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Abstract. General diffusion pores and specific porin
channels from outer membranes of gram-negative bacte-
ria were reconstituted into lipid bilayer membranes. The
current noise of the channels was investigated for the
different porins in the open state and in the ligand-
induced closed state using fast Fourier transformation.
The open channel noise exhibited 1/f-noise for frequen-
cies up to 200 Hz. The 1/f-noise was investigated using
the Hooge formula (Hooge,Phys. Lett.29A: 139–140
(1969)), and theHoogeparametera was calculated for
all bacterial porins used in this study. The 1/f-noise was
in part caused by slow inactivation and activation of
porin channels. However, when care was taken that dur-
ing the noise measurement no opening or closing of po-
rin channels occurred, theHooge Parametera was a
meaningful number for a given channel. A linear rela-
tionship was observed betweena and the single-channel
conductance,g, of the different porins. This linear rela-
tion between single-channel conductance and theHooge
parametera could be qualitatively explained by assum-
ing that the passing of an ion through a bacterial porin
channel is—to a certain extent—influenced by nonlinear
effects between channel wall and passing ion.
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Introduction

The outer membranes of gram-negative bacteria act as
molecular filters with defined exclusion limits for hydro-
philic solutes (Benz, 1994). Responsible for these mo-
lecular sieving properties are bacterial porins, major

classes of outer membrane proteins that form water-filled
hollow cylinders (Weiss et al., 1991; Cowan et al., 1992;
Schirmer et al., 1995). In contrast to voltage- or ligand-
gated ion channels in nerve and muscle tissues that con-
tain manya-helices, the porin channels are formed al-
most entirely from 16 or 18 amphipathicb-strands
(Weiss et al., 1991; Schirmer et al., 1995). Furthermore,
bacterial porin channels are predominantly in the open
configuration and close only at high voltages above 100
mV (Lakey, 1987) or when a specific porin is occupied
by a substrate molecule, for which it has a binding site
inside the channels (Luckey & Nikaido, 1980; Benz,
1988; Maier et al., 1988). Substrate-specific porins rep-
resent a major advantage for the efficient scavenging of
substrates at very small concentrations (Benz, 1988;
Andersen, Jordy & Benz, 1995).

In recent publications we have investigated the cur-
rent noise of the LamB-channel ofEscherichia coliouter
membrane reconstituted into lipid bilayer membranes
(Nekolla, Andersen & Benz, 1994; Andersen et al.,
1995). This maltose- and maltooligosaccharide-specific
porin shows high current noise of the Lorentzian type in
the presence of sugars without any indication of cooper-
ativity between the monomers within a trimer. The cor-
ner frequencies of the power density spectra have been
used for the evaluation of sugar binding kinetics to the
binding site inside the channel and for the calculation of
the sugar transport through the LamB-channels ofE. coli
and Salmonella typhimurium(Nekolla et al., 1994;
Andersen et al., 1995; Jordy et al., 1996). The evaluation
of the sugar-induced current noise has been similar to
that of the ameloride-induced current noise of the Na+

channels in frog skin (Lindemann, 1980). The open
LamB-channels show 1/f-noise, which is probably in part
caused by slow opening and closing of the LamB-
channels (Nekolla et al., 1994) because its amplitude
varies from membrane to membrane. Nevertheless, the
1/f-noise was present in all experiments even when open-
ing and closing of channels is minimized.
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1/f-noise, also known asFlicker Noise,can be found
in many physical and biological systems (Hooge, 1969,
1972; Hooge & Gaal, 1971; Verveen & DeFelice, 1974;
Conti & Wanke, 1975; DeFelice, 1981; Sigworth, Urry
& Prasard, 1987; Bezrukov & Vodyanoy, 1994). It is
often encountered in semiconductor devices (electrical
current over a semiconductor usually exhibits 1/f-
fluctuations), but also in very complex systems which
might be governed by nonlinear dynamics (Bak &
Creutz, 1994). The intensity of earthquakes, for ex-
ample, is usually proportional to some power of 1/f, if f
describes the number of earthquakes with a certain in-
tensity during a period of time (Bak & Chen, 1991). In
membrane systems, 1/f-noise has been found for the cur-
rent flow through the dimerized gramicidin channel in-
serted into lipid bilayer membrane (Sauve´ & Bamberg,
1978). On the other hand, careful analysis of the current
noise of the open gramicidin channel has not provided
any evidence for the existence of 1/f-noise (Sigworth et
al., 1987).

