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Abstract

Alamethicin forms voltage-gated ion channels that have moderate cation-selectivity. The enhancement of the cation-selectivity by introducing
negatively charged residues at positions 7 and 18 has been studied using the tethered homodimers of alamethicin with Q7 and E18 (di-alm-Q7E18)
and its analog with E7 and Q18 (di-alm-E7Q18). In the dimeric peptides, monomer peptides are linked at the N-termini by a disulfide bond. Both
the peptides formed long lasting ion channels at cis-positive voltages when added to the cis-side membrane. Their long open duration enabled us
to obtain current—voltage (/-V},) relations and reversal potentials at the single-channel level by applying a voltage ramp during the channel
opening. The reversal potentials measured in asymmetric KCl solutions indicated that ionized E7 provided strong cation-selectivity, whereas
ionized E18 little influenced the charge selectivity. This was also the case for the macroscopic charge selectivity determined from the reversal
potentials obtained by the macroscopic /-V,, measurements. The results are accounted for by stronger electrostatic interactions between permeant

ions and negatively charged residues at the narrowest part of the pore than at the pore mouth.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Alamethicin is a well-studied channel forming peptide of 20
residues (Fig. 1), which forms voltage-gated ion channels in
lipid bilayers [1-6]. The multi-conductance behavior in the
single-channel recordings is interpreted in terms of the helix-
bundle model [6—8], which is a basic design for the pore region
of intrinsic ion channels. Because of the structural resemblance
to intrinsic ion channels as well as the simple sequence,
alamethicin has provided a good model channel to study
structure—function relationships (for reviews, see Refs. [9—13]).
Hence, effects of structural modifications in alamethicin on the
channel properties have been extensively studied, and various
channel forming peptides based on alamethicin have been
designed to mimic the function of intrinsic ion channels, such as
ion-selectivity, gating and sensing [14-30]. This study has been
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performed along the same line and is concerned with the
modification of the ion-selectivity of alamethicin channels.

Ion-selectivity of ion channels is commonly evaluated in
terms of the ratio of permeability coefficient determined from
the reversal potential (or the diffusion potential) evoked in the
presence of a salt concentration gradient. It is, however, difficult
with alamethicin channels to measure reversal potentials in
either single- or multi-channel measurements because of their
voltage-dependent channel formation, i.e., the channels formed
at a voltage, say 100mV, close before reaching the reversal
potential when the voltage decreases. Alternatively, we often
use the ratio of single-channel conductance measured in sym-
metric solutions of various kinds of salts [26, 31] and in the
presence of a salt concentration gradient [32]. Unfortunately, the
conductance ratio is not necessarily consistent with the ratio of
permeability coefficient determined from the reversal potential
[26].

Recently, use of tethered alamethicin made it possible to
measure the reversal potentials at the single-channel level.
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Alamethicin and its analog

alm-Q7E18 (alamethicin Rf30): X7=Q, X18=E
alm-E7Q18: X7=E, X18=Q

Ac-U-P-U-A-U-A-X7-U-V-G-L-U-P-V-U-U-X18-Q-Pheol

Covalently-linked dimers
di-alm-Q7E18: X7=0Q, X18=E
di-alm-E7Q18: X7=E, X18=Q
o]
PO
g N=U-P-U-A-U-A-X7-U-V-G-L-U-P-V-U-U-X18-Q-Pheol
1
S\/\“/H—U—P—U—A—U—A—XT—U—V—G—L—U—P—V—U—U—X 18-Q-Pheol
(6]

Fig. 1. Amino acid sequences of alamethicin Rf 30 (alm-Q7E18), its analog with
E7 and Q18 (alm-E7Q18) and their dimers (di-alm-Q7E18 and di-alm-E7Q18)
in which monomers are linked at their N-termini by a disulfide bond. U, a-
aminoisobutyric acid; Pheol, phenylalaninol; Ac, acetyl.

Tethering stabilizes specific conductance states to increase the
duration of open channels and reduce the rate of channel closure
[22-26,30], thereby enabling us to obtain the entire current—
voltage (/- V) curves for the single channels by applying a fast
voltage ramp during the open state [24,25,30]. Using this
technique, Starostin et al. [26] studied the ion-selectivity of the
single channels formed by covalently linked dimers of
alamethicin analogs, and clearly demonstrated that the substi-
tution of Lys (K) for GInl8 (Q18) converted cation-selective
channels into anion-selective ones at pH 6.8; the permeability
ratio of K* to C1™ (Pg/Pc) for channels with octameric helices
was 2.1 for the peptide with Q18 and 0.56 for the peptide with
K18. Furthermore, the ion-selectivity for the peptide with K18
depended on the pH of the bathing solution, i.e., Px/Pc=0.25
at pH<7, Px/Pc1~1 at pH 7-11 and Px/Pc=4 at pH>11 [28].

