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Abstract. The mechanism of blockade of the delayed
rectifier potassium ion channel in squid giant axons by
intracellular quaternary ammonium ions (QA) appears to
be remarkably sensitive to the structure of the blocker.
TEA, propyltriethyl-ammonium (C;), and propyltetra-
ethylammonium (TAA-C,) all fail to alter the deactiva-
tion, or ‘‘tail’” current time course following membrane
depolarization, even with relatively large concentrations
of the blockers, whereas butyltriethylammonium (C,),
butyltetraethylammonium (TAA-C,), and pentytri-
ethyammonium (Cs) clearly do have such an effect. The
relative electrical distance of blockade for all of these
ions is ~0.25-0.3 from the inner surface of the mem-
brane. The observations concerning TEA, C;, and TAA-
C, suggest that these ions can block the channel in either
its open or its closed state. The results with C,, TAA-C,,
and Cs are consistent with the open channel block model.
Moreover, the sensitivity of block mechanism to the
structure of the blocker suggests that the gate is located
close to the QA ion binding site and that TEA, C;, and
TAA-C; do not interfere with channel gating, whereas
C,, TAA-C,, Cs, and ions having a longer hydrophobic
““tail’” than Cg do have such an effect. The parameters
of block obtained for all QA ions investigated were un-
affected by changes in the extracellular potassium ion
concentration.
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Introduction

Potassium ion channels in nerve membranes are blocked
in a voltage-dependent manner when tetraethylammoni-
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um ions (TEA) are applied on the intracellular side of the
membrane in millimolar concentrations. The original re-
ports of this effect in squid giant axons by Armstrong
and Binstock (1965) and Armstrong (1966) led to the
hypotheses that the channel must open prior to blockade
by TEA and that block is antagonized by extracellular
potassium ions. These results were amplified by subse-
quent work with TEA derivatives (Armstrong, 1969;
1971; Armstrong & Hille, 1972; French & Shoukimas,
1981; Swenson, 1981).

A cautionary note regarding the mechanism of TEA
blockade was reported by Stanfield (1983) in a seminal
review. He observed that open channel block was sur-
prisingly difficult to distinguish from a mechanism in
which blockade is independent of channel state. Results
reported from this laboratory several years ago with TEA
are consistent with this alternative view (Clay, 1985).
The experiments in the present study concern some of
the TEA derivatives used by Armstrong (1969; 1971)
and French and Shoukimas (1981). The surprising con-
clusion of this work is that the mechanism of blockade of
the delayed rectifier potassium ion channel in squid giant
axons is remarkably sensitive to the structure of the
blocker. Specifically, TEA itself and some of its deriv-
atives are consistent with state-independent block. That
is, the closed states of the channel can be blocked equally
as well as the open state, whereas other TEA derivatives
do appear to require the open channel block model to
explain their effects. Tonic or steady-state block was
unaffected by changes in the extracellular potassium ion
concentration, K,, for all of the quaternary ammonium
(QA) ions used in this report. However, an unusual pha-
sic effect of K, was observed on membrane current
waveforms in the presence of QA ion blockade with
strong depolarizations.

Some of these results have been reported in abstract
form (Clay 1992).
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Materials and Methods

Experiments were performed on giant axons from the common North
Atlantic squid (Loligo pealei) at the Marine Biology Laboratory in
Woods Hole, MA using axial wire voltage clamp and intracellular
perfusion techniques described in French and Wells (1977) and Clay
and Shlesinger (1983). Most experiments were carried out with data
acquisition and analysis software implemented on a personal computer
(Alembic Software, Montreal, Canada). The temperature in these ex-
periments ranged between 6 and 9°C. In any single experiment it was
maintained constant to within 0.1°C by a negative feedback circuit
connected to a Peltier device located within the experimental chamber.
The extracellular artificial seawater solution in all experiments con-
tained (in mm): 10 CaCl,, 50 MgCl,, 10 Tris-HCI (pH 7.2), | pum
tetrodotoxin (TTX, Sigma), and either 0, 10, 50, 150, or 300 mm KC},
with, respectively, 440, 430, 390, 290, or 140 mM NaCl. The control
intracellular perfusate contained (in mm): 400 sucrose, 25 K,HPO,, and
either 250 K-glutamate, 250 KF, or 200 K-glutamate and 50 KF with
the pH adjusted to 7.2. In general, no differences in results were ob-
served with these solutions (Clay, 1988), although the addition of flu-
oride to the intracellular solution at levels of 50 mwm, or higher, clearly
does minimize leakage current in midsummer preparations. The
blockers employed in this study were added to the control solutions at
final concentrations indicated in the text. The blockers used were tet-
raethylammonium as either the chloride (Sigma), or the iodide salt
(Eastman Kodak); propyl-, butyl-, pentyl-, and nonyltriethylammonium
as the iodide salts (Cambridge Chemical, Milwaukee, WI); and propyl-
and butyl-tetracthylammonium as the chloride salts (Eastman). The C,,
nomenclature used below, where n is either 3, 4, 5, or 9, refers to the
triethylammonium ion derivatives, propyl-, butyl-, pentyl-, or nonyl-
triethylammonium, respectively. The number of carbon atoms in each
of the side chains of the symmetric tetraalkylammonium (TAA) ion
compounds propyl- and butyl-tetracthylammonium (3 and 4, respec-
tively) is referred to on the abscissa of Fig. 9. TEA itself, which is
referred to as C, below, can be thought of as belonging to either the
TAA or the triethylammonium ion series.