Many attempts have been made to explain 1/f-
behavior of current noise through electronic devices and
membranes. Although there does not exist a good ex-
planation for the occurrence of theFlicker Noise,Hooge
(1969) has developed a formula, which allowed the
analysis of the results obtained from noise experiments
on the basis of a single constant, the parametera. It is
the number to which the spectral amplitude of the fre-
quency spectrum is directly proportional. For semicon-
ductor devicesa was estimated to have a value around
10−4 (Hooge, 1991). However, for ion transport through
biological and artificial membranes it was not clear
whether 1/f-noise really existed in these systems or
whether the observed 1/f-noise simply reflected the slow
shift of the systems or the superposition of several
Lorentzians (Sauve´ & Bamberg, 1978; Sauve´ & Szabo,
1985; Sigworth et al., 1987).

In this study we investigated the power density spec-
tra of current noise of a variety of bacterial porin chan-
nels. These channels are particularly well suited for such
a study because they are permanently open and because
they possess a wide scope of single-channel conduc-
tance, which ranges in this study between 10 pS and 4 nS
for a single conductive unit in 1M KCl (Benz, 1994).
The results are discussed under the assumption that the
ions passing to the channels interact with the internal
loop inside the porin channels.

Materials and Methods

PURIFICATION OF THE DIFFERENTPORINS

Purification of LamB

LamB was isolated from envelopes of maltose-grown cells ofE. coli
TK24, which lacks OmpC, OmpF, and OmpA. Details of the isolation

procedure have been described in detail elsewhere (Vos-Scheperkeuter,
Hofnung & Witholt, 1984).

Purification of Tsx

Tsx was isolated and purified fromE. coli strain CH8, which is a
derivative of the Tsx-overproducing strain P400 and lacks, or is se-
verely deficient in, the major outer membrane proteins OmpA, OmpC,
OmpF, and LamB (Maier et al., 1988).

Purification of TolC

TolC was isolated from envelopes of theE. coli strain KS 26, which
lacks the outer membrane proteins OmpC, OmpF, and LamB (Schu¨lein
et al., 1991) and contained the plasmid pAX 629 to increase the con-
centration of TolC in the outer membrane. TolC was purified as has
been described previously (Benz et al., 1993b).

Purification of OmpC

OmpC fromE. coli K12 was isolated and purified from strain RAM
105 (Misra and Benson, 1988; K. Bauer and R. Benz,unpublished
results).

Purification of OprP

OprP fromPseudomonas aeruginosawas isolated and purified accord-
ing to an established procedure (Siehnel et al., 1992).

Purification of ScrY

ScrY was isolated from envelopes of theE. coli strain KS 26, which
lacks the outer membrane proteins OmpC, OmpF, and LamB and con-
tains the multicopy plasmid pPSO28-37 (Schu¨lein, Schmid & Benz,
1991).

Purification of porin fromRoseobacter denitrificans

Porin from the phototrophic gram-negative bacteriaRoseobacter deni-
trificans was isolated and purified as has been described previously
(Neumann et al., 1995).

PorB porin fromNeisseria

PorB porin fromNeisseria gonorrhoeaeVPI was isolated as described
previously (Rudel et al., 1996). It was a kind gift of Thomas Rudel,
Max-Planck-Institut fu¨r Biologie, Tübingen, Germany.

