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Summary. The properties of the alamethicin pore in multi-pore systems have been studied 
by autocorrelation analysis and by power spectral density. In agreement with the relaxation 
studies of part I, we found two processes of different time behavior and voltage dependency. 
The slow (sec) and fast (msec) correlation times could be related to fluctuations in the number 
of pores and to transitions between different levels of conductance within a pore, respectively. 
The interpretation of the correlation amplitudes in terms of a simplified three-state model 
used for the calculation of the corresponding unit step conductances confirms the assignment. 
The correlation amplitude of the slow process could be related to the mean single-pore con- 
ductance. The mean conductance difference of neighboring conducting pore states could be 
estimated using the product of the correlation amplitudes of the slow and fast process. In the 
range of weakly voltage-dependent conductance a strongly conductance-dependent increase 
of the correlation times as well as of the correlation amplitudes was observed. A conductance 
dependent on the size of the preaggregate from which the pore is formed was proposed for an 
interpretation of these findings. The mean single-pore conductance and the mean conductance 
difference of neighboring conducting pore states vary approximately linearly (on the log/log 
scale) on ion concentration in the range 0.1 to 1 M KC1. The salt concentration dependence 
of the macroscopic conductance was found to increase with decreasing temperature. An 
influence of the ionic strength on both correlation times could be observed. 

It has been shown that the polypeptide antibiotic alamethicin induces 
voltage-dependent changes of the cation and anion permeability of lipid 
bilayers (Mueller & Rudin, 1968). From the statistical analysis of single- 
pore experiments it is already well established that the alamethicin-induced 
conductance arises from the presence of pores which are composed of 
several polypeptide molecules. The pores exhibit a pattern of discrete 
conductance states ordered in a consecutive sequence (Gordon & Haydon, 
1972; Eisenberg, Hall & Mead, 1973; Boheim, 1974; Gordon & Haydon, 
1976; Mueller, 1976). 
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Studies of single-pore fluctuations give evidence that the strong 
voltage-dependent conductance of lipid bilayers containing alamethicin 
is mainly related to the probability of pore formation, while the transition 
probabilities between different conducting states are comparatively little 
affected by the voltage (Eisenberg et al., 1973; Boheim, 1974; Gordon & 
Haydon, 1975). From voltage-jump current relaxation experiments with 
lipid membranes containing a large number of alamethicin pores a single 
exponential relaxation process in the range of seconds was observed 
(Mauro, Nanavati & Heyer, 1972; Eisenberg et al., 1973). The correspond- 
ing relaxation time showed an exponential increase with voltage and was 
attributed to the mean life-time of a pore. As outlined in part I (Boheim & 
Kolb, 1977) a second faster relaxation process in the range of milliseconds 
could be observed in addition. A likely explanation of the latter process 
was given on the basis of conductance changes caused by transients be- 
tween adjacent pore states of a single pore. It was observed that the appear- 
ance of the faster relaxation process depends on the choice of experimental 
conditions under which the voltage-jump experiments were performed. 
Furthermore, it turned out that the absolute value of the slow relaxation 
time strongly varies with membrane pretreatment. 

In general, the relaxation experiments do not yield information about 
the absolute values of conductance changes which are induced by the 
formation and disappearance of alamethicin pores and those arising from 
intrapore conductance fluctuations. As we will show in this paper more 
information may be obtained by correlation analysis which yields both 
the kinetic parameters of amulti-pore system and the absolute values of 
the corresponding conductance changes. The molecular mechanism of 
pore formation has not been completely elucidated as yet. Especially the 
behavior of alamethicin containing lipid bilayers in the range of weakly 
voltage-dependent conductance which was not accessible to relaxation 
studies as well as at very high levels of conductance are poorly understood. 
Besides the determination of all the parameters of the alamethicin-induced 
multi-pore state system we have drawn attention to these problems with 
the autocorrelation analysis. 

Autocorrelation analysis has recently been introduced to study the 
ion transport mechanisms in lipid bilayers (Zingsheim & Neher, 1974; 
Kolb, L~iuger & Bamberg, 1975; Moore & Neher, 1976; Kolb & Bamberg, 
1977) and nerve membranes (Katz & Miledi, 1972; Anderson & Stevens, 
1973; Conti, de Felice & Wanke, 1975 ; Fishman, Moore & Poussart, 1975). 
This method has the advantage that measurements of the autocorrelation 
function are carried out while the system is in an equilibrium or stationary 
state. It has been shown that in the case of gramicidin A-doped lipid 
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bilayers the autocorrelation analysis yields information both on the kinetic 
parameters of channel formation and the magnitude of the unit con- 
ductance step associated with the opening and closing of a channel. The 
results are in reasonable agreement with those of corresponding relaxation 
and single-channel experiments. The occurrence of a single correlation 
time could be explained on the basis of a simple two-state model of grami- 
cidin A channel formation (Kolb et al., 1975). For the well-established 
multi-state behavior of the alamethicin pore one should expect a more 
complex behavior of the autocorrelation function. 

In the present paper we measured the autocorrelation function of 
alamethicin-doped lipid bilayers as a function of membrane voltage at 
different concentrations of alamethicin and electrolyte and different 
temperatures. The autocorrelation function could be described by a 
superposition of two single exponential functions of different correlation 
times. We will show that the two components of the autocorrelation func- 
tion may be correlated to fluctuations in the number of pores and fluctua- 
tions between adjacent conductance states of individual pores, respectively. 

Furthermore, we want to compare the amplitudes and correlation 
times obtained from the autocorrelation function with the corresponding 
values of the power spectral density. Recently, Wanke and Prestipino 
(1976) observed several time constants in the power density spectrum of 
conductance fluctuations produced by monazomycin-doped lipid mem- 
branes. The power spectral densities shown by Moore and Neher (1976) of 
monazomycin and alamethicin-doped lipid membranes also indicate that 
different time dependent processes may be involved in the mechanism of 
translocation of ions in these systems. On the basis of the Wiener- 
Khintchine theorem (Wiener, 1930; Khintchine, 1934) both methods, the 
autocorrelation and spectral analysis, should yield essentially the same 
information about the system under investigation. This agreement could 
be shown for gramicidin A-doped lipid membranes (Kolb & Bamberg, 
1977). In this paper it will be shown that on the level of single-pore events 
of alamethicin-doped membranes the results of both methods are in close 
agreement. But on the basis of the autocorrelation analysis presented for 
multi-pore systems the corresponding spectral analysis yields a different 
amplitude especially for the slower process. 

Materials and Methods 

1,2-dioleoyl-sn-glycerol-3-phosphorylcholine (dioleoyllecithin) was synthetized and 
chromatographically purified in our laboratory by K. Janko. The pure Rp30 fraction of 
alamethicin was purchased from Microbiological Research Establishment, Porton Down/ 
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Salisbury and checked by thin-layer chromatography. Alamethicin was added from an 
ethanolic/water (1:9 v/v) stock solution in amounts of 2.5 to 10 gg to 20 ml electrolyte 
solution. KC1 salt solutions were 1 ~a, if not otherwise stated, and unbuffered (pH ~ 5.5). KC1 
was p.A. grade from Merck. Black lipid membranes were formed in the usual way from a 
1 ~ (w/v) lipid solution in n-decane in a thermostated Teflon cell (Liuger, Lesslauer, Marti & 
Richter, 1967). The reproducibility of the temperature was within +0.5 ~ The membrane 
area was between 6.5 and 7.2 x 10- 3 cm 2. The area of the black film was determined by measur- 
ing the electrical capacitance of the film at low membrane voltage. For the specific capacitance 
of membranes made from dioleoylecithin a value of 0.38 gF/cm 2 (Stark, Benz, Pohl & Janko, 
1972) was assumed. Single-pore experiments were carried out using Teflon cells with a hole 
of about 0.1 mm diameter. 

Autocorrelation analysis of the membrane current noise was carried out under voltage 
clamp conditions as described previously (Kolb et al., 1975; Kolb & Bamberg, 1977) using 
some minor modifications. The current was preamplified (Analog Devices Model 52 K) and 
passed through an eight-pole Butterworth filter (Krohn-Hite Model 3342). The feedback 
resistor was set to 5 Mf~ and the feedback capacitor to 4 pF. The signal was then amplified 
by a dc-coupled amplifier (Princeton Applied Research Model 113). The output signal 
of the amplifier was usually stored on a magnetic-tape recorder (Precision Instruments 
Model 6200) with a frequency response from DC to 10 kHz. The stored signal was analyzed 
with a Honeywell-Saicor 43A correlator. The processed autocorrelation function was 
recorded with an x - y  recorder (Philips PM 8/25) and digitized by 100 to 200 points on a 
Hewlett-Packard 9864A. The autocorrelation function was recorded at constant applied 
membrane voltage V. Each level of V was held constant for about 2-4 min. The time needed 
for a stable a c - d c  uncoupling of the current noise depends on the high-pass filter position, 
but was usually less than 2 min. The autocorrelation function was computed during a time 
intervall of 50-90 sec. The autocorrelation function C(z) of alamethicin-doped lipid mem- 
branes could be described by a linear superposition of two exponential functions and a 
constant offset C~o according to 

C(z)= C(z)+ Ca, = C~. e-~/~ + C=. e-~/~=+ C~ (1) 

where C o = C(0) is the variance of the membrane current and z~, z,~ are the correlation times 
of the current. The offset C a of the baseline depends mainly on the increase or decrease of 
the mean current during the sampling time of the correlator, but also on the high-pass filter 
position as described before. In nearly all cases C o was found to be less than 5 ~ of C o. 

The parameters C~, C=, C I, ~= and zy given by Eq. (1) were evaluated in two different 
ways depending on the ratio z=/zy(z= > zs). In case of 4 ~  > z= a single autocorrelation function 
was recorded and digitized. According to Eq. (1) the relation (7(z)~ C s. exp(-z/%)+ C~ 
holds for correlation times ~ well above a suitably chosen z~(zr < ,c  < z=). The values of C~, 
C= and z= were calculated by the method of least squares. The fit was optimized by varying v~. 
Thereafter the difference (C(z) - C=. exp ( - z/r,) - C ~o) was fitted by the function C I �9 exp ( - z/z1). 
For the case 4z,<v= two autocorrelation functions were recorded for different time scales as 
shown in Fig. 1 a. As the Figure shows the time scale for the choice of the sample increment 
time of the correlator was adapted to the correlation times % and zf to obtain an optimal 
record of the autocorrelation functions C=. exp(-z/r=) and Cy. exp(-z/z~). Both functions 
were recorded from the same length of a record (50-90 sec) of the membrane current noise 
stored on the magnetic tape and fitted by an overall autocorrelation function according to 
Eq. (1). The corresponding parameters were determined by the method of least squares as 
described above. The result of the fit which corresponds to the autocorrelation function 
given in Fig. 1 a is shown in Fig. 1 b. 

