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Frequency Response of Alternating Currents
through the Staphylococcus aureus
a-hemolysin lon Channel
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Alternating currents were measured through transmembrane ion channels formed by Staphylo-
coccus aureus o-hemolysin proteins in planar bilayer membranes as part of an investigation to
determine the channel’s frequency response and the appropriateness of an equivalent circuit
commonly used to model electrical interactions at the surface of cells. The experimental approach
includes a novel method for separating the alternating current through one or more channels, which
is conductive in nature, from the capacitively coupled current through the membrane. Separation of
the conductive and capacitive alternating currents made it possible to measure the frequency
response of the a-hemolysin channels. The results of the study are consistent with an equivalent
circuit of a membrane capacitor in parallel with one or more channel resistors over the frequency
range 30-120 Hz. The possible usefulness of frequency response data for ion channels in cell
membranes during investigations of biological effects of time-varying magnetic fields is briefly
discussed. Bioelectromagnetics 22:487-493, 2001. Published 2001 Wiley-Liss, Inc.!

Key words: electrical properties; membrane; ion transport; planar membranes; equivalent

circuit

INTRODUCTION

An electrically equivalent circuit model that has
been commonly used to describe biological membranes
with ion channels is that of a capacitor, representing
the membrane, in parallel with one or more resistors,
representing the channel(s) [Hille, 1991]. This paper
considers the appropriateness of the above model
for a planar bilayer lipid membrane with transmem-
brane protein channels formed by Staphylococcus
aureus o-hemolysin (oHL) proteins [Menestrina, 1986;
Bezrukov and Kasianowicz, 1993; Kasianowicz and
Bezrukov, 1995; Bezrukov et al., 1996; Song et al.,
1996; Bezrukov and Kasianowicz, 1997; Kasianowicz
et al., 1999; Henrickson et al., 2000] when DC and
combined DC and AC potentials are applied across the
membrane. In particular, the resistive character of the
channel is examined by measuring the frequency
response of alternating current through one or more
channels.

This paper presents measurements that separate
the steady state alternating ion current through the
aHL channels from the capacitively coupled alternat-
ing current through the bilayer membrane. The ability
to distinguish between the two kinds of alternating
currents may be important in bioeffects research
because currents through channels represent transport
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of ions through the membrane, while capacitively
coupled currents do not. Measurement of the con-
ductive AC current solely through the channel during
the present investigation made it possible to deter-
mine the frequency response of the channel, a primary
objective of the paper. As will be discussed later,
frequency response data for ion channels may be
important during investigations of biological effects of
cells exposed to time-varying magnetic fields.

The experimental approach used in the pre-
sent study differs from impedance spectroscopy
[Macdonald, 1987; Covington and Zhou, 1992;
Deslouis et al., 1994; Benavente et al., 1998], which
lead to plots of the real and imaginary equivalent
circuit impedances in the complex plane as a function
of frequency (Nyquist plots). In the present context, the
“real impedance” would correspond to channel
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resistance. We note that two earlier studies reported in
Bioelectromagnetics of ion transport through ion
channels [Galt et al., 1993] and membranes [Durney
et al., 1993] during simultaneous application of AC
and DC magnetic fields involved measurements of
only DC ion currents. The focus of these earlier studies
was related to examining the validity of certain re-
sonance models for biological effects.

In the present study, we chose the oHL channel,
in part, because unlike many voltage-gated channels,
the aHL channel can remain open for extended periods
[Kasianowicz and Bezrukov, 1995; Kasianowicz et al.,
1996] expediting the acquisition of data and demonstra-
ting the current-separation technique described below.

APPARATUS AND MATERIALS

A schematic view of the chamber and a portion of
the measurement circuitry is shown in Figure 1. The
experimental chamber is a close copy of one used by
Bezrukov and Kasianowicz [1993] and is fabricated
from polytetrafiuoroethylene (PTFE). Partitions made
of PTFE, 0.025 mm thick with hole diameters that
varied from about 60 to 100 um, were used to divide
the chamber in two halves. Bilayer lipid membranes
are formed across the hole in a manner described
below. During the measurements, each half of the
chamber was filled with a 1 M KCI (1 mol/L)' bath
(5 mM HEPES buffer, pH 7.5) to a level just above the
hole in the partition. An operational amplifier (OP77)
sums the AC and DC voltages that are applied across
the PTFE partition and membrane with Ag/AgCl
electrodes (In Vivo Metrics, Healdsburg, CA)? sur-
rounded by 3 M KCI agar barriers. During some
measurements, one or both electrodes were in direct
contact with the KCI bath, but the absence of the agar
barrier did not significantly influence the results.