The fits of the Woodhull (1973) model (illustrated in the lower
right insert of Fig. 8) to the QA block results in Figs. 8-10 were
obtained by least squares minimization.

Results

BLockaDE WITH SINGLE DEPOLARIZING VOLTAGE
CLAMP STEPS

The effects of C,, C;, C,, and Cs5 on outward delayed
rectifier current, /, during a depolarizing voltage step
(+100 mV) are illustrated in Fig. 1A-D, respectively, for
four different axons in control conditions and with the
concentration of each blocker as indicated. The test
records in Fig. 1 illustrate the familiar time-dependent
“‘inactivation’’ effect (Armstrong, 1969; 1971). That is,
I in the presence of these quaternary ammonium (QA)
ions appears to activate and then ‘‘inactivate’” as though
the channels must open before blockade can occur.
However, these results do not conclusively confirm this
mechanism, as Armstrong (1969) and Stanfield (1983)
have noted. Stanfield (1983) in particular observed that
a parallel, or state independent blocking mechanism
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could equally well describe results such as those in Fig.
1. That is, the ‘‘inactivation’ feature could reflect the
time- and voltage-dependent interaction of a QA ion with
its binding site within the electric field of the channel.
This point is illustrated in Fig. 2 in which the open chan-
nel and state independent block models are described.
The channel state descriptions of each model are shown
below Fig. 2C and 2D, respectively. The [C] - [C] fea-
ture in both models represents the series of closed states
through which the channel is believed to pass following
membrane depolarization, before opening occurs. This
mechanism describes the sigmoidal, time-dependent ac-
tivation of I, in control (Hodgkin and Huxley, 1952;
Fitzhugh, 1965). The channel must open before block-
ade can occur in the model described below Fig. 2C,
whereas blockade can proceed from any state of the
channel in the model described below Fig. 2D, as indi-
cated by states [CB] and [OB], which refer to closed and
blocked, or open and blocked, respectively. The predic-
tion of each model for depolarizing steps in control and
in the presence of a QA blocker are illustrated in Fig. 24
and B, respectively, for parameters of the various rate
constants as given in the legend of Fig. 2. The control
waveforms are, of course, the same in each model. The
test waveforms are surprisingly similar, which indicates
that results such as those in Fig. 1 cannot conclusively
distinguish between these models. This conclusion is in-
dependent of the model of channel activation used in the
simulation. Clearly, variations of the blocking mecha-
nisms illustrated in Fig. 2 could also be taken into con-
sideration. This study focuses on the two models de-
scribed in the bottom panels of Fig. 2, because a physical
mechanism for each for QA blockade can be clearly
envisioned (Discussion).

Tan CURRENTS

As Stanfield (1983) noted, a clear difference in the pre-
dictions of the models described in Fig. 2 concerns de-
activation, or ‘‘tail current’ results. A corollary to the
idea that the channel must open before blockade can
occur is that the blocker must leave the channel before
the channel can close. Consequently, the tail current
time course is effectively slowed, whereas no such effect
occurs with state independent block. The analysis is
simplified by the observation that the forward rate con-
stant for channel activation, o, in Fig. 2, for potentials
negative to rest is essentially nil. Consequently, the tail
current time constant, T, for the open channel block
model in the presence of the blocker is approximately
given by B~'A"(A + ) when A and « are > than B, which
appears to be the case for the blockers used in this study,
whereas T is given by B for state-independent block
regardless of whether or not the blocker is present (Clay,
1985). The forward rate constant for blockade, x, is a
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Fig. 1. Effects of triethylammonium ion derivatives on outward current. In each panel the membrane potential was stepped to +100 mV from a
holding potential of ~80 mV in control and five min after the addition to the intracellular perfusate of each respective blocking ion at the
concentration indicated. The control and test records are superimposed. Each panel is taken from a different axon. Records leak current corrected.

External solution contained 10 mM K|, in each case.

pseudo-first order rate parameter, since it depends upon
the concentration of the blocker [QA], i.e., K = K;[QA],
so that T in the open channel block model is given by T
=B7H(1 + 1, [QAINY). Thatis, (t/t, — 1), where T, is the
time constant in control, is predicted to linearly increase
with concentration of the blocker in the open channel
block model. Outward current is predominantly blocked
by intracellular QA ions, although inward current is also
blocked, provided the concentration of the blocker is
sufficiently large (Blatz & Magleby, 1984). The predic-
tions of the two models for conditions in which approx-
imately 50% of inward current is blocked following ac-
tivation of the conductance by a depolarizing prepulse
are illustrated in Fig. 2C and D, respectively. Both mod-
els show a “‘hook’ in the tail currents, as originally
observed by Armstrong and Binstock (1965), which re-
flects a rapid unblocking of the channel. That is, the
steady state block at the potential corresponding to the
tail current is significantly less than that at the end of the
depolarizing prepulse. Consequently, some channels are
unblocked immediately following a subsequent hyperpo-
larizing step thereby leading to a rapid increase of con-
ductance. The current then relaxes to zero as channels

