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ABSTRACT The activity of single L-type Ca?* channels was recorded from cell-attached
patches on acutely isolated skeletal muscle fibers from the mouse. The experiments were con-
cerned with the mechanism by which aminoglycoside antibiotics inhibit ion flow through the
channel. Aminoglycosides produced discrete fluctuations in the single-channel current when
added to the external solution. The blocking kinetics could be described as a simple bimolec-
ular reaction between an aminoglycoside molecule and the open channel. The blocking rate
was found to be increased when either the membrane potential was made more negative or
the concentration of external permeant ion was reduced. Both of these effects are consistent
with a blocking site that is located within the channel pore. Other features of block, however,
were incompatible with a simple pore blocking mechanism. Hyperpolarization enhanced the
rate of unblocking, even though an aminoglycoside molecule must dissociate from its binding
site in the channel toward the external solution against the membrane field. Raising the ex-
ternal permeant ion concentration also enhanced the rate of unblocking. This latter finding
suggests that aminglycoside affinity is modified by repulsive interactions that arise when the

pore is simultaneously occupied by a permeant ion and an aminoglycoside molecule.

INTRODUCTION

Aminoglycoside antibiotics are a class of large polycat-
ionic amino sugars (Berdy et al., 1980). A body of evi-
dence shows that the aminoglycosides inhibit neuromus-
cular transmission (Timmerman et al., 1959; Dretchen
etal., 1972; Wright and Collier, 1977; Singh et al., 1979;
Caputy et al., 1981; Enomoto and Maeno, 1981; Fieck-
ers, 1983). While these drugs are thought to inhibit
neurotransmission by blocking voltage-gated Ca?*
channels, they also block currents through a wide vari-
ety of ionic channels, including high-conductance
Ca’*-activated K channels (Nomura et al., 1990),
mechanotransduction channels in cochlear and vestib-
ular hair cells (Ohmori, 1985; Kroese et al., 1989; Du-
lon et al., 1989), as well as voltage-gated Ca®* channels
(Hino et al., 1982; Suarez-Kurtz and Reuben, 1987;
Atchison et al., 1988). Aminoglycoside antibiotics have
also been shown to cause certain forms of neurotoxicity
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through their action on voltage-gated Ca?* channels
(Wagner et al., 1987).

The mechanism by which aminoglycosides antibiotics
inhibit Ca?* channels, however, is poorly understood.
Previous studies have suggested that the polycationic
aminoglycosides displace Ca?* from the surface mem-
brane, thereby reducing the availability of permeant
ion at the entrance to the channel (Hino et al., 1982;
Suarez-Kurtz and Reuben, 1987). This idea is sup-
ported by work on phospholipid membranes. Ami-
noglycosides bind to acidic phospholipids, where they
reduce the membrane surface potential (Liillmann et
al., 1980; Brasseur et al., 1984; Chung et al., 1985;
Gabev et al., 1989). In contrast to this purely electro-
static effect, the aminoglycosides may directly block ion
fluxes through the conduction pathway. There is, how-
ever, little direct evidence for such a mechanism in
Ca®* channels.

This study describes the effects of various aminogly-
coside antibiotics on the activity of single L-type Ca?*
channels recorded from the surface membrane of
mouse skeletal muscle fibers. Aminoglycoside antibiot-
ics caused the channel to fluctuate between the open
and closed state in a manner suggesting that it blocks
the open channel by binding in the pore. We found,
however, that blocker affinity depended little on its net
charge, but much more strongly on the concentration
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of permeant ion in the external solution. The interac-
tion between permeant ion and blocker can be ex-
plained by the same ion—ion interactions that contrib-
ute to the high rates of ion transport. Some of these re-
sults have been reported as an abstract (Winegar et al.,
1992).

MATERIALS AND METHODS

Preparation of Single Skeletal Muscle Fibers

Single flexor digitorum brevis (FDB) muscle fibers were dissoci-
ated from 17-d old wild type mice (C57BL/6; Simonsen Labora-
tories, Inc., Gilroy, CA) following the procedure described by
Bekoff and Betz (1977). The muscle was dissected free from the
plantar surface of the hind limb and suspended for 30 min in
DME containing 0.25% collagenase B (Boehringer Mannheim
Corp., Indianapolis, IN). The muscle was rinsed with DME sup-
plemented with 5% horse serum and individual fibers were disso-
ciated by drawing the muscle through the fire-polished tip of a
Pasteur pipette. Isolated fibers were plated into 35-mm plastic
Petri dishes that were coated with Matrige]™ (Collaborative Re-
search, Inc., Waltham, MA) and allowed to adhere to the bottom
of the dish.

