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aBsTRACT Channel access resistance has been measured to estimate the characteristic size of a single ion channel. We compare
channel conductance in the presence of nonpenetrating water-soluble polymers with that obtained for polymer-free electrolyte solution.
The contribution of the access resistance to the total alamethicin channel resistance is ~10% for first three open channel levels. The
open alamethicin channel radii inferred for these first three levels from the access resistance are 6.3, 10.3, and 11.4 A

The dependence of channel conductance on polymer molecular weight also allows evaluation of the channel dimensions from
polymer exclusion. Despite varying conductance, it was shown that steric radii of the alamethicin channel at different conductance levels
remain approximately unchanged. These results support a model of the alamethicin channel as an array of closely packed parallel pores

of nearly uniform diameter.

INTRODUCTION

The use of water-soluble polymers to study ionic chan-
nels provides new methods for obtaining information on
channel dimensions and their change during transitions
of the channel between different conductance states. Os-
motic stress by polymers excluded from channel interior
was first used by Zimmerberg and Parsegian (1), who
studied the voltage-dependent anion channel from the
outer membrane of mitochondria. Channels under os-
motic stress tend to collapse the polymer inaccessible
aqueous volume. The decrease in probability of the open
state on application of osmotic pressure provided an esti-
mate of the volume change at channel transitions be-
tween open and closed states. This approach was subse-
quently used to determine the change in volume of potas-
sium channels of the squid giant axon (2).

Water-soluble polymers not only introduce various os-
motic effects but also increase the viscosity of solutions
and decrease their macroscopic (bulk ) conductivity. The
change in the microscopic conductivity depends on the
scale and particular structure of the conductor. For ex-
ample, small ionic channels with interiors inaccessible to
solutes should not undergo significant conductance
change. In contrast, the conductance of big aqueous
pores easily penetrable by polymer molecules should
change in parallel with bulk electrolyte conductivity.
This effect has been used for sizing toxin-induced chan-
nels (3) and alamethicin channels (4, 5).

We describe experiments on the alamethicin-induced
conductance of lipid bilayers in the presence of water-
soluble polymers polyethylene glycols and dextran. Ala-
methicin, a 20 amino-acid peptide, has been studied for
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some years as a model for voltage-gated channels (6),
the main reason for enduring interest being the strong
voltage dependence of alamethicin-induced conduc-
tance. Single-channel properties of alamethicin channels
have been studied extensively by several groups (7-9)
(for review see reference 10).

In the present article, we restrict ourselves to analysis
of the effects of solution conductivity changes caused by
addition of polymer solutes. We show that steric consid-
erations based on characteristic polymer sizes in solution
and access resistance measurements for nonpenetrating,
excluded polymers allow us to evaluate channel dimen-
sions using these two completely independent ap-
proaches. Analysis of noise in the open alamethicin
channel in the presence of penetrating polymers is used
to derive some conclusions on the mechanism of poly-
mer action.

Our data also yield information on the influence of
polymers on channel kinetics and probabilities of differ-
ent conductive levels. The osmotic-stress effects that
provide an independent way of channel sizing (1) and
the viscosity-induced changes in kinetics will be dis-
cussed elsewhere.

MATERIALS AND METHODS

“Solvent-free” membranes were prepared as described by Montal and
Mueller (11). The membrane forming solution was L-alpha-diphyta-
noyl lecithin (Avanti Polar Lipids, Inc., Pelham, AL) in n-pentane (5
mg/ml). The chamber, developed in the laboratory of James Hall (Ir-
vine, CA) (12), was made from Teflon. Two symmetrical halves with
volumes of 3 cm? were divided by 15 yum Teflon partition with round
aperture of ~ 100 um diameter. Hexadecane in n-pentane (1:10) was
used for the aperture pretreatment. Alamethicin purified as described
in Balasubramanian et al. (13) was added to membrane bathing solu-
tion from ethanolic stock solutions after bilayer formation. Analytical
grade sodium chloride from Mallinckrodt, Inc. (Paris, KY ) was used to
prepare aqueous stock solutions of 1.0 M concentration buffered at pH
6.2 by MES (mol wt 213.2) from Calbiochem Corp. (La Jolla, CA).
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Polyethylene glycols (PEGs) of different molecular weights from Al-
drich Chemical Co., Inc. (Milwaukee, WI) and dextran 17,900 from
Sigma Chemical Co. (St. Louis, MO) were used to obtain needed
weight/weight concentration. To keep the ion/water molar ratio con-
stant, the polymers were added to NaCl stock solutions. In several
experiments, PEGs from Fluka (Buchs, Switzerland) were used,
namely Carbowax 20000, Carbowax 1540, and Carbowax 400. No dif-
ference in PEG-induced effects was found. Bulk electrolyte conductiv-
ity was measured using a conductivity meter (model CDM 80; Radiom-
eter, Copenhagen, Denmark).

