-penden
e of the system behaviour on external voltage has been found forthe syntheti
 pore as it was observed in a BK 
hannel (see also Table IIB).Figure 7 presents also the monofra
tal 
hara
ter of Dq found for surrogatesof potassium 
urrent through the PET pore � the dependen
e of ~Dq on qand an applied voltage does not exist.The generalized dimension Dq is a very slowly 
hanging fun
tion, de�nedfor an in�nite domain, therefore, it is often more 
onvenient to examinethe Legendre's transform of the fun
tion: �q = Dq(1 � q), so 
alled f(�)relation [16℄ where � = ���q (6)and Dq is de�ned by Eq. (3). The relation f(�) 
orresponding to Dq fun
-
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Fig. 6. Histograms of fPig distribution (Eq. (4)) for the potassium 
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harge transported throughthe 
hannel.
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Comparison of Single Channel Potassium Current in : : : 1135TABLE IIDi�eren
es between D�100 and D100 for the potassium 
urrent throughA the BK 
hanneland B the PET pore, for di�erent voltages. Dq has been 
al
ulated on the basis of thetotal transported 
harge (see Figs. 5 and 7).A 20mV 40mV 60mV 80mV 100mV 120mVD�100 �D100 0:20 � 0:02 0:34 � 0:02 0:30 � 0:02 0:27 � 0:02 0:27 � 0:02 0:20 � 0:02B 0V -1V -2V -3V -4V -5VD�100 �D100 0:05 � 0:01 0:02 � 0:01 0:15 � 0:01 0:10 � 0:01 0:07 � 0:01 0:03 � 0:01tions (and ~Dq for the surrogates data) for the 
urrent through BK 
hannelpresented in Fig. 5 is shown in Fig. 8, and the relation for the 
urrent throghthe PET pore presented in Fig. 7 is shown in Fig. 9. The range of � 
orre-sponds to the range of Dq ( ~Dq) values.Figure 10 presents the normalized histogram of the probabilities fPig
al
ulated on the basis of the length of ioni
 
urrent fun
tion for the BKsystem at di�erent voltages, while Fig. 11 shows the 
orresponding Dq rela-tion. As it 
an be seen from the �gures, for higher voltage the wider widths ofthe histogram and the range of Dq values are observed. That shows quan-titatively the formation of stronger ioni
 
urrent �u
tuations at strongerexternal �elds. The pattern is lost for surrogates data (Fig. 11). The de-penden
e of the width of Dq values range on the applied voltage is similarto the relation found for the width of the fPig histogram (see Table III).TABLE IIIDi�eren
es between D�100 andD100 for the potassium 
urrent throughA the BK 
hannel;B the PET pore for di�erent voltages. Dq has been 
al
ulated on the basis of the totallength of I(t) fun
tion (see Figs. 11 and 12).A 20mV 40mV 60mV 80mV 100mV 120mVD�100 �D100 0:07 � 0:02 0:31 � 0:02 0:36 � 0:02 0:41 � 0:02 0:43 � 0:02 0:42 � 0:02B 0V -1V -2V -3V -4V -5VD�100 �D100 0:00 � 0:01 0:01 � 0:01 0:00 � 0:01 0:01 � 0:01 0:00 � 0:01 0:01 � 0:01The generalized dimension Dq for the PET pore has appeared to be a
onstant, whi
h suggests its monofra
tal 
hara
ter (Figs. 9 and 12). Thebig di�eren
e in the Dq relation obtained for syntheti
 and biologi
al sys-tems may result from the di�eren
es in their stru
ture. The syntheti
 poreis around 10 times larger and it length is 10 to 50 thousand times greaterthan the length of a biologi
al ion 
hannel. The potassium 
urrent signals
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ated inthe Figure. Note, that Dq found from Eq. (3) gives D0 equal to 1. The distin
t
urve for ~Dq was obtained for surrogates of the 
urrent re
orded at 120 mV.
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Fig. 12. Generalized dimension found on the basis of the total length of the I(t)fun
tion for the potassium 
urrent through the PET pore, at the voltages as indi-
ated in the Figure. Note, that Dq found from Eq. (3) gives D0 equal to 1.re
orded at the syntheti
 system may, therefore, 
arry less stru
tural infor-mation than those of biologi
al 
hannels, simply due to an averaging duringmu
h longer time of transport.3.4. Relative dispersion analysisPower law s
aling of the power spe
trum, the transported 
harge andthe length of ioni
 