The current through the membrane and ion
channels is determined using the current-to-voltage
converter shown in Figure 1 (Burr-Brown OPA128).
The relationship between the direct current through
one or more channels arriving at the input of OPA128,
I;., and the output voltage, V.., is given by the
expression [Peyton and Walsh, 1993]

Vdco
Iye = — ; 1
== (1)

"The SI unit of solute concentration is mol/L.

The identification of commercial materials and their sources in
this paper is made to adequately describe the experimental results.
In no case does this identification imply recommendation by the
National Institute of Standards and Technology, nor does it imply
that the material is the best available.
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Fig. 1. Schematic drawing ofthe experimentalchamberanda por-
tion of the measurement circuit. The circuit for canceling the capa-
citively coupled current (in dashed box) could be disabled with the
switch,

where Ry is the feedback resistance and the minus sign
is due to the phase inversion introduced by the opera-
tional amplifier. The corresponding relation between
the alternating current, I,., and the alternating output
voltage, V., is smu]ar but with the feedback 1mpe~
dance R¢/[1 + (wRsCt) ]% taking the place of Ry, i.e.,
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where the current and voltage are root mean square
(rms) values, w is equal to 27if, f is the frequency, and
C is the stray capacitance in the feedback circuit of
OPA128. The values of Rs and C; are approximately
1.04 G2 and 0.19 pF, respectively. The value of stray
capacitance was determined by examining phase shifts
of signals through OPA128 using a lock-in amplifier.
In order to measure the alternating current only
through the channel, the portion of the circuit in the
dashed box (Fig. 1), when enabled with the switch, is
used to produce a second alternating current equal in
magnitude but opposite in phase to cancel the capa-
citively coupled current from the membrane and
partition. In this regard, we note that the capacitively
coupled current from the membrane and partition has a
phase shift of +90° with respect to the applied voltage
while the alternating current through the channel is in
phase with the voltage. Thus, to produce an alternating
current opposite in phase to the membrane and parti-
tion current, the alternating current routed through the
circuit in the dashed box must undergo a total phase
shift of 270°. This shift is accomplished in two steps.
First the inverting amplifier (OP77 with unity gain)
introduces a phase shift of 180°. After the current
passes the 120 pF capacitor, an additional 90° phase
shift occurs. Consequently, when the ‘“membrane/
partition” and “OP77/120 pF” currents meet at the



input of OPAI128, they differ in phase by 180°.
Cancellation takes place by matching the magnitude
of the two currents, which is done by varying the
resistance of the 5 k{2 potentiometer until a minimum
is observed in the AC signal from OPA128. This
minimum signal, which represents the alternating
current through the channel, is conveniently deter-
mined by minimizing the peak-to-peak amplitude of
Vaco using an oscilloscope. Detecting the current
through the channel using the above approach was
necessary because the capacitively coupled current
(tens of megohms impedance) was much greater than
the current through a single channel (~ 10° Q resistance
for our conditions), making the use of, for example,
phase sensitive detection very difficult.

With the exception of the 5 k2 potentiometer, the
circuitry and PTFE chamber shown in Figure 1 were
in a mu-metal box, and the box was located on a
commercially available vibration isolation table to
minimize electrical noise due to microphonics. The
5 k€2 potentiometer was external to the mu-metal box,
electrically shielded, and connected to the rest of the
circuit via a shielded cable.

MEMBRANE AND CHANNEL FORMATION

The lipid molecules for forming the membrane,
1,2-diphytanoyl-sn-Glycero-3-phosphocholine (Avanti
Polar Lipids, Alabaster, AL) arrive at NIST in powder
form and are stored at —80°C. When used for experi-
ments, the powder (20 mg) is mixed with pentane
(2 ml). The lipid bilayer is formed across the hole
using a variation of a technique employed by Montal
and Mueller [1972]. Initially, 1 M KCI solution
partially fills each half of the chamber (volume:
~2.5 ml, surface area: ~0.97 cm?). About 25 pl of
lipid is applied to the KCI surfaces when the levels are
just below the hole in the partition. The KCl levels are
slowly raised in sequence to a point just above the hole
to form the lipid bilayer. The additional KCI is
introduced into the chamber via PTFE tubes connected
between the chamber and syringes filled with KCl, and
the process is monitored visually by observing the KCl
levels through a microscope (not shown). During the
raising of the KClI levels, an AC voltage is applied
across the partition and the creation of the membrane is
signaled by a sudden step-increase in the capacitively
coupled current, ., (the current cancellation circuit is
disabled during formation of the membrane). Prior to
raising the KCl levels, the rim of the hole is coated
with hexadecane using a solution of hexadecane
in pentane (1:10 volume ratio). The pentane acts as
a carrier for the hexadecane and evaporates within
minutes, leaving a coating of hexadecane along the rim
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of the hole. The agar barrier for the Ag/AgCl
electrodes and KCl solutions were prepared using
deionized water.

