Biophysical Chemistry 12 (1980) 21--34
© North-Holland Publishing Company

NOISE-CURRENT GENERATED BY CARRIER-MEDIATED 10N TRANSPORT
AT NON-EQUILIBRIUM

Hans-Albert KOLB and Eckart FREHLAND

Fachbereich Biology and Physics, University of Konstanz,
D-7750 Konstanz, Germany

Received 6 August 1979
Revised manuscript received 9 January 1980

The measured spectral intensity Sy(/) of noise-current generated by carrier-mediated ion transport on bilayer mem-
branes agrees under equilibrium and nonequilibrium conditions with the theoretically predicted behavior. It is shown that
the shot noise intensity due to this ion transport mechanism yields a frequency independent level of Sy(f) at higher fre-
quencies. The intensity of the shot noise contribution decreases with increasing voltage. Both experimentally and theoret-
jcally it could be shown that at nonequilibrium the Nyquist-theorem can no longer be applied for a description of the spec-
tral intensity. Especiaily, the low frequency tail of Sy(/) is not proportional to the mean macroscopic steady state conduc-
tance. The transition of S3(f) between the low and high frequency limit occurs in a frequency range which is related to
the relaxation time constants of the transport system. In contrary to voltage jump current relaxation cxperiments where
two relaxatior times arc predicted the theory predicts for the noise analysis a third relaxation time constant of a non-zero
contribution t.: 33(f)- Besides the measurement of Sj(f) the corresponding autocorrelation function was determined. Com-
parison of both methods of noise analysis shows that for the carriecr-mediated ion transport the determination of the auto-

correlation function is the less appropriate approach due to principal methodical difficulties.

1. Introduction

From the analysis of the electrical noise generated
by ion movement across biological and artificial mem-
branes information about the underlying molecular
transport mechanisms may be obtained [1—4].

Recently Kolb and Lauger [5] could analyze noise
current associated with carrier-mediated ion trans-
port through lipid bilayer membranes under equilib-
rium conditions. The spectral intensity of the noise
current was found to be frequency independent both
at high and at low frequencies and in between a two
dispersion region occurred at frequerncies fj = 1/277
and f, = 1/2n7, where the intensity mcreases with
frequency. Due to the fluctuation dissipation theo-
rem [6,7] the time constants 7; and 7, are identical
with the two relaxation times of a corresponding
voltage-jump current-relaxation experiment [8].

In the present paper we deal with the experimen-
tal and theoretical analysis of noise current gener-
ated by carrier-mediated ion transport under non-

equilibrium steady-state conditions by applyinga
constant voltage across the membrane. As carrier-ion
system we used the ammonjum-ion transport medi-
ated by the macrotetrolid tetranactin. The results
for the kinetic parameters ochtained at different ap-
plied voltages will be compared with previous studies
of carrier-mediated ion transport where either the
voltage-jump method [9,10] (for extensive refer-
ences to literature see Stark [111), the charge-pulse
technique [12,13] or the temperature-jump method
[14] were used.

It will be shown that the general shape of the meas-
ured spectral intensity at the non-equilibrium state
compared to the equilibrium state [5] does not
change. But compared to the equilibrium case where
experimentally only a single dispersion could be re-
solved with increasing constant voltage the frequen-
cy dependent part of the spectrum has to be de-
scribed by at least a superposition of two dispersions.
The high-frequency tail of the spectral intensity,
which represents the intensity correlated to the shot
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noise of this ion-transport mechanism, decreases
strongly in amplitude with increasing voltage, where-
as the low-frequency part was found to be nearly in-
dependent on voltage. Under equilibrium conditions
the latier part of the spectrum was found to be pro-
portional to the macroscopic conductance of the
membrane in agreement with the prediction due to
the Nyquist theorem [5]. It will be shown that for
the used ion-transport system the Nyquist theorem
is no longer applicable for the non-equilibrium state.
Therefore under steady-state conditions the ma-
croscopic conductance cannot be derived from the
spectral intensity of noise current but has to be meas-
ured by an independent measurement.

The shape of the spectral intensity could theoret-
ically be described on the basis of a formalism de-
rived by Frehland [15] for the treatment of noise
current around steady-state in discrete transport sys-
tems. In addition to the two relaxation times which
describe the kinetic behavior of the carrier-mediated
jon transport in voltage-jump current-relaxation ex-
periments [8], the theory predicts for the spectral in-
tensity of noise current around steady-state the ap-
pearance of a third relaxation time with a contribu-
tion different from zero in amplitude. This relaxa-
tion time is related to the carrier-ion adsorption and
desorption process at the membrane solution inter-
face.

Besides the measurement of the spectral intensi-
ty also the corresponding autocorrelation function
was determined. Both functions are correlated by
the Wiener-Khintchine theorem and should theoret-
ically contain the same information. But it will be
shown that for the investigated type of noise current
the theoretical interpretation of the measured auto-
correlation function is restricted for methodical rea-
sons and therefore appears to be the less appropriate
experimental app-oach for the noise analysis of car-
rier-mediated ion transport.