A pair of Ag-AgCl electrodes with agar bridges was used to maintain
membrane potentials and to pick up current fluctuations. Electrodes
and bridges were assembled within standard 200-ul pipette tips using
agar boiled in 3 M NaCl aqueous solution and silver wires of | mm
diameter pretreated by immersing in 0.1 HCl at direct current of 0.5
mA /cm? density for 3 h. The input amplifier was 3902 headstage (a
10® Q feedback resistor, max input current 10~7 A) of the 3900 inte-
grating patch-clamp system (Dagan Corporation, Minneapolis, MN).
All input circuits and two pairs of syringes for membrane formation
and bathing solution changing were placed within a double high-u
metal screen (Amuneal Manufacturing Corp., Philadelphia, PA) that
provided > 10*fold damping of magnetic and electric stray field com-
ponents in noise spectra.

Current fluctuations were recorded with the help of the digital mag-
netic tape recorder Unitrade/Toshiba DX-900 (DAS-900; Unitrade,
Philadelphia, PA) operated in Pulse Code Modulation mode. Re-
corded data were then analyzed using a Gateway 2000 80386/387 33
MHz computer (Gateway 2000, North Sioux City, SD) with the Ada-
lab-PC 12 bit A/D converter board that could be operated at 100~
40,000-Hz sampling frequency. Single-channel statistics and conduc-
tance levels were determined after signal filtering by an 8-pole Bessel
filter (Frequency Devices 902; Frequency Devices, Haverhill, MA)
with 1.5 or 2.5 kHz corner frequencies. In noise measurements, an
8-pole Butterworth filter ( Frequency Devices 901) was used, the corner
frequency being chosen equal to three-eighths of the sampling fre-
quency. Fourier transformations were made on 2048 point vectors.

To measure noise of the open channel, i.e., the noise of the current
through the channel during the segments of recordings corresponding
to a specific conductance level (Fig. 1), we used a special pretreatment
of current recordings. Segments of recordings corresponding to a cho-
sen level of pore conductance were selected and, after cutting 250 us off
both ends of the segment to eliminate transition phenomena and zero-
ing of the mean value of the segment, were used to obtain 2,048-point
vector for spectral density evaluations. Several tests were performed to
exclude the possibility of spectrum distortion due to a limited lifetime
of the channel at a specific conducting level. In one of them, a signal
from a calibrated external noise generator was mixed into the channel
current recording. Spectra obtained from this signal were then com-
pared with those measured directly from the output of the noise genera-.
tor. It was found that the damping of the admixed signal spectra is
significant only at the lowest frequencies of the range, i.e., at frequen-
cies < 60 Hz.

The design of the chamber permitted the change of membrane bath-
ing solutions without damaging the membrane. In a typical experi-
ment, a bilayer was first formed by raising solutions in both chamber
compartments 2 mm above the opening in the partition. Membrane
capacitance was measured to be 30-50 pF. Magnetic stirring was then
started, and alamethicin was added to the front compartment of the
chamber, membrane voltage being switched to 100 mV (alamethicin
side positive). This voltage was used throughout all experiments if not
stated otherwise. After 10 or 20 min, single channels began to appear,
and after 30 min their behavior looked stationary. Then, the stirrers
were switched off, and the tape recorder was started to obtain 10 or 20
min of “control” recording. After that, using two additional syringes of
5 cm? volume, the bathing solution near the membrane was changed by
slowly replacing initial electrolyte with heavier and more viscous poly-
mer-containing solution added from the bottom of chamber compart-
ments. The change of bathing solution took ~0.5 min. Another 10 min
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FIGURE | A sample of the single-channel recording at 100 mV mem-
brane voltage. The conductance levels are numbered according to the
convention of this article.

of recording were obtained. The procedure of electrolyte change could
then be reversed to verify the absence of mixing between two phases.
The absence of mixing was additionally checked, putting dyes into the
second phase and repeating the procedure of solution change several
times. All measurements were made at room temperature, 22-23°C.

RESULTS

An example of current steps generated by a single ala-
methicin channel is shown in Fig. 1. The conductance
fluctuations appear in bursts containing channel transi-
tions between several conducting states (7-10). The
current bursts always appeared and disappeared through
the lowest conducting state, the “O-state” (8, 14). The
conductances of different states were nearly ohmic
(slightly superlinear at voltages larger than 100 mV),
and the states were not integral multiples of each other.
We were able to distinguish up to five such states (in-
cluding the “0O-state™), but states corresponding to level
4 and possibly higher levels were rarely seen. For these
levels, it was difficult to obtain good statistics. The proba-
bility of finding a channel at 0-state was high enough, but
relatively small conductance of the channel in this state
precluded an accuracy adequate for analysis. Therefore,
we restricted our consideration to the levels 1, 2, and 3.