In macroscopic (or multi-channel) measurements, some of
the channels can survive at lower voltages around the reversal
potential when the voltage is decreased at a relatively high
sweep rate. The probability of remaining open channels is a
function of the voltage sweep rate, the lifetime of channels and
the number of peptides in the membrane. For alamethicin
channels with a relatively short lifetime, a relatively high
peptide concentration is required to increase the probability, but
it also makes the membrane unstable. Measurement of the
reversal potential, therefore, is not easy task for alamethicin
channels. Nevertheless, Eisenberg et al. [2] succeeded in
measuring reversal potentials under various salt concentration
gradients and estimated the macroscopic ion-selectivity, i.e., the
permeability ratios of Ca™", Na" and K* to CI~ were 0.3, 1.6
and 2.7, respectively. If the channel lifetime is prolonged, the
reversal potential can be more easily measured at low peptide
concentrations. Thus, as well as single-channel /-V;,, measure-
ments, use of tethered alamethicin would be of considerable
benefit in determination of the reversal potential by macro-
scopic /-V;, measurements.

In a previous paper, we studied the effects of charged
residues on the charge selectivity of alamethicin ion channels
by comparing the single-channel conductance measured in
solutions of K and Cl salts with bulky counterions. The

results with alamethicin analogs with Glu7 (E7) instead of
GIn7 (Q7) suggested that ionized E7 located at the narrowest
part of the channel strongly enhanced cation-selectivity [21].
The charge selectivity of the channels, however, should be
verified by measuring the reversal potentials. To measure the
entire /-V, relations of single channels, long lasting channels
are required as above mentioned. Hence, we synthesized the
alamethicin dimer (di-alm-Q7E18) N-terminally linked by a
disulfide bond and succeeded to increase the open duration
and to obtain the entire /-V/, relations of the single channels
[30].

In this study, we synthesized a homodimer of an alamethicin
analog with E7 (di-alm-E7Q18) by tethering alm-E7Q18 at the
N-terminus by a disulfide bond. For di-alm-E7Q18 and di-alm-
Q7E18 previously synthesized, the /-V, relations and the
reversal potentials were obtained at the single- and the multi-
channel levels. The charge selectivity was determined from the
reversal potential measured in asymmetric KCl solutions and
the effects of ionized E7 and E18 on the charge selectivity were
discussed.

2. Materials and methods
2.1. Peptide synthesis

The sequences of alamethicin Rf 30 (alm-Q7E18) and pep-
tides used in this study are shown in Fig. 1. AIm-E7Q18 and di-
alm-Q7E18 (a dimer of alm-Q7E18) were synthesized previ-
ously [21,30]. In this study, di-alm-E7Q18 was synthesized by
the same method used for di-alm-Q7E18. Fig. 2 shows the ESI-
MS chart of synthesized di-alm-E7Q18 (MW=4018.79)
obtained using an API-3000K (PE Sciex), two peaks being
found as: 2009.9 [M+2H"] and 1340.4 [M+3H"].

2.2. Channel current measurements

Currents through ion channels formed by peptides in
diphytanoyl phosphatidylcholine bilayers were measured as
described previously [21,30,32]. The bathing solutions (1M
and 3M KCIl) were buffered with either I0mM MES-HCI (pH
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Fig. 2. EIS-MS chart of purified di-alm-E7Q18.



382 T. Okazaki et al. / Bioelectrochemistry 70 (2007) 380-386

3.5) or 10mM HEPES-KOH (pH 6.9-7.0). A pair of Ag—
AgCl electrodes was used for current measurement and voltage
supply. Peptides were added to one of the aqueous compart-
ments (cis-side) to a final concentration of 1-5nM for alm-
E7Q18 and 0.1-2.5nM for di-alm-E7Q18 and di-alm-Q7E18,
and the other side (frans-side) is virtually grounded. Currents
were measured using a home made current—voltage converter
or an Axopatch 200B (Axon Instruments). Measurements were
made at 25+0.5°C and the cut-off frequency was around
1kHz. Single-channel recordings were made by applying a dc
voltage of about 200mV. For macroscopic current—voltage
measurements, triangular wave voltages of 0.01 to 1 Hz (or the
voltage sweep rate of 10—1000mV/s) were applied to the
membranes.