2. Theory

The noise analysis of carrier-mediated ion trans-
port at steady-state will be based on the model which
has already been used for the treatment of voltage-
jump relaxation experiments [16,8]. This model as-
sumes that complex formation between the ion M”

and the carrier molecule S occurs at the membrane-
solution interface and may be described by overall
rate constants kg (association) and &y, (dissociation).
The translocation of the charged complex M™S across
the membrane is treated as a first-order reaction char-
acterized by a rate constant ky;5- The back transport
of the free carrier S is described by the rate constant
kg. We assume that only &g is dependent on voltage
which may be described due to the Eyring theory
[16]:
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where Kyyg and kyig are the rate constants of trans-
location from the left to the right and from the right
to the left interface, respectively. u denotes the re-
duced potential whereby " and ¢’ are the electrical
potentials at the left- and right-hand aqueous bulk
phase; R is the gas constant, T the absolute tem:per-
ature and F is Faraday’s constant. The approxima-
tion of the voltage dependence of the translocation
rate constants by a simple exponential behavior as
well as neglecting any voltage dependence of kg and
kp will be discussed later.

Since the exchange ¢ f carrier molecules between
membrane and water ¥, a very slow process we as-
sume that within the ti..ne scale of the ion transport
across the membrane th.e to'al carrier concentration
N in the membrant is timz-independent [17]

Ny = Ns(t) + Né’(t) +NMS(t) + Nys(0), (2)

Ng(), Ng(1), Nyyg(#) and N, as(?) are the interfacial
concentratwns at the left (') and right (") interface,
respectively. On the basis of the transport model de-
scribed above the spectral intensity of noise cur-
rent around steady-siate can be calculated using the
formalism derived by Frehland [15] for discrete
transport systems as outlined in appendix A and B.

One obtains for the spectral intensity S3{(f) of
noise current the relation (eq. (B9)):
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det A

B= T (12)
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Under equilibrium conditions the macroscopic cur-
rent vanishes (7 = 0), therefore it follows from eq. (7)
that the contribution to the spectral intensity (eq.
(3)) due to the relaxation time 73 = 1/271f3 (eq. (4))
disappears.

From the frequency dependence of Sy(f) given by
eq. (3) a frequency-independent behavior of Sy(/)
has to be expected both at low and at high frequen-
cies. The low-frequency limit may be derived from
eq. (3) and reads:
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(14)
It was derived by Kolb and Lauger [5] on the basis
of the Nyquist theorem [18] that under equilibrium
conditions S3(0) given by eq. (14) is proportional to
the macroscopic membrane conductance A. In appen-

dix C it is shown, that at non-equilibrium (J % 0) this
proportionality fails since the Nyquist theorem can
no longer be applied. For the high frequency limit

of §3(f) one obtains from eq. (3) the relation:

Sy(o) = 227 (kg N Nys+ Kys M MS) (15)

It can easily be seen that the right-hand-side of this
equation accounts for the total number of charge
jumps across the membrane. Eq. (15) therefore ac-
counts for the spectral intensity generated due to the
shot noise [19] of the carrier-mediatad ion transport.

3. Material and methods

Black lipid bilayer membranes were formed in the .
usual way [20] from a 2% (w/v) solution of mono-
glyceride (Nu Check Prep., Elysian, Minn.) with C»>
cis-mono-unsaturated fatty acid chains (monoerucin)
in n-decane (Merck, standard for gas chromatography).
The lipids contained about 98% of the 1-isomer and
gave a single spot in a thin-layer chromatogram. As
carrier substance the macrotetrolid tetranactin dis-
solved in ethanol was used which was added from a
stock solution (10—% M) in different amounts to the
electrolyte solution. NH,Cl and LiCl were of analyt-
ical reagent grade from Merck and used as unbuffered
salt solutions (pH ~ 6).

Prior to membrane formation, the Teflon cell with
inserted Ag/AgCl clectrodes was incubated for about
3 hrs with the aqueous solution at room temperature.
The measurements were started 40—50 min after the
membrane had turned completely black. The circular
hole in the Teflon wall between the two thermostated
aqueous bulk phases had an area of about 0.25
mm?2. The area of the black membrane was determined
with a calibrated scale of an ocular. The use of a selec-
tive small membrane area is due to the increasing in-
fluence of the background nocise level especially at
frequencies above 2 kHz as described previously [5].

The spectral intensity S3(f) of noise current of the
black film was measured at different applied constant
voltages, as described previously [5,21], using some
minor modifications as stated below. The instantane-
ous current was usually preamplified by an operation-
al amplifier (Analog Devices Model 52K) with con-
stant feed-back resistance of 20 MS2 and a feed-back
capacitance of 1 pF. Besides that, within an experiment
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the preamplification could be switched to a selected
amplifier of low noise-current (Burr Brown Model
3523L) with a constant feed-back resistance of 500
M. The latter was used to investigate the influence
of the noise current contribution of the preamplifier
at lower frequencies (f < 10 Hz) on the level of the
spectral intensity generated by the carrier-mediated
ion transport. A theoretical description of the con-
tribution of the background noise current generated
by the preamplifier to the overall noise current was
previously given [5]. The output of the preamplifier
was fed into the main amplifier (Princeton Applied
Research Model 113) which was used in the ac-cou-
pled mode with a lower cut-off frequency f} of usual-
Iy 1 Hz and a higher cut-off frequency /5 of 300 kHz.
The upper frequency limit is then mainly determined
by the low pass filter of the feed-back circuit (f, < 8
kHz). §3(f) of the noise current was processed on-
line with a Hewlett Packard 5420 A digital analyzer.
The recorded spectrum usually was an average of 512
or 1024 summations. The corresponding autocor-
relation iunction Cj(7) was processed with a hard-
ware cor.elator (Honeywell-SAICOR Model 43A).
The further handling of the processed spectra was
performed on-line with a Hewlett Packard computer
(Model 9825A). The results were graphically display-
ed on a Hewlett Packard plotter (Model 9872A). The
measured spectral intensity Sy(f) was fitted by the
theoretically obtained relation for S;(f) {(see eq. (3))
in the frequency range of about 0.8 Hz up to max-
imal 3.2 kHz by the method of least squares. The
upper frequency limit was adapted to the actual shape
of the spectrum to obtain optimal resolution in the
frequency scale and was increased with increasing
applied voltage as outlined in section results. Under
optimized experimental conditions (zero applied
voltage, 1 M NH,Cl, 10—7 M tetranactin, T = —5°C)
also the corresponding autocorrelation function
C3(7) of the noise current was processed and com-
pared with the theoretical derived relation. In this
case the actual filter setting of f; and f, leads to
a distortion of the shape and amplitude of Cy{7)
given by eq. (B7). The influence of the filtering
of the membrane current on Cy(7) may be described
by the relation [22]