Raw data were obtained as histograms of membrane
current. Fig. 2 presents such histograms for several dif-
ferent concentrations of PEG 400. The conductance of
all levels decreases as concentration of the polymer in-
creases.

A comparison of PEG effect on channel conductance
and on bulk solution conductivity is shown in Fig. 3. The
points for a certain level of channel conductance were
obtained as ratios of the level conductance in PEG-con-
taining solution to that in polymer-free solution, the ex-
periment with polymer-free solution being done first, as
described in the previous section. The conductance of a
level was determined as the mean value averaged over
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FIGURE 2 A histogram of the membrane single-channel current in the
presence of different concentrations of PEG 400. PEG concentration is
shown as a weight /weight percents in Z axis of the three-dimensional
histogram. In the left-hand side, out-of-scale peaks corresponding to
the background membrane current are deleted to clarify the picture.
Current reduction with increasing polymer concentration is accompa-
nied by a redistribution of level probabilities in favor of lower conduct-
ing states due to osmotic effects. These effects will be considered in a
forthcoming article.

corresponding peak of a histogram (see Fig. 2) minus
conductance of “bare” membrane.

For solutions of PEG 400 (Fig. 3), the approximate
reduction in conductance of channel levels is close to the
PEG-induced reduction in bulk electrolyte conductivity.
This is not true for solutions of larger PEG 3,400 mole-
cules. The effect shown in Fig. 4 is not only much
smaller but is opposite in direction. For example, a 5%
concentration of PEG 3,400, which reduces the bulk
electrolyte conductivity to the same degree as does PEG
400, actually increases channel conductance. An in-
crease in polymer concentration up to 15% produces an
increase in conductance for all three levels studied.

The dependences of the conductance ratios on PEG
size are shown in Fig. 5. The polymer concentration is
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FIGURE 4 The ratio of channel conductance in the presence of PEG
3,400 to channel conductance in polymer-free solution (A%,/ 5y, ) as a
function of the polymer concentration. The dashed line corresponds to
the unchanged channel conductance. Note that an addition of small
amounts of PEG 3,400 to 1 M NaCl solution increases single-channel
conductance.

fixed at 15% (wt/wt) for all points. This concentration
results in a 0.61 + 0.01 ratio of bulk electrolyte conduc-
tivity decrease. For the smallest PEG used in our study
(PEG 200), the effect on channel conductance is close to
that on bulk electrolytes. But as polymer size increases,
the reduction of conductance diminishes, and in poly-
mer weights of ~2,000, an increase in channel conduc-
tance is observed. Larger PEGs at this concentration in-
crease the conductance of the levels more effectively. Hy-
drodynamic PEG radii (A ) shown inside Fig. 5 are taken
from Kuga (15), where they were obtained from viscos-
ity numbers or diffusion coeflicients.

The effect of dextran 17,900 on bulk electrolyte con-
ductivity is similar to that of PEGs, but the effect on
channel conductance is quite different. Fig. 6 shows only
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FIGURE 3 The ratio of channel conductance in the presence of PEG
400 to channel conductance in polymer-free solution as a function of
the polymer concentration. This ratio is denoted as 4%,/ A, in the
discussion. The dashed line corresponds to the unchanged channel
conductance.

FIGURE 5 The dependence of a PEG-induced channel conductance
change (h%./ h.,) on the polymer weight. The dashed line corresponds
to the unchanged channel conductance. Polymer hydrodynamic radii
obtained from viscosity numbers or diffusion coefficients (15) are
given in angstroms.
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FIGURE 6 The ratio of channel conductance in the presence of dextran
17,900 to channel conductance in polymer-free solution (/%,/ h,..) asa
function of the polymer concentration. The dashed line corresponds to
the unchanged channel conductance. Note that dextran induces only
monotonic decrease in single-channel conductance.

a monotonic decrease of level conductances with in-
creasing dextran concentration. The effect is rather mod-
erate compared with that of small PEGs.

DISCUSSION

Steric considerations

We first examine the PEG-induced channel conduc-
tance change versus polymer molecular weight. Disre-
garding for now the increase in conductance of levels for
large polymers, one can see that at constant polymer
concentration the channel conductance is polymer-
weight dependent only for small polymers with molecu-
lar weights < 3,000 (Fig. 5). For the smallest polymer
used, the conductance of all studied levels drops approxi-
mately in the same proportion as that of bulk electrolyte.
This effect diminishes with the polymer size. It should be
stressed here that for a given PEG volume fraction, bulk
conductivities of solutions were the same for all PEGs
used, the difference for polymers of different weights be-
ing within 2%. This means that the dispersion in the
curves is due to a polymer-channel interaction.

