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Summary. Fluctuation and relaxation analyses were performed on monazomycin-induced
conductance of lipid bilayer membranes. With both methods a slow (sec) and a fast (msec)
current component are apparent; however, the amplitude of the slow, voltage-dependent
process is greater than that of the fast component in the step relaxation experiment and less
in the fluctuation experiment. The fluctuation analysis showed principally a rapid voltage-
dependent process which appears to be related to the multistate character of the conducting
channel. The experimental results are interpreted in terms of a simplified kinetic model which
is used to calculate relaxation and noise amplitudes.

Fluctuation analysis has been used to characterize a variety of artificial
and physiological membrane systems (Anderson & Stevens, 1973; Conti,
De Felice & Wanke, 1975; Fishman, 1973; Fishman, Poussart & Moore,
1975; Fishman, Moore & Poussart, 1975; Katz & Miledi, 1972; Kolb,
Lauger & Bamberg, 1975; Zingsheim & Neher, 1974; Wanke, De Felice &
Conti, 1974). The purpose of this investigation is to characterize a voltage-
dependent bilayer system using fluctuation analysis and relaxation
measurements. Monazomycin and, to some extent, alamethicin are used
in these experiments to produce multistate ion conducting channels which
are voltage dependent and show a steep relationship between the mean
conductance and the membrane potential (Muller & Finkelstein, 1972;
Mauro, Nanavati & Heyer, 1972). These channels are probably formed
by an aggregation reaction which is preceded by a voltage-dependent
reorientation of the individual molecules (Muller & Finkelstein, 1972).

It was found that the relaxation experiments emphasize the voltage-
dependent process, whereas the more rapid aggregation step is most
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casily seen with fluctuation analysis. A two-step kinetic model is shown
to be sufficient to explain the amplitude differences observed in these
experiments and is used to illustrate specifically how the variance of the
conductance fluctuations can be calculated for a chemical system.

Materials and Methods

All bilayer membranes were made on a polypropylene support (Zingsheim & Neher,
1974) over an opening having a diameter of 250 p. Lecithin-cholesterol membranes were
formed from a n-decane solution containing 10 mg/ml of dioleoyl-L-¢-Lecithin (Supelco, Inc.,
Bellefonte, Pa.) and 5 mg/ml cholesterol (Sigma Chemical Co., St. Louis, Mo.). Monazomycin,
provided by Dr. Yonehara, Tokyo, was added on only one side of the membrane to the
1 M KCl bathing solution from aqueous stock solutions. Alamethicin, provided by Dr. Trauble,
Gottingen, was added in the same manner. All experiments were performed at room tem-
perature (21-23°C).

The current measuring system (voltage clamp) was identical to that described by Zings-
heim and Neher (1974). The correlation analysis was done on a Honeywell-Saicor-42 A,
100 point Analyzer. The power spectra were measured with a Honeywell-Saicor-52B, 400
point Spectrum Analyzer. During the experiments all data were recorded with a magnetic
tape system having a flat frequency response from DC to 1.25 kHz. The data were processed
before the offline analysis through a 0.3 Hz high pass and a 400 Hz low pass filter.

Results
Monazomycin Experiments

Membrane conductance fluctuations in bilayers containing monazo-
mycin are most easily seen at membrane potentials where the conductance
is low. The fluctuation signals develop in proportion to the increase in
conductance seen in response to a step change in the membrane potential.
The upper trace of Fig. 1 illustrates such a progressive increase in conduc-
tance fluctuations as seen through a high pass filter set at 0.01 Hz. The
lower trace of Fig. 1 shows, at a lower gain, the usual delayed conductance
increase typical of monazomycin channels. It is apparent from Fig.1
that the relatively rapid fluctuations of the steady state membrane con-
ductance do not have the same time scale as the slower macroscopic
conductance increase. This observation suggests that the relaxation and
fluctuation experiments are measuring two different kinetic parameters.
However, the two measurements are not ideally comparable since the
voltage clamp step is a large perturbation from 0 to 80 mV while the
conductance fluctuations occur at a constant membrane potential. Any
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Fig. . Development of monazomycin-induced conductance during a step change in potential.