;) = [ 180012 8,) cos (2afr) df, (16)
0

where S3(f) is given by eq. (3). lg(_f)i2 describes the
filter transfer function. For the used RC-band pass
(i <r<r) 12())2 is defined by the relation:

O =212+ 103 + 1), an

Using eqgs. (3), (16) and (17) one obtains for the auto-
correlation function of the filtered noise current the
relation:
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4. Results

The spectral intensity S;(f) of the noise current
generated in the presence of 10~7 M tetranactin and
0.1 or 1 M NH,4CI was recorded at different voltages
for T'= —5°C. The result of a typical experiment ob-
tained on a single membrane is shown in fig. 1. With
the used experimental set-up the influence of the
background noise on the spectral intensity of carrier-
mediated ion transport is negligible for frequencies
below about 2 kHz [5]. Therefore a low incubation
temperature was used to slow down the kinetic be-
havior of the carrier-mediated ion transport. At T =
—5°C it was possible even at higher voltages where
the kinetics of the transport process accelerates and
the amplitude of the spectral intensity at higher fre-
quency decreases (see below) to analyze the com-
plete dispersion region of Sy(f) without a significant
influence of the processed spectral intensities due to
the background noise. The shape of the spectral
intensity due to the background noise may be
seen from curve a of fig. 1 were LiCl was used in-
stead of NH,Cl. Since Li" is not transported by te-
tranactin a resistance R, was added in parallel to
the membrane to simulate the thermal noise behavior
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Fig. 1. Spectral intensity 53(/) of noise current from a lipid
bilayer membrane in the presence of 10~7 M tetranactin for
increasing voltage. The applied voltage was changed in steps
of 25 mV. For clearer arrangement the curve processed at

¥V = 25 mV is not shown. Aqueous solution: 1 M NHaCL T
= —5°C. Membrane forming solution: monoerucin/n-decane,
membrane area A = 0.25 mm?. For curve (a) 1 M LiCl was
used in the presence of tetranactin. An external resistor R,
= 5.3 Msz was added in parallel to the membrane to simu-
late the same stationary membrane resistance as in the pres-
ence of 1 M NH4Cl at ¥ = 0 mV. The dashed lines represent
the fits obtained by application of eq. (3) for theoretical de-
scription of the measured spectra.

of the carrier induced ion transport. The slight in-
crease of the corresponding spectral intensity (curve
a) at frequencies above 2 kHz is presumably caused
by the voltage noise of the amplifying system which
is transformed into current noise by the membrane
capacitance [5].

It may be seen from fig. 1 that the spectra show
for the applied voltages a frequency independers:t be-
havior at lower as well as at higher frequencies. For
the following we first regard the voltage independent
behavior of the asymptotic limit of S3(f) at lower
frequencies (f << 5 Hz). Since for these frequencies
the absolute values of the spectral intensities are low
(Sy =3 X 10—27 A2s)it was checked whether there is
a contamination due to the noise current of the used
preamplifier. Using a selected operational amplifier
of low current noise (see section 3) no influence of
this background noise source could be found. In a
forthcoming publication [23] it will be shown that
for frequencies below 10 Hz, S3(f) can be measured
down to 10—28 A2s with the used experimental set-up.

At higher voltages (¥ > 100 mV) it was observed in
a few experiments that §3(f) showed at low frequen-
cies a ““1/1™ behavior of varying amplitude in addi-
tion to the spectral intensities shown in fig. i. Since
it was found that even undoped lipid membranes of
the same or a different lipid composition as were used
for the present experiments showed dependence on
pretreatment the appearance of a ““1/f” shaped con-
tribution to S5(f) (for ¥ >0 mV) [24] in those experi-
ments were discarded.

At lower frequencies the frequency-independent
behavior of S3(f) could be followed down to f~ 0.1
Hz, therefore we use throughout this paper the ap-
proximation S3(0.1 Hz <f <35 Hz) ~ 5;(0). It may
be seen from fig. 1 that S3(0) stays about constant
for a change of the applied voltage from zero to 150
mV. Fig. 1 shows furthermore that at high frequen-
cies the frequency independent level of S3(f) declines
strongly with increasing voltage. Under optimal ex-
perimental conditions no further change of 5;(f)
from a frequency independent behavior was observed
even for frequencies above 3 kHz.

In order to compare the observed variation of
S3(0) and $4(3.2 kHz) as function of applied voliage
with the theoretical predicted behavior due to eqs.
(14) and (15) we have to determine the five molec-
ular parameters which characterize the used model
of carrier-mediated ion transport {(see section 2).