The current—voltage characteristics of the single channels of
di-alm-Q7E18 and di-alm-E7Q18 were measured by applying a
fast voltage ramp during the open states as described previously
[30]. Briefly, when a single channel is formed under a dc
voltage of ~200mV, the voltage is linearly decreased to
~—200mV and then is increased to ~200mV at a sweep rate of
32mV/ms. If the channel does not close during the voltage
sweep, we can get the /-V,, curve after correction for the
charging current of the membrane.

alm-E7Q18 z |
vy
=
25 ms
Closed
<
di-alm-E7Q18 =
=
0.25 s
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Fig. 3. Single channel recordings for alm-E7Q18 and di-alm-E7Q18 channels in
IM KCl at pH6.7-6.9 and at 200mV. Note the difference in time scale between
alm-E7Q18 and di-alm-E7Q18. For di-alm-E7Q18, three traces are shown.
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Fig. 4. Conductance histogram of di-alm-E7Q18 channels in 1M KCl at pH 6.9.
2.3. Determination of charge selectivity

To determine the charge selectivity of channels, microscopic
and macroscopic /—V;, curves were measured in asymmetric
KCI solutions: ¢, and ¢; are KCI concentrations at the cis- and
trans-sides, respectively. Since, with asymmetric KCl solutions,

150 —p—F—T—"—T—"—T1—

100 =
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Fig. 5. Macroscopic -V}, curves for (A) di-alm-Q7E18 and (B) di-alm-E7Q18
in 1M KCI at pH 7.0. Sweep rates of voltage: in (A), (a) 46, (b) 92 and (c)
184mV/s; in (B), (a) 92, (b) 184 and (c) 460mV/s. Insets are closer looks of the
negative slope conductance. Arrows indicate the directions of voltage sweep.
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the applied voltage V is the sum of the electrode potential
difference V;; and the membrane potential difference V,,, V',
was obtained by subtracting V;; from V' as described previously
[32].

When there is a difference between the permeability
coefficients of K™ and C1~ denoted as Pk and Pc, the reversal
potential £, is evoked, which is represented by the Goldman—
Hodgkin—Katz equation
E. — H]nPKat + Pciac ’ (1)

F Pxac+ Poia
where a, and a, are the activities of KCI solutions at the trans-
and cis-sides, respectively.

3. Results and discussion
3.1. Single-channel recordings

Fig. 3 shows current fluctuations observed with lipid
bilayers doped to alm-E7Q18 and di-alm-E7Q18 in 1M KCI
at pH 6.9 and at 200mV. For alm-E7Q18, there appeared rapid
transitions among several current levels as described in a
previous paper [21]. This current behavior indicates that there
are several channels of different conductance values because
every current level is not a multiple of a unit current and that
their lifetimes are less than 10ms. In contrast to alm-E7Q18,
di-alm-E7Q18 formed long lasting channels of a few
conductance levels, indicating that particular channels are
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log (G_/8)
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Fig. 6. Membrane conductance G, plotted against membrane voltage V,,, for
(A) di-alm-Q7E18 and (B) di-alm-E7Q18 in 1M KCl at pH 7.0. Data are the
same as in Fig. 5. Arrows indicate the directions of voltage sweep.
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Fig. 7. Current—voltage (/-V;,) curves of di-alm-Q7E18 channels (putative
hexameric channels) in asymmetric KCl solutions at pH 6.9. KCl solutions (cis/
trans): 3M/1M for curve a and 1 M/3 M for curve b. Dots indicate the observed
data. Solid curves were obtained by fitting a polynominal function to the data.
Inset: a close look near the reversal potentials.

stabilized by tethering monomer peptides. Similar results were
found for di-alm-Q7E18 as described previously [30]. The
current traces for di-alm-E7Q18, however, were more noisy
than those of di-alm-Q7E18 and various sublevels with slightly
different conductance values were found. Fig. 4 shows one of
the conductance histograms that were relatively often observed
for di-alm-E7Q18. The main peak around 1.1nS corresponds
putatively to channels with six helices. The conductance value
fluctuated among measurements, suggesting that the channels
take several different conformations.

