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Summary .  Ca2"-activated K + channels from rat brain synapto- 
somal membranes were incorporated into planar lipid bilayers, 
and the effects of aminoglycoside antibiotics on the single chan- 
nel conductance (258 -+ 13 pS at 100 mM K § were investigated. 
Aminoglycosides reduced the single channel conductance from 
the 'cis '  (cytoplasmic) side in a dose- and voltage-dependent 
manner. Voltage dependence of the blockade indicated an inter- 
action between positively charged amino residues of aminogly- 
coside antibiotics and a binding site located within the electric 
field of the ion-conducting pathway. The order of blocking po- 
tency was consistent with that of the number of amino residues 
of aminoglycosides (neomycin (6) > dibekacin (5) > ribostamy- 
cin (4) = kanamycin (4)), while the electrical distance (z~ = 0.46- 
0.49) of the binding site kept almost constant for each drug. 
These z6s were almost the same with those (0.46-0.51) of alkyl- 
diamine blockers with two amino residues (total net charge of 
+2) and approximately twice of those (0.25-0.26) of alkylmo- 
noarnine blockers (total net charge of + 1). Assuming that amino 
residues of aminoglycosides and alkylamines shared the same 
binding site located at 25% voltage drop from the cytoplasmic 
surface of the channel, the site would have to be at least large 
enough to accommodate one diamino sugar residue of the 
aminoglycoside in order to simultaneously interact with two pos- 
itively charged amino groups. Dose- and voltage-dependent 
blockade of the channel by gallamine, an extremely bulky triva- 
lent organic cation, supported the picture that the channel has a 
wide mouth on the cytoplasmic side and its 'pore' region, where 
voltage drop occurs, may also be quite wide and nonselective, 
suddenly tapering to a constriction where most charged cations 
block the channel by 'occluding' the K+-conducting pathway. 
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Introduction 

Aminoglycoside antibiotics are known to block sev- 
eral types of calcium channels (Suarez-Kurtz & 
Reuben, 1987; Wagner et al., 1987; Gustin & Hen- 
nessey, 1988) and K + channels from skeletal sarco- 
plasmic reticulum (Sokabe, 1983; Oosawa & So- 
kabe, 1986). The transduction channels on hair cells 

in the inner ear are also blocked by aminoglycosides 
(Hudspeth & Kroese, 1983; Ohmori, 1985), and the 
blockade has been proposed as one of the most pos- 
sible mechanisms of aminoglycoside ototoxicity 
(Sokabe, Hayase & Miyamoto, 1982; Hudspeth & 
Kroese, 1983; Sokabe, 1984; Tachibana et al., 1984; 
Ohmori, 1985). Very recently this hypothesis was 
confirmed in the hair cells of frog inner ear (Kroese, 
Das & Hudspeth, 1989). Here we show one more 
channel, Ca2+-activated K + channel from brain syn- 
aptosomal membranes, blocked by aminoglycoside 
antibiotics. It is very difficult to study the properties 
of single ion channels on brain synaptic membranes 
by conventional electro-physiological techniques 
including patch-clamp method because of the small 
size and inaccessibility of the synapses. Incorpora- 
tion of ion channels of synaptic membrane vesicles 
into artificial planar bilayers makes it possible to 
characterize the synaptic ion channels at the single 
channel level. By utilizing this method, single chan- 
nel recordings of several kinds of ion channels from 
synaptosomal membranes have been made: Na + 
channel (Krueger, Worley & French, 1983), Ca 2+ 
channels (Nelson, French & Krueger, 1983) and K + 
channels (Krueger et al., 1982; Nelson, Roudna & 
Bamberg, 1983; Farley & Rudy, 1988; Reinhart, 
Chung & Levitan, 1989), including CaZ+-activated 
K + channels which appear to play important roles 
in the regulation of synaptic membrane excitability 
to modulate transmitter release from presynaptic 
nerve terminals (Bartschat & Blaustein, 1985a,b). 

Recent studies have revealed that several types 
of Ca2+-activated K + channels of different single 
conductances are present in rat synaptosomal mem- 
branes (Farley & Rudy, 1988; Reinhart et al., 1989). 
Of these channels, so-called 'maxi-K + channels' (or 
'big K + channels') described in a variety of cells and 
tissues (Latorre, 1986, 1989) are popular because 
they have very similar properties in their large uni- 
tary conductance (200-250 pS) and characteristic 
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fast gating kinetics modulated by intracellular Ca 2+ 
and transmembrane voltage. 

We report here the effects of aminoglycoside 
antibiotics on the Ca2+-activated maxi-K § channel 
from rat brain synaptosomal membranes incorpo- 
rated into planar bilayers. Aminoglycoside antibiot- 
ics on the cytoplasmc side reduced the single chan- 
nel currents in a dose- and voltage-dependent 
manner. Voltage dependence of the blockade sug-- 
gests an interaction between positively charged 
amino residues of the aminoglycoside and a nega- 
tively charged binding site in the channel pore. We 
also investigated the effects of various alkylamines 
with much simpler structure and known number of 
amino residues on the channel to estimate the num- 
ber of amino residues interacting with the site at the 
same time. The channel appeared to have fairly 
wide vestibule within the intracellular side of the 
ion-conducting pathway which can accommodate at 
least one diamino sugar residue of aminoglycoside. 
Preliminary results were already reported else- 
where in an abstract form (Nomura, Naruse & So- 
kabe, 1989). 