From a least square fit of eq. (3) to the measured
intensity Sy(f) in the frequency range of 1 Hz to
about 3 kHz the free parameters kyg. kg- kp. &p
were determined. For the description of the voltage
dependence of S3{(f) eq. (1) was applied. The value
of N was derived from the fitted set of parameters
using eq. (3) and the value of §;(0) directly read from
the measured spectral intensity (see above). It was
found that independent of the choice of the differ-
ent experimental conditions {(membrane voltage,
temperature, carrier- and electrolyte concentration)

a close agreement of the theoretically fitted shape of
the spectrum to the measured values of S3(f) was ob-
tained. But it has to be pointed out that at lower
voltages (¥ << 50 mV) S3(f) could as well be fitted
by a spectral intensity with only a single dispersion,
corresponding to a single relaxation time 74 , of the
type [5]:
L1 Cuf)?
S_,(f)"-=4kT[]—e~ +F ——-—-—————2—] s (19)
B A1+ (27af7,)
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Fig. 2. Spectral intensity of noise current from a lipid bilayer
membrane in the presence of 10”7 M tetranactin at an ap-
plied voltage of 25 mV (curve (a)) and 100 mV (curve (b)).
The experimental conditions were the same as for fig. 1. The
dashed lines represent the result of a least square fit due to
eq. (3) and the dotted lines show the result of eq. (19) for

a description of Sy(f). In the following scts of parameters
were used: a) ¥ =25 mV; dashed fine: i = 4.7 X 10% M~!
sTLrp=23%x 10257 kg=22571, kpg = 2.1 X 10% 577,
No = 1.4 X 10'9; dotted line: Rp=2X 10° @, Rp=3.2X
106 2, Cp = 1.6 X 1073 F. b) ¥ = 100 mV, dashed line: kp
=25%x10°M 1 sk =18% 103571, kg=17571,
kas = 2.4 X 102 571, Np = 1.4 X 10'%; dotted line: Ry =
7%X10° @, Rg=3X 106 ©,Cy =1.7 X 10~% F. Curve (c)
shows the result obtained by application of the Nyquist theo-
rem {egs. (C1), (C20)) for description of Sy(f) at 100 mV
(seec curve (b)).

TA =RACA.

This shape of Sy(f) corresponds to the noise intensi-
ty of an equivalent circuit shown in ref. [S]. The
spectral intensity processed at V' = 25 mV (curve
a in fig. 2) was fitted using either eq. (3) or eq. (19).
No significant difference in the goodness of both
fits was obtained. This finding will be discussed la-
ter. At V"= 100 mV or higher membrane voliages
the measured shape of Sy(f) could not sufficiently
be described by a single dispersion due to eq. (19)
as a comparison of the theoretical spectra fitted to
curve b in fig. 2 shows. Therefore the measured spec-
tral intensities were always described by application

of eq. (3). The results for the parameters kg , kp, kg,
kygss Vg and the derived values of 7y, 75, 73 (eq- (4))
as well as g, @y, a3 (eq- (5)—(7)) are summarized
in table 1. It turned out (tabie 1) that kg and the ra-
tio kg /kp remained nearly independent of voltage
whereas both kg and ky, decrease with increasing
voltage. Furthermore the table shows that the values
of ky;5(0) increase slightly with increasing voltage.
Fig. 3 shows the experimentally derived ratios
51(0)4-/83(0) ;=g and S3(3.2 kHz);,/53(3.2 kHz)y,—
versus voltage as well as the corresponding theoretical
values derived from egs. (14) and (3) respectively,
using the values for kg , kg, kp, kjy5(0) found at zero
applied voltage. As may be seen from fig. 3 both
functions follow the theoretical predicted behavior.
In another series of experiments the concentration
of NH,4Cl in the aqueous phase was set to 0.1 M. It
may be seen from table 1 that by this decrease of the
concentration of the transported ammonium ion kg
increases by about a factor of ten which results in a
decrease of the ratio $3(3.2 kHz)/S;(0).
Measurements of the autocorrelation function
C;(7) of the noise current were performed in addition
to the analysis of the spectral intensity. Both quan-
tities, the autocorrelation function and the spectral
intensity are correlated by the Wiener-Khintchine
theorem (see appendix B) and theoretically yield the
same information about the source of the noise cur-

- rent.

In fig. 4 Cy(7) is shown which was processed at
zero applied voltage from about the same length of
record of noise current which was used for the cor-
responding determination of S3(f) (curve in fig. 1
for V' = 0 mV). The theoretical line in fig. 4 was cal-
culated due to eq. (18) using the parameter values
obtained from a least square fit of eq. (3) to the cor-
responding spectral intensity. As may be seen from
fig. 4 the correlation of negative value increases
aboum exponentially and shows a relative large scat-
ter around the mean value given by the theoretical
line. For higher voltages (V = 50 mV) no significant
deviation of Cy(7) from a horizontal line could be
obtained for 7 >> O due to the large scatter of the
processed function. This finding can be explained
on the basis of methodical difficulties of measuring
C,(7) for carrier-mediated icn transport systems as will
be discussed.
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Fig. 3. 5§5(0);- normalized *o S3(0)j/—, versus membrane volt-
age (closed points, Sj(0)y—y = 4.7 X 10727 AZ5). For this
plot the left ordinate corresponds. The ordinate on the right
side corresponds to the ratio SJ(S.Z kHz)J;/SJ(3.2 kH2Z) -0
(open points, Sy(3.2 ktlz)j-_q = 1 X 10735 A2 5. The theoret-
ical curves are derived from eqs. (14) and (3) respectively,
whereby the following set of partameters was used: kg =

36X 103 M P s7 Ay =27%x 10357, kg=16 57", kygg
=2.6 X 102 s~!. The experimental conditions were the same
as for fig. 1.