A simple approach to the problem consists of regard-
ing random polymer coils as flexible spheres of corre-
sponding average hydrodynamic radius. Then, as illus-
trated in Fig. 7 A, sufficiently large PEGs cannot pene-
trate channels due to steric reasons and thus do not
influence the intrinsic channel conductance to substan-
tial degree. For PEGs of smaller sizes, a certain possibil-
ity of polymer penetration into the channel arises, and
the picture becomes more complex. At the opposite
limit, i.e., for polymers much smaller than a channel
diameter, the picture is rather simple again. If properties
of the solution within the channel and in the bulk are the
same, then we will have uniform distribution of poly-

mer, including the channel interior. Here, microviscos-
ity on the scale relevant to an ion friction will be the
same all along the ion current path (Fig. 7 B), and con-
ductance of the system electrolyte-channel-electrolyte
on the addition of a polymer should change in the same
proportion as bulk solution conductivity. Results for
PEG 200 are in a good agreement with such a conclu-
sion.

Most complicated is the case of intermediate polymer
sizes. The solute molecules can exchange their hydration
shell of water molecules for chemical groups of the chan-
nel hydrophilic interior, so that in interpreting the results
of these experiments one may need to consider the ra-
dius of the dehydrated form of the penetrating molecule
that may be significantly different from Stokes radius
(16). Moreover, even an equilibrium distribution of
polymer molecules between bathing solution and the
channel interior is not a well-developed problem. To our
knowledge, explicit calculations of entropic effects have
been made only for a random polymer coil between two
parallel plates in two limiting cases when a distance be-
tween the plates is much smaller or much bigger than the
radius of the coil (17). Certainly, it also applies to the
dynamics of the polymer passage through the channel.

FIGURE7 (A) A cartoon showing the alamethicin channel in the pres-
ence of a large polymer. The large polymer coils do not penetrate the
channel and thus do not change its conductance significantly. (B) A
cartoon showing the alamethicin channel in the presence of a small
polymer. The small polymer coils are uniformly distributed in solution
including the channel interior. The conductance of this system should
scale with a bulk solution conductivity.
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One can imagine several possible mechanisms of
channel conductance reduction in the presence of poly-
mers of intermediate sizes. In principle, the action of
polymers with coil dimensions close to the pore diameter
may be similar to that of well-known molecular blockers
of smaller ionic channels (18 ). For example, amphoteri-
cin B channels in lipid bilayers are blocked by a variety
of neutral and charged molecules, the most important
condition of effective blocking being correspondence be-
tween blocker size and the channel entrance (19).
Blocking molecules completely close the channel during
a characteristic time in the range 10~ to 103 s depend-
ing on particular molecule and, for charged blockers, on
membrane voltage. Time constants in the range 107! to
1073 s were found for molecular blockers of native ionic
channels (18, 20, 21). The reduction in conductance
was accompanied by the rise of an intensive blocker-in-
duced noise component in membrane current.

On the other hand, the action of water soluble poly-
mers on the alamethicin channel may be quite different
from that discussed above because of the flexibility of the
polymer coil. Due to this flexibility, there may be no
specific interactions between the pore and the polymer,
so that the channel conductance drop would be well de-
scribed by an increase in microviscosity of the solution
within the pore.

To obtain additional kinetic information, we per-
formed noise measurements on the open channel. Spec-
tral estimates for the current noise of the channel in poly-
mer-free solution were nearly frequency independent in
the 40-4,000-Hz range and slightly decreased with in-
crease in the level number (22; Webb, W. W., and D. D.
Mak, private communication ). The magnitude of fluctu-
ations in the channel was several times larger than one
would expect for shot noise.

Addition of polymers further increased the open chan-
nel noise. Fig. 8 presents a spectrum of current noise of
level 3 in the presence of 15% PEG 400 in comparison
with background noise obtained from the segments of
the same recording not containing open channels. The
spectrum corresponding to PEG-free solution is shown
by the interrupted line only in order not to obscure the
figure. It can be seen that the polymer induces a “white”
noise component of small magnitude comparable with
that of the open channel noise. This finding is in a sharp
contrast to results for channel blockers, where strong ad-
ditional noise was reported even at the multichannel
level (18, 20, 21).

We estimate characteristic time of channel “blocking”
by PEG, considering, for simplicity, a very crude model
in which polymer molecule completely closes the chan-
nel on entering it. We further assume that only one poly-
mer molecule can be in the channel at a given moment.
Then, using results obtained elsewhere (21, 23, 24) for
the spectral density of polymer-induced noise, we can
write

A2/Hz

10% =

1 0-27 |

102

2,000 20,000

Ffequency, Hz

FIGURE 8 Spectral density of the open channel noise (level 3) at 150
mV of membrane voltage. The noise in the presence of 15% of PEG
400 (curve 1) exceeds the noise of the channel in the polymer-free
solution (dashed line 2). The bottom curve (curve 3) shows the back-
ground noise obtained from the parts of the current recordings when
the channel was closed.