LIPID BILAYER EXPERIMENTS AND NOISE ANALYSIS

Black lipid bilayer membranes were formed as described previously
(Benz et al., 1978). The instrumentation consisted of a Teflon chamber
with two aqueous compartments connected by a small circular hole.
The hole had a surface area of 0.2 mm2. Membranes were formed by
painting onto the hole a 1% solution of diphytanoyl phosphatidylcho-
line (Avanti Polar Lipids, Alabaster, AL) in n-decane. The KCl solu-
tions (Merck, Darmstadt, F.R.G.) were used unbuffered and had a pH
around 6. The porins were reconstituted into the lipid bilayer mem-
branes by adding the concentrated stock solution to the aqueous phase
bathing a membrane in the black state. Except stated otherwise the
temperature was maintained at (22 ± 1)°C throughout. The noise
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analysis was performed as has been described previously (Nekolla et
al., 1994; Andersen et al., 1995; Jordy et al., 1996). In brief, the mem-
brane current was measured with a pair of calomel electrodes with salt
bridges switched in series with a battery-operated voltage source and a
current amplifier (Keithley 427 with a four-pole filter). The feedback
resistors of the current amplifier were between 0.01 and 10 GV. For
control purposes the amplified signal was monitored with a strip chart
recorder (Rikadenki). This allowed the detection of the insertion of
channels other than those under investigation in the membranes be-
cause it was possible to suppress the channel conductance to a large
extent. The amplified AC-component of the signal was analyzed with
a digital signal analyzer (Ono Sokki CF 210), which performed fast
Fourier transformation of the current noise. The spectra were com-
posed of 400 points and they were averaged 128 times. The further
analysis of the power density spectra was performed with an IBM
compatible computer with a 486 processor. The Fourier transformed
data were transferred into the computer as simple text files (two col-
umns of numbers, corresponding to x-y-values) and evaluated with the
program EASYPLOT (© by Spiral Software, Brookline, MA).

Theoretical Background

1/f-NOISE AND THE HOOGEFORMULA

An empirical relation for the explanation of the power
density spectra of 1/f-noise in physical systems is given
by Hooge’s formula (Hooge, 1969; Hooge & Gaal,
1971):

S~ f ! 4
a · I O

2

N · f
. (1)

S(f) is the amplitude of the power density spectrum at a
given frequencyf, IO is the current flow through the open
pores,N is the number of open channels in a membrane,
anda is the so-calledHoogeparameter. Since bacterial
porin trimers contain three individual channels,N is the
number of on-steps observed in experiments with lipid
bilayer membranes (which corresponds to the reconsti-
tution of trimers into the membranes) times three (Benz,
1994).

Results

CURRENT NOISE OF UNMODIFIED LIPID

BILAYER MEMBRANES

In a first set of experimental conditions we investigated
the power density spectra of lipid bilayer membranes in
the absence of porins. Membranes were formed of
diphytanoyl phosphatidylcholine/n-decane in 1M KCl
solution. After the membrane had reached the black
state the spectral density of the current noise of the mem-
brane was measured to assure that the membrane had not
an unusually high conductance, which could produce ex-
cess noise. The measurements were only continued

when the specific conductance of the membrane was
about 10 nS/cm2 or less. Figure 1A and B show the
power density spectrum of such a control experiment.
It is noteworthy that the power density spectra of these
experiments were very similar to those known from the
literature (Kolb, Läuger & Bamberg, 1975; Sauve´ &
Bamberg, 1978). In particular, the spectral density was
very small for the frequency range between 1 and 200 Hz
(seeFig. 1B). This is the frequency range that was of
interest for the study of the 1/f-noise. At higher frequen-
cies the noise increased because of the intrinsic noise of
the preamplifier that produces a current noise through the
membrane capacity.

1/f-NOISE OF OPEN PORIN CHANNELS

When the control experiments were completed we added
the porins in small concentrations (5 to 500 ng/ml). One