close. Moreover, the closing process is slowed in the
open channel block model, whereas it is unaffected in the
state independent block model. Tail current results with
TEA (C,) are consistent with state-independent block, as
previously shown (Clay, 1985). A similar result is illus-
trated in Fig. 3A for 25 mm TEA. In this experiment, the
membrane potential was stepped to 0 mV from a holding
potential of -80 mV with 300 K, (300 K)) to activate the
conductance without producing significant net current.
The membrane potential was then stepped back to —120
mV. Approximately 70% of the conductance was
blocked at this potential. However, the tail current time
constant was not significantly altered. This result was
independent of TEA concentration, as shown by the re-
sults in Fig. 3B for 2 and 50 mm TEA from a different
preparation. Further results of this nature from two other
preparations are shown in Fig. 4 for 10 mm TEA with test
potentials of —80, —100 and —120 mV, which demon-
strate that the lack of effect of TEA on the tail current
time constant is independent of membrane poten-
tial. The lack of effect of TEA on tail current time con-
stant was also independent of changes in external potas-
sium ion concentration (results not shown).
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Fig. 2. Theoretical predictions of the open channel and state indepen-
dent block models are described in the text. (A) The control trace
represents the open state probability in the Hodgkin and Huxley (1952)
model for the delayed rectifier at strongly depolarized potentials. This
curve is given by (1 — exp(~#/t))*, where T = 0.67 msec. The test trace
corresponds to QA blockade with the open channel block mechanism.
This curve was calculated from the Markov chain representation
(Fitzhugh, 1965) of the Hodgkin and Huxley (1952) model given by

4q 30 20, o K
N - -— — [0~ B
[Cl B [C]ZB[C]3[5[C]4I3[ ]k[]

with o = 1.5 msec™}, =0, ¥ = 1.4 msec™, and A = 0.6 msec™, [This
description of the model also gives (1 — exp(—#/1))* for the open state
probability with ¥ = 0]. (B) Same control as in A. The test trace
represents the prediction of state independent block, which is given by
(1 — exp(—#1))* (g + (1 ~ pug)eEXp(—#/1,)), where T = 0.67 msec, T =
( + A = 1.5 msec, and pyy, the probability that the channel is not
blocked in the steady state, is 0.3. [The vertical scale, which is arbi-
trary, is the same as in A.] (C) Tail current at strongly hyperpolarized
potentials in control and in the open channel block model. The control
represents —exp(—#/1) with T = 2.1 msec. The test curve represents a
exp(—(i -+ A)f) + b exp(-hi(x + A)1)), where k = 3.1 msec ™', A = 4.02
msec™, © = 2.1 msec, a = 0.3, and b = —0.56. (D) Same control curve
as in C. The test curve is the prediction of the state independent model
for tail current, which is given by exp(—#/T)[a exp(—(x + A)f) + b}, with
a, b, T, %, and A as given in C. The vertical scale is the same as in C.

The question that arises from the results in Figs. 3
and 4 with TEA is what are the effects of other blockers
on tail currents, especially considering the compelling
evidence for the open channel block model provided by
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Armstrong (1969) for Cs. This issue is addressed by the
results in Fig. 5 in which tail current resuits are illus-
trated for C, (TEA), C;, C4, and C; with a concentration
of 10 mm for C,, C;, and C,, and 1.2 mm for Cs. The
degree of block is approximately the same for all four
experiments, which indicates that Cs is a significantly
more potent blocker than the other three ions, as further
shown in Fig. 9. Moreover, the tail current time constant
for C; (Fig. 5B) is unaltered as shown again in Fig. 5A
for TEA (C,). By contrast, the tail current in the pres-
ence of the blocker ‘‘crosses-over’” the corresponding
contro] result for C, and C5 (Fig. SC and D, respec-
tively), as well as for C, (results not shown) in a manner
which is consistent with open channel block. In other
words, the addition of a single carbon atom to the n-ter-
minus of C; is sufficient to modify the mechanism of
blockade from state independent (C5) to state dependent
(C,), that is, open channel blockade. As noted above,
(t/t, — 1), where 1, is the tail current time constant in
control, is predicted to increase at any given potential
with the concentration of the blocker if blockade occurs
only in the open state, as appears to be the case with C,.
The results in Fig. 6 from three different preparations
with either 2 or 10 mm C, are consistent with this pre-
diction.

Results similar to those for the C, ions concerning
the transition in mechanism of blockade from state inde-
pendent to open channel block when the number of car-
bon atoms on the n#-terminus was raised from 3 to 4 were
also observed with TAA ions, as shown in Fig. 7. Spe-
cifically, propyltetracthylammonium (TAA-C;) did not
alter the tail current time constant (Fig. 7A) as with the
results with C; in Fig. 5B, whereas butyltetraethylammo-
nium (TAA-C,) did have such an effect (Fig. 7B) similar
to that of C,, as shown in Fig. 5C and Fig. 6C~D. The
implications of these results for channel structure are
given below (Discussion).