The filter positions of the bandfilter were adapted to the magnitude of the correlation 
times. The high-pass filter position was set to about 1/20 ~z v, and the low-pass filter position 
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Fig. 1. (a) Autocorrelation function C(z) of the current fluctuations divided by the initial 
value C(0)= 1.6 x 10 - is  A e versus time r. For the upper trace the scale on the upper x-axis 
holds. Both functions were computed one after the other from the same record of current 
fluctuations of about equal length with a different choice of the sample increment of the auto- 
correlator. The lower trace contains 8192 summations, the upper 65,536. The mean membrane 
conductance was 2oo=51 gScm -2. Membrane area A=7.1 x 10-3 cm 2, external voltage 
V= 50 inV. The aqueous phase contained 1 M KC1, 250 ng/cm 3 of alamethicin at 11 ~ 
(b) Logarithmic plot of C(z)/C(O), as taken from Fig. 1 a, versus time for two different time 
ranges. The theoretical curve given by Eq. (1) was fitted by the method of least squares. For 
the amplitudes Cs= 1.1 x 10 18 A 2 and Cs=4.8 x 10 - 1 9  A 2 were obtained and for the corre- 
sponding correlation times %=0.65 sec and z i=  10.5 msec. % and vl are represented by the 
straight lines, respectively. The autocorrelation function was digitized by 150 points, part of 

them are outside the range of C(z)/C(O) shown in the Figure 

to about 10/~zy, respectively. The lowest high-pass filter position used was 0.01 Hz. For 
increasing correlation times zs up to about 5 sec (the longest correlation times measured in 
the present paper) the high-pass coupling frequency of 0.01 Hz induces an increasing distortion 
of the shape and amplitude of the autocorrelation function. This effect was described by 
De Felice and Sokol (1976) for a simple RC high-pass network. For the present paper the 
influence of the high-pass filter characteristics on ~s and C s was estimated as follows. The 
modification of a single exponential autocorrelation function induced by the used eight-pole 
Butterworth high-pass filter may be described by the relation (De Felice & Sokol, 1976): 

4 �9 27 s 

C,(z) = C s J cos (2 7rfz). 1 +(2 nf .  z~)" g(f) df (2) 
0 

where f denotes the frequency and g(f) the frequency response of the high-pass filter. In 
the case of an n-pole Butterworth filter g(f) may be described by the relation (Pregla & 
Schlosser, 1972): 

g(f) 1 
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where n denotes the order of the pole of the filter and f~ the high-pass filter position. The 
autocorrelation function given by Eqs. (2) and (3) was calculated by numerical integration 
using the method of Romberg quadrature (Ralston & Will, 1967) with the following choice 
of parameters: f~ = 0.01 Hz, C s = 1, n = 8 and ~ = 5 sec. If the numerically calculated function 
C,(~) is fitted by a single exponential function superimposed by an offset C o the calculated 
values of zs and C S differ by less than 2 % from C s = 1 and z~ = 5 sec. This fit was carried out 
for correlation times ~ < 2 . ~  s as described previously (Kolb, L~iuger & Bamberg, 1976). The 
small differences found for rs and C S at z~ = 5 sec implies that the influence of high-pass filter 
position of 0.01 Hz is negligible under the conditions of our experiments. 

Furthermore, experiments were carried out in which the membrane current noise was 
simultaneously processed by the corretator and a real time spectrum analyzer (Honeywell- 
Saicor-51 B) as described previously (Kolb & Bamberg, 1977) using some minor modifications. 
For the case of measurements of the power spectral density, the current noise was amplified 
in the same way as above. In order to obtain a low noise figure of the measurement circuit 
which was described in Kolb et al. (1975) the ratio of feedback resistance to source resistance 
was adjusted to about 10:1 (Poussart, 1971; Fishman, Poussart &Moore, 1975) in these 
experiments. 

Results 

T h e  m e m b r a n e  c o n d u c t a n c e  and  the  a u t o c o r r e l a t i o n  func t ion  of 

a l a m e t h i c i n - d o p e d  d io l eoy l l ec i th in /n -decane  m e m b r a n e s  were  m e a s u r e d  

u n d e r  a va r ie ty  of  cond i t ions  of  t e m p e r a t u r e ,  a l ame th ic in  and  e lec t ro ly te  

concen t r a t i on .  I t  is k n o w n  tha t  at  a g iven m e m b r a n e  vo l t age  the  m e a n  

va lue  of the m e m b r a n e  c o n d u c t a n c e  s t rong ly  d e p e n d s  on  the p r e t r e a t m e n t  

of  the m e m b r a n e  (Roy,  1975; B o h e i m  & Ko lb ,  1977). Therefore ,  t h r o u g h o u t  

the  expe r imen t s  we used a def ined m e m b r a n e  p r e t r e a t m e n t  which  is 

descr ibed  in the following.  F o r  e x p e r i m e n t s  which  were  p e r f o r m e d  at  

30 a n d  25 ~ the m e m b r a n e  was  equ i l i b r a t ed  for 90 min  a t  t ha t  t e m p e r a t u r e .  

F o r  m e a s u r e m e n t s  at lower  t e m p e r a t u r e s  the  a q u e o u s  phase  was held at  

25 ~ for  50 min  and  then  coo led  d o w n  to the  desired t e m p e r a t u r e  and  

equ i l ib ra ted  for  a n o t h e r  40 min.  Af ter  this equ i l ib ra t ion  in a zero vo l t age  

s tate  the  vo l t age  was increased  in s teps of  5 m V  and  held  c o n s t a n t  at  each  

level for  2 -4  min.  D u r i n g  this pe r i od  b o t h  the s t a t i o n a r y  m e m b r a n e  con-  

duc t ance  , ~  and  the a u t o c o r r e l a t i o n  func t ion  were  measu red .  I f  the  

m e m b r a n e  b r o k e  at  h igh vo l tages  (75-110 mV), fur ther  e x p e r i m e n t s  were  

car r ied  ou t  us ing fresh a q u e o u s  so lu t ions  and  fol lowing the p r o c e d u r e  

desc r ibed  above .  

T h e  Vo l tage -  C o n d u c t a n c e  R e l a t i o n  

At first we descr ibe  the s t a t i o n a r y  p rope r t i e s  of  the m e m b r a n e  con-  

duc t ance  at which  the a u t o c o r r e l a t i o n  func t ions  were  recorded.  Fig. 2 
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Fig. 2. Half-logarithmic plot of the mean membrane conductance 2~o versus voltage V The 
measurements carried out in the first run are represented by the open circles. After the first 
series of experiments the stepwise record of the function s was repeated as shown by the 
full circles. The straight line has been obtained by taking into account only the exponential 
voltage dependence of the conductance of the first run. The corresponding slope expressed 
in terms ofc~[2j  yields 6.8. The aqueous phase contained 1 M KC1 and 250 ng/cm 3 alamethicin 

at 11 ~ For details see  t e x t  

shows the typical stationary voltage-conductance relation 2| of a 
given experiment. It may be seen from the figure that 2~(V) exhibits a 
weakly voltage-dependent characteristic at lower voltages followed by an 
exponential increase up to conductances of about 1 InS cm -2. The values 
of 2~ represent mean values of the membrane conductance measured 
during the averaging time of the autocorrelator of about 50-90 sec. During 
this period one observes a more or less pronounced shift of the conductance 
to higher values at voltages which correspond to the range of weakly 
voltage-dependent conductance and a saturation of the conductance at 
high voltages in the range of2~  > 1 mS cm -2. In both cases this shift could 
be estimated to be less than 1 0 ~  of 2~. For intermediate voltages a 
similar shift of the conductance was not observed. In this voltage range the 
function 2o~(V) could be described according to Mueller and Rudin (1968) 
and Eisenberg et al. (1973) by the relation: 

2~(V) ~ e x p  {c~[2~] �9 V. F/RT}  1. (4) 

Thus the slope of 2~(V) is expressed in terms of c~[2~] and shows a 
significant increase with decreasing temperature (Table 1). The constant 

1 The indices 2o0, 2s, zs, z/ ,  etc. of the parameters c~, 6 and e have been included in square 
brackets to obtain a clearer presentation. Functional dependences are indicated by round 
brackets as usual. 
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Table 1. Parameters of the voltage-conductance relation )~o~(V) denoted by c~[2J and Vlo 0 
as well as those of the correlation times ~= and ~I denoted by e*[z=], e*[~l], c~[z=], e[zl] as a 

function of temperature" 

T(oc) 

30 25 18 11 

e [ 2 J  5.8 -+0.3 6.0 -+0.4 6.5 -+0.2 6.8 -+0.3 
Vlo0(mV) 51.2 -+6.5 50.1 -+5.8 54.4 +_5.1 53.5 -+3.9 
c~*[z~] 0.39 -+0.03 0.48 -+0.03 0.51 -+0.02 0.58 +_0.02 
~* [ z J  0.036 -+ 0.003 0.040 +_ 0.004 0.046 -+ 0.003 0.047 -+ 0.004 
c~[z=] 2.3 +_0.3 2.8 -+0.2 3.3 -+0.2 3.9 -+0.3 
~ [zJ  0.22 -+0.05 0.24 _+0.04 0.30 -+0.04 0.35 +_0.05 

a The voltage dependence is indicated by the parameters c~[)~oo], c~[z=] and e [ z J ,  respectively; 
e* [r=] and ~* [ z J  indicate the conductance dependence of ~= and zz, respectively. The voltage 
dependence of the different parameters was determined at a constant conductance of 
)~=100~tScm -2, the corresponding conductance dependence at a constant voltage of 
V= 50 mV. In addition Vlo o represents the voltage which corresponds to a membrane con- 
ductance of )~ = 100 gS cm -2. Each value represents the mean -+SD. As membrane-forming 
solution dioleoyllecithin/n-decane was used. The aqueous phase contained 1 M KC1 and 
2.5 x 10-7 g/cm a alamethicin. For explanations see tex t .  