Fig. 1. Power density spectra of a diphytanoyl phosphatidylcholine/n-
decane membrane bathed in 1M KCl. PanelA shows the power density
spectra between 10 and 10,000 Hz. The bandwidth of the preamplifier
was 3 kHz. PanelB shows the power density spectrum of the same
membrane between 1 and 200 Hz. The applied membrane potential was
20 mV; T 4 25°C.
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to two minutes after the addition of the proteins the
membrane conductance started to increase in a stepwise
fashion caused by the formation of ion-permeable chan-
nels. The conductance of the individual porin channels
was taken from these recordings and the average single-
channel conductance was calculated from the current
steps. It was compared to that, which has been derived
previously from the initial characterization of the bacte-
rial porins used in this study. It is noteworthy that the
single-channel conductance derived here were identical
to the previous results. Furthermore, the standard devia-
tions of the single-channel distributions were similar to
those that have been observed previously. The final in-
crease was orders of magnitude above that in the absence
of porins (about 10 nS/cm2) and reached values of 1 to
100 mS/cm2 within about 20 to 30 min after addition of
the porins (Benz, Ishii & Nakae, 1980). About 30 min
after the addition of the porins the membrane current at
a voltage of 20 mV was approximately stationary and it
was possible to start the measurement of the current
noise. It is noteworthy, however, that the membrane cur-
rent had to be carefully checked for further insertion of
channels and for their slow inactivation at high current
resolution. The reason for this was that both processes
may contribute to the power density spectra and tend to
increase the 1/f-noise as we have shown in a recent pub-
lication (Nekolla et al., 1994).

Noise measurements were performed only for peri-
ods of time, in which we did not observe any channel
opening or closure at very high current resolution. Fur-
thermore, the spectra were averaged 128 times, which
means that the contribution of occasional channel open-
ing and closing to the noise spectra, if its occurrence was
not detected, was minimized in particular at high channel
densities (>100 channels). At smaller channel densities
it was easy to be detected in the simultaneous single-
channel recordings. This means that the possibility of
major contributions to current noise due to opening and
closing channels during the 1/f-measurements can be ex-
cluded. Figure 2 shows the power density spectra of the
current noise obtained for four different bacterial porins
at a membrane potential of 20 mV. Except for experi-
ments with the Tsx-channel (because of its small single-
channel conductance) the current noise of the mem-
branes without porin was not subtracted because of its
small amplitude in the considered frequency range. The
frequency range for which 1/f-noise was observed dif-
fered usually for different membranes because of the
diverse number of reconstituted channels in a given
membrane, but rarely exceeded 200 Hz. At higher fre-
quencies the power density spectrum started to increase
because of the intrinsic noise of the preamplifier that
produced a current noise through the membrane capaci-
tance. The number of channels was calculated from their
single-channel conductance measured in this study and

earlier investigations (Benz, 1994), which always
showed excellent agreement. Since the porin trimers
contain three individual channels (Weiss et al., 1991;
Cowan et al., 1992; Schirmer et al., 1995) the number of
trimers were multiplied by the factor three.

EVALUATION OF THE HOOGE PARAMETER a FOR

CURRENT NOISE THROUGH PORIN CHANNELS OF OprP

Double logarithmic plots of the power density spectra of
open channel noise from the phosphate specific diffusion
pore of OprP were fitted to the equationS( f ) 4 D/f c (D
4 S(1Hz)) by using a least squares fit. The power den-
sities were usually not exactly proportional to 1/f, but to
some power of 1/f with exponents that varied between
0.9 and 1.1 (seeTable 2). In the ideal case ofc 4 1 this
should result in a straight line with slope −1 in a double
logarithmic plot. FromHooge’sformula one can calcu-
late the parametera according to (Hooge, 1969; Hooge
& Gaal, 1971):

S~1Hz! · f: 4 D 4
a · I O

2

N
, (2)

anda is given by (D, accordingly, has the dimensionA2):

Fig. 2. Power density spectra of diphytanoyl phosphatidylcholine/n-
decane membranes containing (i) 180Roseobacter denitrificansporin-
channels, (ii) 190 OmpC-channels fromEscherichia coli,(iii) 200
OprP-channels fromPseudomonas aeruginosaand (iv) 220 Tsx-
channels fromEscherichia coli. The number of channels were calcu-
lated from the membrane conductance and the single-channel conduc-
tance of the corresponding porins in 1M KCl and was multiplied by
three because of the three channels in a trimer. The single-channel
conductance were 4 nS (porin fromRoseobacter denitrificans), 1.3 nS
(OmpC fromEscherichia coli), 250 pS (OprP fromPseudomonas ae-
ruginosa) and 10 pS (Tsx fromEscherichia coli). The aqueous phase
contained 1M KCl. The applied membrane potential was 20 mV,T 4

22°C. The straight lines show least squares fits of the power density
spectra with the equationS( f ) 4 D/f c.
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a 4
N · D