Electrophysiological Methods

Single-channel activity was recorded from cell-attached patches
following the technique described by Hamill et al., (1981). Patch
electrodes were pulled from borosilicate capillary tubes (Dynalab
Corp., Rochester, NY), the shanks were coated with Sylgard®
(Dow Corning, Corning, NY) and the tips heat-polished. Cur-
rents were measured with a List EPC-7 amplifier, filtered with an
eight-pole Bessel filter (—3 dB at 3 kHz), and recorded onto a
200T PCM data recorder (A.R. Vetter Co., Rebersburg, PA). The
current records were analyzed on a laboratory computer (LSI
11/73) after being filtered at 1 kHz and digitized at 5 kHz. All ex-
periments were done at room temperature (~21-23°C).

Solutions

The patch electrode filling solution contained (in millimolar)
150 LiCl, 10 HEPES, 5 EDTA, and 35 glucose. The pH was ad-
justed to 7.5 by adding tetraethylammonium hydroxide. Li* was
used as the charge carrier through the channel (Hess et al,
1986), since the sulfate salts of the aminoglycosides were insolu-
ble in the presence of high concentrations of divalent cations.
The conductance of the skeletal muscle L-type channel in the
presence of 150 mM Li* was 12-15 pS, similar to its conductance
in the presence of 110 mM Ba?* (Lansman, 1990). This value is
considerably smaller than the conductance of the cardiac Ca?*
channel, which is ~25 and 45 pS in the presence of 110 mM Ba?*
and 150 mM Li*, respectively (Hess et al., 1986). Moreover, that
the conductance is similar in the presence of either Li* or Ba?* as
the charge carrier, indicates that Li* binds with relatively high af-
finity to the pore.

The bathing solution contained (in millimolar) 150 potassium
aspartate, 5 MgCl,, 10 EGTA, 10 HEPES, and 10 glucose. The pH
was adjusted to 7.5 with TEA-OH. The isotonic K* bathing solu-
tion was used to zero the cell’s resting potential so that the patch
potential was the same as the voltage applied to the electrode.

The voltage error introduced by this procedure was generally < 5
mV. An error as large as 10-15 mV was measured in a small num-
ber of experiments as a shift in the single-channel i-V relation af-
ter patch excision. The contribution of this source of error was
minimized by rejecting experiments in which there was a change
in the singlechannel current after excising the patch at the end
of an experiment.

Analysis of Channel Block

In recordings from patches on FDB fibers, channel opening
probability was low in response to voltage steps that activate in-
ward monovalent currents through the Ca?* channel (~—40
mV). To increase channel open probability, we added the dihy-
dropyridine agonist (+)-5202-791 (1 pM) to the bathing solu-
tion. Shortly after the agonist was added to the bath (< 1 min),
channel opening probability during the voltage step increased
and individual openings were prolonged (Hess et al., 1984). In
many of the experiments, we also applied a strong positive
prepulse (~+50 to +70 mV) before stepping the patch potential
to the test potential (Lansman, 1990). The positive prepulse in-
creased channel activity during the subsequent voltage step and
made it possible to record channel activity over a wider range of
voltages than is possible using a single step protocol.

The blocking actions of the aminoglycosides were studied by
adding the drug to the patch electrode filling solution. Channel
openings were sufficiently prolonged in the presence of the dihy-
dropyridine agonist so that block could be resolved as discrete
transitions between the open and closed states. We performed
control experiments to test whether the presence of the agonist
influenced the blocking kinetics. The durations of open and
blocked times were measured in the presence of either low or
high concentrations of the agonist (0.5 or 10 pM). The mea-
sured blocking kinetics were within 2% and, consequently, not af-
fected by the 20-fold difference in the bath agonist concentration
(data not shown). In an additional set of controls, we found that
the blocking kinetics were also unaffected by including 10 mM
each of EDTA and EGTA in the patch electrode filling solution.
This ruled out the possibility that a metal ion contaminant con-
tributed to the channel block observed in the presence of amino-
glycoside.

To analyze the kinetics of the current fluctuations, transitions
between the open and closed states were detected as crossings of
a threshold level set half way between the open and closed chan-
nel levels (Colquhoun and Sigworth, 1983). Records were not
used for analysis if they contained multiple, superimposed bursts
of openings. Channel openings within a burst were generally
well-resolved within the 1 kHz bandwidth of the recording sys-
tem. Because of the presence of brief closings in the single-chan-
nel records, however, we corrected the open times for missed
closings when >20% of the events were missed. A correction for
missed brief closings was necessary because they would cause the
mean open time to be overestimated. The correction used was
similar to the one described by Colquhoun and Sigworth (1983)
and Blatz and Magleby (1986). The ratio of the number of
missed closings to the total number of closings was calculated as

1 —exp(—D/p,) 1

where Dis the dead time of the recording system (~200 ps) and
1., is the mean substate duration obtained from the fit to the his-
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togram of closed times. Mean open times were corrected by mul-
tiplying the uncorrected mean open time by the ratio given by
(Eq. 1) and then subtracting the duration of all missed closings.