3.2. Macroscopic measurements
Fig. 5 shows macroscopic channel currents for di-alm-

Q7E18 and di-alm-E7Q18 measured in 1M KCI (pH 7.0) by
varying voltage sweep rate. Channel currents were observed at

04 —r—a4———7——7——7—

0.2

) i P PR T
-150 -100 -50 0 50 100 150

vV /mV

Fig. 8. Current—voltage (/-V;,) curves of di-alm-E7Q18 channels (putative
hexameric channels) in asymmetric KCI solutions at pH 6.9. KCI solutions
(cis/trans): 3M/1M for curve a and 1M/3M for curve b. Dots indicate the
observed data. Solid curves were obtained by fitting a polynominal function to
the data.
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Table 1
Microscopic charge selectivity of di-alm-Q7E18 and di-alm-E7Q18 channels
that are putative hexameric bundles

Peptides Py/Pcy

KCI concentration (cis/trans)

IM/3M 3M/IM

pH 3.5 pH 7.0 pH 3.5 pH 7.0
Di-alm-Q7E18 1.4 1.8 1.3 1.2
Di-alm-E7Q18 1.3 389 1.2 8.5

The permeability ratios Py/Pc; were determined from the reversal potentials
measured in asymmetric KCI solutions at 25°C.

cis-positive voltages when peptides were added to the cis-side
chamber, indicating peptides were N-terminally inserted in the
membrane to form channels. The macroscopic current—voltage
(I-Vy) relations traced wide hysteresis loops due to slow
opening and closure of channels. At voltages below OmV, a
negative slope conductance (d//dV;,,<0) appeared after a peak
of negative current. Fig. 6 shows the logarithm of the cord
conductance of membrane G, (G,=1/V,,) plotted against the
membrane potential difference V;,. There were linear relations
between log G, and V, in the ascending voltage limb and the
slopes were almost independent of the voltage sweep rate. In the
descending voltage limb, G,, gradually decreased after a broad
peak but still remained high conductance levels even below
0mV. Since G, is proportional to the number of open channels,
the results indicate that more than 100 channels are still open at
OmV given the mean unit channel conductance is ~ 1nS.
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Fig. 9. Macroscopic -V, curves for di-alm-Q7E18 in asymmetric KCl
solutions at pH 7.0. KCl solutions (cis/trans): (A) 1M/3M and (B) 3M/I M.
Sweep rates of voltage: in (A), (a) 184, (b) 460 and (c) 920mV/s; in (B), (a) 92,
(b) 184 and (c) 460mV/s.
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Fig. 10. Macroscopic /-V,, curves for di-alm-E7Q18 in 1 M/3M KCl (cis/trans)
at pH 7.0. Sweep rates of voltage: (a) 92, (b) 184 and (c) 460mV/s.

Hence, we would expect that the reversal potential can be easily
determined in the macroscopic /-V;, measurements with high
voltage sweep rates for di-alm-Q7E18 and di-alm-E7Q18 in
asymmetric salt solutions.

3.3. Current—voltage curves of single channels in asymmetric
KCl solutions

The long open duration found in the single-channel
recordings of di-alm-Q7E18 and di-alm-E7Q18 enables us to
measure the entire current—voltage curves by applying a voltage

200

I/nA

vV /mV

Fig. 11. Macroscopic -V, curves for di-alm-E7Q18 in 3M/1 M KCl (cis/trans)
at pH 7.0. (B) is a close look of (A) near the reversal potentials. Sweep rates of
voltage: (a) 92, (b) 184 and (c) 460mV/s.
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ramp during the open state. Thus, we can obtain reversal
potentials in asymmetric KCI solutions to determine the charge
selectivity at the single-channel level. Fig. 7 shows the -V,
curves for di-alm-Q7E18 at pH 6.9. The channels are putatively
abundle of six helices [30]. The reversal potentials were slightly
negative (~—4mV) for 3M/IM (cis/trans) KCI solutions,
slightly positive (~8mV) for 1 M/3M KClI solutions, and were
zero volt in symmetric KCl solutions (1M and 3M KClI). Fig.
8 shows the /-V,, curves of di-alm-E7Q18 channels with
putatively hexameric helixes at pH 6.9. The reversal potentials
were ~—22mV (3M/1M) and ~26mV (1 M/3 M), which were
larger than those for di-alm-Q7E18.

The ratios of permeability coefficient Py/Pc| were calculated
from the reversal potentials using Eq. (1), being summarized in
Table 1. The di-alm-Q7E18 channels have moderate cation-
selectivity at both pH 3.5 and pH 6.9. The ionization of E18
slightly enhanced cation-selectivity in 1 M/3 M but little did in
3M/1M. On the other hand, di-alm-E7Q18 channels showed
strong cation-selectivity at pH 6.9 where E7 is ionized, whereas
the charge selectivity at pH 3.5 was almost the same as that of
di-alm-Q7E18. The charge selectivity for both di-alm-Q7E18
and di-alm-E7Q18 at pH 6.9 depended on the direction of KCI
concentration gradient; the Py/Pc for 1 M/3M was higher than
that for 3M/ 1 M.