The capacitative charging current indicates the time at which the potential was changed from

0 to 85mV. Positive potential refers to the side of the membrane with monazomycin. The

upper curve was recorded through a 0.01 Hz high pass filter. The lower curve is a conventional

dc recording. The monazomycin concentration in the bathing solution on one side of the

membrane was 0.3 pg/ml. The ordinate represents the membrane current and the abscissa,
time in seconds

nonlinearities in the conductance change could confound the comparison
of the two methods.

In order to compare more rigorously the perturbation and fluctuation
experiments, the membrane was first put in a conducting state by a large
membrane potential step which was then followed by a small potential
perturbation for the relaxation measurement. Such small perturbations
make possible the use of linear relaxation theory (Eigen & De Maeyer,
1963) to calculate relaxation and correlation times which can be compared
with direct experimental measurements.

The small membrane potential perturbation seen in Fig.2 shows a
slow single exponential relaxation response without the usual delay
typical of large step on-responses. The slow time constant decreased
e-fold for a 15 mV increase in V] in a range of 65-115mV compared to
6 mV for the corresponding conductance change (Muller & Finkelstein,
1972).

Relaxation spectra which were observed at increased time resolution
showed a more complicated response containing at least two components.
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Fig. 2. Small step relaxation of monazomycin-induced conductance. The upper curve is a

tracing of the membrane current during changes in the membrane potential, which are

schematically shown on the lower trace as V,=0mV, ¥, =80mV and V,=78 mV. The

monazomycin concentration in the bath was 0.4 pg/ml. The instantaneous change in current

which occurred during these transients is not seen because it 1s too rapid to be resolved by
the pen chart recorder

However, as suggested by Fig. 2, the amplitude of the more rapid compo-
nent is considerably smaller than the slow component. The rapid relaxation
times were analyzed by applying a short (<8 msec) voltage impulse of
40 mV magnitude and measuring the resulting relaxation. The advantage
of the impulse method was to emphasize the fast component, since the
short perturbing pulse did not allow time for the slow relaxation pheno-
mena to express themselves. Fig.3 shows an impulse relaxation time
which has a half time of about 15 msec. No marked potential dependence
was seen for the fast relaxation time.

The multiple component character of the kinetic process should also
be seen in an analysis of the fluctuation signal. The correlation function
for the steady state membrane conductance in Fig. 4 shows a fast compo-
nent which has a half time of approximately 15 msec. The correlation
function is clearly not a single exponential term and thus reflects the
multi-step character of the presumed aggregation reaction underlying
the rapid process.
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Fig. 3. Impulse response of monazomycin-induced conductance. At the break in the con-

ductance curve a 40 mV pulse (<8 msec) was superimposed on a preceding potential step

of 80 mV. The membrane current preceding the short impulse was 10 ~° amperes. The ordinate

is the membrane conductance in arbitrary units and the abscissa, time in msec. The monazo-
mycin concentration was 0.4 ug/mi
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Fig. 4. Correlation function of monazomycin-induced conductance. The membrane potential

was 95 mV and the monazomycin concentration was 0.2 ug/ml. The ordinate is the correlation

function, #{z), of the conductance; and the abscissa, time. The correlation is an average of

32,768 summations. Note that this analysis was done on data processed through a high pass
filter of 0.3 Hz

There is also a slow component (sec) in the correlation function, not
seen in Fig. 4, whose amplitude is at most 30 9 of that of the fast compo-
nent and appears to have a time constant in the same range as the slow
relaxation time constant. It was not possible to accurately measure the
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Fig. 5. Variance of monazomycin-induced conductance fluctuations vs. the mean conduct-

ance. A straight line is drawn through the data. The ordinate is the value of the correlation

function of the fast component at zero time (02) measured for different membrane potentials

(50-110 mV) and monazomycin concentrations (0.2-0.4 pg/ml); the abscissa is the correspond-
ing conductance (G)

slow, low amplitude component of the correlation function due to artifacts
resulting from membrane instability and uncontrollable environmental
factors such as air currents, temperature fluctuations, and vibrations.