The correction for missed blockages was tested in simulations
(Winegar et al., 1991). Single-channel data were simulated using
the rate constants obtained from analysis of the blocking kinetics.
The rates were used to specify a two-state random process and
Gaussian noise was added to the simulated records. The records
were filtered at one-fifth the sampling rate and analyzed with the
half-threshold detection method. After correction for missed
events, the measured rates were within 10% of the rates that were
originally used to generate the simulated records.

RESULTS

The chemical structures of the aminoglycosides used in
this study are shown in Fig. 1. Aminoglycoside antibiot-
ics consist of two or more amino sugars joined to a hex-
ose nucleus by a glycosidic linkage. The different fami-
lies of aminoglycosides differ in the number of amino
sugars. As shown in Fig. 1, neomycin has three amino
sugars, while kanamycin and gentamicin have two each.
Streptomycin and dihydrostreptomycin differ from the
other aminoglycosides in that the hexose group is not
centrally located and it is streptidine, rather than a
2-deoxystreptamine. The aminoglycosides also differ in
their net charge at physiological pH, which ranges
from +4.4 for neomycin to +2 for streptomycin and di-
hydrostreptomycin (Table I). In the experiments de-
scribed below, we investigated the blocking actions of
each of the aminoglycosides shown in Fig. 1 to obtain

R{CHNHR,

information on the effect of aminoglycoside structure
on the blocking mechanism.

Fig. 2 shows the effects of externally applied ami-
noglycosides on the single-channel currents carried by
Li*. Single-channel activity was recorded during a volt-
age step from a holding potential of —80 mV to a test
potential of —50 mV. The bathing solution contained
the dihydropyridine agonist +(S)-202-791 to prolong
the channel open time. In control recordings made
with no aminoglycoside in the electrode solution (fop
record), channel activity appeared as well-resolved open-
ings with an amplitude of ~—1.5 pA at —50 mV. In re-
cordings made with an electrode filling solution con-
taining 1 mM of an aminoglycoside, however, there
were many brief closures in the single~channel currents
(records 2-6). Fig. 2 shows that 1 mM of either neomy-
cin or kanamycin produced many more brief closures
than did an equal concentration of either streptomy-
cin, dihydrostreptomycin, or gentamicin. These brief
closures represent individual blocking events that arise
from the repetitive blocking and unblocking of the
channel by a single aminoglycoside molecule. The ex-
periments described below tested the validity of the
channel blocking model.

Concentration Dependence of Block

As a starting point in the analysis, we adopted a simple
model for open-channel block that has proved useful
for studying the mechanism of drug block in a variety
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of the aminoglycoside antibiotics
used in this study.
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FIGURE 2. The blocking actions of various aminoglycoside anti-
biotics on single L-type Ca?* channels. Channel activity was re-
corded in response to a voltage step to —50 mV from a holding po-
tential of —80 mV. The patch electrode contained 150 mM LiCl to
which was added 1 mM of the indicated aminoglycoside. The bath-
ing solution contained isotonic K-aspartate and the dihydropyri-
dine agonist, (+)-S-202-791. Each record is from a different cell-
attached patch. Currents were filtered at 1 kHz and sampled at
5 kHz.

of ion channels (Armstrong, 1969; Neher and Stein-
bach, 1978):

kb
O < OB, (2)
k_y

where Ois the open state, OB is the blocked state of the
channel, and k, and k_, are the rates of blocking and
unblocking, respectively. We neglected closed states in

neomycin

0.5 mM | ' "1 ﬂ M im ”’"
2o AT ALY

streptomycin

T bl

kanamycin

0.5 mM

the activation pathway, since there were relatively few
closures in the single-channel records in the absence of
blocker. The relatively low rate of channel closing in
control recordings ensured that the large majority of
closures in the presence of aminoglycoside reflected
true blockages. The low rate of closing also made it un-
likely that a closed blocked state contributed substan-
tially to the observed kinetics.

The simple blocking model makes several predic-
tions about the kinetics of block. First, histograms of
open and closed times are exponentially distributed,
reflecting the existence of a single open and a single
blocked state. Second, the inverse of the mean open
time is linearly related to the concentration of blocker
and is a measure of the bimolecular blocking rate coef-
ficient. Third, the inverse of the mean closed time is in-
dependent of drug concentration. These predictions
were tested below by examining the effects of aminogly-
coside concentration on channel open and closed
times.