5. Discussion

In the previous section it was shown that under
steady-state conditions the spectral intensity Sy(f)

15 -

cm@ |3
co |3

osf} :

-0.5 :
o T/ms 8
Fig. 4. Autocorrelation function C_‘(-r)IC](O) of noise current
obtained at zero applied voltage in parallel to the correspond-
ing spectral intensity S3(f) (see fig. 1). The theoretical curve
was drawn according to eq. (18) using the following param-
cters given in the legend of fig. 3 for the filter bar.Ipass of
frequencies f3 = 0.03 Hz and f2 = 6 X 103 Hz and Cy(0) =
2x 10723 A2,

of tetranactin-induced noise current could be de-
scribed by the theoretical predicted shape (eq. (3)).
Theoretically one has to expect between the regions
of frequency independent behavior of S;(f) at low
and high frequencies an increase of §;(f) built up

by superposition of three characteristic frequencies
f; = 1/2 7i7; (eq. (4)) and their corresponding am-
plitudes a; (i = 1,2, 3) (eq. (5)—(7)). The frequen-

¢y f3 = 1/2 w73 corresponds to the relaxation time
related to the rate constants of the ion-carrier ad-
sorption and desomtion process at the membrane
solution interface which is assumed to be voltage
independent. In a voltage-jump current relaxation ex-
periment the corresponding amplitude vanishes where-
as for the noise analysis the expected amplitude a5

is zero at equilibrium (J = 0) but differs from zero

at non-equilibrium (see eq. (7)).

As was previously shown [5] S;(f) can theoretical-
ly be described at thermal equilibrium by two dis-
persions whereby experimentally one dispersion could
be resolved (see fig. 2). But under steady-state condi-
tions especially for membrane voltages above 50 mV
the processed shape of S3(f) showed a superposition
of at least two dispersions. But a theoretically pre-
dicted third dispersion was not visible within the fre-
quercy dependent part of §y(f). This may be explain-
ed by the finding that the fitted values of f; and f3 are
very similar and that for the corresponding amplitudes
oy and a3 the relation {ay [ > [a3] is found (table 1)
which causes indistinguishable contributions to S3{f).

1f one assumnes an activation energy of 20 kcal/mol
for the different rate constants {25] the correspond-
ing values presented in table 1 can be compared with
the results of Laprade et al. [10] which were obtain-
ed by relaxation experiments on monoolein/n-decane
membranes for 5 X 10—2 M tetranactin and 10-2 M
NH,4Cl at 22.5°C. The comparison shows that kg
and kyyg are in close agreement whereas the values
of kp and kg are different up to an order of magni-
tude.

In the following we discuss the physical meaning
of the frequency independent levels of Sy(f) at lower
and higher frequencies denoted by S3(0) and S5,(3.2
kHz) in terms of the considered transport model.
Under equilibrium conditions S3(0) is, according to
the Nyquist theorem, equal to the macroscopic mem-
brane conductance A times 4kT [5]. It can easily be
seen that this relationship is no longer applicable at



H.-4. Kolb, E. Frehland/Carrier-noise ar non-egquilibrium 29

steady-state by comparing the voltage dependence of
53(0) read from fig. 1 with the corresponding values
of A given in table 1. For a further consideration we
applied the Nyquist theorem also to the non-equilib-
rium state and related the spectral intensity of the
microscopic noise current to the steady-state macro-
scopic admittance of the carrier-mediated ion trans-
port (appendix C). The result for Sy(f) due to the
Nyquist theorem (egs. (C1), (C20)) was compared
with the relation of §;{f) (eq. (D1)) explicitly de-
rived for the non-equilibrium state (eq. (3)) as out-
lined in appendix D. Eq. (D1) shows that only at
equilibrium where the macroscopic current vanishes
(7 = 0) the spectral intensity can be described by the
Nyquist theorem. In fig. 2 the theoretical shape of
S;{() was plotted versus frequency at ¥'= 100 mV
{curve b) using either the Nyquist theorem (egs. (C1),
(C20)) (dotted line) or eq. (3) (dashed line). As the
comparison shows both functions differ over the
whole frequency range but especially at lower fre-
quencies.

The high frequency tail of the spectral intensity
accounts for the noise intensity generated by the to-
tzl number of charge jumps within the membrane
(eq. (15)) which by definition is equivalent to the
intensity of the shot noise. As fig. 1 shows the spec-
tral intensity at high frequencies which corresponds to
the shot noise contribution of the transport system
declines with increasing voltage. The decrease or
increase of the shot noise intensity with increasing
applied voltage is dependent especially on the ratio
of the rate constants of recombination and disso-
ciation kg [k, of the carrier-ion complex at the
membrane solution interface. Whereas for ky = kr
a decrease of the shot noise intensity with in-
creasing membrane voliage is observed, one obtains
an increase of the shot noise level for kp, > kg . For
a comparison of the experimentally obtained and
theoretically predicted voltage dependence of $3(0)
and §,(3.2 klHz) we denote this dependence by the
notion S3(0)y- and S3(3.2 kHz),,, respectively. Com-
parison of $y(0)//S3(0)y=q as well as $3(3.2 kHz)/
53(3.2 kHz)y-—g as function of voltage wiih the theo-
retical description due to eq. (14) and eq. (3) shows
close agreement (fig. 2).