Materials and Methods 

SYNAPTOSOMAL MEMBRANE PREPARATION 

Rat brain synaptosomal membranes were prepared by the 
method of Jones and Matus (1974) with slight modification. Four 
forebrains from female Wister rats (4-weeks old) were homoge- 
nized in 9 volumes of 10% (wt/wt) sucrose by a glass homoge- 
nizer. The homogenate was centrifuged at 800 • g for 20 min, 
and the supernatant was removed and centrifuged at 9,000 • g 
for 20 min. The pellet was resuspended in hypotonic buffer (5 
mM Tris-HC1, pH 8.1) and incubated at 0~ for 30 rain, The 
lysate (crude mitochondrial fraction) was made up to 34% (wt/ 
wt) sucrose by addition of the appropriate volume of 48% (wt/wt) 
sucrose, and 10 ml was placed in each of four centrifuge tubes. 
28.5% (wt/wt) and 10% (wt/wt) sucrose was placed above the 
lysate to give a gradient to total volume of 25 ml. These density 
gradients were centrifuged at 34,000 x g for 60 rain using a 
vertical rotor (RPV-30, Hitachi). The middle of the three frac- 
tions (pale gray band) were collected and centrifuged with small 
volume of 0.4 M sucrose; Tris-HEPES, pH 7.4, at 100,000 • g for 
60 min. The pellet was resuspended in 0.4 u sucrose and stored 
in small aliquots at -80~ 

PLANAR BILAYER SYSTEM 

Planar bilayers were formed by applying phospholipid solution 
(15 mg/ml in n-decane) to a hole (300-500 tzM in diameter) in a 
polypropylene partition separating the two aqueous chambers as 
described elsewhere (Tanifuji, Sokabe & Kasai, 1987). Each 
chamber was connected to an Ag/AgC1 electrode via a glass KC1 

(3 M) agar bridge, and channel currents were measured under a 
voltage-clamp condition by means of patch-clamp amplifier (Ni- 
hon Koden Model S-3666). All experiments were carried out at 
room temperature (20-25~ The side to which vesicles were 
added was defined as the 'cis' side. The opposite side was de- 
fined as the 'trans' side, and the voltage was referred to the cis 
side with respect to the trans side. The buffer solutions usually 
used were composed of symmetrical 100 mM KC1, 5 mM HEPES, 
pH 7.2, adjusted with Tris base. In the experiments carried out 
with low K + (<50 mM) solutions, we used buffers with pH ad- 
justed by KOH because a previous report (Vergara, Moc- 
zydlowski & Latorre, 1984) indicated that a millimolar amount of 
Tris had a blocking effect on the CaZ+-activated K + channels of 
muscle T-tubule membranes at very low K + concentrations. Ca z+ 
(as chloride salt) was added symmetrically to each chamber. 
CaZ+-EGTA buffers were used when Ca 2+ concentration was be- 
low 10 txM. Most blocking parameters were obtained from exper- 
iments using phosphatidylcholine (PC, commercial grade from 
soybean) bilayers. In several blocking experiments (with kana- 
mycin and n-hexylamine), we also used a mixture of 30% phos- 
pfiatidylcholine (PC)/70% phosphatidylethanolamine (PE) and 
found no significant difference in the blocking parameters. Ca -,+ 
activation curves (see Fig. 2) and conductance-activity relation- 
ship (see Fig. 9) were obtained from experiments with PC/PE 
lipid. 

DATA ANALYSIS 

The currents across the bilayer were fed into patch-clamp ampli- 
fier, low-pass filtered at 1 kHz by using a two-pole Bessel filter, 
and recorded on an FM tape recorder. Current recordings ob- 
tained at each voltage were digitized at 500/xsec/point for the 
construction of amplitude histograms by using a home-made 
software called 'funcf'  (by A. Inoue & M. Sokabe). Single-chan- 
nel current amplitude was measured from peak-to-peak (each 
peak represents open and closed levels) distance of amplitude 
histogram or directly from chart records (effective frequency 
response was 800 Hz). Open probabilities (Po) were estimated 
from amplitude histograms as the ratio of open peak area to the 
total area. Open and closed time distributions were analyzed by 
the software (PAT) written by Dr. John Dempster (University of 
Strathclyde, Glasgow, U.K.). The molecular size of the blockers 
was estimated based on the space-filling model. 

CHEMICALS 

Bovine heart phosphatidylethanolamine and phosphatidylcho- 
line were obtained from Avanti Polar Lipids (USA). Soybean 
asolectin (Type II-S) was purchased from Sigma Chemical 
(USA). Other chemicals" were obtained from the following 
sources: Sigma Chemical, (USA) (neomycin sulfate, kanamycin 
sulfate, putrescine dihydrochloride, cadaverine dihydrochloride, 
gallamine triethiodide); Tokyo Chemical Industry (Japan) (ethyl- 
enediamine dihydrochloride, 1,6-diaminohexane dihydrochlo- 
ride, n-butylamine hydrochloride, n-hexylamine hydrochloride, 
tetraethylammonium bromide), Meiji Seika (Japan) (ribostamy- 
cin sulfate, dibekacin sulfate). Alkane and salts were of special 
grade commercially available. 
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Fig. 1. Single channel currents recorded at a 
fixed voltage (+35 mV) with symmetrical 100 
mM KCI solution, Ca -,+ concentrations (cis) 
are 1 /xM (A) and 16.7/LM (B), respectively. 
Addition of 1 mM EGTA (final [Ca 2+] < 3 nM) 
eliminates the channel activity (C). Records 
are low-pass filtered at 1 kHz, Zero current 
levels are indicated at the right of  each trace 
with arrow heads 