QUANTITATIVE ANALYSIS OF THE VOLTAGE DEPENDENCE
OF BLOCKADE

The voltage dependence of QA blockade of the potas-
sium ion channel can be described with Eyring rate the-
ory in a manner similar to that originally used by Wood-
hull (1973) to describe blockade of the sodium channel
by hydrogen ions. The model is illustrated in the lower
right hand inset of Fig. 8. As noted above, the forward
rate constant of blockade, K, is given by k¥ = x;[QA].
The parameter x; is, in turn, given by x exp(d,qV/kT)
where d, is the electrical distance which the blocker must
cross to reach its binding site within the channel, and g,
k, and T all have their usual meanings, with kI/g ~ 24
mV at 8°C. The reverse rate parameter, A, is given by A
= A,exp(~d,qV/kT). (The line labeled o< in Fig. 8 indi-
cates that these blockers are unable to pass through the
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Fig. 3. Lack of effect of TEA on tail current time
course. (A) In this experiment, the membrane po-
tential was stepped to 0 mV for 20 msec in control
(300 K, 300 K,) and with 25 mM TEA in the
intracellular perfusate followed by a step back to
~120 mV. The control and test records are super-
imposed. The test tail current is also shown scaled
by a factor of 3.4. The responses elicited by the
step to O mV have been leak corrected. The tail
currents are uncorrected, save for the scaling pro-
cedure. The arrow near the initial portion of the
test record indicates the ‘‘hook’” in the test result
described in the text. Calibrations: 5 msec and 5
mA-cm~2. B Lack of effect of two different con-
centrations of TEA (2 and 50 mM) on tail current
time constant. Same conditions as in A with a test
potential of =100 mV. In each case, the TEA result
is also shown scaled so as to closely match the
control result. The scaling factor was 1.45 and
11.0 for the 2 and 50 mM TEA results, respec-
tively. Calibrations are 5 msec and 2 mA - cm™2,
Different preparation than in A.

0
80 — <120 mV
e TEA (25 mM)
A
TEA x3.4 —f
/’Z— control
/
2mM TEA = T
o 50 mM TEA
B
i,f’f
¥
A

channel.) The fraction of unblocked channels in the
steady state is given by (1 + [QA]KD'lexp(qu/kT))_l,
where K, the dissociation constant at 0 mV, is equal to
A,/x,, and d = d, + d,. The parameters d and K, can be
obtained from a fit to the steady-state current voltage
relation in the presence of the blocker, as illustrated in
Fig. 8. The control results in this experiment (@) were

Fig. 4. Lack of effect of TEA*(10 mMm) on tail cur-
rent time constant at various different test potentials.
Same experimental conditions as for the result in
Fig. 3. Results in A and B for —80 and —100 mV,
respectively, were taken from a single preparation.
The result in C for =120 mV was taken from another
axon. The test record in each case is shown scaled by
a factor equal to 2.1, 1.7, and 1.8 for A, B, and C,
respectively. Horizontal scale is 5 msec. Vertical
scale is 3 mA - cm™.

obtained from the instantaneous /-V relation following a
15 msec prepulse to 0 mV to activate the conductance
followed by steps to the potentials indicated on the ab-
scissa of Fig. 8. These results are well described by a
straight line. The test results for steady state blockade at
depolarized potentials were obtained in most experi-
ments from the steady-state current, as with the results in
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Fig. 5. Effects of triethylammonium ion derivatives on tail current
kinetics. The concentration of each C, derivative in the intracellular
perfusate is indicated in each panel. In particular the concentration used
for C,, C,, and C, was 10 mM, whereas 1.2 mM was used for Cs. The
ionic conditions were the same as in Figs. 3 & 4 (300 K;; 300 K). The
membrane potential was stepped to 0 mV for 20 msec both in control
and in test conditions followed by a step to ~80 (4), —100 (B), —100
(C), or ~90 mV(D). The control and test results are superimposed in
each panel. Each panel illustrates results from a different axon. The
horizontal calibration represents 4.0, 3.5, 4.5, or 5 msec for A, B, C, or
D, respectively. The vertical calibration represents 2.5, 1.0, 2.5, or 2.3
mA - cm~2 for the same respective sequence.

Fig. 10, or, as in the results in Fig. 8, from the point
where blockade reached its steady state level appropriate
to the test potential (indicated by the line labeled a in the
inset of Fig. 8), but before the slight additional activation
of conductance that occurred in this experiment during
the test step. The steady-state blockade at hyperpolar-
ized potentials cannot be as readily obtained as with
depolarizing pulses, since the channels are closed in the
steady state for these conditions, and the removal of
block which occurs at these potentials (the ‘*hook’” in
the tails) does not take place instantaneously. This result
can be determined from the extrapolation of the tail cur-
rent to the beginning of the test step, as indicated, for
example, by the arrow labeled b alongside the —100 mV
record in Fig. 8.