For the derivation of eq. (3) we used the assump-
tion that the rate constants ky , kp, kg and
ky\s(0) are voltage independent. As table 1 shows

kg was found to be voltage independent. For ky;5{0)
an increase with increasing voltage was obtained
which is in contrast to the Eyring relation (eq. (1)).
Also Knoll and Stark [14] found for carrier-mediated
ion transport (valinomycin-Rb™) across lipid bilayer
membranes a voltage dependent behaviour of &;5(0).
One explanation for this observation lies in the theo-
retical description of the shape of the energy barricr
for the translocation step of the charged carrier-ion
complex within the membrane. It is well known that
the general solution of the diffusion equation for the
translocation of an ion across the membrane yields
the relation [26—29}:

Kygs = Fyg(0) fy €2,

ks = Fys(0) flay ™12,

where f(u) = e~ ™" isan empirically derived relation
which takes into account image forces acting on the
ion in the bilayer.

7 is a constant parameter. Using the value nn == 0.02
and the values of Ay;5(0) given in table 1 one finds
that kyy5(0) = ky;5(0) f(u) is nearly voltage indepen-
dent.

Up to now both methods the spectral- and auto-
correlation analysis were applied in parallel only for
the analysis of noise current generated by the open-
ing and closing of channels.

The autocorrelation analysishas not as yet been
used for the analysis of carrier-mediated ion trans-
port noise. On the basis of the Wiener-Khintchine
theorem both approaches theoretically contain the
same information. The corresponding autocorrela-
tion function Cy(7) of carrier-generated noise current
(fig. 4) shows besides a delta-shaped function around
7= 0 a negative correlation for 7 > 0.

As indicated in section 4 the autocorrelation-
function C;(7) shows a relative large scatter
around the theoretical curve compared with S;(f)-
Furthermore no reliable information about the rate
constants of the carrier-transport mechanism could
be obtained at higher voltages from the measured
function Cy(7). This observation can be explained as
follows. It may be seen from eq. (37) that Cy{(7) con-
sists of a 8-shaped term at 7= 0 and an expenential
increasing part for 7 > O starting from negative val-
ues of Cj(7). The measured shape of Cy(7) depends
on the actual filter bandpass which has to be used
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for the amplification of the ac-coinponent of the
membrane current as described under Materials and
Methods (see eq. {18)). The filter-modified 8-shaped
term of C3(+) which by Fourier transformation is
correlated with the frequency independent part of
Sy(f) for f > == (level of shot noise intensity) exceeds
the dynamic range of commercial available correla-
tors, since also a reasonable amplitude-resolution of
C,(7) for 7 >> 0 is needed. Due to the lack of knowi-
edge of the actual filtering of the noise current the
shot noise intensity of the carrier-mediated ion trans-
port can experimentally only roughly be estimated
from the shape of Cy(7), whereas it can directly be
read from the high frequency tail of S;(f). Therefore
the magnitude of Cy(7) around 7 = 0 determines the
resolution of Cy(r) for = > 0. This part of Cy(7) is
determined by the correlation times 7; (= 1,2,3)
(eq. (4)). In the frequency domain the part of

S3(f) which is related to the relaxation processes is
solely limited by the background noise level and not as
in the time domain by the shot noise level of the trans-
port system itself. Filtering of the noise current by nar-
rowing the width of the filter bandpass to reduce the mag-
nitude of Cy(7=0) leads to a further complexation of
the noise analysis in the time domzin as may be seen from
eq. (18). 1t was found that the location of the minimum
of Cy(+) shifts to higher + values with decreasing fil-
ier bandwidth. Besides that the absolute value of
Cy(7) at the minimum decreases.

In the case of carrier-mediated ion transport the
comparison of noise analysis in the time domain
versus frequency domain shows that the analysis in
the time domain is experimentally the far less favour-
able approach.
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Appendix A

General solution for the differential equation system
of carrier-mediated ion transport

The time dependence of the interfacial concentra-
tions Ng(1), Ng (1), Ny g(?) and Nyg(?) is given by
the following system of equations:

14 — - r 4 . r » -
ANg/dr = —k o Cpy Ng + Ky Nygo — kg(Ng — Ng), (A1)

" . 2 113 . " - 214 r
dNg/dr = —kp Cy Ng + kpy Nyyg — kg (Vg — N), (A2)
dNysldt = kg Cyy Ng ~ kp Nyg — FysVus

2 n
*kpsNVuss (A3)

' -2 g I 2 rer
dNyg/dt = kg Cy Ng — kp Ny — KysVas

. r
*RkysVus- (A4)

Egs. (A1)—(A4) satisfy the conservation relation that
the total number of carriers Vg in the membrane is
time independent (eq. (2)). The solution of these
equations is simplified by the introduction of the to-
tal number of free carrier molecules (r(r)) and of the
complex MS (s(2)) [5]:

HO)=NYD+NJD),  s(D)=Nyg(r) + Nyys(0),

(1) + (D) = N,. (A3)

Using eqgs. {(A1)—(A5) one obtains the differential
equations

drfdt = —(kyCyy +kp)r +kp N, (A6)
ds/dt = —(kp Cyy + kp)s +kp Gy Ny, (A7)
where the soluticn is given by

WD =F+(r(0) —Ne 3, s()=Ny—r(, (A8)
F=Nokp/(kgCy +kp), (A9)
73 = 1/(kg Gy + kp)- (A10)

The recorded electric current and the corresponding
impedance are essentially datarmined by the macio-
scopic flux ®(#) of charged carriers across the mem-
brane:

D) = Ky Nyys (1) — Ky Ny (0)- (Al11)
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As further variable we introduce I" defined by the
relation
() = kMS Ng(D) —~ k'h’isNé(t)' (A12)

With egs. (A6) and (A7) one gets from egs. (A1)—
(A4) by lengthy but elementary calculations the fol-
lowing equations for the rate of change of ® and I':

dd/dt = —(kp, + kjyg + Ky )® + kg Cy T, (A13)
drfds = k& — (k CM + 2K )T + kglyg — kg7,
(A14)

with r(#) according to eq. (A8). The solution of these
equations is complicated because of the time depen-
dent inhomogeneity in eq. (A14), which introduces
in addition to the two relaxation times 7; and 75 (see
below) a third time constant 73 for those cases, where
(ks — kps)+ 0 (non-equilibrium state) and (r(0) —
7) % 0. In macroscopic relaxation experiments (7(0)
— ¥) vanishes [8].

We introduce the matrix A of coefficients of eqgs.
(A13), (A14) with the elements:

All ——-—(k +kMS+k

Ms)»
Ay =kgCy> Ay =kp,

Ay =~ (kg Cpy +2kg). (A15)

The eigenvalues A; and A, of A determine the time
sonstants 73, 73

7\1 z__]/T] =“'Q‘“'\/Es )\2=“’]I"-2=—Q+\/‘;’

(A16)
where O and a are given by egs. (10) and (12).

For the following we use the abbreviation det A
(determinant of A):
+ k"

det A = (kjyg + Kpyg) (kg Cpp + 2kg) + 2k k. (A17)

Using egs. (A13)—(A17) the general solution for the
time dependent flux: ®(¢) of charged carriers across
the membrane may be derived under arbitrary initial
conditions in the following form:

3
H)=F+ 2? e (A1)
=

vsith the stationary flux
kpCyk ks(kms ;!s)
o (Fep Gy ThpldetA

(A19)

and the amplitudes

A (B(0) — B — c3) — (P(0) — e525)

= Ny — ?‘l . (A20)
AL(P(0) — B — ;) — (P(0) — c5A5)
(,‘2 = 1 ?\ 3— 7\’} 373 - (A:I)
kg Cpkglhyys — k) (r(0) — P
Ms T Mms (A22)

= (k“5+k',s)(u -kD)—’7k C.. kg

whereby the initial flux €(0), its time derivative <i>( 0)
and r(0) are determined by the initial concentrations
as follows:

r(0) = Ng(0) + NS(0), (A23)
D(0) = kg Vps(0) — Ky My (0), (A24)
BO) = g, + Ky + K}5) B(0)

¥ kr Oy (ks V(0) — Kpg N (0). (A25)

The steady-state concentrations Nyyg and Nyjg are
easily calculated from the stationary solutions of
@(r) and s(7) according to eqgs. (A5), (Al11) and (A19):

— kg Cy
Nys=Hg
k C +R

kskp + ks kO + 2hsRygs

X

Crylhyg +Eygg) + 2k (" +hys tEys)’
(A26)
r j\ .__R.C‘\_{_
Nus™ Mok Cy vk
X kS AD + kMSKRC + 2k, k\’lS
Cplkys T kys) + 2kg(kp + kyg +kjyg)
(A27)
Appendix B

Aurocorretarion yuncrion and spectral intensicy ef
noise current generated by carrier-mediazed ion
transport at steady-state

Recently we have developed a theoretical approach
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to electric fluctuations around non-equilibrium states
[15]. The apglication to noise current generated by
carrier-mediated ion transport yields to the following
result for the autocorrelation function Cy(7):

Cy(y=ze] W‘us Ms ¥ L::sN.{;s)N’)

7 i x4 At
T ks Mus(Fus Cus ms () —Fug 2yse ms (1)

+ &

s Vs Fiis Qs M) — ks s s (D1

(B1)
In eq. (B1) Qps s (2), Qpgse \15"(’) are the so-called
fundamental solutions [15] for (NMS(t) Nyyg) of
egs. (A1)—(A4) under the initial conditions:

Nig(0)=1, Ny (0)=NL0)=Ng =0,

and Qyyg \s (1), Cagge ps(7) are obtained corre-
spondingly. Hence for the second term in eq. (B1)
the following relation is derived using egs. {(Al1),
(A24) and (A19).

(B2)

Norngs Qs s (D — Fyys Ry g (D) = V(1) — D,
(B3)

with the initial conditions

B(0) = —Ny ks>

B(0) = N Kyps(Rp + Kiys + Kins)- (B4)

Analogously one obtains for the third term of eq.

(B1):

‘,VO(k;dS QMS',MS'(I) - k;‘s QMS",MS”(t)) = d)(t) - Q)’

(B5)
with the initial conditions
D(0) =N OIL“S,
D(0) = —N, oFmsFp +Eys + ks)- (B6)

Using egs. (B1)—(B6) under application of egs. (A18)—
(A25) the autocorrelation function can be described
by the relation:

—_.2 .2 = r rr "
Cy(ny=z"¢; [("MSNMS kg NV yg)8(2)
3
+25 o e—'/"i] .
i=1

where the relations for the amplitudes o, , a; and a3
are explicitly given by egs. (5)—(7). The relaxation

(B7)

times 7, and 7, are given by eq- (A16) and 73 by eq.
(A10).