Table 2. Parameters ~[)oo~], c~[Zs] and ~[zs] determining the voltage dependence of 200, L 
and zI, respectively, as well as the parameters e* [~=] and e* [ z J  determining the conductance 

dependence of z= and z s as a function of the alamethicin concentration CAL = 

CAL (100 ng/cm 3) 

5.0 3.75 3.25 2.5 1.25 

c~[2o~ ] 6.7 +0.4 6.6 -+0.3 7.0 -+0.2 6.8 +0.3 6.6 +0.1 
c~*[z=] 0.58 -+0.06 0.60 +_0.04 0.57 -+0.03 0.58 _+0.02 0.56 +0.02 
~* [zl] 0.041 +_ 0.003 0.041 -+ 0.005 0.044 -+ 0.005 0.047 -+ 0.004 0.043 -+ 0.004 
c~[z=] 3.7 -+0.3 3.8 -+0.4 4.0 -+0.4 3.9 -+0.3 3.6 -+0.3 
~[~I] 0.24 -+0.07 0.3 +_0.04 0.35 -+0.06 0.35 +_0.05 0.34 +0.06 

a The voltage dependence of the different parameters was determined at a constant con- 
ductance of ),o~=100 gS cm -z, the corresponding conductance dependence at a constant 
voltage of V= 50 mV. Each value represents the mean • st). As membrane-forming solution 
dioleoyllecithin/n-decane was used; the aqueous phase contained 1 g KC1 and was held at 
11 ~ For further details see t ex t .  

of proportionality of Eq. (4) may be determined by specification of a 
voltage Vloo which, when applied to the alamethicin-doped lipid mem- 
brane, induces a conductance of 100 gS cm -2. As Table 1 indicates, V~0o 
seems to be independent of temperature. If the membrane did not break 
at high conductances of about 3-5 mS cm -2 the measurement of the 
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Table 3. Parameter eE2~o] determining the voltage dependence of 20o and the parameters 
e* [zs] and e* [zl] characterizing the conductance dependence of ~ and vj as a function of 

the ion concentration CKc ~" 

T(~ CKcl(M) 

1 0.5 0.25 0.1 

c~[2oo] 11 6.7 _+0.4 6.6 _+0.3 6.9 _+0.2 6.9 __+0.2 

c~[2~] 25 5.8 _+0.3 5.8 ___0.3 6.0 +0.2 5.9 ___0.3 
~*[z~] 11 0.58 _+0.03 0.56 +0.02 0.56 -+0.04 0.6 -t-0.03 

c~*[%] 25 0.46 _+0.04 0.49 -+0.04 0.47 _+0.06 0.47 -+0.05 
o:* [zy] 11 0.043 -+ 0.006 0.046 -+ 0.01 0.046 • 0.008 0.044-+ 0.006 

~*[zf] 25 0.041-/-0.006 0.040__.0.01 0.035-+0.003 0.031-+0.006 

a The voltage dependence of 2~ was determined at a constant conductance of2~ = 100 ~tS cm- 2, 
the conductance dependence of rs and zf at a constant voltage of V= 50 mV. Each value 
represents the mean • As membrane-forming solution dioleoyllecithin/n-decane was 
used; the aqueous phase contained 500 ng/cm 3 alamethicin. The temperature was held at 
11 ~ and 25 ~ respectively. For details see text. 

function 2~(V) was repeated at the same membrane. Before the new record 
was started the voltage was set to zero for about 20 rain. During these 
experiments the weakly voltage-dependent conductance increased from 
about 1 gS cm -2 up to 60 ItS cm-2;  sometimes 1/10 o shifted up to 10mV 
to lower values and the saturation behavior of 2~(V) started at about 
3-10 mV lower voltages (see also Fig. 2). As a consequence of this variation 
of 2oo(V) the slope ~[2~o] decreased up to 4 ~ which lies within the experi- 
mental error of e[2o~] (Table 1). If the function 2~(V) was measured first 
at 11 ~ and then recorded again at 25 ~ on the same membrane, the weakly 
voltage-dependent conductance increased up to 200ItS cm -2. Because 
we want to compare measurements obtained under similar conditions of 
weakly voltage-dependent conductance, these results were discarded. A 
similar increase of the weakly voltage-dependent conductance was not 
observed if the experiment was first performed at the higher temperature. 

As may be seen from Table 2, c~[2oo] seems to be independent of the 
alamethicin concentration CAL. Furthermore, a change of the ion 
concentration Ci~c~ in the range of 0.1 to 1 M KC1 does not influence c~[2~] 
(Table 3),whereas 2oo varies considerably. In agreement with Mueller and 
Rudin (1968) and Eisenberg et al. (1973) we found that at constant voltage 
and temperature the dependence of 2oo on CAL and CKc~ could be described 
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in terms of: 

~oo~ CAL 6['~~ " CKC1 e[x~], (V~ T=const . ) .  (5) 

Fig. 3a shows the plot  log)~oo vs .  CAL at a constant  voltage of 50 mV, 
1 M KC1 and 11 ~ The straight line yields c512oo] =9.8. The temperature  
dependence of 6[2oo] was not  investigated. Measurements  of 2oo with 
varing ion concentra t ion in the range of 0.1 to 1 M KC1 at different tem- 
peratures indicate a slight increase of the corresponding slope e[2oo] with 
decreasing tempera ture  (Fig. 3b). The straight lines drawn in Fig. 3b 
yield e [ 2 J  =5.8 at 25 ~ and e[2oo] =7.9 at 11 ~ 

The Autocorrelation Function 

The autocorrelat ion functions of a lamethicin- induced current  noise 
in lipid membranes  were measured with increasing membrane  voltage. 
At mean  membrane  conductances  2o~ > 100 nS cm -2 the autocorrelat ion 
function could be fitted by a linear superposi t ion of two exponential  
functions. A typical record is presented in Fig. 1 a. The fit of the autocorrela-  
t ion function according to Eq. (1) was carried out  by the method  of least 
squares, Fig. 1 b shows the fit of the autocorrela t ion function given in 
Fig. 1 a. The result indicates that  the shape of the autocorrelat ion function 
is characterized by two different t ime constants.  It turned out  that  the 
shape and ampl i tude of the autocorrela t ion function are more  reproducible 
functions of the mean  conductance  2o~ than  of the membrane  voltage. The 
significance of this finding will be discussed later. 

The Correlation Times 

Fig. 4a shows the slow correlat ion t ime -c s and the fast correlation 
t ime z I of a single membrane  as a function of ~,oo at CAL=250ng /cm 3, 
1 M KC1 and 11 ~ Both correlation times increase up to one order of 
magni tude  in the range of weakly vol tage-dependent  conductance  and 
level offto a linear behavior(on the logari thmic scale) for vol tage-dependent  
conductances.  The corresponding slopes of the linear por t ion of the curves 
are quite different which indicates a strong dependence of'cs on 2o0 whereas 
z I remains nearly constant.  If these slopes are described in terms of e* [Zsl 
and ~* [zf] according to the relation 

%, i()~ oo) ,-~ (2 oo)~*[~s, f] ( r  = const.) (6) 
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Fig. 3. (a) Dependence of the mean membrane conductance 2~ on the alamethicin concentra- 
tion CAL at constant voltage V=50 mV; 1 M KC1 and 11 ~ Each point represents the mean 
value of five experiments, the bars indicating the standard deviation. According to Eq. (5) the 
straight line yields 6 [ 2 j  =9.8. (b) Dependence of the mean membrane conductance 2~ on 
the concentration of KC1 (CKa) at constant voltage V=50 mV for the following temperatures: 
e, i 1 ~ o, 25 ~ The aqueous phase contained 500 ng/cm 3 alamethicin. Each point re- 
presents the mean value • of five experiments. According to Eq. (5) the straight lines 

yield e[2~] = 5.8 and ~[2~o] =7.9 at 25 and 11 ~ respectively 

one finds for the straight lines shown in Fig. 4a ~*[z~]=0.57 and 
~*[~i]=0.049. At high conductances ( 2 ~ > l m S c m - = )  -c s bends off to 
approach a constant level. The temperature dependence of z~ and -cr is 
presented in Fig. 4b. For the sake of a clearer presentation the values of 
vs and z I connected with the weakly voltage-dependent conductance were 
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Fig. 4. (a) Slow correlation time z= (open circles) and fast correlation time ~I (full circles) 
versus mean membrane conductance 2~. The experimental points represent measurements 
on a single membrane. The aqueous phase contained 1 M KC1, 250 ng/cm 3 alamethicin at 11 ~ 
According to Eq.(6) the straight lines represent the following values: c~*[~=]=0.57 and 
ct* [z:] = 0.049. (b) Slow correlation time z= (open symbols) and fast correlation time ~I (full 
symbols) versus mean membrane conductance 700. The experimental points were obtained 
from different membranes at the following temperatures: zx, A, 30 ~ % n, 25 ~ v, v, 18 ~ 
o, e, 11 ~ For the sake of a clearer presentation the results obtained for the range of weakly 
voltage-dependent conductance (shown in Fig. 4a) were omitted. According to Eq. (6) the 
straight lines represent the following slopes: e*[z=]=0.37, c~*[z:]=0.035 at 30~ 
c~*[~=]=0.49, c~*[z:]=0.042 at 25~ ~*[z=]=0.51, c~*[~:]=0.048 at 18~ ~*[z=]=0.58, 
c~*[r:~ =0.047 at 11 ~ The aqueous phase contained 1 M KC1 and 250 ng/cm 3 alamethicin 

omitted.  At constant  2~o both correlat ion times increase with decreasing 
temperature,  but  as the straight lines in Fig. 4b indicate the corresponding 
slopes e* [z=] and e*[z : ]  vary differently, e* [Zsl increases f rom 0.37 to 
0.58 for a tempera ture  reduct ion from 30 to 11 ~ whereas ~*[zz] 
remains nearly constant  at a value of c~* [-@ ~ 0.04. As may be seen from 
Table 1, c~* [z=] and c~* [~:l are only slightly different f rom membrane  to 
membrane .  Even variations of the vol tage-conductance characteristics as 
described above have no significant influence either on the slopes or on the 
absolute values of z= and ~I at constant conductance ~ .  Due to the tempera- 
ture- independent  behavior  of e* I-c:] the activation energy EA(Z:) of the fast 
correlation t ime could be determined independent  of 2~o within the range 
of vol tage-dependent  conductance;  we obtained EA(Zl)~ 12 kcal/mol. The 
activation energy EA(T=) of the slow correlat ion process changes with 
conductance (Fig. 4b); at a modera te  conductance  of 100 pS cm -2 one 
finds EA('C=) ~ 49 kcal/mol. 
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For comparison with the corresponding results of part I (Boheim & 
Kolb, 1977) *s and "c: were also plotted as functions of voltage. In the range 
of voltage-dependent conductance the slopes of zs and z: versus voltage 
could be described in terms of c~['Cs] and a[z:]  according to the relation 

L , : ( V ) ~ e x p { ~ [ L , : ] .  V. F/RT}.  (7) 

The experimental values of ~ [z~] and 0~[z:] are summarized in Table 1. 
From Eqs. (1), (6) and (7) one finds that ~[L. f] and ~* [z,, : ]  are connected 
by the relation: 

= (8) 

Using the values of e* ['Cs. :], ~ [20o] and ~ [Zs. :] given in Table 1 it may 
be easily verified that the experimentally determined values of 0~[L.f ] are 
in close agreement with those calculated from Eq. (8). 