The values of Px/Pc; estimated for di-alm-Q7E18 and di-
alm-E7Q18 were qualitatively consistent with those of the
conductance ratio Gx/Gc; measured for alm-Q7E18 and alm-
E7Q18 channels using solutions of K and CI salts with bulky
organic counterions, i.e., Gx/G¢;=1.2 for alm-Q7E18 and G/
Gc1=4.2 for alm-E7Q18 at pH 7.0 [21]. The conductance ratio,
however, provided always lower values than the ratio of
permeability coefficient as described by Starostin et al. [26].

3.4. Macroscopic I-V curves in asymmetric KCI solutions

Fig. 9 shows macroscopic /-, curves measured for di-alm-
Q7E18 in asymmetric KClI solutions at pH 7.0. There found
small reversal potentials as 8mV for 1 M/3M (cis/trans) and
—3mV for 3M/1M KCIL. In contrast to di-alm-Q7E18, di-alm-
E7Q18 showed much larger reversal potentials, i.e., 21 mV for
1M/3M KClI and —17mV for 3M/1 M KClI at pH 7.0 (Figs. 10
and 11). The reversal potentials indicated weak cation-
selectivity for di-alm-Q7E18 and strong cation-selectivity for
di-alm-E7Q18. The selectivity depended on the direction of
KCI concentration gradient in a similar manner as described for
the single channels in the previous subsection. Table 2
summarizes the macroscopic Pyx/Pc; calculated from the
reversal potentials using Eq. (1). The Px/Pc for di-alm-
E7Q18 was much larger than that for di-alm-Q7E18 at pH 7.0,
whereas almost the same Py/Pc| was obtained at pH 3.5 for the
both peptides. This tendency was consistent with that obtained
for the single channels (Table 1). The values of Px/Pcy were,
however, smaller than those for the single channels of
hexameric helixes. This is because there are channels that
have larger pores than the hexameric channel in the macro-
scopic measurements. The ion-selectivity of the membrane is
determined by the larger pores with smaller Px/Pc values.

g/?:clfoicopic charge selectivity of di-alm-Q7E18 and di-alm-E7Q18 channels
Peptides Py/Pc

KCI concentration (cis/trans)

IM/3M 3IM/IM

pH 3.5 pH 7.0 pH 3.5 pH 7.0
Di-alm-Q7E18 1.3 1.8 1.2 1.3
Di-alm-E7Q18 1.3 5.5 1.1 4.4

The permeability ratios Px/Pc; were calculated from the reversal potentials
measured in asymmetric KCl solutions at 25°C.

3.5. Charge selectivity

We verified that the negatively charged E7 brings strong
cation-selectivity and that the ionized E18 at the pore mouth
little influences charge selectivity. This is reasonable because
permeant ions receive strong electrostatic interactions from
charged E7 at the narrowest part of the pore than charged E18 at
the pore mouth. If the channels are of funnel shape as proposed
by Fox and Richards [8], i.e., the C-terminal side has a wider
mouth than the N-terminal one, little effect of ionized E18 on
the charge selectivity is not surprising. However, this is not the
case for the C-terminally linked alamethicin dimers, i.e., the
replacement E18 by K18 converted weakly cation-selective
channels to moderate anion-selective ones at neutral pH [26,28].
This could be because the residues at position 18 are closer each
other for the C-terminally linked dimer than the N-terminally
linked one.

The charge selectivity depended on the direction of KCl
concentration gradient; Px/Pc; was 38.9 (1M/3M) and 8.5
(3M/1M) for channels of hexameric helices, and macroscopic
Py/Pcywas 5.5 (1M/3M) and 4.4 (3M/1 M). Although this is an
interesting problem, here we only point out possible explana-
tions. The permeability coefficient P is defined as P=pD/d,
where f is the partition coefficient between the aqueous phase
and the channel, D the diffusion constant of the ion within the
channel and d the pore length. Since f and D relate to the free-
energy profile in the pore, it is reasonable that the asymmetry of
both of the channel structure and the electrostatic potential
profile in the pore causes the asymmetry of the permeability
coefficient. Further, since peptides are added to one side of the
membrane, it is not ruled out that the surface potential at the
membrane interface is modified by the adsorbed peptides to
result in the asymmetry of the surface potentials.
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