Fig. 3 shows the effects of varying the aminoglycoside
concentration on the the single-channel currents car-
ried by Li*. Each record is from a different experiment
with the indicated concentration of aminoglycoside
added to the patch electrode. As expected for a reac-
tion between an aminoglycoside and the open channel,
increasing the concentration of aminoglycoside in-
creased the number of blockages in the single-channel
records. Fig. 4 shows the analysis of the blocking kinet-
ics in the presence of different concentrations of kana-
mycin. We chose to analyze the block produced by kan-
amycin because the blocking events were well-resolved.
Fig. 4 A shows that the open (lgff) and closed time
(right) histograms were well fit by single exponentials,
consistent with the existence of a single open and a sin-
gle blocked state. The smooth curves drawn through

0.5 mM nf M'ﬂ Hn n q

I T
2 M

dihydrostreptomycin

0.5 mM n nm f"”'ﬂ""

Ficure 3. Effect of aminoglycoside concentra-
tion on the single-channel currents. Each record
is from a different patch with the indicated con-
centration of antibjotic. The patch electrode
contained 150 mM LiCl. The bathing solution
contained isotonic K-aspartate and the dihydro-
pyridine agonist, (+)-5-202-791. Each record is
from a different cell-attached patch. Current re-
cords were filtered at 1 kHz and sampled at 5 kHz.
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Ficure 4. Dependence of the blocking kinetics on the concen-
tration of kanamycin. (4) Histograms of open and blocked times
measured at —40 mV from two experiments in which the patch
electrode contained either 0.5 mM (fop) or 1 mM (bottom) kanamy-
cin. The smooth curves through each histogram represent the
maximum likelihood fit to a single exponential with the indicated
time constant. (B) The inverse of the mean open times (filled trian-
gles) and closed times (open triangles) obtained from the maximum
likelihood fits to the lifetime histograms plotted as a function of
the concentration of kanamycin in the patch electrode. The
straight line through the blocking rate data is the least squares fit
with a slope of ~2.6 X 10° M~!s™1. The fit was constrained to pass
through the origin. The horizontal line through the unblocking
rate data (open triangles) corresponds to a rate of ~254 s~1.

the histograms show the maximum likelihood fit to a
single exponential with the indicated time constants.
Fig. 4 A also shows that increasing the concentration of
kanamycin from 0.5 to 1 mM reduced the time con-
stant obtained from the fit of the open time histogram,
but had little effect on the closed time constants. Fig. 4
B shows the results that were obtained from a number
of recordings with different concentrations of kanamy-
cin in the patch electrode. The inverses of the mean
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open (7,7}, filled triangles) and closed times (7.7}, open
triangles) were plotted as a function of the kanamycin
concentration. The apparent blocking rate (7,7!) in-
creased linearly with the kanamycin concentration, as
expected for a reaction with bimolecular kinetics. The
slope of the least squares regression line gave a second-
order blocking rate coefficient k, = ~2.6 X 10° M™!
s~L. The fit was constrained to pass through the origin
because there were very few intrinsic channel closings
that would have been included in the analysis of indi-
vidual bursts. As expected for a first order process, the
unblocking rate (7.7") did not depend on the concen-
tration of kanamycin. The inverse of the mean closed
times were averaged and gave an apparent first-order
unblocking rate for kanamycin at —40 mV of %_, =
~254 s~1. The equilibrium dissociation constant was
obtained as the ratio k_,/k, and was K, = ~1.0 mM for
kanamycin at —40 mV.

Table I shows the equilibrium and kinetic constants
obtained from the analysis of the block produced by
kanamycin and the other aminoglycoside antibiotics.
The data in Table [ show that the various aminoglyco-
sides differed in the magnitude of the blocking rate co-
efficients. Kanamycin and neomycin had the largest
blocking rate coefficients, which are roughly an order
of magnitude greater than gentamicin or streptomycin.
The blocking rate coefficients followed the sequence,
neomycin > kanamycin > streptomycin >> dihydro-
streptomycin ~ gentamicin. This sequence corre-
sponds roughly to an increase in the blocking rate with
an increase in the number of amino sugars on the ami-
noglycoside molecule. The data in Table I also show
that the unblocking rates were virtually the same for all
of the aminoglycosides (~270 s™!), except for gentami-
cin which had a considerably higher unblocking rate
(~430 s7!). The lack of a dependence of the unblock-
ing rate on the particular aminoglycoside is notewor-
thy, since these drugs differ in their net charge at phys-
iological pH (see below). Apparently, differences in
equilibrium affinity arise primarily from differences in
the rate of blocker association with the channel and
not from the stability of the aminoglycoside-channel
complex.