The current-voltage relations obtained as described
above were fit to the relation gg(V — Eg)/(1 +
[QA]KD_lexp(qu/kT)), as shown in Fig. 8, where gg
and Ej were obtained from the control I-V, and K, and
d were obtained from the test results. A summary of
results for d and K, for the blockers used in this study are
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Fig. 6. Concentration dependence of tail current time constant with C,.
The records shown in the top part of the figure correspond to 2 and 10
mM C,, as indicated. Same experimental protocol as in Fig. 3. Test
potential was —100 mV. Calibrations are 2.5 mA - em™ and 5 msec.
The bottom part of the figure illustrates (t/t, — 1), where T and 1, are
the tail current time constants in the presence of blockade and in con-
trol, respectively. The symbols were taken from three different prepa-
rations with a test potential of —100 mV in each case.

shown in Fig. 9, top two panels, respectively. The solid
symbols (@) in Fig. 9 refer to the triethylammonium ion
derivatives, C,, where n is given on the abscissa. The
open symbols () refer to the TAA ions, where n = 3
indicates propyltetracthylammonium (TAA-C;) and n =
4 indicates butyltetracthylammonium (TAA-C,). The
results in the top panel of Fig. 9 indicate that all of these
ions have a common electrical distance, d = d; + d,, for
their binding site within the channel, where d ~ 0.25-0.3
from the inner surface of the membrane. The results in
the middle panel indicate that potency of block with C
increases with increasing n, as was noted originally by
Armstrong (1969). These results indicate a rather strik-
ing dependence of K, on the length of the n-terminus.
The K, for C,, C,, and C, decreases only slightly with
increasing n, whereas a marked increase of potency oc-
curs beginning with Cs, as shown by the block of tail
currents in Fig. 5. Similar results were recently obtained
for the Shaker potassium channel by Choi, et al. (1993).
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Fig. 7. Block of tail currents by the tetraalkylammonium ion derivatives propyltetraethylammonium (TAA-C;) and butyltetraethylammonium
(TAA-C,). Same experimental conditions as in Figs. 3 with 50 mm TAA-C; added to the intracellular perfusate in A and 0.25 mM TAA-C, added
to the intracellular perfusate in B. The test potential for the results in both A and B was —120 mV. The test result is labeled a in the left hand panel.
The result labeled b corresponds to the test record scaled by a factor of 1.65. The record labeled ¢ in the right hand panel is the test record scale
by a factor of 1.5. Horizontal calibration corresponds to 1.5 msec in A and 2 msec in B. Vertical calibration corresponds to 2 mA - cm™ for both

A and B.

They also found relatively little difference in blockade
amongst C,, Cs, and C,, whereas C, with n = 6 caused
a marked increase in potency.

The results with the TAA ions are quite different
from the C, results, a finding which is original to this
study. In particular, TAA-C; is almost 10-fold less po-
tent than propyltriethylammonium (C;), whereas TAA-
C, is 10-fold more potent than butyltriethylammonium
(C,). The relative potency of the blockers does not ap-
pear to be related to the mechanism of blockade, since C,
is only slightly more potent than C;, (Figs. 5 and 9),
whereas TAA-C, is substantially more potent than TAA-
C;, and the transition in block mechanism occurs be-
tween C, and C,, as well as between TAA-C; and TAA-
C,. The key point concerning mechanism of block ap-
pears to be the number of carbon atoms on the side
groups of these ions.

The analysis given above for the parameters of
steady-state blockade depends upon d, the distance from
the inner membrane surface to the QA ion blocking site.
The kinetics of block depend upon d;, the electrical dis-
tance of the barrier which these ions must cross to reach
the blocking site. The forward rate constant for block-
ade, X, is clearly voltage dependent, whereas the voltage
dependence of the reverse parameter, A, is less clear.
Two possibilities for this aspect of the model are illus-
trated by the barrier diagrams in Fig. 10. The diagram on
the left corresponds to a lack of voltage dependence for
A ie.,d,=0,0rd =d A second possibility, shown by
the diagram on the right of Fig. 10 corresponds to d, =
d,. The block kinetics in either case are given by 1= (A
+ ¥ = (hexp(—dyqVAT) + %, [QAlexp(d,qV/kT)) .
Values of T obtained from the results in Fig. 10 with 10
mM TEA are indicated by the symbols (@). The time

constant decreases only slightly with depolarizations
positive to V =0 mV for these conditions. Moreover, T
is also relatively independent of potential for V < 0 mV
(the “‘hooks’’ in the tail currents). Overall these results
are consistent with a barrier model in which d; ~ d,.
A model in which d, = 0, i.e., a lack of voltage depen-
dence for A, predicts too great a voltage dependence for
1. The seemingly paradoxical conclusion from this anal-
ysis is that the relative lack of voltage dependence for 7,
especially for tail currents, argues in favor of a signifi-
cant voltage dependence for A.

The results for A, with d, = d, for the various block-
ers used in this study are shown in the bottom panel of
Fig. 9. This analysis indicates that the changes in K},
with QA ion structure noted in the middle panel of Fig.
9 are due in approximately equal measure to changes in
both A, and k(K = A,/x,). For example, C, is 30-fold
more potent than C,, whereas A, for Cq is about 6-fold
less than it is for C,, which indicates that x, is 5-fold
larger for C, than it is for C,.