For a change of the alamethicin concentration in the range 125 to 
500 ng/cm 3 ~* [L], ~* ['c:] as well as ~ [L] and c~ [~:] remain unchanged 
(Table 2). On the other hand, the absolute values of L and -c: behave 
differently whether the applied voltage or the mean membrane conductance 
are held constant. At constant voltage the slow correlation time increases 
with increasing alamethicin concentration, whereas , :  remains nearly 
constant. This behavior could be described by the relation: 

Ts, f ~  CAL a[zs'f] (V~ T=const.). (9) 

Fig. 5a shows the plot of log~svs. CAL and of log'c:vs. CAL at a 
constant voltage of 50 mV and 11 ~ The values of "c S and z: were partly 
determined by extrapolation. For the slope of the straight lines given in 
Fig. 5a one finds ~[L] =4.2 and ~5[~:] ~0. At constant conductance 2~o, 
however, the quantities z s and r :  appear to be nearly independent of 
alamethicin concentration (Fig. 5b). Comparison of the experimental 
errors of the slow correlation times zs presented in Figs. 5 a and 5 b show 
that zs is a more reproducible function of conductance than of the applied 
voltage. In case of-c:  both representations yield essentially the same 
experimental error. 

The variations of z~ and r :  with changing electrolyte concentration 
CKC 1 and those of their corresponding slopes ~[Zs], ~[~:], ~*[Zs], c~*[zf] 
are similar to the variations of these parameters with changing alamethicin 
concentration, e* [L] and e* [~:] show no significant dependence on CKC 1 
in the range of 0.1 to 1 M. This is also valid for c~[z~] and a[~f] which may 
be seen from Eq. (8) using the corresponding values of a[2oo], c~*[L] and 



164 H.-A. Kolb and G. Boheim 

1 

tog ('Cs,f/s] 

0 

-1 

-2 

100 
(a) 

I I I I 

V= 50 mV ~ 

300 500 
CAI/ng cm 3 

log (Ts,f/s) 

0 
{ 

-1 
%oo = 100MS cn~ 2 

I I i 

100 CA1/ng cn'i 3 300 500 
(b) 

Fig. 5. (a) Slow correlation time z~ (open circles) and fast correlation time z I (full circles) as 
a function of alamethicin concentration CAL at constant voltage V= 50 mV; 1 M KC1 and 
11 ~ Each point represents the mean value • According to Eq. (9) the straight lines 
represent the following slopes: 5[Zs] =4.2 and 6[zs] =0. (b) Slow correlation time L (open 
circles) and fast correlation time z s (full circles) as a function of alamethicin concentration 
CAL at constant mean membrane conductance .Loo= 100 pS cm-2; 1 M KCt and 11 ~ The 

data were taken according to the experiments of Fig. 5 a 

~ * [ z / ]  g iven  in T a b l e  3. A t  c o n s t a n t  v o l t a g e  the  a b s o l u t e  va lues  of  rs 

d e c r e a s e  wi th  d e c r e a s i n g  CKCX, w h e r e a s  z s r e m a i n s  c o n s t a n t  w i th in  

e x p e r i m e n t a l  er ror .  F r o m  Fig.  6 a it m a y  be seen t h a t  the  c o r r e l a t i o n  t ime  

r S a p p r o x i m a t e l y  fo l lows  the  r e l a t i o n  

72 s ~ C K C I  e[zs] (V~ T= const.) (10) 
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Fig. 6. (a) Slow correlation time L as a function of ion concentration CKC L at constant applied 
voltage V= 50 mV and an alamethicin concentration CAt = 500 ng/cm3; in the experiments 
at 25~ and with CKCL=0.1 M an alamethicin concentration of 1 gg/cm 3 was used. Open 
circles refer to 11 ~ full circles to 25 ~ According to Eq. (10) the straight lines represent the 
following slopes: e[z~] =2.8 at 11 ~ and e[z~] =2.6 at 25 ~ (b) Correlation times r~ (open 
symbols) and z I (full symbols) as a function of ion concentration CKc I at constant mean 
membrane conductance 2oo = 100  ItS c m  - 2  and at an alamethicin concentration 

CAL = 500 ng/cm 3. Circles refer to 11 ~ squares to 25 ~ 

which is analogous to Eq. (9). The straight lines plotted in Fig. 6a yield 
e['Cs] =2.8 at 11 ~ and e['Cs] =2.6 at 25 ~ At constant  membrane  con- 
ductance, however, T s and T / remain  virtually constant  for a concentrat ion 
change from 0.1 to 1 M KC1 (Fig. 6b). 
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The Correlation Amplitudes 

Under  voltage clamp conditions the current J is found to fluctuate in 
time t a round a mean value ] :  

J(t) = J q- g) J(t). 

The corresponding autocorrelat ion function of a J(t) is defined accord- 
ing to the relation: 

C ( r ) = a  a(t) . g~ a(t +'c). (11) 

The variance of the current is given by: 

C(O) =(~ J)~ = o-/. (12) 

In case of voltage-clamp experiments the variance of conductance 
fluctuations is obtained as: 

1 
C * ( O )  ~ (7)o 2 - -  V 2  �9 (Tj  2 (13) 

where 2 is the macroscopic conductance expressed in S. Figs. l a  and lb  
indicate that o-x 2 contains two components  which seem to arise from two 
different sources of conductance fluctuations. These two components  
differ in their dependence on temperature and mean conductance 2oo as 
shown in the previous section. Due to the different time scales of the fast 

and the slow process as shown in the previous section the corresponding 
current fluctuations can be measured separately by selecting appropriate 
filters. The superposition of the autocorrelat ion function of the fast and 
slow process obtained by this procedure should yield the same result as 
obtained from Eq. (1). This method of evaluation has been carried out as 
an additional check for a fit of the autocorrelat ion function of the broad- 
band amplified current fluctuations by applying Eq. (1) as follows. The 
autocorrelat ion function of a record of ~ J(t) of given length was processed 
in two different ways. First the amplitudes C s and C I of C(v) [Eq. (1)] were 
determined as usual from the autocorrelat ion analysis of the membrane  
current using a broad-band amplifier. Then C= and C I were separately 
determined from the same part  of the record. For  this purpose the broad- 
band amplified current was additionally filtered by a narrow-band filter. 
The corresponding filter positions were set to O.l . 'c=<%<5.Zs and 
5 . Z z > r y >  10 -~ sec, respectively. In both cases the output of the filter 
could be fitted by an autocorrelat ion function of single exponential 



Correlation and Spectral Analysis of Alamethicin 167 

_ _  ( n S )  Cs,f 
~ . A  

A S 
/ 0 / 0  / 0  

~ o -  

O �9 

0 

Af 

J 
O 

0.1 I I I 
-6 -5 -4 -3 -2 

tog [),m/S cg 2) 

Fig. 7. C*/2~. A (open circles) and C~/2~. A (full circles) as a function of mean membrane 
conductance 2~. A is the membrane area. The points have been calculated from the experiment 
of Fig. 4a. The aqueous phase contained 1 M KC1, 250 ng/cm 3 alamethicin at 11 ~ According 
to Eq, (15) the straight lines represent the following slopes: c~*[As]=0.07 and e*[Aj]=0  

behavior of amplitude C~ and CI, respectively. In both cases the values 
obtained for C~ and C I agreed within an error of 5 ~o which confirms 
the formulation of the autocorrelation function given by Eq. (1). Fig. 7 

, shows the parameters C~,f/2~. A, where A denotes the membrane area 
of a single membrane, as function of conductance 2 o at 1 M KC1 and and 
11 ~ C* and C~ denote the correlation amplitudes of conductance 
fluctuations which are related to the corresponding correlation amplitudes 
of current fluctuations according to Eq. (13). In the following we use the 
abbreviation: 

C~*j, 
A~,j - 20o-A (14) 

Both parameters increase strongly with 20o in the range of the weakly 
voltage-dependent conductance and bend off in the range where the 
voltage-dependent conductance appears. At high conductances 
2 o > 1 mS cm -2, A~ shows a saturation behavior similar to that observed 
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for z= (Fig. 4 a), A~ decreases significantly, whereas "c I remains unchanged 

as shown in the previous section. As Fig. 7 shows, the linear behavior of 

A= and A I vs. log 2+o may be described for the range of voltage-dependent 

conductance up to 2oo ~ 1 mS cm -2 by the relation: 

As,f,~)%~ ~*[A='s] ( r =  const.). (15) 

The straight lines in Fig. 7 were drawn using the values e* [A=] = 0.07 

and c~*[Ai]-~0. For the further considerations we restrict ourselves to 

this range of voltage-dependent conductance. It may be seen from the 

comparison of Figs. 8a and 8b that  A= and A s exhibit a quite different 

temperature dependence; Af increases with increasing temperature, 

whereas A= remains virtually constant. The activation energy EA(Af) of A I 

yields Ea(As)~lO.5kcal/mol. Comparison of the experimental values 

of A= obtained at a single membrane (Fig. 7) with the corresponding values 

obtained from different membranes (Fig. 8 a) shows the scatter of A=. 
Scatter of similar magnitude was observed for A= plotted as a function of 

voltage. ~* [A=] and c~*[Al] were determined separately for each experi- 

ment and found to be independent of temperature; mean values of 

c~* [A=] =0.08 +0.03 and e* JAIl  ~ 0  are obtained. In analogy to Eq. (7) we 

denote the parameter describing the voltage dependence of A= by c~(A=). 
From a plot A= vs. V we found e [A=] = 0.45 __+ 0.1, independent of tempera- 

ture. 

Within experimental error an influence of the alamethicin concentra- 

tion on the absolute values of A s at constant conductance as well as on 

o~* [As] and ~[A=] could not be detected; the same was found for A s and 

~* [AI] and also e[AI]. Upon decreasing the ion concentration the ampli- 

tudes of the autocorrelation function were found to decrease on the average 

Fig. 8. (a) C*/2oo" A as a function of mean membrane conductance 2~ at different tempera- 
tures: o, 11 ~ o, 18 ~ D, 25 ~ A denotes the membrane area. The conductance 2~o was 
varied by varying the applied voltage. For sake of a clearer presentation the results obtained 
in the range of weakly voltage-dependent conductance were omitted. At each temperature 
between four and six different membranes were used for the measurements. The aqueous 
phase contained 1 M KC1 and 250 ng/cm 3 alamethicin. (b) C~/2oo. A as a function of mean 
membrane conductance 2~ at different temperatures: o, 11 ~ e, 18 ~ ~, 25 ~ Experi- 

mental conditions were the same as described for Fig. 8 a 
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Fig. 9. C*/'2~ �9 A (open symbols) and C~/'2~ �9 A (full symbols) as a function of ion concentra- 
tion CKc 1 at constant mean membrane conductance 2o~=100 ~tS cm 2 and alamethicin 
concentration of 500 ng/cm 3, A denotes the membrane area. Experiments carried out at 
11 ~ are denoted by circles and at 25 ~ by squares. According to Eq. (16) the slope of the 

straight line yields ~ [As] =0.8 

proportional to the weakly voltage-dependent conductance. In the range 

of voltage-dependent conductance both A s and A s decrease to the same 

extent. According to Fig. 9 this behavior of A S and A s may be described at 

constant conductance by the relation: 

(~e[As, f] (2co = const.). As ,  f ~ ~ K C 1  (]6) 

As the Figure shows there is no significant difference between e[As]  and 

e E A f l .  The straight lines in Fig. 9 were drawn according to ~[As, s] =0.8. 