T T
10+ 7. | +(2nfr)?’

Si(f) = 4i? (1)
where i is the current through the open channel, 7, is the
mean open time of the channel, 7. is the mean time in
the closed state, and

TOTC
T @
Without the frequency-dependent term in the denomi-
nator of the right-hand side of Eq. 1, we obtain a low-fre-
quency spectral density limit S;(0). Introducing a
“blocking” coefficient,

TC
B= Te + T ’ )
we arrive at the expression
_ 1 Si(0)
T B(1-B) 47 ° 4)

For ~30% “block,” the mean time in the closed state
should be approximately half that in the open state. This
degree of block is apparently obtained in level 3 for 15%
concentration of PEG 400 (Figs. 4 and 6). Using other
known from the experiment values in Eq. 4, we obtain
7. ~ 5-107%s. Despite the obvious shortcomings of this
model, the estimate for 7. is of the same order with the
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time it takes for 6-A radius polymer to diffuse a distance
of 50 A. Based on this result, we conclude that in the
PEG-alamethicin pore system there is no specific inter-
action of the type that exists between blocker molecule
and ionic channel (18). The drop in pore conductance is
well described by the increase in microviscosity of the
solution inside the pore, the molecular events being very
fast in accord with the time scale of corresponding diffu-
sion rates.

We conclude that polymers with molecular weights
below 400 and, correspondingly, with coil radii below
5.6 A penetrate alamethicin channel easily, because the
ratio of channel conductance is close to the ratio of bulk
solution conductivities (Figs. 3 and 5), and mobility of
these polymers within the channel lumen is comparable
with their mobility in a free solution.

Access resistance considerations

The ohmic behavior of alamethicin channel levels re-
ported earlier (8, 10) and their scaling with bulk conduc-
tivity for small polymers found in the present article al-
low us to treat the channel as a macroscopic aqueous
pore. Now we will consider the splitting of curves in Fig.
5, i.e., we will try to understand why the effect of poly-
mer is different for different channel levels. For penetrat-
ing polymers, the difference can naturally be explained
using steric considerations presented above. For a given
penetrating polymer, the effect should be stronger for
higher conductance level as a result of larger channel
radius and, consequently, larger partition of the polymer
into the channel interior.

For large nonpenetrating polymers, this explanation is
no longer valid, so we will incorporate the notion of
channel access resistance. The value of access resistance
that adds to the resistance of the channel proper may be
written using the conductivity of the bulk solution ¢ and
radius of the circular pore opening r (25, 26):

2R, = (3)

1

m .

A comprehensive theoretical treatment of diffusion-
limited ion transport through ionic channels giving gen-
eralization of the access resistance notion for the case of
ion-selective pores was developed by Latiger (27). Later,
in experiments with highly cation-selective gramicidin A
channels (28), it was shown that aqueous diffusion limi-
tations may be an important determinant of the channel
permeability characteristics. Gramicidin single-channel
current-voltage characteristics at low permeant ion con-
centrations exhibited voltage-independent limiting
currents consistent with a diffusion-controlled process.
In what follows, we show the possibility of direct mea-
surement of access resistance of ohmic nonselective
pores with the use of water-soluble polymers.
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FIGURE 9 A sodium electrode potential as a function of the polymer
concentration. PEG 400 increases sodium activity due to binding of
water molecules. Dextran does not change sodium ion activity. Note
that polymers were added to a stock solution of 1 M NaCl. In this case
the number of water molecules per salt ion is the same for all points in
the graph.

Suppose that a given addition of PEG to a NaCl bath-
ing solution decreases the resistance of the channel
proper to the same degree for every channel level. The
measured difference then may be attributed to the access
resistance “interference.” Indeed, larger channels have
larger contributions of the access resistance. This follows
because the resistance of the channel proper is expected
to decrease as the inverse radius squared, but the access
resistance decreases only as the inverse radius. Thus, the
hypothetical increase in conductance of the channel
proper should be more damped for higher conductance
levels (compare curves in Fig. 4).

What is the reason for the channel conductance rise
for nonpenetrating PEGs? Polyethylene glycols bind sev-
eral molecules of water per polymer chain and order sev-
eral more in their vicinity (29, 30). Thus, PEG competes
with ions of electrolyte for water molecules. This has the
effect of increasing the activity of ions in solution. In
other words, the action of PEG cannot be regarded as
simply taking up space, but it also induces a local ion
concentration increase.