I O
2 . (3)

The experiments suggested that the 1/f noise com-
ponent created by the passage of current through the
reconstituted porin-channels of OprP was proportional to
the number of channels because the ratioS(1Hz)/N
showed only minor variations. This could also be seen
from the data of Table 1, which gives the number of
reconstituted channels,N, the power density of the 1/f
component,S(1Hz), at a frequency of 1Hz, the ratio
S(1Hz)/N, and the parametera derived according to Eq.
(3) for 11 different membranes in which different num-
bers of OprP channels were reconstituted (seealso Dis-
cussion). Table 1 shows thata was fairly constant (a 4
(3.122 ± 0.567)z 10−3) and that the power of the plot of
S(f) versusf was close to minus one (c 4 1.033 ± 0.010).
The single-channel conductance of a single conductive
unit of the OprP porin was 83.3 pS for the monomer in
a trimer (Benz & Hancock, 1987).

EVALUATION OF THE HOOGE PARAMETER a FOR

OTHER PORINS

We performed also with a variety of other porins from
gram-negative bacteria measurements of the current
noise and examined the 1/f-noise. These were the fol-
lowing porins: LamB (specific for maltose and maltoo-
ligosaccharides (Benz et al., 1986)), ScrY (specific for
sucrose (Schu¨lein et al., 1991)), OprP (specific for anions
in particular for phosphate (Benz, Egli & Hancock,
1993a)), Tsx (specific for nucleosides (Benz et al.,
1988)), TolC (specific for small peptides and involved in
the export of proteins out ofE. coli (Benz et al., 1993b))
and the general diffusion porinsRoseobacter denitrifi-
cans(Neumann et al., 1995), OmpC fromE. coli (Benz,
1988) and PorB fromNeisseria gonorrhoeae(Ru-
del et al., 1996). For each of these porins we calculated
Hooge’sparametera from the power density spectra by
using plots similar to those shown in Fig. 2. The results
of these measurements are summarized in Table 2, which
contains besidesa also the single-channel conductance
(for the single conductive unit in a trimer) of these porins
in 1 M KCl together with the standard deviation of the
single-channel distribution and the slope of the fit of the
power density spectra. For most of the porins the fit of
the data using Eq. (3) was satisfactory. Only in the case
of Tsx larger standard deviations were obtained, prob-
ably because of the very small single-channel conduc-
tance and the rather small contribution of the 1/f-
component to the total power density spectra. It is note-
worthy that theHoogeparameter calculated for the open
alamethicin channel (a ø 10−5), which has a conduc-
tance similar to OmpC or PorB is approximately in the

same range as measured here for these bacterial porin
channels (Bezrukov & Vodyanoy, 1991).

LORENTZIAN TYPE OF NOISE OF SPECIFICPORINS

It is noteworthy that some of the specific porins exhib-
ited Lorentzian type of noise, when the corresponding
substrates were added to the aqueous phase. This was
the case of LamB ofE. coli and of ScrY fromS. typhi-
murium. The reason for this is the existence of a binding
site inside the channel, which leads to a dose-dependent
block of ion transport through the channels (Schu¨lein et
al., 1991; Nekolla et al., 1994; Andersen et al., 1995).
In control experiments with LamB, we could demon-
strate that the binding of substrate was still possible
when the measurement of the 1/f-noise was completed.
The analysis of the Lorentzian type of current noise of
these experiments yielded the rate constants (±SD) for
the binding of maltotriose. These were 1.12z 107

l/(mol z sec) (± 0.05) for the on-rate constant (k1), 4960
(± 204) l/sec for the off-rate constant (k−1), 2260 (± 10)
l/mol for the stability constant of maltotriose binding,
and g 4 56 pS for the single-channel conductan-
ce. These results agreed reasonably well with the con-
stants that have been published recently (Andersen et al.,
1994). This suggested that both 1/f-noise and Lorentzian
type of noise are intrinsic properties of the LamB-
channel. The current noise of the other specific porins
changed also when the substrates were added to the
aqueous phase. However, we observed in these cases
preferentially white noise, which indicated that the ki-
netics of substrate binding was too fast to be resolved
properly in our experiments.