Voltage Dependence of the Aminoglycoside Block

The aminoglycosides have a net charge at physiological
pH which ranges from +4.4 (neomycin) to ~+2.0
(streptomycin and dihydrostreptomycin). According to
the channel blocking model proposed by Woodhull
(1974), the effects of membrane potential can be ex-
plained in terms of its contribution to the free energy
of blocker binding to its site in the channel. As pointed
out above, aminoglycosides with a high net charge dis-
sociate from their binding site just as rapidly as those
with less net charge. This lack of an effect of net charge



TABLE I

Aminoglycoside Blocking Parameters

Antibiotic Net charge ko (M71s71) e-fold A ko (571 e-fold A K,
pH 7.4% —40my r? mV 2-2mM my mM n
Neomycin +4.4 3.4 X 105 94 42 267 + 19 50 0.8 5
Kanamycin +2.4 2.5 X 10° .85 31 289 > 11 42 1.0 8
Streptomycin +2 1.2 X 10° .93 70 249 * 36 38 2.1 4
Dihydrostreptomycin +2 2.8 X 10* .86 — 281 = 15 57 10.1 7
Gentamicin +3.5 3.8 x 104 .81 —_ 428 + 77 54 11.1 4

Data from aminoglycoside block of L-type Ca?* channels at a test potential of —40 mV. Values of k; represents the mean * SE. Dashed lines in the volt-
age dependence data columns signify kinetic measurements that were not affected by voltage.

*From Josepovitz et al. {1982) and Kroese et al. (1989). Kanamycin net charge is presumed to be similar to amikacin (+2.39 at pH 7.4). Amikacin is a de-
rivative of kanamycin A. Dihydrostreptomysin is presumed to have a net charge close to streptomycin.

on blocking would be consistent with the model, how-
ever, if drug dissociation from the channel occurred
over an insignificant fraction of the total field. Alterna-
tively, only one charged group that is common to all of
the aminoglycosides participates in the blocking reac-
tion. To distinguish between these possibilities, the
blocking kinetics were measured at different mem-
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brane potentials to obtain information on the voltage
sensitivity of the individual steps of blocking reaction.
Fig. 5 shows the single-channel activity that was re-
corded in four experiments in the presence of either
neomycin, kanamycin, streptomycin, or dihydrostrep-
tomycin. As shown in Fig. 5, the test potential was var-
ied over the voltage range —20 to —70 mV in each re-

Vv kanamycin (1mM)
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mvV dihydrostreptomycin (2 mM)
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Ficure 5. Voltagedependence of the
blocking kinetics in the presence of either
neomycin, kanamycin, streptomycin, or di-
hydrostreptomycin. Each of the four panels
shows a single experiment with the indi-
cated concentration of antibiotic. The
patch electrode contained 150 mM LiCL
The bathing solution contained isotonic
K-aspartate and (+)-8-202-791. Currents
were recorded in response to voltage steps
to the indicated potential from a holding
potential of —80 mV. Current records were
filtered at 1 kHz and sampled at 5 kHz.

| PA
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cording. As can be seen in the records, the number of
closures increased as the test potential was made pro-
gressively more negative. Open and closed times were
measured from the records and used to construct histo-
grams which were then fit with a single exponential.
Fig. 6 shows the inverses of the mean open and closed
times obtained from the exponential fits plotted as a
function of the test pulse potential (different symbols
are for different aminoglycosides). Fig. 6 A shows that,
although the aminoglycosides differed in the absolute
value of their blocking rate, the blocking rate increased
with hyperpolarization. An increase in the blocking
rate with hyperpolarization can be explained by an en-
hanced rate of entry of the positively charged blocking
particle to its binding site under the influence of the
applied membrane field (Woodhull, 1974). Fig. 6 B
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o
a
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10 1 1 e 1 1 I}
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FIGURE 6. Effect of membrane potential on the blocking kinet-
ics. (A) Voltage-dependence of the blocking rates (1/7,). (B) Volt-
age dependence of the unblocking rates (1/7,.). The slopes of the
relations are given in Table L
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shows, however, that the unblocking rate also increased
with hyperpolarization. If an aminoglycoside binds to a
site located in the membrane field, hyperpolarization
would be expected to lower the blocking rate. This lat-
ter finding is not easily reconciled with the basic
Woodhull model, since it would require that the nega-
tive membrane potential effectively repelled the posi-
tively charged blocker. Fig. 6 B also shows that the volt-
age dependence of unblocking was the same for all of
the aminoglycosides (~efold change per 50 mV).

An increase in the rate of unblocking with hyperpo-
larization has previously been interpreted as the ability
of a charged blocker to exit into the interior of the cell
(e.g., Lansman et al., 1986). This interpretation seems
unlikely here because the crosssectional area of the
aminoglycoside molecule (~52-88 A% Brasseur et al.,
1984) is much larger than the pore of the skeletal mus-
cle Ca2* channel, which is estimated to be ~6 A? at its
narrowest point (McCleskey and Almers, 1985). Unless
binding of an aminoglycoside causes a large increase in
pore size, it is not likely to pass through the channel at
a finite rate. Consequently, an aminoglycoside is likely
to leave its blocking site by returning back to the exter-
nal solution.