According to the Wiener-Khintchine theorem the
spectral intensity Sy(f) of noise current is given by
transformation of Cy(f) due to:

S,00=4 [ Cy(t)cos2afrar. (B8)
(1]

Insertion of eq. (B7) in eq. (B8) yields finally the
spectral intensity of the form:

—_ 1 "
SJU)_2Z € ("MSNMS*"‘MSAMS

+—)E _*__)

(B9)
=1 1 + 2afr)’

Appendix C
Admittance related to carrier-mediated ion transport

Recently the noise current of carrier mediated ion
transport has been analyzed at equilibrium (J = 0) [5]
on the basis of the Nyquist theorem [18] :

S3(f) = 4kT Re[Y(N], (C1)

which relates the spectral intensity of microscopic
fluctuations around the equilibrium state to the real
part denoted by ““Re” of the frequency dependent
stationary complex admittance Y(f). In the following
we want to compare S;(f) given by (eq. (3)) with the
complex admittance due to eq. (C1) under non-
equilibrium steady-state conditions.

We assume that additionally to a constant voltage
¥ a small (complex) periodic voltage &(f; ?) is applied
to the membrane [30].

V(D=V +elf; ), (c2)
e, D=y (i=+/D), (C3)
el DI < V(D). ()

The corresponding instantaneous membrane current
J(f, ) may be describesl as a linear superposition of

a steady-state current J and a (complex) fluctuating
current j(f, 1)

J( D =T +j(f, 1),

D= e YN, (C5)
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For the stationary current J the macroscopic mem-
brane conductance A(¥) is defined by

I =M V. (C6)
The complex admittance Y(f) at non-equilibrium
state can then be defined by the relation:

Y(N) =i(f, e 2 e, (C7)

For the following we assume that the ion-transport
mechanism at steady-state is disturbed at r=0Oby a
8-shaped voltage pulse:

(1) = £5(D), (C8)
whereby according to eq. (C4) the relation

f £8(r)dr | | <D (C9)
has to be fulfilled.
The voltage pulse given by equation (C4) leads to
a current pulse j(7) from which the complex admit-
tance can be derived:

_Y Te o _onp

=3 f jDe dr, (C10)
using the well-known formula:
s(y=5= [ 7 ar. (€11

For an explicit derivation of the admittance Y(f) ac-
cording to eq. (C10) ](t) has to be known. We assume
that the (voltage) current pulse is related to"a cor-
responding fluctuation of the ion flux ®(z) across
the membrane due to the relation:

iD=z ep((2) — D), (C12)

were ®(7) and @ are given by egs. (A18) and (A19),
respectively. _

The behavior of ($(z) — P) for 7 > O after a -
shaped voltage pulse applied at 7 = O is determined
by the voltage dependence of the translocation rate
constants kjys and kjyg. The dependency was de-
scribed by a single exponential behavior (eq. (1))-
Due to egs. (C2) and (C4) k;ﬂs( V(£)) and k;{,s( V()
can be expanded in terms of e(7):

. = . = e(t)ze0
kys(V + e(2)) = kyy (V) (1 + W)
o= v e e(f)z ey
kms(V — (N = kMS(I/) (1 — T_T——)- (C13)

Therefore the 8-shaped voltage pulse is connected
with a short flux pulse
1%

e
5 %7 S (s Nys+ %

rviil
msVus) (C14)

which generates a disturbance of the concentrations
Nyyg and Nyg at = 0:
N0y — W = — LS00 G R ek W,
MS MS 2?2 kT MS-AIS MS*'MS"
" Fwiid ~
Nys(0) = Nyyg = —(Vy5(0) — Nys)- (C15)
Because kg , kp and kg are assumed to be voltage in-
dependent, Ng and Ng are not disturbed by a ma-
croscopic voltage pulse.

Using eq. (C12) and the general solution for ®(7)
(egs. (A18)—(A25)) and the eq. (C15) one obtains
for time r = 0 by clementary calculations, whereby
the contribution of the membrane capacitance has
been omitted, since the capacitance only influences
the imaginary part of the admittance, the relation:

2 2
(t=0)=55= U‘us st AasVys)
3 i
X (a(t)+§5, e "), (C16)
B - +(AI\IS \(s) \/&)/’-,\/a (C 1 7)
B, = — (kg + Kiyys) (P +V/a)/2+/a, (C18)
B; =0. (C19)

For the real part Re[Y(f)] of the admittance it fol-
lows from equation (C10):
-’

2.2
z7 ey
2kT

3 -

+27 —-——Bili )
’ 27

=1 1+ 2uafr)*

(C20)

ReY(N= [ j(t)cos2nfrdr =

X (kys iS+kMSN 15)(
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Appendix D
Derivation of eq. (D1}

Using eq. (C20) the spectral intensity given by eq.
(3) may be written in the following form
3
S;0) = 4kTRe[Y(N] +T2 25 —L 1 —
=11+ Qafry)”

V;7;
< —, (D

where the mean macroscopic current J is given by
eq. (13). For the amphtudes v; (i= 1,2, 3) the rela-
tions hold:

k +k
yy=— 1 {](R M D)detA(P*\/E)

zze(z)z‘v0 kr Crkpkg 2+/a
_— M-}- B L — i)}

2Va 2Nalr, T3

oy = 1 { (k C +AD)
2 zzezl\’

(D2)

ot AP TVE)

2 kg Gy kpks C2va
_Q+~a, B (1 1)
VAN e

73 = ~BJz2 €3 N,,. (D4)

The quantities Q, P, @, det A, B are given by egs. (8)—
(12) respectively, and 7; (i = 1, 2, 3) by eq. (4).

(D3)
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