Details of the experimental method for recon-
stituting the oHL ionic channel into the bilayer
membrane are described elsewhere [Kasianowicz and
Bezrukov, 1995; Kasianowicz et al., 1999]. Briefly,
following formation of the membrane, 0.4-0.5 ul of
oHL is added to the left half (cis) of the chamber
(Fig. 1), while stirring, with an applied membrane
potential of about plus or minus 60 mV. Creation of
one or more ion channels is indicated when DC signals
from OPA128 are observed using a chart recorder. The
time between introduction of the «HL proteins and the
creation of one or more channels varied from a few
minutes to more than 30 min. The longer times typi-
cally occurred when smaller holes were used in the
partition. All experiments were performed at room
temperature, i.e., 22.5 & 1°C. Introduction of the «HL
was often delayed until drifts in the membrane capaci-
tance became small.

EXPERIMENTAL APPROACH

In contrast to actual resistors, current-DC voltage
characteristic curves for «HL channels can be non-
linear and partially rectifying [Krasilnikov, et al., 1988;
Cescatti, et al., 1991]. Therefore, after the channel(s)
formed, we first applied dc membrane potentials and
measured the current—voltage curves of single and
multiple channels for our conditions, because of their
possible influence on the alternating current when
combined AC and DC voltages are applied. If the
channels behave similarly to resistors under alternating
voltage conditions, one can expect the peak-to-peak
values of the current to be influenced by the non-
linearity, as discussed in the next section.

Next, to determine the frequency response of the
oHL channels, the capacitively coupled current was
first canceled, and the current through one or more
channels was measured as the frequency of the alter-
nating current was varied. The frequency response was
recorded for both positive and negative DC voltages.
Because the rms value of alternating currents through
an ideal resistor should be independent of frequency,
the rms value of currents through one and multiple
channels was examined for its constancy as the fre-
quency was varied between 30 and 120 Hz.

During acquisition of data, no effort was made
to control the number of channels that were formed
following the formation of the first channel, e.g., by
simultaneously purging the KCl with the oHL and
adding fresh KCl to the chamber. Rather, when a
certain number of channels were formed (one or more)
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and when there was sufficient time before addi-
tional channels were created, the current-DC voltage
characteristic curves were measured and frequency
response measurements associated with a fixed number
of channels were performed. Long lived single chan-
nels were more likely to occur when small diameter
holes were used in the partition.

During the measurements of alternating currents
through the channel(s), cancellation of the capacitively
coupled current was frequently checked. However,
drifts in the membrane capacitance likely went unde-
tected at times, leading to greater leakage currents and
consequently greater uncertainty in the value of the
current through the channel(s). Uncertainties in the
measurement of the AC and DC voltages were less
than 1%.

RESULTS AND DISCUSSION

Prior to performing measurements with mem-
branes and ion channels, simulation type measure-
ments were made with resistors and capacitors in
parallel to determine the effectiveness of the circuit
for canceling the capacitively coupled current. For
example, the capacitance corresponding to the mem-
brane (and partition) and the resistance of a single
channel in our system are roughly 55 pF and 1 G{),
respectively. At frequencies of 120 and 30 Hz, the
“leakage™ currents due to incomplete cancellation
were near 7.4 and 2.6%, respectively, of the total
measured currents. Replacement of the 1 Gf2 resistor
with a 200 M(2 resistor provides an approximation of
five ion channels, and the corresponding leakage
currents at 120 and 30 Hz were about 1.4 and 0.6%,
respectively.

It should be noted that there were numerous
unsuccessful experimental runs during which, for
example, the membrane would break, the hole in the
partition would become “plugged” with fluid, overly
large offset voltages developed, or there were so many
channels that their number could not be reliably
determined.