Discussion

The experimental results presented here suggest that 1/f-
noise exists in open bacterial porin channels and that its
spectral density is correlated to the single-channel con-
ductance of the individual channels. This means that the
Hoogeparametera is dependent on their single-channel
conductance. The current noise through the open porin
channels contained within the frequency range between 1
and 200 Hz a strong 1/f-noise-component in the power
density spectra. There exist several possibilities for the
explanation of the 1/f-noise, which will be discussed in
some detail in this study that are: (i) Noise because of
translational or rotational movement of the porin chan-
nels within the plane of the membrane, (ii) noise because
of the superposition of several Lorentzians caused by the
independent closing and opening of channel, and (iii)
noise because of nonlinear (chaotic) effects within the
channels.
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PORE DIFFUSION WITHIN THE MEMBRANE

In a recent paper Bezrukov and Vodyanoy (1994) have
attempted to explain the 1/f current noise of channels
reconstituted into lipid bilayer membranes. The authors
suggest that lateral or rotational diffusion of pores in the
membrane could be the cause for 1/f-noise. Membranes
represent fluid two-dimensional arrays of lipid and pro-
tein and it is possible that channel-forming proteins
move along the lipid structure with a given diffusion
constant. Using special assumptions for the dependence
of the current,i(x), on its location,x within the mem-
brane, it has been demonstrated that the spectral density
of the current noise is proportional to 1/f a(Bezrukov &
Vodyanoy, 1994). These assumptions are either that the
currenti(x) through the channel is a rectangular function

of its location x, which means that the slopea of the
spectral density in a double logarithmic plot is equal to
3/2. When the currenti(x) through the channel is pro-
portional to 1/√ |x| the slopea is equal to 1 (Bezrukov &
Vodyanoy, 1994). In both cases it has been suggested
that frequency ranges could be expected, in which the
spectral density is proportional to 1/f. Furthermore, in
these cases the spectral densityS( f ) should be a direct
function of the lateral diffusion coefficient of the chan-
nel, provided that the diffusion is sufficiently slow,
which can be expected for a protein in the plane of a
membrane.

The comparison of the results of our experiments
with the formalism proposed by Bezrukov and Vodya-
noy (1994) makes it rather unlikely that the lateral dif-
fusion of the porin trimers could account for our data.

Table 1. Parameters of the 1/f current noise through open OprP-channels fromPseudomonas aeruginosaouter membranea

Experiment I0/pA N c S~1Hz!

10−24 A2

S~1Hz!

N · 10−26 A2

a/10−3

JUL21M01 ,65 13 1.032 0.8261 6.355 7.626
JUL21M03 ,85 17 1.015 0.7466 4.392 5.270
JUL21M06 195 39 1.039 0.7992 2.049 2.459
JUL21M15 570 114 0.948 1.918 1.682 2.019
JUL26M14 1150 230 0.992 3.791 1.648 1.978
JUL26M16 1650 330 1.001 4.908 1.487 1.785
JUL28M06 5200 1040 0.961 20.48 1.969 2.363
JUL28M09 5700 1140 1.001 27.61 2.422 2.906
JUL28M11 6100 1220 1.044 37.13 3.043 3.652
AUG02M11 970 194 1.006 4.040 2.082 2.499
AUG11M08 1125 225 0.989 3.337 1.483 1.780
Mean ± SD 1.033± 2.061± 3.122±

0.010 0.435 0.567

a The membranes were formed from diphytanoyl phosphatidylcholine/n-decane. The aqueous phase contained 1M KCl and between 10 and 50 ng/ml
OprP. The membrane potential was 20 mV;T 4 21–22°C.I0 is the current through the open channels andN is their number calculated with a
single-channel conductance of 250 pS (corresponding to 83.3 pS for a single conductive unit in a trimer (Benz & Hancock, 1987)).c is the power
of the fit Eq.S(f) 4 D/f c, D is the power density of the 1/f noise at 1 Hz anda 4 N · D/I2

0 is the fit parameter of the 1/f noise usingHooge’s formula
(Hooge, 1969).