Effect of Permeant Ion Concentration

The results presented so far suggest that the aminogly-
coside binding site is in the channel, but they provide
no information on whether the site is in the ion perme-
ation pathway. If the binding site is located in the per-
meation pathway, then the probability that an ami-
noglycoside can enter and bind to the site will depend
on whether the site is occupied by a permeant ion. In
these experiments, we measured the open and blocked
times in the presence of a fixed concentration of kana-
mycin (1 mM), but varied the concentration of Li* in
the electrode. Li* was replaced with the impermeant
cation, tetraethylammonium ion (TEA™), so as to main-
tain a constant ionic strength. In some experiments,
however, sucrose was used to replace Li* rather than
TEA.

Fig. 7 shows that the blocking rate (filled symbols) was
reduced as the concentration of Li* in the electrode
was increased. The smooth line is the best fit for Li*
binding to a single site in the channel (details in leg-
end, Fig. 7). The fit gave a Kp ;) = 110 mM and a max-
imum blocking rate of 639 s™! in 0 mM Li*. The pro-
bability that the binding site is vacant can be estimated
independently from the single-channel conductance,
which reflects the probability that the channel is occu-
pied by a second permeant ion (Almers and McCles-
key, 1984; Hess and Tsien, 1984; Lansman et al., 1986;
Kou and Hess, 19934). A fit of the plot of the single-
channel conductance vs the Li* concentration gave val-



Ficure 7. Effect of the concentration of exter-
nal Li* on the blocking kinetics. The patch elec-
trode contained 1 mM kanamycin. The blocking
rates (filled symbols) and unblocking rates (open
symbols) are plotted as a function of the concen-
tration of Li* in the electrode. The data were ob-
tained at a test potential of —40 mV. LiCl was re-
. placed by TEA-C] (circles) to maintain constant
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ionic strength. The curve through the blocking
rate (1/7,) data is drawn according to

Uty = k/{(1+ [Li 1/Kpi) }

where k; is the maximum blocking rate in the ab-
sence of permeant ion and Ky, is the apparent
Li* affinity. The best fit was obtained with & =
639 s7! and a Kpg; = 110 mM Li*. The curve
through the unblocking (1/7.) rate data is drawn
according to
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where k, is the unblocking rate in low Li* concen-
tration, k, is the maximum unblocking rate, and
KpLiy» is the apparent Li* affinity. The best fit was
obtained with k = 51 s71, k, = 437 s7! and

Kpqiy» = 106 mM. (Inset) The singlechannel conductance as a function of the external concentration of Li*. The solid curve was drawn ac-

cording to

&= 8o X {[Li+}i(KD(Li) + [Li'D)}

where g, is the maximum conductance and Ky is the affinity for Li*. The best fit was obtained with g, = 26 pS and Kp = 119 mM.

ues of g« = 26 pS and Kp;y) = 119 mM (details in leg-
end, Fig. 7). Thus, the Li* affinity estimated from the
reduction in the blocking rate is very similar to that
obtained from the saturation of the single-channel con-
ductance. This is consistent with the idea that the ami-
noglycoside blocker occupies a site that may also be oc-
cupied by Li* during ion transport.

In a previous study of the block of cardiac Ca** chan-
nels by metal cations, raising the permeant ion concen-
tration was found to enhance the rate of blocker exit
from the pore (Lansman et al., 1986). The ability of
permeant jon to enhance dissociation of blocker was
suggested to involve ion-ion interactions at the high af-
finity Ca?* binding site (Lansman et al., 1986; Kou and
Hess, 19934,b). Fig. 7 shows that the aminoglycoside
unblocking rates (open symbols) increased as the Li*
concentration was raised. The unblocking rates were fit
assuming one-to-one binding with an apparent
Kp iy« = 106 mM. The enhancement of the rate of un-
blocking by external Li* indicates that the effect of Li*
is more complicated than competition for a single site.
This effect is consistent, however, with a model in
which occupancy of a site by Li* destabilizes the bind-

ing of the aminoglycoside molecule. While it is possible
that Li* binds to a site that is remote from the ami-
noglycoside binding site, the site is not likely to be lo-
cated more externally than the aminoglycoside binding
site. If this were the case, raising Li* would slow the
rate of unblocking by trapping the aminoglycoside
molecule in the channel. Regardless of its precise
mechanism, however, the rate of unblocking is ex-
pected to be quite low in the absence of permeant ion
(~50s71).