Figure 2 shows two examples of current-DC
voltage characteristic curves for single channels
recorded on different days. The curves are obtained
using least square fitting software and are representa-
tive, in that small differences could be seen occasion-
ally for positive membrane potentials. We note that
there actually is a distribution of conductance values
for the oHL channel [Menestrina, 1986] with the
predominant value leading to a resistance of order
10° ohms for our conditions, as noted earlier. The
nonlinearities in Figure 2 were typical, with the slope
being greater for negative membrane potentials.
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Fig. 2. Superposition of two current-DC voltage characteristic
curves for single channels measured on different days. Occasion-
ally, a difference in the current for positive membrane potentials
was observed.

To examine whether multiple channels act as
resistors in parallel, Figure 3 compares a current-DC
voltage characteristic curve for five channels with that
for a single channel (recorded on a different day) that
has its current multiplied by a factor of 5. The excellent
agreement of the five channel results with the behavior
of actual resistors is perhaps fortuitous in light of the
differences noted in Figure 2 and a relatively greater
percentage of leakage current for the single channel
case, but the data are persuasive for concluding that
the current increases by the expected amount when
multiple channels are created.

The current-DC voltage characteristic curve for
five channels (Fig. 3) is shown again in Figure 4 with,
for illustrative purposes, the superposition of a sinus-
oidal voltage at & 60 mV. If the channels are to behave
as resistors (with the observed nonlinearities), the
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Fig. 3. Comparison of current—-DC voltage characteristic curves
for five channels and a single channel for which the current has
been multiplied by a factorof 5.
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Fig. 4. Influence of nonlinearity of current—DC voltage character-
istic curve on alternating current through channel for positive and
negative membrane potentials.

different slopes for positive and negative membrane
potentials should affect the peak-to-peak amplitude of
the alternating current as shown in Figure 4. That is,
the steeper slope for negative membrane potentials
should lead to greater peak-to-peak currents compared
to positive membrane potentials.

Table 1 shows comparisons between calculated
peak-to-peak currents and measured values for differ-
ent numbers of channels and membrane potentials. The
calculated values are determined using equations of
the form a + b(mV) + c(mV)? obtained from the least
squares fitting process, where a, b, and c are fitting
constants, and mV is equal to the DC membrane
potential = the amplitude of the applied ac voltage,
Via. The calculated peak-to-peak current is just the
difference between the two calculated current values.
The measured peak-to-peak current value is determined
using equation (2) for the rms value of I,, and assum-
ing that V,.,, which is measured, is sinusoidal, i.e., I5co
is multiplied by 2% to obtain the peak-to-peak current.
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Examination of the V,., waveform using an oscillo-
scope confirmed that it was essentially sinusoidal.

Considering the experimental uncertainties noted
earlier, most of the entries in Table 1 show good
agreement between calculated and measured peak-to-
peak current values. As indicated by the notes for the
bottom four rows of Table 1, some calculations of
the peak-to-peak current made use of single channel
current-DC voltage characteristic curves obtained on
days other than when I,., was measured. The agree-
ment with measured peak-to-peak current values was
good for most cases. The less favorable agreement for
case b may be explained by differences in the single
channel current-DC voltage characteristic curves for
positive membrane potentials (Fig. 2). The relatively
poor agreement in the results for six channels with
differences as large as 10% is difficult to explain and
occurred during one experimental run.

Data for the frequency response of one, three, and
five channels are presented in Figure 5. The rms
current through ideal resistors should be independent
of frequency and the data for the ion channels are in
good agreement with such a response. Considering the
single channel results in Figure 5, the data indicate
(when numerical values are considered) an increase in
current of about 12.5% as the frequency is varied
between 30 and 120 Hz. Much of this change can be
attributed to the imperfect cancellation of the capaci-
tively coupled or “leakage” current. As noted earlier,
an approximate simulation of the single channel case
using a 1 GS resistor with a parallel capacitance of
55 pF indicated a current increase of 4.8% for the
same change in frequency. When the capacitance was
increased to 65.5 pF in the simulation, the leakage
current increase was 8.3%.