ErrEcTs OF EXTRACELLULAR PoTasstum Ions

An increase in the extracellular potassium ion concen-
tration, K,, produces little effect on outward current in
the presence of intracellular TEA, whereas inward cur-
rent is significantly increased, as originally demonstrated
by Armstrong and Binstock (1965). These results might
suggest that TEA is swept out of the channel by an
increase in K, i.e., the ‘‘knock-off”’ effect, except that a
similar result occurs in control due to the outward recti-
fication of the current-voltage relation of the delayed
rectifier channel. This result is shown in Fig. 11 and in



30
. +100 mV
:, /
a—
mA.cm-2
'\/—J\/-wo mv ®
b {10
-50
100 v A 50 100 o0
K
410 A
in
dp 4y

Fig. 8. Procedure used to determine the parameters of steady state
block by QA ions. These are: d (d = d, + d,), the electrical distance of
blockade from the inner surface of the membrane, as indicated in the
lower right hand inset; and K, the dissociation constant at 0 mV. The
upper left inset illustrates records obtained with 10 mm TEA at +100
and —100 mV following a 15 msec step to 0 mV with 300 K, and 300
K. The arrow labeled a represents the current after block had reached
steady state. The arrow labeled b represents the extrapolation of the tail
current at =100 mV to the beginning of the test step. This procedure
was used to obtain steady state blockade at hyperpolarized potentials,
as described in the text. Calibrations are 2 msec and 2 mA - mA™2, The
symbols (@) are the control instantaneous I-V results which were fit by
least squares minimization by a straight line having a slope, g, of 168
mA - cm~>. The symbols labeled (A) are the steady state results in the
presence of the blocker. The curve is a fit of these results by g, VA1 +
[TEA*]K, lexp(dgV/&T)), where [TEAY] is 10 mM, kT/q = 24 mV, and
the best fit values of K and d are 3.3 mM and 0.26, respectively.

previous reports (Clay & Shlesinger, 1983; Clay, 1991).
That is, the instantaneous I-V relation has a nonlinear
dependence upon driving force, (V — E) when K, # K,
where E is the potassium ion equilibrium potential,
which is well described by the Goldman, Hodgkin, and
Katz, or GHK equation (Goldman, 1943; Hodgkin and
Katz, 1949), i.e., I ~ V(exp(g(V — Ex)/kT) — 1/(exp(gV/
kTy — 1). Consequently, the significant increase in tail
current amplitude in the presence of TEA produced by an
increase in K, appears not to be related to an interaction
between TEA and potassium ions in the channel. This
point is further demonstrated by the current-voltage re-
lations in Fig. 11 with either 50 or 300 K, in control and
6 mM TEA in the intracellular perfusate for either level of
K, The theoretical lines are a best fit description of
these results by the GHK equation factored by (1 +
[TEAIK,, ‘exp(dqV/kT))™", with [TEA] equal to either O
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Fig. 9. Dependence of QA block parameters d, Kj,, and A, on structure
of the blocker. The symbols (@) represent the triethylammonium ions,
C,, where n is given on the abscissa. These are the averaged results
from 4 different preparations for each compound. The error bars rep-
resent + sD. The symbols () represent tetrapropylammonium (n = 3)
and tetrebutylammonium (n = 4). Two experiments for each of these
blockers. The lines were drawn by eye.

or 6 mM. Approximately the same values of d and K,
were obtained from this analysis for either level of K.

A lack of effect of K, on block parameters was also
observed with the other C, ions used in this report, as
illustrated in Fig. 12 for C; and C, (1 mm in each case,
steps to +90 mV). In particular, the steady-state current
at the end of these voltage steps was the same in either 0
or 150 mMm K, similar to the results with TEA itself,
shown in Fig. 11. (The steady-state current in the pres-
ence of blockade was also unaffected by a previous
depolarizing pulse.) A clear effect of K, was observed
on the peak outward current elicited by the voltage
step, an effect which has not been previously reported.
The difficulties in interpreting this result are noted
below.
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Fig. 10. Kinetics of QA blockade. The inset illustrates records ob-
tained by a 15 msec prepulse to 0 mV (300 K;; 300 K,,; 5 mM TEA™)
and test steps to +100, 80, .. ., =120 mV. Calibrations are 2 msec and
4 mA - cm™. The symbols (@) are best fits to the time constants of
block (and unblock), T, obtained by a single exponential fit (V > 0) and
a double exponential fit (V < 0; i.e., the ‘*hooks’’ in the tail currents).
The broken curve is the prediction of the barrier model illustrated in the
upper left inset in which the voltage dependence is ascribed entirely to
the forward rate constant, k. The continuous curve is the prediction of
the bartier model illustrated in the upper right inset with d; = d,. In both

cases d = 0.25, k, = 0.2 msec™’ - mm', and A, = 2 msec™.