Table 2. Parameters of the 1/f current noise through different porins from gram-negative bacteriaa

Porin g/pS c a/10−4

General diffusion pores:
OmpC (E. coli K12) 433 ± 65 0.981 ± 0.022 2.04 ± 0.45
PorB (N. gonorrhoeae) 1000 ± 85 1.007 ± 0.014 0.432 ± 0.033
R. denitrificans 1333 ± 97 0.971 ± 0.055 0.324 ± 0.032

Specific porins:
LamB (E. coli) 50 ± 7.5 1.011 ± 0.019 22.1 ± 4.4
Scr Y (Salmonella typhimurium) 470 ± 55 0.995 ± 0.040 4.47 ± 0.10
OprP (Pseudomonas aeruginosa) 83 ± 6.5 0.990 ± 0.010 31.2 ± 5.7
Tsx (E. coli) 3 ± 0.8 0.974 ± 0.021 265 ± 118
TolC (E. coli) 27 ± 1.9 0.934 ± 0.084 247 ± 45

a g is the single-channel conductance ±SD of a unit channel (i.e., of a porin monomer), andc is the slope of the plot of the power density spectra
of the current noise as a function of the frequency.a ± SD is theHoogefactor calculated from Eq. (3).
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In particular,Hooge’sparametera varied considerably
for the different porins. The highest value was obtained
for the specific porins Tsx and TolC, while the smallest
value for a was found for the general diffusion porin
PorB from N. gonorrhoeae.Between both extremes,a
varies about 500-fold. The molecular mass of outer
membrane porins including TolC (52 kDa, Benz et al.,
1993b) ranges between 30 kDa and 50 kDa (correspond-
ing to 90 to 150 kDa for the trimer; Benz & Bauer, 1988),
and PorB and TolC have a similar secondary structures
and are both in the trimeric form, which means that we
would expect only minor differences if any for their lat-
eral diffusion coefficients in a lipid bilayer membrane.
These considerations make it rather unlikely that lateral
channel diffusion can account for the dependence of the
spectral density of the current noise on 1/f.

SUPERPOSITION OFLORENTZIAN-SHAPED POWER DENSITY

SPECTRA DUE TO SWITCHING CHANNELS

Another system, in which a dependence of the current
noise on 1/f has been found is the head-to-head di-
merized gramicidin channel (Sauve´ & Bamberg, 1978).
Later on it has been argued that the 1/f behavior of the
current noise in this system does not represent the intrin-
sic property of the open gramicidin channel but repre-
sents the fast switching of channels between the open
and the closed states as the origin of 1/f-noise (Sauve´ &
Szabo, 1985; Ring, 1986; Sigworth et al., 1987). We
have to admit that a similar explanation is also possible
for the 1/f-noise of the open porin channels and we have
recently argued in favor of such a superposition of
Lorentzians to explain the variation ofHooge’sparam-
eter a for the LamB-channel (Nekolla et al.,
1994). However, in this study we carefully controlled
the current during the noise experiments and we sub-
jected only those parts of the current recordings to noise
analysis, in which we did not observe any opening or
closing of channels at high current resolution. As a con-
sequence, theHoogeparametera was virtually constant
for a given porin, despite large variations of the number
of reconstituted channels in the different reconstitution
experiments with the same channel-forming protein.
Thus, the superposition of Lorentzians caused by open-
ing and closing of channels cannot account for the 1/f-
noise of the porin channels.

HOOGE’S PARAMETER a IS A FUNCTION OF THE

SINGLE-CHANNEL CONDUCTANCE OF THEPORINS

Plotting the different average values fora vs. the single-
channel conductance,g, yielded a quite astonishing re-
sult. Obviously,a decreased for increasingg. This can
be seen from Fig. 3, which shows a double logarithmic
plot of Hooge’sparametera as a function of the single-

channel conductance,g. A least squares fit ofa(g) had
the forma 4 k/gb with a slopeb 4 1.16 on the double
logarithmic scales. This means in a first approximation
that a is roughly proportional to1/g. Following Eq. (3)
one can write:

D 4
a · I O

2

N
4 a · N · g2 · U2 (4)

with IO 4 N · g · U, whereU is the membrane voltage.
Our experimental observations suggest thata is not a
constant, but it is roughly proportional to1/g for different
porin channels. This means that it can be written asa ≡
k/g with k being a new factor, whose relations to other
parameters of the systems are unknown at present. Thus,
Eq. (4) can be rewritten as:

D 4 k · N · g · U2 4 k
N2g2U2

Ng
4 k

I O
2

G
4 k · IO · U.