The fluctuation analysis and the small step relaxation experiments
thus show similar spectra, although the ease of measurement and relative
amplitudes of the fast and slow processes differ for the two methods. The
kinetics of the rapid component are easily observed in the fluctuation
spectra, whereas the behavior of the slow component is more pronounced
in the relaxation experiment. The large amplitude response of the slow
component in the relaxation measurement compared to the noise analysis
is related to the strong dependence of the conductance on the membrane
potential.
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The value of the correlation function at time zero, ®(0), or the variance
of the fluctuation, ¢Z, in conjunction with the mean conductance G, can
be used to estimate a unit conductance step (Rice, 1944; Zingsheim &
Neher, 1974; Kolb et al.,, 1975). This estimate, A, =02/G, calculated as a
linear regression of 62 versus G for only the fast process was 1.55x 10712 Q1.
The correlation coefficient between these two quantities was 0.98. The
data of Fig. 5 indicate that A, is independent of the membrane potential
in the range 50-110 mV and the monazomycin concentrations from
0.2 to 0.4 ng/ml. This finding is consistent with a multistate model for
channel formation which has a voltage-dependent step for the insertion
of ionophores into the membrane and a subsequent series of voltage-
independent aggregation steps to form the conducting channel (Muller &
Finkelstein, 1972).

Comparison of Monazomycin and Alamethicin-Induced Conductances

Since the evidence for voltage-independent aggregation of alamethicin
is based on unit channel measurements (Boheim, 1974; Cherry, Chapman &
Graham, 1972; Eisenberg, Hall & Mead, 1973; Gordon & Haydon, 1972),
it is useful to compare results of a correlation analysis of alamethicin
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Fig. 6. Correlation function of alamethicin-induced conductance. The membrane potential

was 50 mV and the alamethicin concentration was 10~ ® m. The ordinate is the correlation

function, @ (1), of the conductance; and the abscissa, time., The correlation function is an
average of 131,072 summations
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channels with the above findings for monazomycin. Fig. 6 shows a corre-
lation function for alamethicin-induced channels showing a more rapid
time course than seen for monazomycin in Fig. 4.

The average value of A, for the alamethicin channel calculated as
above was 8.8 x 10719 Q~1. The correlation coefficient between o2 and G
was 0.99. Direct measurements of the alamethicin unit channel conduc-
tance range from 0.4-20x 107'° Q- depending on the open channel
state (Boheim, 1974; Eisenberg et al., 1973). This range includes the value
of A, reported above, suggesting that 4., is a weighted average of the
multiple conductance levels.

In general, the supposed multiple state conductance system for monazo-
mycin and alamethicin channels should show a complicated relaxation
spectrum, or correspondingly, a multi-exponential correlation function.
The correlation functions observed in these experiments appear to represent
a spectrum of channel conducting states whose duration varies about
some mean value. Thus, by analogy to the alamethicin data where unit
levels have similar durations (Boheim, 1974; Eisenberg et al., 1973), it is

est
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Fig. 7. Spectral analysis of monazomycin-induced conductance fluctuation under voltage

clamp conditions. The power spectrum, S(f), in arbitrary units, was measured on the same
data used in Fig. 4. The power spectrum shown is an average of 16 spectra
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reasonable to assume that the multiple states of monazomycin channels
show an average duration of approximately 20 msec.

Power Spectral Analysis

In using noise analysis to characterize a system, it is of interest to
separate processes which show definite multiple relaxations from those
which show 1/f noise over a limited frequency range. For membrane
systems this distinction is important, since 1/f noise can be observed in
essentially all permeability barriers as a manifestation of nonspecific ion
channels (Dorset & Fishman, 1975; Verveen & De Felice, 1974).

The power spectra shown in Figs. 7 and 8 demonstrate that the fluc-
tuation phenomena discussed above are not of the 1/f type and are not
described by a single Lorentzian function. These power spectra are
consistent with the correlation function measured for the monazomycin
and alamethicin channels. Similar power spectra for monazomycin were
recently reported by Wanke (1975).
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Fig. 8. Spectral analysis of alamethicin-induced conductance fluctuations under voltage clamp
conditions. The power spectrum, S(f), in arbitrary units, was measured on the same data
as Fig. 6. The power spectrum shown is an average of 64 spectra
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Discussion

The equivalence of fluctuation analysis and small step relaxation
experiments has been shown for gramicidin channels, which are presumed
to have only one conducting state (Bamberg & Léuger, 1973; Kolb et al.,
1975; Zingsheim & Neher, 1974). The experiments described in this paper
generally confirm this conclusion, but, in addition, show that the amplitudes
of the components of a multi-step process can be different for fluctuation
vs. relaxation analysis.