P o w e r  Spec t ra l  D e n s i t y  

Measurements of the power spectral density of the current noise were 

performed in addition to the autocorrelation analysis. Both quantities, the 

autocorrelation function and the power spectral density are correlated by 

the Wiener-Khintchine transformation (Wiener, 1930; Khintchine, 1934) 

and yield essentially the same information. In this way, the correlation 
times and amplitudes may be obtained by a second independent, experi- 

mental method. Power density measurements may therefore be used as an 

additional check that  the autocorrelation function C(z) [see  Eq. (1)] may 
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Fig. 10. (a) Conductance fluctuations of an alamethicin-doped black lipid membrane versus 
time t in the presence of single conducting pores (bursts).The membrane-forming solution was 
1 ~o dioleoyllecithin in n-decane. The aqueous phase contained 1 ~ KC1 and a nominal 
alamethicin concentration of 50 ng/cm 3 at 4~ The applied voltage was 130 inV. (b) Con- 
ductance fluctuations A, of an alamethicin-doped black lipid membrane versus time t of o n e  

conducting pore at 4 ~ and an applied voltage of 120 mV. The scale on the right denotes the 
corresponding pore states v. Experimental conditions were the same as described for Fig. 10a 

be described by a superposition of two separate single exponential func- 
tions. The power spectral density of the autocorrelation function given 
by Eq. (1) may be calculated from the Wiener-Khintchine transformation 
of C(-c) yielding a superposition of two Lorentzian curves: 

4 . " Q .  C s 4 .  "c I �9 C s (17) 
S ( f )  = 1 + (2 rcrs" f)2 4- 1 + (2 rc -c I - f)2 , 

where C~, Cz and "cs, "Of a r e  the parameters of the corresponding auto- 
correlation function described in Eq. (1). 

As additional support for the assignment of the parameters obtained 
by autocorrelation analysis and power spectral density from multi-pore 
systems of alamethicin-doped lipid membranes to single-pore parameters, 
which is outlined in the Discussion, we also performed autocorrelation 
analysis and power spectral density measurements on single-pore systems. 
Fig. 10a shows a part of a typical record of conductance fluctuations 
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Fig. 11. (a) Power spectral density S(f)  of current fluctuations induced by single conducting 
pores versus frequency f Part of the corresponding conductance fluctuations are shown in 
Fig. 10a. The power spectral density shown is an average of 16 spectra. The theoretical curve 
was drawn according to Eq. (17) using the values C~=8.2 x 10 -z* A 2, C~,=6.9 x 10 -21 A 2, 
~s= 190 msec and z i = 2 1  msec determined by the simultaneously processed autocorrelation 
function C(z) shown in the inset. For further explanations see text. Inset: Autocorrelation 
function C(z) of the current fluctuations induced by single conducting pores divided by the 
initial value C(0)= 1,51 x 10 .20 A 2 versus time ~, The autocorrelation function shown is an 
average of 65,536 summations. This analysis was done on data processed through a high-pass 
filter of 0.03 Hz. Experimental conditions were the same as described for Fig. 10a. (b) Power 
spectral density S(f )  of current fluctuations induced by one conducting pore versus frequencyf 
Part of the corresponding conductance fluctuations are shown in Fig. 10 b. The power spectral 
density shown is an average of 16 spectra. The processing of S( f )  was completed before the 
pore switched to the nonconducting state seen at the right end of the record of conductance 
fluctuations shown in Fig. 10b. The theoretical curve was drawn according to Eq. (17), using 
the values Cs=0, C I = I . 5  x 10 -2o A 2 and T i=44msec  determined by the simultaneously 
processed autocorrelation function C(z) shown in the inset. For further explanations see text. 
Inset: Autocorrelation function C(z) divided by the initial value C(0) = 1.5 x 10 -2o A 2 versus 
time ~. The autocorrelation function shown is an average of 32,768 summations. This analysis 
was done on data processed through a high-pass filter of 0.03 Hz. Experimental conditions 

were the same as described for Fig. 10b 

arising from single alamethicin pores (bursts) at 4~ 1 M KC1 and an 
applied voltage of V= 130 mV. The power spectral density S(f) (Fig. 11 a) 
and autocorrelat ion function (inset of Fig. 11a) of the corresponding 
current  fluctuations show two processes of different time behavior. The 
theoretical curve following the trace of S(f) was calculated from Eq. (17) 
using the parameters C ,=8 .2  • 10 - 2 t  A 2, CI=6 .9  x 10 -21 A 2 and 
% = 190 msec, zy -- 21 msec determined from the simultaneously processed 
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Table 4. Parameters of a single fluctuating pore in a 1 ~ dioleoyl/n-decane membrane at 
4 ~ V= 120 mV, 1 ~ KC1 and in the presence of nomlnal 50 ng/cm 3 alamethicin Re30" 

v p~ % A~ 
(~) (msec) (nS) 

2 3.0 29 0.57 
3 29.4 45 1.29 
4 51.7 69 2.36 
5 14.7 43 3.50 
6 1.2 23 4.71 

" v denotes the pore state and p~ the probability of adopting state v. % is the mean life-time 
and Av the conductance of pore state v. 1407 transitions between neighboring conductance 
states were analyzed during an observation time of 76.7 sec. 

autocorrelation function. As can be seen from Fig. 11 a, there is a reasonable 
agreement between the power spectral density and the theoretical curve 
given by Eq. (17) on the level of single-pore events. 

There is evidence that the time constant of the slower process % is 
correlated to the mean life-time of a single-pore. Statistical analysis of the 
record of current fluctuations used for the computat ion of C(-c) and S ( f )  

shown in Fig. 11 a (part of the corresponding conductance fluctuations 
are shown in Fig. 10a) yields a mean life-time of single-pores % of about 

200 msec. This value was calculated from the analysis of 350 pores. It 
turned out that the number of short-lived pores with the pattern of a single 
spike (see also Fig. 10a) is larger than expected from an exponential 
distribution of life-times. Their occurrence will be discussed later. The 
value of % agrees closely with the correlation time % = 190 msec obtained 
for the slower process from autocorrelation analysis. 

Furthermore,  we analyzed the conductance fluctuations arising from 
transitions between different neighboring conductance states within one 

pore. Fig. 10b shows the conductance pattern of one pore which exhibits 
conductance transitions between different pore states v over a longer time 
range. If the nonconducting pore state is denoted by v = 0 and the following 
conducting states denoted by v = 1, 2, 3, ..., it can be seen from Fig. 10b 
and Table 4 that the pore states with a higher probability of occurrence 
p~ are v--3, 4 and 5. Fig. 11 b shows the power spectral density and the 
autocorrelation function (inset) of one pore as shown in Fig. 10b. In both 
cases only a single t ime-dependent process of a time constant in the ms- 
range occurs. A similar behavior of the autocorrelation function was 
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Fig. 12. Power spectral density S(f)  of the current noise generated by an alamethicin-doped 
black lipid membrane versus frequency f Part of the corresponding current noise is shown 
in the inset. The power spectrum density shown is an average of 64 spectra. The mean mem- 
brane conductance was ~ = 51 gS cm-2, membrane area 7.1 x 10-3 cm 2 and applied voltage 
50 mV. The theoretical curve was drawn according to Eq. (17) using the values of C~, C f ,  % 
and zl determined by the simultaneously processed autocorrelation function C(z) shown in 
Fig. 1 a. For further explanations see text. Inset: Current noise generated by 1~ dioleoyl- 
lecithin in n-decane in the presence of alamethicin (250 ng/cm 3) at 11 ~ 1 M KC1 and an 

applied voltage V= 50 mV 

observed for the case of gramicidin A-doped lipid membranes (Kolb 

et al., 1975). 
C(Q shown in Fig. l i b  may be described by Eq.(1) using Cs=0 

and the parameter values CT=I.5 x 10 -2~ A 2 and -Cy=44msec. Using 
these parameters obtained by autocorrelation analysis for calculation of 
the power spectral density from Eq.(17) (dashed curve in Fig. l lb)  we 
find close agreement with the measured power spectral density. The same 
record which was used for processing C(Q and S(f )  was plotted by a strip 
chart recorder. From a statistical analysis of this record the life-times % 
of the pore states v were calculated (Table 4). As can be seen from Table 4 
the life-times % are in the range of 29 to 69 msec. The average and weighted 
mean value of % lies within this range and is closely related to the correla- 

tion time Zy = 44 msec. 
The inset of Fig. 12 shows the fluctuating component 6 J of the mem- 

brane current J(t) induced by a multi-pore system of an alamethicin-doped 
lipid membrane at 11 ~ 1 M KC1 and V= 50 mV. As may be seen from 
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the conductance-voltage relation shown in Fig. 2 the applied voltage 
leads to a conductance which lies within the range of voltage-dependent 
conductances. The corresponding autocorrelation function is shown in 
Fig. l a and the power spectral density in Fig. 12. As observed in the 
presence of single alamethicin pores (Fig. 11 a) both functions show two 
processes of different time behavior. A fit of the measured power spectral 
density by Eq. (17) using the corresponding values of C(~) (see Fig. 1 a) 
shows poor agreement especially at lower frequencies. In all cases an under- 
estimate compared with the measured power spectral density was observed. 
It was found that this deviation is less pronounced in the case of higher 
temperatures where both the slow and fast process appear at higher 
frequencies. 