(5)

The constantk has a value of 2.80z 10−13 S (Fig. 3).
However, it is not clear if it should be understood as a
new more universal constant because a similar complete
study with other systems is still lacking.

At that point the question arises, which parameters
determine the size ofg of the porin channels. In a first
order approximation the porin channels can be treated as
a simple resistanceR expressed asR 4 r z l/A with l the
length of a channel,A its average cross-section andr the
specific resistance. However, X-ray crystallography of
porins has demonstrated that this picture is too simple as
Fig. 4 clearly demonstrates (Weiss et al., 1991; Cowan et
al., 1992; Schirmer et al., 1995). Porin channels are
formed by 16 to 18 amphipathic transmembrane

Fig. 3. Plot of the Hooge-Parametera as a function of the single
channel conductanceg of different bacterial porin monomers. The data
were taken from Table 2. The straight line corresponds to a least
squares fit of the data with a slopeb 4 1.1621.
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b-strands that form a hollow cylinder. The size of the
cylinder is restricted by the third external loop (localized
between theb-strands 5 and 6 from the N-terminal end)
that folds inside the channel (Figure 4). The effective
diameter ofE. coli general diffusion porins is about 0.8
× 1.0 nm (Cowan et al., 1992) and that of LamB is even
smaller (Schirmer et al., 1995). This means that the con-
ductance of the porins depends strongly on the size of the
loop and on the local electric field created by the amino
acids localized within the channel. In channels with high
single-channel conductance the ions passing the channel
do not interact strongly with the channel walls and the
loop 3 because of their large diameter and their energeti-
cally favorable conformation.

The 1/f-noise increased with decreasing single-
channel conductance of the bacterial porins, which is
limited by the friction inside the channel. When we con-
sider the known 3-D structure of porins it is possible the
1/f-noise is caused by the interaction between the third
external loop localized inside theb-barrel channel and
the ions that have to pass the loop on the way through the
channel. The noise is on the other hand most likely not
created by some sort of ‘‘channel breathing,’’ which has
been discussed in detail elsewhere (Sigworth, 1985) and
which should create Lorentzian noise. This means that
we are probably not dealing here with the moving of the
loop between one or several defined positions. The
mechanism of the creation of the 1/f-noise in the porin
channels may be similar as has been discussed by Bak
and Chen (1991) and Bak and Creutz (1994) for the
Self-Organized Criticality(SOC) of the sand avalanche

system in a two dimensional lattice. It has been shown
for such a system that 1/f-noise can be interpreted as a
superposition of avalanches in an SOC-state (Bak &
Chen, 1991; Christensen, Fogedby & Jensen, 1991; Bak
& Creutz, 1994), for which it has been shown that the
power density spectra are given under certain conditions
by:

S~ f ! ~ f−1−m, with −1 , m , 1. (6)

This could mean for the porin system discussed here
that ions do not penetrate the pores regularly, but each
single channel can be looked at as a system in a critical
state. Thus, ion diffusion across the pores takes place in
ion avalanches of different sizes. Since the porin chan-
nels consist of complicated structures, each ion crossing
the membrane may leave a pore in a slightly different
state and its conformation is changed after every event.
This could be compared with the sandpile model, in
which every grain ‘‘sees’’ slightly different conditions
when it is dropped on the lattice. The total 1/f-noise is in
this case a sum of the 1/f-noises of all single pores. Tak-
ing these considerations together, it might well be that
Hooge’sparameter,a, can be considered as a measure
for interactions between the channel interior, in particu-
lar with external loop 3 that folds inside theb-barrel
cylinder and provides major interaction with the pen-
etrating ions. Such a loop does not exist in the open
gramicidin A channels, which are long and narrow. This
may be the reason that 1/f-noise is not observed in this
system (Sigworth et al., 1987).
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