Effect of External pH

The aminoglycosides are known to adsorb to the sur-
face membrane where they bind to negatively charged
groups and reduce the negative surface potential
(Chung et al,, 1985; Gabev et al., 1989). Although we
have assumed that an aminoglycoside molecule binds
in the channel, it may also bind outside the channel to
negatively charged lipids. We performed experiments
in which the external pH (pH,) was varied to alter the
net charge on the aminoglycoside molecule. Since the
ability of the aminoglycosides to bind to negatively
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Ficure 8. The effects of external pH on the block produced by
1 mM kanamycin. The patch electrode contained 150 mM LiCl at
the indicated pH,. The bathing solution contained isotonic
K-aspartate and (+)-5-202-791. Currents were recorded in re-
sponse to voltage steps to either —30 or —60 mV from a holding
potential of —80 mV. Currents were filtered at 2 kHz and sam-
pled at 10 kHz.

charged lipids depends strongly on their net charge,
their binding affinity would be greatly reduced at alka-
line pH.

Fig. 8 shows the effects of pH, on the block produced
by 1 mM kanamycin. When the pH,, was increased from
6.5 to 8.1, the number of blockages produced by kana-
mycin decreased. Note, however, that the duration of
the individual blockages did not markedly change.
Raising pH, from 6.5 to 8.1 also increased the ampli-
tude of the singlechannel current (Pietrobon et al,
1989). Fig. 9 shows the results of the analysis of the ef-
fects of pH, on the kanamycin blocking kinetics. We
found that lowering pH,, greatly enhanced the blocking
rate (filled symbols). The blocking rate data were fit with
a curve that describes the titration of a single site with a
pK. = ~7.3. If pH, altered the concentration of an ac-
tive drug species with a pK, = 7.3, then changes such
as those observed in the blocking rate would be ex-
pected simply on the basis of the change in blocker
concentration. Fig. 9 also shows that changing pH,
over the range 6.5 to 8.1 had little effect on the un-
blocking rate (open symbols). The absence of an effect of
pH, on unblocking is consistent with the finding that
aminoglycoside affinity does not depend on its net
charge. Fig. 9 (inset) shows that the steepness of the re-
lation between the rate of unblocking and membrane
potential was the same at pH 6.5 and 7.5. This provides
further evidence that the net charge of an aminoglyco-
side does not determine the voltage dependence of
block by a simple contribution to the free energy of
binding.

DISCUSSION

The results presented in this paper show that the ami-
noglycosides inhibit L-type Ca?* channels by producing
discrete channel closures. We found no evidence to
support a mechanism in which aminoglycosides re-

429 Haws £T AL.

10000

1000

Rate (s-1)

100 1

10001 10 1 s L L ) s
-80 -70 -60 -50 -40 -30 -20
mV
800
°
[}
600
400 °
200

Ficure 9. Dependence of the kanamycin blocking kinetics on
external pH. The blocking rate (1/7,) (filled circles) and unblock-
ing rate (1/7.) (open circles) plotted as a function of the external
pH. The patch electrode contained 150 mM Li* and 1 mM kana-
mycin. Open and closed closed times were measured at a test po-
tential of —50 mV. The dependence of the apparent blocking rate
(1/7,) on pH,, was fit to a relation describing the titration of a sin-
gle site with a pK, of ~pH 7.35 and a maximum blocking rate of
~800 s~!. The horizontal line was drawn by eye through the un-
blocking rate data. (Insef) Dependence of blocking rates at pH 7.5
(filled circlesy and pH 6.5 (filled triangles) and the unblocking rates
at pH 7.5 (open circles) and pH 6.5 (open triangles) on membrane
potential. The patch electrode contained 1 mM kanamycin. The
blocking rates at pH 6.5 and 7.5 increased ~e-fold per 33 and 35
mV, respectively.

duced the permeant ion concentration near the en-
trance to the channel by screening fixed negative
charges, as proposed by Suarez-Kurtz and Rueben
(1987). Although the concentrations of aminoglyco-
sides used in this study would have substantially re-
duced the electrostatic surface potential (Chung et al.,
1985), there was no change in the amplitude of the sin-
glechannel current over the concentration range stud-
ied. Because the effectiveness in screening surface
charge is an exponential function of blocker charge,
the blocking potencies of aminoglycosides would also
be expected to vary according to their net charge. The
results showed, however, that the block produced by
neomycin, with a net charge of +4.4, was as strong as
that produced by kanamycin, which has a net charge of
+2.4 at the same pH. These observations, together with



the observation of discrete blocking events in the pres-
ence of aminoglycosides, are not easily explained by a
charge screening mechanism.

Mechanism of Block

The blocking kinetics were well described by a simple
model of open-channel block. Single exponentials fit
the histograms of open and blocked times, indicating
that there is a single open and a single blocked state.
The inverse of the mean open time varied linearly with
aminoglycoside concentration and gave a second-order
blocking rate coefficient of k, = ~2.6 X 10° M~Is™1. In
addition, the inverse of the mean blocked times were
concentration-independent and gave an unblocking
rate which ranged from 250-290 s™! at —40 mV for all
of the aminoglycosides studied, except gentamicin,
which had a somewhat higher rate. The results also
showed that the blocking rate increased with hyperpo-
larization in a manner consistent with the movement of
a positively charged blocker from the external solution
to a binding site located within the membrane field.
That the binding site is located within the ion conduc-
tion pathway was suggested by the observation that in-
creasing the permeant ion concentration reduced the
rate of entry of an aminoglycoside into the pore.