R e s u l t s  P o  
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CHARACTERISTICS OF Ca2+-ACT1VATED K + 

C H A N N E L S  FROM SYNAPTOMOSAL M E M B R A N E S  

Figure I shows typical single channel currents at 
various Ca 2+ concentrations under a fixed voltage 
(35 mV). Increasing Ca 2§ concentration on the cis 
side increased the time channel stays in the open 
state (Fig. 1B), while chelation of Ca 2§ with EGTA 
eliminated channel activities (Fig. 1C). Addition of 
Ca 2+ or EGTA to the trans side had no effect on the 
conductance and gating of the channel. Most of the 
time channel incorporation occurred in a 'one-by- 
one' fashion and Ca 2+ only on the cis side increased 
the open probability of the channel, suggesting that 
one synaptosomal vesicle contains one or less chan- 
nel protein in a fixed orientation; the channels were 
always incorporated with their Ca2+-activating side 
( 'cytoplasmic'  or 'intracellular' side) facing to the 
'cis' aqueous phase. Single channel current-voltage 
relationship (Fig. 5, dashed line) was linear within 
the voltage range from -80  to 80 mV in the pres- 
ence of symmetrical 100 mM K + and 100/,M Ca 2+ to 
give a constant single channel conductance (258 • 
13 pS, n = 25). Channel gating was strictly voltage 
dependent, i.e., the open probability (Po) increased 
with membrane potential (Fig. 2, e-fold increase of 
Po per 8-1 l mV). The theoretical activation curves 
in Fig. 2 (dotted curves) give zero voltage open 
probabilities at each Ca 2+ concentration by which 
we can get a Hill plot of these values (Fig. 2, inset) 
with the Hill coefficient (apparent number of Ca 2+ 
required for channel activation) of 1.6. Reversal po- 
tentials determined from 1-V relationships in the 
presence of asymmetric buffer solutions (cis, 100 
mM KC1; trans, 100 mM NaC1) and KC1 concentra- 
tion gradient (cis side twofold more concentrated) 
indicate that the channel is highly selective for K + 
over Na + or CI- (PNa/PK < 0.07, Pcl/PK < 0.03). All 
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Fig. 2. Channel 's  open probabilities (Po) are plotted against the 
applied voltages at various Ca -,+ concentrations. Each open 
probability is obtained from digitized records (500 /xsec per 
point) by the 50% threshold method�9 The dotted lines are the best  
fit for data points at each Ca 2+ concentration to a BoIzmann 
relation: 

Po(V) = {1 + e x p [ - n F ( V  - Vo)/RT]} < 

where n is an apparent gating charge, Vo is the voltage at which 
Po = 0.5, V is the applied voltage, and F,  R, and T have their 
usual meanings. Data points were obtained from the same single 
channel. Ca 2+ concentration and parameters (n and Vo) for each 
symbol are as follows, 25/LM Ca z+, n = 2.5, Vo = 24.2 mV (�9 
50/~M Ca 2+, n = 2.4, Vo = 10.7 mV ( I ) ;  100/zM Ca 2", n = 2.5, 
Vo = - 4 . 5  rnV (z~); 0.5 mM Ca 2+, n = 2.6, Vo = -25 .2  mV (&,); 1 
m M  Ca 2+, n = 2.3, Vo = -41 .9  mV (~). Inset:  A Hill plot of  open 
probability at zero voltage according to the relation 

Po(Ca 2+) = [Ca-,+]N/(K + [Ca2+] N) 

where K is a constant  and N is the Hill coefficient. Open proba- 
bilities at zero voltage are 0.083 (25/xM Ca2+), 0.26 (50/xM Ca-,+), 
0.61 (100/xM C a - , + ) ,  0.93 (0.5 mM Ca z+) and 0.98 (1 mM Ca:+). 
The least squares regression line (dashed line through symbols) 
corresponds to N = 1.63 
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Fig. 3. Reversible blockade of a 
Ca2+-activated K + channel by 
aminoglycosides. The top trace (control) is 
the record taken with symmetrical solutions 
containing 100 mM KC1 and 100 txM Ca 2§ 
Each aminoglycoside (kanamycin and 
neomycin) was added to the cis side followed 
by perfusion with the same solution without 
drug. Voltage was fixed at +35 mV 
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Fig. 4. relative single channel conductance ('//3'o) is plotted 
against the concentration of kanamycin in the cis side. (3'o and -/ 
represent the single channel conductance in the absence and 
presence of kanamycin, respectively.) Each point represents the 
mean (-+sD) of data from three membranes. Voltage was fixed at 
+40 mV. Inset: Linealized plot of the data. The dotted line is the 
best fit to the equation: 

%/Y - 1 = [KM]/Kd(V) 

where [KM] is the concentration of kanamicin and Ka(V) is the 
dissociation constant at that voltage 

the characteristics described above (large conduc- 
tance, Ca2+-sensitivity, voltage dependence and ion 
selectivity) appear to satisfy the criteria for Ca 2+- 
activated maxi-K + channels (Rudy, 1988; Latorre, 
1989). 