Discussion

The primary result in this study is the demonstration of
an exquisite sensitivity of the mechanism of blockade of
axonal potassium channels to the structure of quaternary
ammonium ions. Specifically, the addition of a single
carbon atom to the n-terminus of C; alters the mecha-
nism of blockade from state-independent (C;) to open
channel block (C,). A similar transition occurs between
tetrapropylethylammonium and tetrabutylethylammo-
nium. Observations comparable to these results have not
been previously reported.

PuysicAL, MobpEL oF QA BLOCKADE

The effects of QA ions are suggestive of the model of the
ion channel-QA ion interaction illustrated in Fig. 13.
The internal mouth, or vestibule of the channel, is be-
lieved to be relatively wide since TEA is able to enter the
channel from the inside and bind at some distance within
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Fig. 11. Lack of effect of an increase in extracellular potassium ion
concentration, K,, on TEA blockade. The current-voltage relations
were obtained following a 15 msec prepulse to 0 mV with either 50
(W), or 300 K, (@), and with 6 mm TEA in the intracellular perfusate
with either 50 ([77) or 300 K, (). The theoretical lines are best fits to
these results of the relation V(K,exp(gV/kT) — K )/ (exp(gV/&T) - 1)(1 +
[TEA]K, ‘exp(dgV/T))™", where kT/g = 24 mV, K, =290 mM, [TEA]
= either 0 or 6 mMm, and K, = 300 mM for the 300 K, results either in
control or with 6 mm TEA, or K, = 75 mm for 0 TEA and 50 K, or K,
=60 mM for the 6 mM TEA and 50 K. The differences between K, used
in the equation and the potassium ion concentration in the external
medium with 50 mMm K, are attributable to potassium ion accumulation
during the prepulse to 0 mV. The best fit values obtained for K, and d
from this analysis for TEA block were K, = 3.2 or 3.4, and d=0.33 or
0.34 for 300 K, and 50 K, respectively.
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Fig. 12. Effect of an increase of K, on membrane current waveforms
with strong depolarization for C; and C, (1 mM in each case). Step
potential was 490 mV in each case. Results shown superimposed for 0
and 150 mum K. Calibrations are 2 msec and 0.5 mA - cm ™2,

the electric field of the membrane (Armstrong, 1975).
The gating process in the model is postulated to lie, at
least in part, near the narrowest part of the vestibule close
to the binding site for TEA and the other QA derivatives.
The observation that neither TEA, Cs, nor TAA-C; alters
tail current kinetics suggests that the binding site for the
charge on the head group of these ions lies slightly away
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from the gate towards the intracellular surface of the
membrane. That is, these ions can reside at the QA bind-
ing site independent of whether or not the gate is open
(state independent blockade), as illustrated in Fig. 13A
and C, respectively. The energetically favored orienta-
tion of a C,, ion within the channel with n = 3 probably
corresponds to the hydrophobic tail of the blocker point-
ing away from the intracellular medium towards the per-
meation pathway. The observation that C,, TAA-C,,
and C, with n > 4 alter the tail current time constant
suggests that the r-terminal group of the C, ion cannot
enter the permeation pathway thereby allowing both the
head group and the hydrophobic tail to reach their re-
spective binding sites, unless the gate is open (Fig. 13D).
In other words, the effects of these ions are consistent
with the open channel block model. This sensitivity of
blockade mechanism to the structure of the QA ion sug-
gests that the blocking site lies only a few A from the
channel gate. A corollary to this observation is that only
70-75% of the electrical potential drop across the chan-
nel influences gating, given that the electrical distance of
blockade for TEA and its derivatives is 0.25-0.30.

The model in Fig. 13 is to be contrasted with the
model proposed by Armstrong (1975; 1990). He places
the gate on the inner surface of the membrane at the
enfrance of the vestibule. In other words the gate must
open before blockade can occur with any of the QA ions,
which is at odds with the results in this study. Never-
theless, TEA itself does appear to require the open chan-
nel block model for other types of K channels, as noted
below. The question that arises from this observation is
how can the model in Fig. 13 conceivably be consistent

J.R. Clay: New Interpretation of QA Blockade of I

Fig. 13. A model of QA ion interaction with the
potassium channel as described in the text. The ves-
tibule facing the intracellular side of the membrane
is shown along with Corey-Pauling-Koltun sithou-
ettes of C; (A and C) and C, (B and D). C; can block
either the closed or the open state of the channel.
Blockade by C, requires that the channel be opened
first by membrane depolarization.

with the results from other channels given that the region
of the channel in which the QA binding site is located
appears to be well conserved amongst the various differ-
ent types of K™ channels (Yellen, et al., 1991; Hartmann,
et al., 1991). The answer to this question may lie in the
remarkable sensitivity of blockade mechanism to the
structure of the blocker demonstrated in this report. C,
and blockers having a longer hydrophobic tail do require
the open channel block model for the squid axon I
channel. C, and C; do not. However, a very slight
change in the location of the binding site for the charge
on the head group of these ions by no more than a few A
in the squid axon channel away from the inner surface of
the membrane would appear to be sufficient to require
the channel gate to open for TEA blockade to occur.
In other words, perhaps only a subtle change in channel
architecture in the model described in Fig. 13 would
produce a channel which necessarily had to open before
TEA block could occur as opposed to a channel in which
TEA block could occur in either the open or the closed
state of the channel.