Discussion 

In the previous section it was shown that under voltage-clamp condi- 
tions the autocorrelation function of alamethicin-induced current fluctua- 
tions may be described by a linear superposition of two exponential 
functions. The main problem of autocorrelation analysis consists in 
assigning the empirical parameters of the autocorrelation function (the 
amplitudes and correlation times) obtained from a steady-state multi- 
pore system to molecular parameters of the single-pore. The assignment 
will be done phenomenologically by comparison of the results of auto- 
correlation analysis performed on the single-pore and multi-pore level 
with those from the statistical analysis of single-pore experiments and 
from multi-pore relaxation experiments described in part I (Boheim & 
Kolb, 1977). Comparison of the autocorrelation function defined by 
Eq. (11) with the observed function given by Eq. (1) leads to the hypothesis 
that the autocorrelation function should arise from at least two sources of 
spontaneous microscopic conductance fluctuations. The experiments of 
Eisenberg et aI. (1973) who statistically analyzed the alamethicin-induced 
conductance fluctuations at moderate conductance levels up to about 
2 ~S give evidence that the observed conductance fluctuations arise from 
fluctuations in the number of pores as well as from fluctuations in the states 
of individual pores. For an interpretation of the results presented in the 
previous section we want to confirm the assumption that the two com- 
ponents of the autocorrelation function result from fluctuations in the 
number and in the states of the pores, respectively. At first in the case of 
multi-pore systems we restrict ourselves to the range of voltage-dependent 
conductance. 
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The Slow Process 

The slow correlation process which occurs in the range of 10 msec to 
5 sec exhibits a strong voltage dependence. Eisenberg et al. (1973) observed 
a relaxation process with alamethicin-doped phosphatidyl-ethanol- 
amine/n-decane membranes of similar time scale and voltage dependence. 
In order to compare correlation and relaxation processes we use the 
fluctuation-dissipation theorem (Kubo, 1957). It states that the decay of 
a spontaneous fluctuation follows on the average the same time-law as the 
relaxation from a macroscopic perturbation. A comparison of relaxation 
and corresponding correlation times on the basis of this theorem is only 
reasonable if the system under investigation exhibits identical steady-state 
properties in both types of measurements. This means that in the case of 
relaxation experiments the steady-state which is adopted after the relaxa- 
tion process has to be equivalent to the state of the system in which the 
autocorrelation function is recorded. The relaxation experiments described 
in part I show that the absolute values of the slow relaxation time as well 
as the voltage dependence of this process are to some extent dependent 
on the choice of pretreatment procedure of the membrane system before 
applying a voltage-jump. In the following we want to compare the voltage- 
pretreatment conditions of alamethicin-doped lipid membranes at which 
correlation analysis (this paper) and relaxation experiments (Boheim & 
Kolb, 1977) were performed. In the case of autocorrelation experiments 
following a zero voltage-pretreatment for 90 min the voltage-conductance 
relation 2oo(V) was recorded by increasing the voltage in steps of 5 inV. 
After an equilibration time of about two minutes the mean membrane 
conductance was measured during another 50-90 sec as described in the 
previous section. Concerning the relaxation experiments we want to 
compare with those experiments where the voltage-jump was applied 
from zero to the final voltage after the same zero voltage-pretreatment of 
the membrane which was denoted by low 2~-pretreatment in part I. The 
successive voltage-jumps were carried out with decreasing amplitude; 
after relaxation of the system to the new steady-state the final conductance 
20o was measured. Despite the fact that for both methods the function 
2oo (V) was recorded differently the results are comparable as shown below. 
If the slope of log20o vs. V is expressed in terms of ~[2oo] [Eq. (4)] both 
methods yield the same rate of increase with decreasing temperature 
(Table 1 of parts I and II, respectively). The absolute values of ~ [2oo] ob- 
tained from the autocorrelation functions as compared with those from the 
relaxation experiments are systematically shifted by about 5~o to higher 
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values. This variation could be explained by the fact that the voltage-pre- 
treatment of the membrane in the case of relaxation experiments is different 
from that used for autocorrelation analysis. At higher conductances 
2oo > 1 mS cm -2 a saturation behavior of 2oo(V) was observed under steady- 
state conditions (Fig. 2). In case of current-relaxation experiments this 
behavior of 2oo(V) was obtained after high 2~-pretreatment of the mem- 
brane, by applying a distinct voltage within the voltage-dependent con- 
ductance range to the membrane, but not for low ,Le-pretreatment. Both 
experimental methods yield a similar dependence of 2oo on the alamethicin 
and salt concentration at constant voltage. According to Eq. (5) we found 
for the alamethicin concentration dependence at 11 ~ and 1M KC1 
612o] =9.8 from autocorrelation experiments and 5 [2oo] = 11.5 from re- 
laxation experiments; for the salt concentration dependence from auto- 
correlation experiments it is found e[-2oo]=5.8 at 25~ and e[2oo]=7.9 
at 11 ~ compared to e[2oo] =4.0 at 25 ~ and ~[2oo] =7.9 at 11 ~ in case 
of relaxation experiments. Owing to the satisfying agreement of the steady- 
state properties of the systems at which the autocorrelation and relaxation 
measurements were carried out, the fluctuation-dissipation theorem is 
applicable for a comparison of the corresponding time constants. 

The voltage dependence of the slow relaxation time and of the slow 
correlation time expressed in terms of c~[Zs] [Eq. (7)] agrees closely, c~[zs] 
shows the same rate of increase with decreasing temperature independent 
of alamethicin concentration in both cases (Table 1 of parts I and II, 
respectively). The absolute values of vs shift to higher values with increasing 
alamethicin concentration at constant voltage. If this concentration 
dependence is described in terms of c5 [-c~] [Eq. (9)] we find 6 [T~] = 4.6 and 
c5[-c~] = 3.9 at 11 ~ and 1 M KC1 for the autocorrelation and relaxation 
analysis, respectively. For the ratio 5[Zs]/e[~s] where e[z~] indicates the 
salt concentration dependence of zs [Eq. (10)] we obtained the values 1.6 
(autocorrelation analysis) and 2.1 (relaxation experiments, Table 3 of 
part I), respectively, at 11 ~ The closely related results for the voltage, 
alamethicin concentration and salt concentration dependences of the slow 
correlation time and slow relaxation time indicate that both time constants 
are related to the same kinetic parameters. 

A possible explanation for the slow relaxation process has been 
proposed by Eisenberg et al. (1973). They assumed that this process of 
first order is connected with the formation and the decay of pores. As 
discussed in part I, the corresponding relaxation time should be identical 
with the mean life-time of a fluctuating pore. This assignment is confirmed 
by the results obtained by statistical and autocorrelation analysis of con- 
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Fig. 13. Simplified model of alamethicin-induced conductance fluctuations versus time t of 
a single conducting pore. The pore can adopt the states m,/3 and 7, whereby m refers to the 
nonconducting pore state. A~ and A s are the conductance levels of the corresponding pore 

states ~ and//, respectively. A s is the mean pore conductance 

ductance fluctuations induced by single pores (Fig. 10a). As described in 
the previous section the correlation time zs of the slow process (Fig. 11 a) 

agrees closely with the mean pore life-time % obtained by statistical analysis 
from the same record of events. Fur ther  evidence for this explanation of 
the slow process may be obtained from the absolute value and the voltage 
dependence of the corresponding amplitude of the autocorrelation function. 
In the case of gramicidin A-doped lipid bilayers it was shown (Kolb et al., 
1975) that  the amplitude of the autocorrelat ion function could be related to 
the mean value of the single-channel conductance. The relationship between 
both quantities could be calculated on the basis of a simple two-state model 
of channel formation. In order to obtain a similar relation between the 
variance of alamethicin-induced conductance fluctuations and single-pore 
conductances, we describe in the following the multi-state behavior of an 
alamethicin pore by a simplified two-step mechanism consistent with the 
experimental finding of two correlation times of different voltage de- 
pendence. It is assumed that the voltage-dependent step is related to the 
pore formation and decay which may be described by the reaction 

A m ~ A~. (18) 
k ~  m 

This is schematically presented by the scheme given in Fig. 13, where 
A m denotes the inactive pores, A~ the conducting pores of state/~, kin, p and 
k~,m the rate constants of forward and backward reaction between the 
states m and/~, respectively. The second step in this model is a voltage- 
independent transition to an adjacent conductance state 7: 

A ~ A  ~ ~ ,  (19) 

where A~ denotes the conducting pores in state 7, k~,~ and k~,~ the rate 
constants of forward and backward reaction between the states/~ and 7, 
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respectively. The pore states fl and ? should comprise those states of the 
multi-state alamethicin pore which show the highest probability of 
occurrence. As shown in the Appendix, within the model outlined above, 
the strong voltage dependence of the slow correlation time ~s is determined 
by the rate constants k~,,,, k,,,~ [see Eq. (A.9)]. The corresponding con- 
ductance fluctuations are related to the pore conductance A s according 
to Eq. (A.17). On the other hand, the steady-state conductance 20o may 
be described by the relation: 

A = L -  (20) 

where ~p is the mean mole number of conducting pores, z[ the mean single- 
pore conductance, A the membrane area and L Avogadro's number. 
Provided that the slow process is related to fluctuations in the number of 
pores as discussed above, then it may be seen from a comparison of Eqs. (20) 
and (A.16) that the pore conductance A S determined by autocorrelation 
analysis is equivalent to A. In the following we want to confirm this 
assumption. In the case of single-pore experiments A may be obtained by 
statistical analysis. For the fluctuation pattern of single pores partly 
shown in Fig. 10a, we obtained from 350 pores the estimated value 
/1= 1.9 nS. According to Eqs. (A.10) and (A.17) the pore conductance A s 
can be calculated using the value C~= 8.2 x 10 -21A 2 obtained by autocor- 
relation analysis (Fig. l la)  and 2~.A=0.23nS. 2s.A is equivalent to 2~.A 
which was determined by statistical analysis from the same record of 
conductance fluctuations (Fig. 10 a) used for processing the autocorrelation 
function. At an applied voltage of 130 mV we obtain As=2.1 nS which is 
in close agreement with the value of A. 

In the case of multi-pore systems the experimental values of A S are 
given in Fig. 8 a. For the voltage dependence of the mean pore conductance 
expressed in terms of a[As] in analogy to Eq. (4) we found, independent 
of temperature, alamethicin and ion concentration in the range of 0.1 to 
1 M KC1, a value of ~[AsJ =0.4+0.1.  This value which was obtained from 
a multi-pore system in di-(18:1)-lecithin membranes is in close agreement 
with the voltage-dependence of the mean conductance z[ of a single-pore 
in a di-(22:1)-lecithin membrane, where a [4]  ~ 0.35 was obtained (Boheim, 
1974). According to the relation 

As-=.4=~pvA~ (21) 
v 

where p~ is the probability of occurrence of state v and A v the corresponding 
conductance, the experimentally determined dependence of A S on voltage 
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is consistent with the interpretation that A v remains virtually constant 
within the considered voltage range, whereas the pv distributions shift to 
higher pore states with increasing voltage (Boheim, 1974). Since A= remains 
virtually constant the plots of the parameters r~s, "Cy, C S and Cy determined 
by autocorrelation analysis versus 2~ are according to Eqs. (20) and (21) 
plots virtually versus Np, the number  of pores. Therefore at constant 2 o 
scatter of these quantities, which possibly arise from variations of CAL at 
the membrane-water interphase, are partially compensated by variations 
of the applied voltage, so that Np remains virtually constant. The less 
scatter found if these parameters are plotted versus 2o~ instead of Vindicates 
that r=, "el, C= and C I are mainly dependent on Np and to a lesser extent on V. 