EFFECT OF AMINOGLYCOSIDES 

ON THE SINGLE CHANNEL CONDUCTANCE 

Figure 3 shows the effect of kanamycin (1.2 mM) 
and neomycin (0.25 raM) applied to the cis side on 

the single channel currents. The channel currents 
are apparently reduced, and the effect is completely 
reversible. No open channel flickering can be ob- 
served, suggesting that the blocking reaction is too 
fast to be resolved by our recording system to give 
us apparent time-averaged current in the equilib- 
rium between open and blocked states. Generally 
the open (~o) and closed (~cl, 7c2) time distributions 
could be fitted with single and double exponential 
functions, respectively. The time constants, for ex- 
ample, at 30 mV were 15.3 msec for open time and 
0.97 and 17.2 msec for closed time. Since kanamy- 
cin seemed to have little effect on the channel's 
mean open time and closed time, analysis was made 
on the single channel conductance. If the drug inter- 
acts with the channel in a one-to-one fashion, rela- 
tive channel conductance (conductance in the pres- 
ence of drug divided by conductance in the absence 
of drug) may be fitted with a single site titration 
curve according to 

Y/7o = {1 + [KM]/Kd(V)} -1 (1) 

where [KM] is the concentration of kanamycin and 
K~(V) is the dissociation constant at a given volt- 
age. As shown in Fig. 4, the data from three mem- 
branes are well fitted to an inhibition curve with Kd 
(40 mV) of 1.63 mM. 

The effect of kanamycin was voltage depen- 
dent. Current-voltage relationship in the presence 
of the drug (Fig. 5) indicates that the current is in- 
hibited more strongly as the membrane voltage in- 
creases. Since the aminoglycosides contain several 
positively charged amino residues, the voltage- 
dependent blockade may be interpreted by 
WoodhuU's channel blocking theory (Woodhull, 
1973). If we assume that the binding sites for amino 
residues locate with the same distance from channel 
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Fig, 5. Single channel current amplitudes are plotted against 
voltage in the presence of cis (filled circles) and trans (open 
circles) 600/zM kanamycin. The dashed line is a linear regression 
of 12 data points (not shown) obtained in the absence of kanamy- 
cin (control) 

entrance, the relative conductance (7/yo) could be 
described as 

Y/yo = {1 + [KM]/Kd(O) . exp(zgFV/RT)} -~ (2) 

where z6 is the electrical distance from the cis en- 
trance of the channel, Kd(0) is an apparent zero 
voltage dissociation constant for blockers. In Fig. 
6A, relative single channel conductances at fixed 
(600 /zM) concentration of kanamycin are plotted 
against applied voltage, and a linearlized plot by 
Eq. (2) is shown in Fig. 6B. The values of z6 and 
Kd(O) for kanamycin are 0.46 - 0.03 and 2.83 -+ 0.32 
mM (n = 6), respectively. Figure 7 shows the effect 
of K + activity on these blocking parameters. K~(0) 
increases linearly with K + activity, whereas the val- 
ues of z8 remain constant. This indicates a competi- 
tion between K + and kanamycin. If K + and kana- 
mycin share the same binding site, Kd(O) is 
expressed as a linear function of [K +] 

Kd(O) = KdK~(1 + [K+]/Kd~) (3) 

where KdKM and Kdx a r e  dissociation constants for 
kanamycin and K +, respectively. From least 
squares regression line through data points for 
Ka(O), we can obtain KdK and KdKM to be 8.0 and 0.22 
raM, respectively. The value Of KdK is comparable to 
Kd (9.9 raM) for K + of the 'primary' (high affinity) 
K + binding site of the channel which was obtained 
from low K + activity region of the channel conduc- 
tance-activity relationship (Fig. 9, see discussion). 
In summary, the channel current is blocked by 
kanamycin from the cytoplasmic side in a dose- and 
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Fig. 6, (A) Voltage dependence ofkanamycin blockade. Relative 
single channel conductance (y/yo) in the presence of 600 /zM 
kanamycin (cis) is plotted against voltage. (B) Linealized plot of 
the data in A according to Eq. (2). The dashed regression line is 
drawn with the following blocking parameters: z~ = 0.51, Ka(O) 
= 2.8 mM 
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Fig. 7. Ka(0) (open circles) and z~} (filled circles) measured with 
solutions of various K + activities in the presence of 600 /ZM 
kanamycin (cis). Ka(O) varies from 1.3 to 4,1 mM as K + activity 
increases from 40,5 to 140 mM. The dissociation constants for K + 
(Kdr~ = 8.0 raM) and that for kanamycin (KaKM = 0.22 mM) can be 
determined from the least squares regression (dashed line) ac- 
cording to a single competitive equation (3) in the text. Each 
symbol represents the mean (-+so) of data from 3-5 membranes 

voltage-dependent manner, and this inhibition is 
due to the competition for a site locating within the 
ion-conducting pore where electric potential drop 
occurs. 