The fluctuations of multistate processes arise from changes in the
number of channels as well as variations in the channel conductance
itself (Eisenberg er al, 1973). Assuming statistical independence of the
channels, it has been shown that the variance in the total conductance,
c2, is given by Eisenberg et al. (1973)

oe=F+02/7)-G (1)

where 7 is the mean conductance of a single channel, 7 is the variance of
the single channel conductance, and G is the mean conductance. Fluc-
tuations arising from alamethicin channels (Eisenberg et al., 1973) suggest
that o2 /7 <7.

Interpreting the monazomycin data in terms of Eq.1 leads to the
conclusion that ¢2/5>7 where ¢2/7 is attributed to the fast fluctuation
resulting from switching between different conductance levels and 7 refers
to the slower formation and dissolution of channels.

These findings suggest that the estimated unit conductance, A, is
predominately a function of the multiplicity of states and that the mean
unit conductance of a monazomycin channel may be smaller than the
estimated value. Alternatively, the assumption of channel independence
in the monazomycin experiments may not be valid, since the reported
measurements were made at high channel densities in order to observe
fluctuations. This experimental condition contrasts with that obtained
during measurements of alamethicin-induced single channels.

The kinetic data obtained in these experiments are consistent with
a model similar to that proposed by others for both monazomycin and
alamethicin (Bauman & Mueller, 1974; Boheim, 1974; Eisenberg et al.,
1973; Muller & Finkelstein, 1972). More specifically, the mechanism
discussed below is the simplest model found to be consistent with the
following experimental findings:
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Relaxation Results. (a) a slow conductance relaxation in response to a
voltage step with a voltage-dependent time constant; and

(b) a voltage-independent fast relaxation time constant with a relatively
small contribution to the overall relaxation amplitude.

Fluctuation Results. (a) a predominantly fast fluctuation with voltage-
independent kinetics; and

(b) a relatively small amplitude for slow fluctuations.

An additional purpose of the model described below is to show the
effect of frequently used simplifying assumptions for the calculation of
both noise amplitudes and relaxation spectra.

It is assumed that the potential-dependent step is an orientation of
monazomycin monomers as follows:

ki (V)

k2(V) (2)

where A is the initial monomer state, B is a secondary monomer state,
and k, (V) and k,(V) are voltage (V') dependent rate constants. The second
step in the proposed model is a relatively fast, potential-independent,
aggregation reaction, ks

nB —+’T 3)

where n monomers form a conducting channel, C. The measured con-
ductance is taken to be proportional to C.

The reaction scheme of Eqs.2 and 3 can be linearized and solved
for C to give a relaxation response of the form

C=C +Cye 4+ Cye ™ 4)
where C,, C, and Cj; are constants and 7, and 7, are the relaxation times
of the slow and fast processes, respectively. According to the fluctuation
dissipation theorem (Kubo, 1957), the autocorrelation function can be

expressed in the same form as Eq.4 with identical time constants but,
in general, different amplitudes.

Calculation of the Relaxation Response

In order to simplify the analysis, the initial slower reaction will be
treated for the condition of a rapid equilibrium between B and C, thus

cce=K,-cg (5)
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dc dc
n dtc +—dti=kch—kch {6)

where K, =ks/k, and ¢, ¢z and ¢, are concentrations of 4, B and C. For
small voltage steps and the stoichiometric condition

dcy=—dcg—noce (7)
and

Sce=K,ncy ey
Egs. 5 and 6 can be solved for d¢. to give a single exponential function
whose time constant is

r;1=k1+kz/[1+n2-—zﬁ]. ®)
B

The experimental result that t ! increases with voltage is consistent with
the conclusion following Eq. 11 that n®c./cy < 1. The increase in 7; ' can
be accounted for by a voltage dependent k, and k,.

Similarly, the second, fast reaction can be analyzed for the condition
of negligible concentration change in c 4, thus,

dcg=—noce 9)
where
degfdt=kycp—kycc (10)
and after linearization
13t =0t kycf Utk =ky(1+n? co/cg). (11)

Since the fast time constant is relatively independent of voltage, the term,
n?cc/cp<1. This is equivalent to the statement that the equilibrium lies
toward the monomer side.