The absolute value of A S determined from autocorrelation analysis at 
1M KC1, l l~  250ng/cm 3 alamethicin and V = 5 0 m V  yields A==I.1 
_+ 0.2 nS. From the single-pore data presented in part I, A may be estimated 
as follows. Using Eqs. (A. 16) and (A. 18) of part I and the value of i5 I--c=] -- 4.2 
we find for the mean pore state V ~ 3.7 whereby the pore state v = 0 (v can 
adopt the values 0, 1, 2, 3, ...) corresponds to the nonconducting pore 
state. The mean single-pore conductance z[ may be estimated from the 
results of single-pore experiments according to the relation A ~ Ag, where 
A9 denotes the conductance which corresponds to the mean pore state V. 
Using the values of A~ at ~ = 3.7 (see Fig. 1 a of part I) we obtain A ~ 2.6 nS 
at V-- 100 mV. The comparison shows that in the case of the multi-pore 
system A obtained by autocorrelation analysis is about half the value as 
estimated from single-pore experiments. As pointed out in part I, the 
value of A~ seems to increase with increasing incubation time. As a tenta- 
tive explanation this effect could be caused by an increase of the mean 
length of the a-helix of alamethicin monomers in contact with the hydro- 
phobic membrane interior (Jung, Dubischar&Leibfri tz ,  1975) which 
would lead to a shortening of the fl-bend part and/or by a thinning of the 
membrane. In single-pore experiments a few pores of higher conductances 
A, are excited by applying a voltage than in the case of multi-pore experi- 
ments. This variation might arise from a distribution of monomers with 
respect to the length of the e-helix, whereby molecules with a larger 
e-helix are more likely inserted into the membrane. 

As Fig. 8 a shows A= remains constant within experimental error for a 
temperature range from 11 to 25 ~ Fig. 8a indicates that according to 
Eq. (21) A~ and p~ should change as functions of temperature in such a way 
that A= remains constant. In part I it was shown that A~ increases with 
increasing temperature, therefore p~ has to decrease just leaving A= con- 
stant. 
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The Fast Process 

From the statistical analysis of single-pore events there is now con- 
siderable evidence that the conducting pore consists of several aggregated 
alamethicin molecules. After formation of a pore it first adopts its lowest 
conductance level and thereafter higher states in a consecutive sequence 
(Eisenberg et al., 1973; Boheim, 1974; Gordon & Haydon, 1975, 1976). 
The probability distribution p~ of the pore states v calculated from single- 
pore events shows that a pore adopts the 2-3 most probable states during 
70-90 9/oo of its life-time (Boheim, 1974). Therefore it seems reasonable to 
assume that transitions between these most probable conductance levels 
give the main contribution to the autocorrelation function. It is shown in 
Table 4 from the statistical analysis of a single-pore that the mean life- 
times , ,  of the three most probable pore states v=3,  4, 5 (at 4~ and 
1 M KC1) are quite similar. The absolute values of the fast correlation time 
z I and the mean life-times , ,  at 11 ~ (part I) differ by a factor of about 
three, but both quantities exhibit an activation energy of about 12 kcal/mol. 
F romthe  statistical analysis of single-pores (Boheim, 1974)only a weak volt- 
age dependence of the mean life-time z~ of the most probable pore state v is 
obtained and a similar behavior is found for -c~. (Fig. 4b). Further support 
for the assignment that the fast decaying component  of the autocorrelation 
function arises from transitions between the most probable conductance 
states of a single-pore described by Eq. (19) comes from the analysis of the 
autocorrelation amplitudes obtained from the following experiments. 
First we carried out the autocorrelation analysis of current fluctuations 
of a single pore which were only generated by transitions between different 
states of conductance (Fig. 10b). In this case the autocorrelation function 
exhibits a single exponential behavior (Fig. 11b). The corresponding 
correlation amplitude C I can be related to the mean value of the conduc- 
tance difference A~ + 1 - A~ between neighboring conductance levels A,+I 
and A, according to the relation [Kolb et al., 1975; see also Eq. (A.17)]: 

Cs 
V2. 2o~ . A 

gA~+: - A , .  (22) 

In the following we define: 

A~+ 1 - A ~ =  AA, .  (23) 

As may be seen from Fig. 10b in the case of a fluctuating pore the 
relation 2~ �9 A ~ A A 4  = 1.1 nS holds. Using the value Cf = 1.5 x 10 -2o A 2 
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determined at 120mV (Fig. l l b )  we obtain from Eq. (22) AA~=0.95 nS 
compared to 0.5 (A 5 - A 3 ) =  1.1 nS. 

In view of this analysis we see that the baseline of the fast fluctuation 
process is approximately given by the pore state v=3.  F rom this level 
transitions between the different pore states start. On the other hand, the 
highest conductance level occurring with high probability is given by v = 5, 
whereas level v = 4 indicates the mean value of the conductance fluctuations 

between the pore states. With regard to the two-step model (Fig. 13) we 
have to correlate the levels/~ and 7 in the following way to obtain the above 
given approximated results: fl = 3 ; 7 = 5. 

With 

200" A =  (AS -Ag)+(A4-A3) 
2 ~ A A 4 (24) 

and the definition of (A s -Ae)  (see Fig. 13) it follows 

) - :  - Aa).  ( z s )  

In the following we define 

A I =�89 (A~ - Ae). (26) 

If we choose fl and 7 in the above given way, the mean difference of 
neighboring pore states is obtained in a satisfying approximation from the 
autocorrelat ion amplitude as demonstrated above for AA~. A comparison 
of the conductance pattern of a single-pore (Fig. 10b) with the simplified 
model presented in Fig. 13 shows that the mean pore conductance which 
lies between the pore states v = 3 and v = 5 at 4 ~ (a mean pore state ~ = 3.8 
is calculated from the data given in Table 4) has to be located between the 

states/3 and 7. 
As shown in the Appendix in the general case of two coupled processes 

A~ can be calculated from the product  of C I and C= according to Eq. (26) 
and Eqs. (A.10) and (A.20). In Fig. 14 A I is plotted as a function of voltage 
for the multi-pore systems investigated at different temperatures under the 
assumption of K = 1 for equal occupancy of states fi and 7. (The estimate 
K = 1 is justified because, according to the definition of states fl and 7, the 
maximum value of p~ is assumed between states fi and 7.) Within experi- 
mental error A I is virtually voltage-independent. A similar result may be 
seen for A v obtained from the statistical analysis of single-pore events for 
the considered voltage interval (Eisenberg et al., 1973 ; Boheim, 1974). This 
finding supports the hypothesis based on the model outlined above that 
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Fig. 14. Az as a function of mean membrane conductance 2~o at different temperatures: 
o, 11~ e, 18~ n, 25~ A I was calculated from Eqs. (A.20) and (26) using the values 
presented in Fig. 8b and the corresponding data of Fig. 8a with K = 1. For further explana- 

tions see  t ex t .  The aqueous phase contained 250 ng/cm 3 alamethicin and 1 M KC1 

A/ is an estimate for the mean difference of neighboring conductance 
levels of single pores. Further evidence for this assignment may be seen 
from a comparison of the corresponding activation energies; we find 
E(A/) ~ 5 kcal/mol and E(A~) ~ 4 kcal/mol (part I). In order to compare the 
values of A S and A /wi th  corresponding values obtained from single-pore 
experiments and because the absolute values differ by a factor > 2  we use 
the ratio As/A / which is given from Eqs. (A.10), (A.17) and (A.20) by 

As 
(27) 

Af 1 + K [ /  Cf 

Using K = 1 (see above) we find at 11 ~ and an applied voltage of 
60 mV the value As/A~,~,I.4. From the statistical analysis of single 
alamethicin pores in di-(22: 1)-lecithin membrane at 11 ~ and V= 63 mV, 
~=3  (Boheim, 1974) we can calculate the corresponding ratio A/AA~ 
yielding the value 1.5. The analysis in di-(18:l)-lecithin membranes 
(part I) shows that the data are also in agreement with ~ = 3. This value is 
similar to ~ = 3.7 estimated above. At 25 ~ we obtain from multi-pore 
experiments the ratio As/A / ~ 1.0. This implies that the conductance level 
i = 2 . 3  of the pore is preferentially adopted. From Eqs. (A.16), (A.17) and 
(18) of part I and the data of Table 1 (this paper) we obtain ~ 2 . 6 .  
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Recently Moore and Neher (1976) have published an autocorrelation 
function of an alamethicin-modified dioleoyl-L-cMecithin/cholesterol/n- 
decane membrane at V= 50 mV, 1 M KCI, 10- 8 M alamethicin and 21-23 ~ 
They reported about a single correlation process of a time constant of 
about 8 msec (estimated from Fig. 6 of their publication). This correlation 
time lies in the range of the time constant we found for the fast process. 
Under comparable experimental conditions of Moore and Neher we found 
for dioleoyl-L-e-lecithin/n-decane membranes ~j-~4msec. As might be 
seen from Fig. 4b one should expect a second slower correlation process 
with a time constant of about 0.1 sec. 

As pointed out above the correlation amplitude of the slow process 
should be related to the mean conductance of a single alamethicin pore. 
But as Eq. (A.20) shows the correlation amplitude of the fast process which 
is generated by fluctuations between different conducting states of a given 
pore cannot directly be related to a mean unit step conductance. Therefore, 
the assignment described by Moore and Neher (1976) of the ratio of the 
fast correlation amplitude C~ and the mean steady-state conductance 
,~  �9 A to a weighted average of the multiple conductance levels is incorrect 
as in the case of alamethicin two coupled processes exist. 