We tested the effect of other aminoglycosides 
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Table 1. 

n Z~ Kd(O)/mM N 

Kanamycin 4 0.46 -+ 0.03 2.83 • 0.32 6 
Ribostamycin 4 0.49 • 0.03 2.39 -+ 0.29 6 
Dibekacin 5 0.46 • 0.02 0.600 -+ 0.022 4 
Neomycin 6 0.48 -+ 0.05 0.195 + 0.028 3 

n: number of amino residues; N: number of experiments 
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Fig. 8. Voltage dependence of eis blockade by n-hexylamine 
(open circles) and 1,6-diaminohexane (filled circles). Each sym- 
bol represents a set of data from one membrane. Open triangles 
are the data for kanamycin in Fig. 6B. Regression lines through 
each symbol correspond to z8 = 0.27 (n-hexylamine), z8 = 0.49 
(1,6-diaminohexane) and z8 = 0.51 (kanamycin). The concentra- 
tions of n-hexylamine, 1,6-diaminohexane and kanamycin are 
1.0, 2.0, and 0.6 raM, respectively 

containing different number of amino residues and 
found that they also dose- and voltage-dependently 
blocked the channel. Table 1 shows blocking pa- 
rameters for each aminoglycoside determined by 
Woodhull's theory as in the case of kanamycin. The 
order of blocking potency (neomycin > dibekacin > 
ribostamycin = kanamycin) parallels that of number 
of amino residues; neomycin (6 amino residues) is 
about 15 times more potent than kanamycin (4 
amino residues). However, we obtained almost the 
same z8 for all aminoglycosides irrespective of the 
number of their amino residues. This implies, 
across aminoglycosides tested here, the same num- 
ber of amino residues interact with the site within 
the electrical field inside the K + conducting path- 
way (Oosawa & Sokabe, 1986), although we could 
not determine the value for z and 8 separately. 

BLOCKADE BY ALKYLAMINES 

To determine the fraction (8) of electrical distance 
involved in the channel blockade by aminoglyco- 
sides, we employed n-hexylamine, a simpler amino 
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Table 2. 

n z8 Kj(O)/mM N 

n-butylamine 4 0.26 + 0.03 14.0 • 1.5 7 
n-hexylamine 6 0.25 • 0.02 1.65 -+ 0.17 7 

Ethylenediamine 2 0.49 -+ 0.05 21.7 -+ 4.4 4 
Putrescine 4 0.51 • 0.03 14.4 -+ 0.92 3 
Cadaverine 5 0.46 -+ 0.04 12.9 • 1.6 3 
1,6-diaminohexane 6 0.46 • 0.03 17.7 • 1.6 5 

n: number of carbon atoms; N: number of experiments. 

compound with one amino residue, as a model 
blocker (Sokabe, 1984; Oosawa & Sokabe, 1986). 
The drug acted as a fast blocker from the cis side 
and the effect was dose and voltage dependent, this 
is very similar to that of aminoglycosides. In Fig. 8, 
a linearlized plot of voltage-dependent blockade by 
n-hyexylamine is shown in comparison with that by 
kanamycin. From this plot the fractional distance 
(8) of the amino residue binding site was determined 
as 0.25, approximately a half value of the electrical 
distance (zS) for kanamycin, n-butylamine, a 
shorter alkylmonoamine, also gave a similar value 
(Table 2). Next we examined the effects of 1,6- 
diaminohexane, which contains an amino residue at 
each end of the alkyl chain. This drug also dose- and 
voltage-dependently blocked the channel, and the 
resulting value for z8 was 0.49, almost twice that of 
n-hexylamine. It may be very reasonable to assume 
that at least one of the amino residue from 1,6- 
diaminohexane would bind the same binding site for 
n-hexylamine. If so, the electrical distance of the 
other binding site for the other amino residue of 1,6- 
diaminohexane becomes about the same as that of 
the first one. In other words, we can say that the 
amino residue binding site of synaptosomal Ca 2+- 
activated K + channel locates 25% distant of total 
voltage drop from the cis side, and it can bind at 
least two amino residues at the same time. Blocking 
parameters for other monovalent and divalent alkyl- 
amines with shorter carbon chains are summarized 
in Table 2. All zSs for alkyldiamines are about twice 
those of alkylmonoamines., irrespective of their car- 
bon-chain length. If positively charged amino resi- 
dues of aminoglycosides share the same binding site 
with those of alkylamines, only two of them should 
interact with the site, considering the fact that zSs 
for all aminoglycosides are also about twice those of 
alkylmonoamines (Table 1). 