The observation that all of the aminoglycosides had
more or less identical unblocking rates suggests that
only a portion of an aminoglycoside binds within the
pore. A similar interpretation was reached by Nomura
et al. (1990) who compared the blocking actions of
aminoglycosides and simple alkylamines on Ca2*-acti-
vated K* channels incorporated into planar bilayers.
They showed that the electrical distances obtained
from the voltage dependence of block were the same
for aminoglycosides and alkyldiamines, but the dis-
tances were twice the size of those estimated from the
block produced by alkylmonoamines. Nomura et al.
(1990) concluded that the two amino groups of the
central 2-deoxystreptamine of neomycin and kanamy-
cin entered into the channel to block ion conduction.
Our results showed, however, that streptomycin and di-
hydrostreptomycin, which have a streptadine rather
than a 2-deoxystreptamine, bound as tightly as neomy-
cin or kanamycin. Thus, the central hexose group can-
not by itself determine aminoglycoside residence time
in the Ca?* channel pore. An alternative explanation is
that only one of the amino groups entered into the
pore to block the channel. The participation of only
one amino group in the blocking reaction is supported
by the finding that the apparent pK, of the blocking
particle is close to the pK, of the free amino groups at
positions 2 and 3 of kanamycin (pK, = ~7.5; Dorman
et al., 1976). If only one of the free amino groups acts
as the blocking particle, then the observed increase in
the blocking rate with the number of amino groups

would simply reflect the increase in the number of pos-
sible ways for an aminoglycoside to interact with the
channel.

The pore blocking model that has been proposed
does not easily account for the enhanced rate of ami-
noglycoside exit back to the external solution at nega-
tive potentials. One possibility is that blocker affinity
depends on the occupancy of the pore by permeant
ion. It is well-established that Ca?* channel selectivity
involves the binding of divalent cations to a high affin-
ity site located in the pore (reviewed by Tsien et al.,
1987). To account for the high rates of ion transport,
models of ion permeation in Ca%* channels have postu-
lated the existence of multiple sites located within the
pore and an enhanced rate of dissociation when the
pore is multiply occupied (Almers and McCleskey,
1984; Hess and Tsien, 1984; but see Armstrong and
Neyton, 1992). Evidence for such ion-ion interactions
has come from studies of Ca?* channel block by metal
cations where occupancy of the pore by permeant ion
was found to speed blocker exit from the pore (Lans-
man et al., 1986; Kou and Hess, 19934,5). Kou and Hess
(1993h) characterized these ion—ion interactions in
terms of an “enhancement site” that is located at the
high affinity binding site(s). The present results are
consistent with Li* acting at the enhancement site to
reduce the affinity of an aminoglycoside bound to the
high affinity site. The enhancement effect, however,
differs from that observed when small transition metals,
such as Cd?" and Mg?*, block the pore. These metal
ions are able to dissociate from the pore by passing
through the channel to the inside of the cell (Lansman
et al., 1986; Kou and Hess, 19934,5). By contrast, occu-
pancy of the pore by permeant ion apparently en-
hances the dissociation of an aminoglycoside back to
the external solution. In this regard, the pore appears
to deviate from strict single-file behavior. That there
was no evidence for “lock-in” of an aminoglycoside
when the external permeant ion concentration was
raised, also suggests that there is no restriction on the
forward movement of permeant ion when the blocking
site is occupied. These deviations from single-file be-
havior suggest a permeation model in which both per-
meant jion and blocker complex with a single binding
site (Armstrong and Neyton, 1992).

Recent studies of cloned Ca®* channels have local-
ized the high affinity binding site to four glutamate res-
idues in the pore-forming region of the o subunit (Kim
et al,, 1993; Yang et al,, 1993). Evidence suggests that
the high affinity binding site is located close to the ex-
ternal surface (Kou and Hess, 199356). The results of
this study suggest a model in which one of the positive
charges of an aminoglycoside enters into the pore and
complexes with the four glutamates making up the
binding site. We suggest that a three position amino
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group complexes with the high affinity site, leaving two
amino sugars protruding out of the pore. Unblocking
may require only that the amino group rotates out of
the pore, a step which would involve a negligible frac-
tion of the field. The putative kanamycin binding site
of the enzyme, kanamycin nucleotidyltransferase, is

made up of a ring of seven negatively charged glu-
tamates and aspartates, which also contribute to the
Zn?* binding site (Sakon et al., 1993). The blocking ac-
tions of aminoglycosides may, therefore, reflect their
ability to interact with specific divalent cation binding
sites, rather than diffuse negative charges.
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