It is evident from Eqs. 5 and 9 that the amplitude of the fast relaxation
is determined only by the voltage dependence of K,. Thus, in the limiting
case of the proposed model the relaxation amplitude of the fast reaction
would be zero. Correspondingly, the equilibrium condition for the first
step depends on k, and k, which are voltage dependent. Thus, any
ratio between the amplitudes C, and C;, of Eq.4 can be obtained by
assigning the proper voltage dependence to the equilibrium constants.

Calculation of Fluctuation Amplitudes

The object of this section is to calculate the amplitudes of the correlation
function (Lax, 1960) for the slow and fast processes in the above reaction
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scheme. Since the time scales of the fast and the slow process are very
different, their fluctuations can. be measured separately by selecting
appropriate filters. In principle a single exponential term should be
obtained in both cases where the amplitudes are the corresponding
variances. These variances can be calculated in a simple manper by making
assumptions which are equivalent to the above filters. The starting point
for this treatment is an extension of the Boltzman Law to macroscopic
systems (Landau & Lifschitz, 1958) which, under the conditions of these
experiments, states that the probability of finding a chemical system in a
state, characterized by the number of moles, n ,, n, and n, is proportional to

e~ 4G4, np, nc)kT

where 4G is the difference in the Gibbs free energy between the given
state and the system’s equilibrium state. Considering small fluctuations
of n. around its equilibrium value, AG can be expanded into a Taylor
series with vanishing first order terms. This leads to a probability, p(4dn.)
of finding the system in a state which is characterized by a fluctuation
in n. of the size, An:

p(dng) o exp[—(d* G/dng)[2kT)]. (12)
Eq. 12 describes a Gaussian distribution where
0, =kT/(d*G/dn?). (12a)

An alternative derivation of Eq. 12a by Einstein can be found in Tolman
(1938).
Thus, for the above reaction scheme

dG=p, dn,+ pgdng+ pcdne (13)

where u,, ug, and . are the chemical potentials of 4, B, and C.
2

G
The term, JnZ can be calculated from Eq. 13 as follows:
C

’G _ d’n, (duA>(dnA> d*ng duB) dnB> dpc
dng —Ha dni  \dn. /) \dng M dn? (dcc (dnc dn,

For the slow reaction where Eqgs. 5 and 7 apply, then
dnc=nnly ' K,dng

dny, 1 dn,, 1

= - n—.._—*
n—1 2 n—1 ‘
dn, nny 'K, dnc nng 'K,
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d RT\ /d d RT
Using Gha (—) ( nA), Pe _ (—) <dnB) and the equilibrium

dng n, ) \dng dnc ng e
condition that y, = pug, it follows that
d*G RT+RT[ - 1 ]2+RT[ 1 z (15)
nt———\ +— | ——1 .
dnZ  ne | ony nny 'K, Ny nng“le]

Using Eq. 5 and K| =ng/n,

i2G | (K, +1)n, K.n* 2K
=RTI— 1 B 1 1]
dn? [nc+ n*n} * Nng * ne (16)
and
K, +1
=N, [1+ T Lk, —+2-K1] (17)

ne
where N, is Avogodro’s number.

Correspondingly, for the fast reaction, where Eq. 9 applies and dn =0,
it follows that

d*G  , dug  dyc

dn2 = dny * dng (18)
and

e _N,. [1+n2 ”C] (19)

One np

Using the expressions
G=N.ncy and oz=N2y?ol,
Egs.17 and 19 become

Ués = G'}’ [1+2K, +(1+ Kl)/(nznc/ns) +n’ K, (nc/ng)]_l (20)

~Gy[1+2K, +(1+K,)/(n*ne/ng)] ™" (20a)

and
05, =Gy[1+nne/ng)~" (21)
~Gy (21a)

where n’ng/ny<1. The terms, 65 and o, refer to the slow and fast
processes respectively.

Consideration of Egs.20 and 21 shows that in both cases the maximum
relative fluctuation, o3 =Gy, is the limiting case for independent fluctua-
tions. All additional terms in these equations are positive and act to
reduce 6. In the case of the fast process the reduction is negligible since
n’n./ng<1. This was the requirement for the fast time constant to be
voltage independent.
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