BLOCKADE BY T E A  AND GALLAMINE 

Tetraethylammonium (TEA) and related quar- 
ternary ammonium (QA) compounds are known to 
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block potassium conductances of various biological 
membranes (Armstrong, 1971). QA compounds of 
various sizes or lengths are used as probes for the 
estimation of ion-conducting pore size of several 
K + channels (French & Shoukimas, 1981; Swen- 
son, 1981; Coronado & Miller, 1982; Miller, 1982; 
Villarroel et al., 1988). Ca2+-activated K + channels 
from various preparations are also blocked by both 
internally and externally applied TEA (Vergara, 
Moczydlowski & Latorre, 1984; Latorre, 1989). 
Most of them are more sensitive to externally ap- 
plied TEA (Kd < 1 raM) (Latorre, 1989), although 
several CaZ+-activated K + channels are reported to 
have opposite sensitivity (Wong & Adler, 1986; 
Farley & Rudy, 1988). We examined the effect of 
TEA and an extremely bulky trivalent organic cat- 
ion, gallamine (1,2,3 Tris(2-trimethylammonium 
ethoxy) benzene3+), which contains three ethylam- 
monium groups in its structure. Both compounds 
voltage-dependently blocked the channel currents 
as fast blockers from the cis side with following 
blocking parameters: Kd(0) = 38.6 + 7.5 raM, Z6 ---- 
0.30 --+ 0.03 (n = 4) for TEA and Ke(0) = 4.7 -+ 1.1 
raM, Z3 = 0.66 --+ 0.05 (n = 7) for gallmine. The 
above result implies that these compounds are able 
to enter the channel's pore and interact with a site 
within the electrical field as in the case of aminogly- 
cosides and alkylamines. Assuming that positive 
charges of both compounds interact with the same 
site located at a fractional electrical distance of 30% 
voltage drop from the cis side, the site should locate 
in a fairly wide space to accommodate two or more 
ethylammonium groups of gallamine at the same 
time. TEA applied to the trans side caused a 'flick- 
ering blockade' (Kd at +45 mV = 238 -+ 22/XM, n -: 
4) with little or no voltage dependence (data not 
shown), whereas gallamine was not effective at the 
concentrations we tested (0.1-1.0 raM), suggesting 
that the size of the trans entrance is smaller than 
that of cis (cytoplasmic) entrance. Such an asym- 
metry in the size of channel entrance was reported 
in sarcoplasmic reticulum K + channel where the cy- 
toplasmic entrance was smaller than the opposite 
one (Gray et al., 1988). 

Discussion 

Ca2+-ACTIVATED K + CHANNEL FROM BRAIN 
SYNAPTIC MEMBRANES 

Ca2+-activated K + channels with large unitary con- 
ductance from rat synaptic membranes have been 
reported by several authors (Krueger et al., 1982; 
Farley & Rudy, 1988; Reinhart et al., 1989). Two 
recent papers have revealed that there are several 
types of Ca2+-activated K + channels with different 

conductances and Ca 2+ sensitivities. Farley and 
Rudy (1988) reported a class of channel (Type I) 
which had a 200-250 pS single channel conductance 
(at 200 mM KC1). Reinhart et al. (1989) character- 
ized four types of Ca2+-activated K + channels, two 
of which had similar single channel conductances 
(242 and 236 pS at 150 mM KC1) but differed in 
gating kinetics and charybdotoxin sensitivity. 
These channels showed similar conductances and 
voltage dependence of open probability (9-11 mV 
per e-fold change) and were activated by 'cis' Ca 2+ 
in micromolar range. Ca2+-activated K + channel 
studied in this paper also has a large unitary con- 
ductance (258 -+ 13 pS in 100 mM KC1) and voltage 
dependence of open probability (8-11 mV per e-fold 
change). The fast gating kinetics (open time con- 
stant of 15.3 msec at +30 mV) and asymmetric TEA 
sensitivity (trans > cis) suggest that the channel is 
quite similar to the 'fast large conductance channel' 
reported by Reinhart et al. (1989) except for their 
Ca > sensitivity. The Hill coefficient obtained from 
a Hill plot of Po versus Ca 2+ concentration is 1.6 for 
our channel, whereas the 'fast channel' reported by 
Reinhart appears to be 10-fold or more sensitive to 
Ca 2+ than ours and have a Hill coefficient as large as 
2.1-2.5. The difference in Ca 2+ sensitivity may be 
explained by the fact that they used negatively 
charged lipid (phosphatidylserine) and internal solu- 
tion containing 1 mM Mg 2+. The presence of nega- 
tive surface charges on the lipid bilayer can increase 
apparent  Ca 2+ sensitivity (Moczydlowski et al., 
1985) and a milimolar amount of Mg 2+ in the cyto- 
plasmic side can increase the Hill coefficient (Golo- 
wasch, Kirkwood & Miller, 1986; Squire & Peter- 
sen, 1987; Oberhauser, Alvarez & Latorre, 1988). 
The 'Type I channel' (Farley & Rudy, 1988) differs 
from our channel in its high TEA sensitivity at the 
cytoplasmic side (K~ = 1-3 raM), although single 
channel conductance and voltage dependence are 
similar. 

AMINOGLYCOSIDE BLOCKADE 

Ion channel blockade by aminoglycosides are re- 
ported in several Ca z+ channels, e.g. neomycin 
blockade of slowly inactivating Ca 2+ channels in 
clonal GH3 pituitary cells (Suarez-Kurtz & Reuben, 
1987), neomycin blockade of inward Ca 2+ current of 
paramecium (Gustin & Hennessey, 1988), amino- 
glycoside blockade of N-type calcium channel of 
rat brain synaptosomes (Wagner et al., 1987). 
Aminoglycosides also block mechano-transduction 
channels of hair cells (Hudspeth & Kroese, 1983; 
Ohmori, 1985; Kroese et al., 1989), and the relation 
to their acute ototoxicity has been discussed. Here 
we have examined the effect of various aminoglyco- 
sides on the CaZ+-activated maxi K + channel of syn- 
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Fig. 9. (A) Single channel conductance-activity relationship, 
Single channel currents were measured with KC1-HEPES 
buffers adjusted to each K + concentration and pH 7.2 with ap- 
propriate amount of  KOH.  Circles with error bars represent the 
mean + SD of 4-10 membranes.  (B) Close-up of low K + activity 
region of A. The dotted line is the best  fit to the data points below 
150 mM K + according to a simple saturation function of K + 