urrent fun
tion suggests the self-similarity in time ofthe examined time series. To assess their temporal heterogeneity we had,therefore, to apply s
ale-independent te
hniques. Relative dispersion (RD)analysis, whi
h 
overs a wide range of s
ale, is one of them [9℄. RD isde�ned as a quotient of the standard deviation and the mean of an examinedproperty. It s
ales with the sample's size m asRD(m)RD(m0) = � mm0�1�D ; (7)where m0 is an arbitrary 
hosen referen
e time interval. For a dis
rete timeseries re
orded with a given sampling frequen
y fs, m0 is usually 
hosen as1=fs. D is a dispersion exponent 
alled also a fra
tal dimension, whi
h givesinsight into the nature of the data. D = 1:5 represents random, un
orre-lated data, D = 1 indi
ates uniformity of examined property over all lengths
ales [9℄.
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an be seen from Table IV the s
aling exponent D, found fromEq. (7), is signi�
antly di�erent for the BK 
hannel and the PET pore.The result may suggest higher heterogeneity and faster 
hanges of the ioni

urrent in biologi
al systems. Exponent D does not distinguish, however,between time series re
orded at di�erent voltages. TABLE IVLo
al dispersion exponent 
al
ulated from Eq. (5) for the potassium 
urrent through Athe BK 
hannel and B the PET pore.A 20mV 40mV 60mV 80mV 100mV 120mVdispersionexponent D 1:20 � 0:02 1:19 � 0:02 1:20 � 0:02 1:20 � 0:02 1:15 � 0:02 1:20 � 0:02B 0V -1V -2V -3V -4V -5Vdispersionexponent D 1:03 � 0:01 1:03 � 0:01 1:02 � 0:01 1:02 � 0:01 1:01 � 0:01 1:01 � 0:014. Con
luding remarksThe main obje
tive of the paper was to 
ompare 
hara
ter and self-similar properties of the ion transport in biologi
al and syntheti
 
hannelssystems. We have examined potassium 
urrent through the big 
ondu
tan
elo
ust potassium 
hannel and the tra
k-et
hed PET pore. Low-frequen
yrange of the power spe
trum shows the existen
e of 
orrelation in all exam-ined time series, suggesting their non-Markovian 
hara
ter. Self-similarityin time of K+ 
urrent signal has been examined through appli
ation of ho-mogeneous fun
tion. Fra
tal dimension estimated on the basis of the totaltransported 
harge and the length of I(t) fun
tion depends on the externalvoltage in a similar way for both types of membranes. To provide a betterdes
ription of the self-similar 
hara
ter of the examined time series a re-de�ned generalized dimension Dq and f(�) formalism have been used. Therange of Dq fun
tion (and �), in whi
h fPig have been de�ned as a fra
-tion of the total transported 
harge, in both 
ases of the potassium 
urrentthrough BK 
hannel and PET pore, in
reases with an in
reasing voltage,and at higher voltages it be
omes narrow again. This result may suggestsan ordering in�uen
e of voltage on the transport of 
harges through the pore,whi
h has already been shown by surrogate data, generalized entropy, andpseudo-phase portraits analysis [18℄. Dq fun
tion 
al
ulated on the basis ofthe total length behaves for BK 
hannel di�erently - its range be
omes widerwith the in
rease of the applied �eld, while the PET signal, in this 
ase, hasbeen found monofra
tal. We would like to emphasize that in any attempts ofthe physi
al interpretation of the data, it is important to treat the signal asthe result of intera
tions within the whole system 
onsisting of the 
hannel



1140 Z. Siwy et al.and the ions. A biologi
al 
hannel is narrower, therefore, one 
ould expe
t,that ions going through 
an �feel� the 
hannel stru
ture stronger than in the
ase of a PET pore. The biologi
al signal 
ontains hen
e more stru
turalinformation and is more �
omplex� itself, whi
h is also seen in the highervalue of the lo
al dispersion exponent.Finally, we would like to emphasize that only by parallel appli
ation ofseveral te
hniques, whi
h take up di�erent aspe
ts of the examined phe-nomenon, it is possible to learn about its nature and properties [10, 19, 20℄.REFERENCES[1℄ E. Neher, B. Sakmann, S
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