To estimate the value of this effect, we measured the
activity of sodium in polymer-containing solutions using
a sodium-sensitive electrode (sodium combination elec-
trode; Fisher Scientific, Pittsburgh, PA). Fig. 9 shows a
substantial increase in salt activity in the presence of
PEG. The value of the effect is close to that obtained for
channel conductance. Calibration of the sodium elec-
trode with NaCl solutions showed that 15% of PEG in
1.0 M solution gives the same electrode potential as 1.17
M polymer-free NaCl solution. A relative increase in
electrolyte conductivity is 1.14. The corresponding value
for 20% of PEG concentration is 1.18. It is interesting to
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FIGURE 10 Channel proper conductance ratio, Ap,/ f,q, corrected on
the channel access resistance as a function of the channel radius in 20%
of PEG 17,000 solution. True ratio of 1.18 is expected on the basis of
increase in salt activity, measured by sodium electrode (Fig. 9). Bars
rl, r2, and r3 show values of the channel radii at the corresponding
conductance levels.

note that equal amounts of dextran 17,900 do not pro-
duce a measurable increase in sodium activity.

In the polymer-free solution, the measured channel
conductance #,,, for each level n may be written to in-
clude explicitly the conductance of the channel proper
and the access conductance:

1 1 1

+
Bon  PMon 201"

(6)

where h,,, is the conductance of the channel proper (level
n), and r, is the radius of the channel in state n. The
same equation should apply in the case of the polymer-
containing solutions

1 1 1
W 2o, @
where symbols with an asterisk stand for the same values
as in Egs. 5 and 6 but measured in or defined for experi-
ments with polymers.

The conductance ratios for the channel proper may be
expressed as functions of channel radii, using experimen-
tally obtained conductances and solution conductivities:

ﬁ&= 207, = hy 0*h*ny ] (8)

Moo 20%ry — hpn 0hpmy
Thus, the corrected conductance ratio for each level can
be plotted as a function of the corresponding radius. The
results for 20% concentration of PEG 17,000 are shown
in Fig. 10. Intersections of curves with conductance ratio
1.18 corresponding to the increase of “local” electrolyte
conductivity give channel radii at different conducting
levels.

A similar procedure may be used for dextran data. As
it follows from Fig. 9, addition of dextran does not
change electrolyte activity and, therefore, its local con-

ductivity. Then, the conductances of the channel proper
in different states should not change in the presence of
nonpenetrating dextran and the corrected conductance
ratio equal to 1.00 should be used for radius evaluation.
Fig. 11 illustrates results for 15% dextran concentration.
A reasonable agreement between channel radii obtained
from experiments with such different water-soluble poly-
mers as water-binding polyethylene glycol and “inert”
dextran permits us to conclude that access resistance con-
siderations may be regarded as a useful tool for channel
sizing.

Using Egs. 5-7, we may write the value of the access
resistance in polymer-free solution in the form:

* % _ h*
2Rac = g hpn/ hpn hmn/ hmn

B ohpn Mg/ Bpn — 6%/ 0 ’

(9)

Thus, measuring channel conductance 4, and solution
specific conductivity ¢ in polymer-free solution and
corresponding values, i.e., 2%, and ¢*, in solution with
added nonpenetrating polymer, we can calculate the
channel access resistance 2 Rac. The radius at a given
state n is then given according to

, = Man  hgo/ Ppn — 0*/ 0
" 20" h:n/ hpn - h;n/ hmn ’

(10)

where conductances of the channel proper, i.e., A,, and
h3,, enter only as a ratio. For water-binding polymers,
this ratio may be obtained experimentally using salt ac-
tivity measurements; for dextrans, according to Fig. 9,
this ratio is always equal to unity. Table 1 summarizes
averaged data for different polymers at two concentra-
tions. Apparent channel radii at different levels and
mean access resistances are presented in Table 2, to-
gether with total channel resistances to show their rela-
tive values. Access resistances were measured using
Eq. 9.

1.020
0 Level 2 Level 3
T o 10107
; 8 Level 1
8 a true ratio
— 1.000
5 0%
0 <
a3 C
v ©O
€ 5 0990 \
3 \\
r1 r2 r3
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]
Channel radius, A
FIGURE 11 Channel proper conductance ratio, A3,/ ,,, corrected on

the channel access resistance as a function of the channel radius in 15%
of dextran 17,900 solution. True ratio of 1.00 is used because the dex-
tran does not change the salt activity (Fig. 9). Bars r/, r2, and r3 show
values of the channel radii at the corresponding conductance levels.
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TABLE 1 Apparent channel radii (A) of different conducting levels derived from the channel access resistance according to Eq. 10

PEG 3,400 PEG 17,000 Dextran 17,900
Concentration (%) 15 20 15 20 15 20
B gt 1.14 1.18 1.14 1.18 1.00 1.00
ot 4.88 3.99 4.86 3.96 5.42 4.63
Level 1 radius 6.7 7.0 6.6 6.4 6.0 5.2
Level 2 radius 11.1 10.4 11.0 10.0 9.6 9.6
Level 3 radius 12.4 10.6 12.7 10.8 10.9 11.1

¥ Ratios of conductances of the channel proper were assumed to be the same for all levels and were calculated on the basis of the salt activities
measurements in the presence of polymers (Fig. 9) as described in the text. Channel conductances measured in the polymer-free solution were A, =

0.67 nS, h,, = 1.62 nS, and A3 = 2.63 nS.