G/Gm~x = [K+]/([K +] + Kj) 

where Gm~x = 309 pS and Kd = 9.9 mM 

aptosomal membranes and found that they acted as 
'fast blockers' from the cytoplasmic side. One unin- 
teresting interpretation of the channel blockade is 
that aminoglycosides just reduced the putative neg- 
ative surface potential on membranes which may 
increase the local concentration of K + around the 
channel mouth. However, as mentioned in Mate- 
rials and Methods, the degree of aminoglycoside 
blockade was not different in two different kinds of 
lipid bilayers, one of which carries negative surface 
charges. In addition, the conductance of chloride 
channel from synaptic membranes (K. Nomura and 
M. Sokabe, unpublished data) was not affected by 
aminoglycosides as was reported for sarcoplasmic 
reticulum chloride channel (Sokabe, 1983). The 
strongest objection to the contribution of membrane 
surface potential may be the voltage-dependent na- 
ture of the aminoglycoside channel blockade. These 
three lines of evidence strongly suggest that the idea 
that aminoglycoside channel blockade originates 
from specific binding of the drug to the site inside 
the channel, although there is a possibility of a cer- 
tain contribution of local surface potential due to 

the negative charges from the channel protein itself. 
Voltage dependence of the blockade is well de- 
scribed by Woodhull's ionic blocking theory that 
positively charged amino residues of aminoglyco- 
sides enter the electrical field inside the ion-con- 
ducting pathway and compete for a binding site with 
K +. A similar voltage-dependent blockade by 
aminoglycosides is reported in sarcoplasmic reticu- 
lure (SR) K + channel of skeletal muscle (Sokabe, 
1984; Oosawa & Sokabe, 1986). The SR-K + channel 
is known as voltage-dependent slow-gating K + 
channel with large unitary conductance and single 
K+-saturable site inside the ion-conducting pathway 
(Coronado, Rosenberg & Miller, 1980). On the 
other hand, several recent studies have shown evi- 
dence that Ca2+-activated maxi K § channels are 
multi-ion channels with multiple K+-binding sites 
(Eisenman, Latorre & Miller, 1986; Cecchi et al., 
1987; Neyton & Miller, 1988a,b). Figure 9A shows 
single channel conductance-activity relationship 
which cannot be fitted with a single saturation 
curve, indicating that the CaZ+-activated K + chan- 
nel in the present study is also a multi-ion channel. 
However, as shown in Fig. 9B, we could fit the 
conductance of low K + activity region (10-146 rnM) 
with a simple saturation curve according to 

G/Gmax = [K+]/([K +] + Kd) (4) 

where Gmax is the maximal conductance and Kd is 
the dissociation constant for a saturable site. We 
can get a Kd of 9.9 mM, which is comparable to the 
dissociation constant for K + (8.0 mM) obtained from 
Fig. 7. These results suggest that the channel is oc- 
cupied by a single K + ion at low K + concentrations 
and that aminoglycosides block the channel by com- 
peting for the primary K + binding site with K +. 
However, we should remark here that the apparent 
single ion channel behavior might result from a 
combination of complex effects of a multi-ion be- 
havior and surface potential charge with ionic 
strength, the mechanism of which remains to be 
solved. 

V O L T A G E - D E P E N D E N T  B L O C K A D E  

BY A L K Y L A M I N E S  

We found several alkylamines with various carbon- 
chain lengths caused dose- and voltage-dependent 
'fast' blockade of the channel from the cis side. The 
voltage dependence of the blockade was well ex- 
plained by Woodhull's ionic blocking model and z3s 
for alkyldiamines were approximately twice those 
of alkylmonoamines. Assuming that positively 
charged amino residues interact with a binding site 
within the ion-conducting pathway, the site is to 
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Fig. 10. Chemical structure of 2-deoxystreptamine 

locate at 25% voltage drop from the cis entrance of 
the channel, and 'both' charges of alkyldiamines 
interact with the site simultaneously, irrespective of 
their chain length. 

Miller (1982) tested quaternary and bis-quar- 
ternary ammonium ions with various methylene 
chain lengths on the sarcoplasmic reticulum (SR) 
K + channel and found that the effective valence 
(z6) for bis-quarternary ammonium ions varied with 
its chain length; long-chain blockers bound to a 
blocking site in a 'bent-over conformation' with 
'both' charges interacting with the site simulta- 
neously, whereas short-chain blockers bound in an 
'extended-chain conformation' with one of their 
charges leaving the site, resulting in z~ becoming 
smaller. Our results for the synaptic Ca2+-activated 
K + channels, however, showed that z6 for each al- 
kylamine blocker did not change with its alkyl chain 
length; i.e., 'both' amino residues of all alkyl- 
diamines could bind to one binding site or two bind- 
ing sites with the same distance. This indicates that 
these alkylamines are quite flexible to take a 'bent- 
over conformation' and/or that the size of the con- 
duction pathway of the internal side of the channel 
is wide enough to accommodate the molecules in 
that conformation. The latter picture agrees with 
the fact that the site can simultaneously interact 
with two amino residues of an aminoglycoside. The 
aminoglycosides consist of two or more amino sug- 
ars in glycosidic linkage to a hexose nucleus. As 
each sugar has zero to two positively charged amino 
residues, at least a part of one amino sugar has to 
enter into the conducting pathway to let two amino 
residues bind to the binding site. All aminoglyco- 
sides used in this study (kanamycin, ribostamycin, 
dibekacin and neomycin) contain a 2-deoxystrept- 
amine (Fig. i0) moiety as a common structure. If 
two amino residues of 2-deoxystreptamine moiety 
of aminoglycosides bind to the site(s), the cross- 
sectional area around the binding site(s) should 
have a diameter of at least -7.5 A, which is wide 
enough to accommodate alkyld!amines with four 
carbon atoms (putrescine, -7.5 A) in the 'extended 
chain conformation'. We also tested one bis-quar- 
ternary ammonium, hexamethonium, and found 
that effective valence (z6) was 0.53 -+ 0.02 (n = 3), 
almost the same value of alkyldiamine. This sug- 
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gests, in synaptic Ca2*-activated K + channel, hex- 
amethonium also can form 'bent-over comforma- 
tion' to allow the two quarternary ammonium 
residues to bind to the site simultaneously. Villar- 
roel et al. (1988) reported a much smaller value 
(0.26) of z~ for hexamethonium blocking in Ca 2+- 
activated K + channel from rat skeletal muscle. Al- 
though we do not know the reason for the differ- 
ence, one possible interpretation is that the cis-side 
mouth of the CaZ+-activated K + channel from syn- 
aptic membranes is wider than that from skeletal 
muscle. Detailed comparison awaits future study. 