Range of Weakly Voltage-Dependent Conductance 

In the range of weakly voltage-dependent conductance we observe a 
strong increase of-cs, zl (Fig. 4a) and A~ (Fig. 7). As may be seen from the 
values of C~ and C* for this conductance range (Fig. 7) using Eqs. (A.20) 
and (26) also AI strongly increases. The absolute values of z I and "c S are 
up to a factor of 5-7 lower than the corresponding correlation times 
measured at the beginning of the voltage-dependent conductance range. 
The slow and fast processes observed in the range of weakly voltage- 
dependent conductance seem to represent a different kind of alamethicin- 
induced conductance fluctuations as described above for the voltage- 
dependent range of conductance. If we use the relation given by Eq. (20) 
for 2~o and the values of A s obtained for the range of weakly voltage- 
dependent conductance (Fig. 7), we find a decreasing number of pores with 
increasing conductance in this range. A tentative explanation of this 
finding may be given on the basis of the mechanism of preaggregate and 
pore nucleus formation proposed in part I. The alamethicin concentration 
dependence of the pore formation rate # expressed in terms of 6[#] was 
found to be about 6 for the range of voltage-dependent conductance 
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(Table 2 of part I). As was pointed out this exponential factor has to be 
less than or equal to 6 1 2 j  and reflects the mean number of molecules 
incorporated in a preaggregate. Roy (1975) reported for the range of 
weakly voltage-dependent conductance the value ~[2oo3~2 to 3. If the 
proposed relationship between c5[-#] and the number of constituents of 
the preaggregate is applied also for this conductance range the relation 
6 [20o] > 6 [#] would imply preaggregates consisting on the average at the 
most out of 2 to 3 alamethicin molecules. A tentative explanation of the 
findings mentioned above will therefore be given on the basis of preaggre- 
gates of variable size. With increasing voltage the number of pores prefer- 
entially generated from preaggregates of larger size could cause a decrease 
of the number of preaggregates with a lower number of constituents 
leading to a decrease of the mean number of conducting pores. The strong 
increase of the correlation times as well as the correlation amplitudes with 
increasing conductance in the range of weakly voltage-dependent con- 
ductance which is significantly different from that found in the range of 
voltage-dependent conductance could be explained by a faster kinetic 
behavior of short-living pores formed from small preaggregates. Further 
evidence for this interpretation may be given by the single-pore experi- 
ments described above. The fast correlation time obtained from a single- 
pore fluctuating for a long time between neighboring pore states yielded 
46 msec (Fig. 11 b) whereas the fast correlation time obtained from different 
relatively short-living single-pores yielded 21 msec (Fig. 11 a). In the latter 
case the faster correlation time may be caused by the appearance of short- 
living spikes always observed on the single-pore level (Fig. 10a) of only 
one or two conducting states of lower amplitude as compared to the pores 
which exhibit a clear distinguishable pattern of different conducting levels. 

Range of High Conductances 

In the range of high conductances 2oo>1 mS cm -2, we observe a 
saturation behavior of 2oo (Fig. 2) as well as of the slow correlation time zs 
whereas zs remains unchanged (Figs. 4a and b) in accordance with the 
results obtained from the corresponding relaxation experiments (part I). 
Using the data presented in Figs. 2 and 4a it may be seen that the formation 
rate # remains nearly constant in this conductance range. Furthermore the 
finding of a constant mean single-pore conductance (Fig. 7) implies a 
restriction in the size of the alamethicin pores with increasing voltage. A 
constant pore size would be consistent with the observation of a constant 
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mean life-time -q of the pores. A likely explanation of the saturation 
behavior may be given if the pores of the multi-pore system interact, i.e. 
no longer fluctuate statistically independent. Using the relation (A.16) 
and the data of Fig. 7 we obtain a mean distance of the pores of about 
500/~ which seems too large for an interaction of the pores. But an inter- 
action of the pores could occur if they are present in clusters as proposed 
for multi-pore systems of gramicidin A-modified lipid membranes (Kolb & 
Bamberg, 1977). Another possible explanation would be given by a 
limited number of active monomers in this conductance range (part I). 

Ion Concentration Dependence 

In the following we consider the dependence of the autocorrelation 
function on ion concentration measured in the range of 1 to 0.1 M KC1. We 
restrict ourselves to the range of voltage-dependent conductance and 
consider the dependence of rs and -c• on ion concentration at constant 
membrane conductance but varying number of pores Np. A decrease of 
the ion concentration by one order of magnitude causes an about eightfold 

decrease of the mean pore conductance A s [see Eq. (A.17) and Fig. 9-1. At 
constant membrane conductance this implies according to Eqs. (20) and 
(21) an about eightfold increase of the mean pore number N v . This situation 
is similar to that at constant ion concentration where a 10-fold increase 
of 2~ causes an equivalent increase of @ since A s remains virtually constant 
(Fig. 8 a). However, as might be seen from Fig. 4 b an increase of Np by one 
order of magnitude causes an increase of rs by about a factor of three 
slightly dependent on temperature whereas "c I remains almost constant. 
Therefore, a similar increase of'c~ would have to be expected for an increase 
of Np in the ion concentration range of 1 ~ to 0.1 M. As Fig. 6b shows ~ 
increases for an ion concentration change from 1 to 0.5 M but at lower 
concentrations r~ as well as zz decreases. A tentative explanation for this 
finding may be given by an electrostatic influence of the ionic strength on 
the kinetic parameters of a single-pore as observed in the case of gramicidin 
A-doped lipid membranes (Kolb & Bamberg, 1977). In the latter case an 
electrostatic stabilization of the channel leading to longer pore life-times 
with an increasing ionic strength was proposed. 

The mean pore conductance was found to vary linearly on a log/log 
scale with a slope of 0.8 within this ion concentration range (Fig. 9). A 
similar result may be obtained for AA,  using the experimental values 
shown in Fig. 9 and the Eqs. (A.20) and (25). This implies that the prob- 
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abilities p~ of the pore states v remain virtually constant within this ion 
concentration range whereas A~ varies with a constant slope of 0.8 which 
is in agreement with the results of Eisenberg et al. (1973). 

The authors wish to thank Prof. P. L~iuger for helpful discussions and for critically 
reading the manuscript. This work has been supported by the Deutsche Forschungsgemein- 
schaft (Sonderforschungsbereich 138). 

Appendix 

In the following we give a derivation of the correlation times r s and ~: 
and of the pore conductances A~ and A~ -A~  based on the model schemati- 
cally presented in Fig. 13 and described by the two reaction steps of Eqs. 
(18) and (19). 

Corre la t ion  T imes  

According to the fluctuation-dissipation theorem (Kubo, 1957) the 
correlation times may be calculated from the corresponding relaxation 
processes. If the second reaction [Eq. (19)] is much faster than the first one, 
the differential equation for the fast step is given by" 

dc~ 
d t  = k/s, ~ c ~ -  k~,~ c~ (A.1) 

where cr and c~ are the concentrations of the conducting pores in state fl 
and ~/, respectively. As the total concentration of pores does not change 
during the fast process it is obvious that 

A c~ = - Acr (A.2) 

for the change of the equilibrium concentration of ~ and ~ ,  respectively. 
Substituting ~ +A cp for c~ and ~ +A c~ for c~ in Eq. (A.1) and employing 
Eq. (A.2) leads to the fast correlation time 

"Of-- 1 = kfl, ~ q- k~, 8" (A.3) 

The initial slow reaction step [Eq. (18)] requires besides Eq. (A.1) the 
differential equation: 

dc~ 
d t  = kin, ~ cm + ky, ~ c~ - (kts ' m + k~, ~) c~ (A.4) 

where % is the concentration of inactive pores. 
Eqs. (A.1) and (A.4) combine to'  

dc~ _ kin, ~ c~ - ks, m C~ (A.5) 
d t  
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where Cp 
re la t ion  
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denotes the concentration of conducting pores given by the 

Cp = c~ + cy. (A.6) 

Assuming equilibrium between c~ and c~ according to the relation 

c~ = K �9 c~ (A.7) 

where K is the equilibrium constant, one derives from stoichiometry and 

conservation of mass for the slow process: 

A c ~ = K .  Ac~. (A.8) 

If one assumes that during a concentration fluctuation of cp and c~ the 

sum of concentrations of inactive pores % and active pores cp is not 
affected and employs Eqs. (A.6), (A.7) and (A.8) one finds for the slow 

correlation time "c S related to fluctuations in the concentration of conduct- 

ing pores: 

km +K)+ke  m 
"cs -1 = ' ' (A.9) 

I + K  

Pore Conductances 

In the Results section it has been shown that owing to the different 
time scales of the fast and the slow process the corresponding current 
fluctuations can be measured separately by selecting appropriate filters. 

In both  cases a single exponential term was obtained for the autocorrela- 

tion function. The amplitude of the autocorrelat ion function is the corre- 

sponding variance of the current fluctuations. According to Eqs. (1) and 
(13) we may write for the ampli tude of the autocorrelat ion function C(z): 

C(O) = C s + Cy = V 2 (crx 2 + o-2f) (a.10) 

where cr~ 2 and crxf 2 are the variances of the slow and the fast fluctuating 

part  of the conductance 2, respectively. The variances of conductance will 

be calculated using the relation (Tolman, 1962): 

k T  2 
o, [ dZ G ~ (A.11) 

\ Jo=. 
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where n is the mole number of the randomly fluctuating variable and G the 
Gibb's free energy of the corresponding enclosed system, k is the Boltzman 
constant and T the absolute temperature. Here the random variables are 
given by nm, nr and G, respectively. For the reaction scheme given by Eqs. 
(18) and (19) we find: 

dG = #m dnm + #~ dn~ + #~ dnT, (A.12) 

where #,,, #~ and #~ are the chemical potentials of A,,, A~ and A~. Assuming 
dnm ~ 0  (see above) and equilibrium between n~ and n~ given by the rela- 
tion: 

and using Eq. (A.6) we find for the slow process" 

(A.13) 

dG = #~. dnv, (A.14) 

where n v is the mole number of conducting pores. Using Eqs. (A.7) and 
(A.11) we find: 

~r 2 1 n p  _ _  

~p L '  (A.15) 

where L is Avogadro's number. As Rice (1944) showed, Eq. (A.15) should 
be valid for statistical independent pores. If we write for the macroscopic 
conductance arising from the slow process [see Fig. 13 and Eq. (18)-1: 

2~(t) .A = L . n p ( t ) .  A~ (A.16) 

we find from Eq. (A.15) 

0-2 
A s  __ 2s L~.A (A.17) 

for the pore conductance related to the slow process. Correspondingly we 
find for the fast process using Eqs. (A.7), (A.11) and (A.12): 

a 2 1 
l l y  - -  

g~ L. (1 +K)" (A.18) 

Using for the conductance arising from the fast intrapore transitions 
between the conductance states fl and Y the relation (see Fig. 13): 

2:(0 .  A = L . n,(t) . (A s -  A:) (a. 19) 
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we find from Eqs. (A.6), (A.7), (A.16), (A.17) and (A.18) the relation 

] /  ;ts " 2y A~-A~ ( I + K )  . ~ ~  .2 a 2 
- 2 s . A  k- 

for the conductance difference (A s -  A~) related to the fast process. 

(A.20) 
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