§ Bulk conductivity of the polymer-containing solution ¢* is given in S/m units, ¢ = 8.1 S/m.

When deriving Egs. 9 and 10, we assumed the ala-
methicin channel to be an ohmic, nonselective pore.
This assumption is in good agreement with the data re-
ported in literature. Most groups mention linear (8, 10)
or even “very linear” (14) behavior of the channel
current at voltages up to 125 mV. The selectivity of the
channel is claimed to be very poor. Due to a high sensitiv-
ity of the alamethicin-induced conductance to voltage,
direct measurements of selectivity by conventional
methods is difficult if not impossible. Existing data on
alamethicin channel selectivity are obtained by different
extrapolation methods. In our opinion, the most reliable
measurements are those of the single-channel conduc-
tance in different chloride salts with varying cation size
(31, 32). It was shown that the channel conductance ata
particular level is exactly proportional to bulk solution
conductivities for a number of small cations, sodium cat-
ion included. It is obvious that such a proportionality
may hold only for a nonselective pore. These features of
alamethicin channel justify our simplified approach. A
channel with a nonlinear, current-voltage relationship is
considered in the Appendix.

Channel radii in different conducting states also may
be estimated in a traditional way from the “total” single-
channel conductance A,,, if the conductance of the chan-
nel proper in Eq. 6 may be written as 7r2¢ /¢, where ¢ is
the channel length. The main assumption of this ap-
proach is that bulk electrolyte conductivity may be used
for a description of ionic transport through the channel.

TABLE 2 Apparent channel radii (A) and access resistances
compared with total channel resistance

Level 1 Level 2 Level 3
Total channel resistance
(R, MQ) 1,490 617 380
Access resistance
(2R,., MQ) 98 +9 60 +3 54 +4
2R,./R* 0.066 0.097 0.142
Channel radius 6.3+0.5 10.3+£0.6 11.4 £ 0.8

* Note that contribution of the channel access resistance increases with
apparent channel radius.

Sources of potential errors in estimating the channel ra-
dius from channel conductance are well known (16).
Most important are channel length, “bulk conductivity”
of electrolyte within the channel, and deviations in the
structure of the channel from assumed cylindrical geome-
try. Let us compare them with possible sources of errors
in access resistance considerations.

Channel length is not used as a parameter in access
resistance considerations, and bulk conductivity is used
in the model only for the electrolyte outside the channel,
so the first two error sources seem not to be significant in
channel dimension evaluation. This is not true for the
channel geometry; possible structure deviations from a
cylinder may induce substantial corrections. For exam-
ple, if the channel under study is not a single cylinder but
an array of many parallel “pipes” with the same total
cross-section separated from each other by several inner
radius distances, the contribution of access resistance
will be smaller. The access resistance will then corre-
spond to bigger apparent channel radius, r, calculated
according to Eq. 5. This is due to a different scaling of
access resistance and resistance of the channel proper
with radius. Although access resistance scales as inverse
radius, resistance of the channel proper is expected to
scale as inverse radius squared. So, access resistance mea-
surements are sensitive to channel geometry, though for
close packed pipes the overestimation of the effective
channel radius should be negligible.

The most geometry-sensitive is the steric approach
that allows to discriminate between cluster of pipes and
single cylindrical channel of the same conductance. Let
us now have a closer look at the data plotted in Fig. 5 to
compare results of steric analysis with those obtained
from access resistance considerations. One can see that
although experimental curves for every level are dis-
tinctly different, the shift of the curves at the “half effect”
conductance ratio cannot account for channel radius in-
crease with the level number taken from Table 2. Defi-
nitely, the half effect polymer weight for level 1 is some-
where between 600 and 1,000 D, whereas for level 3 it is
between 1,000 and 1,500 D (Fig. 5). Considering that
the polymer hydrodynamic radius is proportional to the

Bezrukov and Vodyanoy Probing Alamethicin Channels

23



1.200 T T T r
L A
o]
2~ /
° g yi
8 o 1.000 / g
c o 0—o0 —Level 1
S o
O C o—eo —|evel 2
5 €
'8 _g 0.800 g: a—a—Level 3
o O /
O S
é
0‘600 1 1 s //I,I |,//I
0 1,000 2,000 3,000 8,000 17,000

PEG molecular weight, Da

FIGURE 12 The channel proper conductance ratios for 15% of PEG of
different molecular weights. This ratio is denoted as A,/ i, in the dis-
cussion. The curves are calculated from data in Fig. 5 using the channel
access resistance correction (Eq. 8).

square root of its molecular weight (15), we arrive at a
conclusion that the difference between radii of the chan-
nelin levels 1 and 3 is well below of that given in Table 1.