As the number of channels increases in Figure 5,
the percent change in the channel current decreases as

TABLE 1. Comparison of Calculated and Measured Peak-to-Peak Currents

Number of Frequency Membrane Vin Calculated peak-to-peak Measured peak-to-peak Difference
channels (Hz) potential (mV) (MVms) current (pA) current (pA) (%)
S 120/30 —58.0 10.0 138.0 141.9/139.2 2.8/0.9
5 120/80 58.0 10.0 98.5 102.3/100.1 3.9/1.6
6 120/50 —60.4 10.0 169.2 185.0/180.2 9.3/6.5
6 120/50 59.9 10.0 106.7 117.4/115.8 10.1/8.5
2 120 —60.3/60.5 10.0 56.1/40.3 58.5/41.3 4.3/2.5
5 30 59.2 10.0 976 98.7 1.1

5 30 59.2 10.0 92.6° 98.7 6.6

3 30 —59.0 10.0 83.4° 85.7 2.8

5 30 59.2 10.0 97.9¢ 98.7 0.8

*Five channel current-DC voltage characteristic curve used for calculation.

PSingle channel current-DC voltage characteristic curve multiplied by 5 used for calculation.

°Single channel current-DC voltage characteristic curve (note b) multiplied by 3 used for calculation.

9Single channel current-DC voltage characteristic curve recorded on different day (from note b) multiplied by 5 used for calculation.
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Fig. 5. Frequency response of current through single and multiple
channels. The combined current data for 5 channels with slightly
different positive membrane potentials (58 and 59.2 mV) were
obtained on different days.

the frequency is increased. For the three channel and
five channel (Vdc =58 mV and 59.2 mV) cases, the
current increase was near 4% as the frequency was
increased from 30 to 120 Hz. The corresponding
current data for five channels (Vpec = —58.0 mV)
indicates a change of about 2.4%. Simulation of the
membrane and ion channels with resistors and capa-
citors resulted in similar changes as the frequency was
varied.

Using a lock-in amplifier, the degree of linearity
in the relation between the applied rms AC voltage
Vin and V,., was checked on one occasion for seven
channels at a frequency of 100 Hz. The linear regres-
sion correlation coefficient between the two voltages
was 0.999999 for applied voltages between 0.88 and
10.0 mV.

SUMMARY AND CONCLUSIONS

The results presented in Figures 2-5 and Table 1
indicate that, for the most part, the channels under AC
and DC voltage conditions act as resistors in parallel
with a capacitor, if one ignores the lack of linearity in
the current-DC voltage characteristic curves and
possible variations in the conductance of the channels.
The frequency response of the channels from 30 to
120 Hz corresponds well to that of resistors if the
uncertainty associated with incomplete cancellation of
the capacitively coupled current is taken into account.
The decrease in the change of rms current as the
frequency is increased for multiple channels, versus a
single channel, is expected. The reason is that the
capacitively coupled leakage current remains constant,
while the current through multiple resistors is greater,

i.e., the leakage current becomes a smaller percentage
of the total current.

We have shown that a commonly assumed
equivalent electrical circuit, i.e., a membrane capacitor
in parallel with resistive ion channels, appropriately
describes the behavior of oHL channels in a planar
bilayer membrane for combined DC and AC mem-
brane potentials. Using the current separation techni-
que described in this paper, it was possible to measure
the frequency response of steady state alternating
currents through one or more channels. It should be
noted that characterization of the frequency response
of transmembrane ion channels represents more than
“properties of materials” type metrology. As already
indicated, in contrast to capacitively coupled currents
through membranes, alternating currents through
channels represent transport of ions through mem-
branes, and their frequency response may be of interest
for researchers conducting bioeffects studies. For
example, it is well known that pulsed magnetic fields
are sometimes used for healing broken bones [Jain and
Gupta, 1994; McLeod et al., 1995]. While the mecha-
nism for their therapeutic effects are not well under-
stood, pulsed magnetic fields are known to induce
voltages that can appear as membrane potentials at the
surface of cells. Because these induced potentials can
be rich in frequency content, knowledge of the
frequency response of ion channels at the cell surface
might be helpful in understanding perhaps which
frequency components are ‘‘biologically active.”

The membrane/channel system that was studied
in this paper appears ideal for use in the further
development of the current separation technique.
For example, it would be of interest, with improved
electronics, to examine the frequency response at
higher frequencies, consider waveforms other than
sinusoidal, and to perform linearity checks for much
smaller alternating potentials than considered here.
The influence of different pH and molarity values,
which can influence the current—voltage characteristic
curves [Kasianowicz and Bezrukov, 1995], would also
be of interest. Experience gained via studies of the
oHL channel could be of value for studies of other
voltage-gated channels as indicated above.
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