ErrEcTs oF EXTRACELLULAR Potasstum Ions

Armstrong (1971) originally proposed that QA and po-
tassium ions interact within the channel (*‘knock-off”’
mechanism) based on observations of the peak outward
current elicited by strong depolarizing voltage pulses
with a double pulse protocol in both low and high levels
of K, The results in Fig. 12 in this study provide a
different view of this hypothesis. The steady state cur-
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rent elicited by a strong depolarizing pulse in the pres-
ence of QA ions is unaffected by a change in K, which
is consistent with a lack of an interaction between po-
tassium and QA ions within the channel. However, the
peak current was reduced by an increase of K, in a man-
ner which suggests that channel activation rate was re-
duced. This result is surprising, because channel activa-
tion is not affected by an increase in K, alone (Clay,
1984; Armstrong & Matteson, 1986), nor are channel
kinetics altered, directly, by QA ions alone. Rather, the
effect on gating appears to require both QA ions in the
cellular interior and an increase of potassium ions in the
cellular exterior. The mechanism by which such an ef-
fect might occur is not obvious. An increase in K,
clearly does have an effect on membrane current wave-
forms in the presence of QA blockade, as originally dem-
onstrated by Armstrong (1971). However, the interpre-
tation of this result is not straightforward.

CoMPARISON WITH OTHER PREPARATIONS

TEA may be the most widely used of all potassium chan-
nel blockers, although it generally has been used simply
to remove potassium current, especially when applied
externally to preparations which have potassium chan-
nels with an extracellular TEA receptor (Stanfield,
1983). Relatively few reports concerning the mechanism
of blockade at the intracellular receptor have appeared
until recent work with cloned potassium channels. The
general theme first employed by Armstrong (1969; 1971)
of investigating potassium channel structure by using
QA ions having various different structures was also
used by Coronado and Miller (1982) and Miller (1982)
on the sarcoplasmic reticulum K" channel, and by Vil-
larroel, et al. (1989) on the Ca*? activated K channel.
Results from the recent K* channel literature which are
most directly relevant to this report and to the work of
Armstrong (1969; 1971) are in the study of Choi, et al.
(1993) who used the triethylammonium ion derivatives
to investigate the intracellular TEA binding site of var-
ious mutants of the Shaker K channel. They concluded
that QA ions had two distinct binding sites within the
channel, one for the charge on the ‘‘head’” group of these
ions, which is located within the channel, and one for the
hydrophobic ‘‘tail”” located with the putative S6 trans-
membrane domain of the channel. None of the alter-
ations of the channel obtained by site directed mutagen-
esis appeared to influence the mechanism of blockade,
which is consistent with open channel block for all QA
ions, including TEA (see below). Consequently, the
binding site in the Shaker potassium ion channel for the
charge on the head group would appear to lie farther
away from the intracellular side of the channel than the
gate. QA ions may also have two binding sites in the
axonal K* channel as well, but the binding site for the
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head group would appear to lie closer to the intracellular
side of the channel relative to the position of the gating
mechanism, as noted above, since TEA blocks via the
state independent mechanism.

Perhaps the most compelling evidence in favor of
the open channel block model of the Shaker K* channel
by intracellular TEA has been provided by Bezanilla, et
al. (1991), who found that TEA produces gating charge
immobilization in this preparation. Open channel block
of RCK?2 channels by intracellular TEA has also been
reported by Kirsch, Taglialatela, and Brown (1991)
based on single channel recordings. In contrast to these
results, Taglialatela and Stefani (1993) have shown a
lack of gating charge immobilization with TEA for the
rat brain potassium channel, DRK1, and Perozo, et al.
(1992) have noted a lack of effect of TEA on I gating
current from squid axons. Consequently, TEA block of
the Shaker and the RCK2 K" channels is consistent with
the open channel block model, whereas TEA block of
DRKI1 and squid axon /; channels is consistent with state
independent block. As noted above, a relatively subtle
change in channel structure could be sufficient to ac-
count for these differences. That is, state independent
block might be associated with the binding site for TEA
lying only slightly away from the channel gate toward
the intracellular side of the channel. Similar differences
in the mechanism of blockade amongst different types of
channels may also occur with regards to the extracellular
TEA binding site. Specifically, Kirsch et al. (1991) re-
ported that the open channel block model is appropriate
for the effects of extracellular TEA on the RCK2 chan-
nel. In contrast, Wong, Davidson, and Kehl (1994) re-
cently reported that tetrapentylammonium applied extra-
cellularly blocked but did not alter the time constant of
tail currents of K* channels in rat pituitary melanotrophs.
This result is consistent with the state independent block
model. A similar result was reported by Chow (1991)
concerning block of calcium current in squid neurons by
Cd*2. Indeed, he suggested the state independent block
model as a possible mechanism for his results. Conse-
quently, the delayed rectifier potassium ion channel in
squid giant axons may not be the only preparation for
which the state independent block model is appropriate.
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