BLOCKADE BY BULKY ORGANIC CATIONS AND 

THE STRUCTURE OF THE CYTOPLASMIC SIDE 

OF THE PORE 

Ca2+-activated K + channels from various cells and 
tissues are known to be blocked by a millimolar 
amount of tetraethylammonium (TEA), a large or- 
ganic cation with a cross-sectional diameter of - 6  
(Coronado & Miller, 1982). Villarroel et al. (1988) 
reported that CaZ+-activated K + channel from rat 
muscle T-tubule membranes was voltage-depen- 
dently blocked from the cytoplasmic side by quar- 
ternary ammonium (QA) ions of various sizes in- 
cluding TEA with almost the same z6 values 
(0.27-0.30). They concluded that all QA ions bound 
to a site located at -30% voltage drop from the 
internal surface. The result indicated that a mole- 
cule as big as tetrabutylammonium with a diameter 
of -10 A (French & Shoukimas, 1981) could enter 
the pore to bind to the site. We have found that 
internally applied TEA was also able to block the 
synaptic Ca2+-activated K + channel with a similar 
value of z8 as that of T-tubule channel. Moreover, 
we have showed gallamine, an extremely bulky tri- 
valent organic cation, blocked the channel. Gal- 
lamine consists of three positively charged TEA 
moieties linked to a benzene nucleus, and its molec- 
ular cross-sectional area is as large as -120 A 2 
(Gray et al., 1988). Supposing that gallamine and 
TEA bind to the same site locating at -30% voltage 
drop from the internal side, the cross-sectional area 
around the site is large enough to accommodate two 
or more TEA molecules at a time. Figure 11 shows 
the summary of the values of z6s for aminoglyco- 
sides and other cis blockers used in this study. If all 
these blockers bind to a site located at electrical 
fractional distance of 25% voltage drop, the right 
ordinate of the figure (z8/0.25) wilt indicate the 
number of positive charges of each blocker that in- 
teracts the site. Then, we can presume a putative 
structure of the internal side of the ion-conducting 
pathway of synaptic Ca2+-activated K + channel as 
follows: the channel contains an amino residue 
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Fig .  11. zSs for various positively charged cis blockers. Each 
symbol represents the mean (+_sD). Number of z is indicated at 
the right ordinate by assuming ~ is 0.25. Symbols: open circles = 
aminoglycosides (KM = kanamycin, R M  = ribostamycin, N M  = 
neomycin, DB = dibekacin); open triangles = alkylmonoamines 
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cadaverine, HD = 1,6-diaminohexane); filled triangle = GAL 
(gallamine); open square = TEA (tetraethylammonium) 

binding site(s) and TEA binding site(s) which are 
very closely located at an electrical distance of 25- 
30% into the voltage drop from the internal side of 
the channel, and the pathway between the inner 
mouth of the channel and the site has a fairly wide 
cross-sectional area large enough to allow at least 
two ethylammonium groups (each has a diameter of 
- 6  A) of gallamine to enter. Aminoglycosides and 
other cationic blockers block the channel by 'oc- 
cluding' the ion-conducting pathway at the site from 
where the narrow K+-selective region probably be- 
gins. Jordan (1984a,b; 1986) calculated the image 
potential profile of a simplified cylindrical pore 
model and showed that a significant voltage drop 
could occur outside the pore constriction even if the 
pore's entrance (channel's 'mouth') is quite big. He 
also showed that the range of voltage drop would be 
shortened by high ionic strength, We found that the 
electrical distance of neomycin binding site de- 
creased with increasing ionic strength (z8 = 0.36 -+ 
0.04 at 500 m M  K § n = 4 ) ,  which indicated the 
shortening of voltage drop range. This finding is 
well consistent with Jordan's model and very simi- 
lar to the effect of ionic strength on z6s for gal- 
lamine blockade of SR-K + channel, another maxi- 
K + channel, which is also postulated to have a wide 
channel mouth (Gray et al., 1988). Thus, the big 
mouth with sudden constriction of the pore may be 
one of the common properties of the maxi-K + chan- 
nel. Moreover, the size of the mouth on the oppo- 
site side of these channels seems much smaller, be- 
cause gallamine did not block the channel from this 
side (Gray et al., 1988). 
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