A more rigorous consideration of steric effect should
consider corrections for the channel access resistance.
Fig. 12 presents the effect of polymers on conductance of
the channel proper after the correction of channel access
resistance was made according to Eq. 8 using average
channel radii from Table 2. It can be seen that the reduc-
tion of channel conductance in all three levels follows
essentially the same curve, thus suggesting that steric
channel radius does not change noticeably from level 1
to level 3. These findings are in qualitative accord with
the studies of alamethicin channel cation selectivity for a
variety of chloride salts ( 14, 30) where “slit” and “sieve”
models of the channel were proposed.

A comparison of data presented in Figs. 5 and 12
shows the importance of access resistance corrections for
the channel radius evaluation from the “steric effect.”
For example, the effect of PEG 2,000 on conductance of
the channel proper (Fig. 12) is the same for all three
levels, suggesting a constant steric radius, whereas con-
ductance of the system access - channel proper - access
(i.e., directly measured in a reconstitution experiment)
shows a significant difference.

The access resistance consideration approach, being
also geometry sensitive but in a somewhat different
manner, shows that the effective radius of an alamethi-
cin channel opening grows approximately as the square
root of its total conductance. This observation is in good
agreement with the “barrel-stave” model (9, 33) and
contradicts the case of parallel independent channels.
For independent channels, the ratio of the access resis-
tance to the total resistance (R,./R,) is equal to that of a
single channel and does not depend on the number of
channels. For alamethicin channels, as one can see from

Table 2, the ratio R, /R, increases with the conductance
level. We explain this by considering that pipes assem-
bled in the channel interfere with each other. via their
access areas. Taken together, our findings permit us to
conclude that at higher conducting levels the alamethi-
cin channel is comprised of a closely packed “multi-
pore” cluster.

CONCLUSIONS

The action of water-soluble polymers on amplitudes of
different conducting levels of alamethicin channel may
be summarized as follows.

Addition of polymers of different molecular weights in
equal wt/wt concentrations decreases bulk conductivity
of electrolyte solution independently on their molecular
weight but influences alamethicin channel conductance
in a weight-dependent way.

Measurements of the open channel noise show that
the reduction of the channel conductance by small poly-
mers is well described by the increase in microviscosity
of the solution inside the channel. The characteristic
times of channel “blocking” by polymer were found to
be in a reasonable agreement with corresponding diffu-
sion rates.

A novel approach incorporating the notion of access
resistance was applied to data analysis. It was shown that
a comparison of channel conductance in the presence of
nonpenetrating polymers with that obtained in polymer-
free solution may be used for the evaluation of channel
dimensions independently from both steric and “total”
channel conductance considerations.

From the steric considerations of the channel radii at
different conductance levels and the access resistance
measurements, we conclude that the alamethicin chan-
nel is a parallel array of closely packed pores of nearly
uniform dimensions.

APPENDIX

In principle, the nonlinearity of the channel proper conductance may
be taken easily into account. Let us consider the case where conduc-
tance of the channel proper in Eq. 6 is a function of voltage drop across
the channel proper but, for simplicity, does not depend on polymer
addition (as in experiments with dextran). Let us further assume that
access regions are still ohmic. Then, differentiating Eq. 6 with respect to
o under the condition that the total voltage drop U in the system access
- channel proper - access is held constant, we obtain relation

2 -1
I =i(h"“‘) (%) [4, + (42 - D,)'?]. (A1)
2\ ¢ do

Here the term in square brackets describes the relative radius correc-
tion that is due to channel nonlinearity and is defined by

g =Y 9 Oy U Ohwa  Uo OhipyOhmy
) how 00 hpm OU  h2, 30U )’

(A2)
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and

D.=C 11, . + Ua hpn0hy,,
®  hpa 00 hY, dc0U °

(A3)

through the values that can be measured directly. For dh,,,,/8U =0, i.e.,
for linear current-voltage (I-V) channel curves, the term in square
brackets equals unity, and Eq. A1l coincides with Eq. 10 for h,, = A,
and ¢ — ¢* - 0.

In the case of a superlinear [-V curve, the effect of polymer addition
should be amplified by the channel nonlinearity because addition of a
polymer decreases the voltage on the channel proper and, therefore,
increases its resistance. This increase in the resistance of the channel
proper adds to the polymer-induced increase of the access resistance. A
larger apparent access resistance will result in a smaller channel radius
derived from Egs. 5 and 10, which should be corrected according to Eq.
Al. For example, for (o/hyu,)(dh,,/90) = 0.1, i.e., close to results
reported in this article, and superlinearity of (U/ A, ) (38 /0U) = 0.1,
the value of the correction term in Eq. Al equals 1.089.
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