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ABSTRACT We present a model for the action of 4-aminopyridine (4AP) on K channels. The model is closely based on the
gating current studies of the preceding paper and has been extended to account for ionic current data in the literature. We
propose that 4AP, like tetraethylammonium ion and other quaternary ammonium ions, enters and leaves the channel only
when the activation gate is open, a proposal that is strongly supported by the literature. Once in the open channel, 4AP’s
major action is to bias the activation gate toward the closed conformation by approximately the energy of a hydrogen bond.
S4 segment movement, as reflected in gating currents, is almost normal for a 4AP-occupied channel; only the final opening
transition is affected. The model is qualitatively the same as the one used for many years to explain the action of quaternary
ammonium ions.

INTRODUCTION

4-Aminopyridine (4AP) is a K channel blocker that is
useful clinically, particularly in the symptomatic treat-
ment of multiple sclerosis (Bever et al., 1996; Fujuhara
and Miyoshi, 1998; Smith et al., 2000). Despite its long
history and its clinical usefulness, the precise mechanism
of action of 4AP has for many years resisted final defi-
nition. In the preceding paper it was shown that 4AP
hinders the final step in the activation sequence of non-
conducting mutant K channels, without altering the pre-
ceding transitions. These observations, together with sev-
eral excellent papers in the literature (Kirsch and
Narahashi, 1983; Kirsch et al., 1986, 1993; Kirsch and
Drewe, 1993; McCormack et al., 1994) suggested to us a
model for 4AP action in conducting K channels. The
model is extremely simple. It postulates that 4AP enters
and leaves a channel only when the channel gate is open
and that once in the channel, its only important action is
to strongly bias the final transition toward the closed
state. We show here that the model can explain all of
the phenomena in the recent electrophysiological litera-
ture and provides an explanation for the slow kinetics
of block even when 4AP is present at millimolar
concentration.
In more physical terms, we imagine that 4AP occupies

the (presumed) Shaker equivalent of the cavity seen in the
KcsA channel (Doyle et al., 1998), a large dilatation of the
channel internal to the selectivity filter. Once in the cavity
4AP strongly promotes the gate-closed conformation, just
the opposite of tetraethylammonium ion (TEA�) derivatives

and some other ions that are known to favor the gate-open
conformation.

EXPERIMENTAL BASIS OF THE MODEL

Gating current results cited are from the preceding paper
(Loboda and Armstrong, 2001), whereas ionic current re-
sults are based primarily on the papers by McCormack et al.
(1994) and two papers by Kirsch and co-workers (1986,
1993). The following list summarizes our conclusions from
these results. 1) 4AP blocks the final transition in noncon-
ducting K channels studied by gating current measurements
(Loboda and Armstrong, 2001). 2) When first applied, 4 AP
enters and blocks K channels with kinetics that suggest the
K channels must be fully activated before 4AP can enter
(McCormack et al., 1994). 3) The steady-state level of 4AP
block is deepest near �40 mV where about half of the
channels are open (McCormack et al., 1994). 4) Block can
be partially relieved by large depolarizations (Kirsch et al.,
1986; McCormack et al., 1994). 5) Restoration of block
(after a large depolarization) is very slow at �100 mV and
speeds up along a curve similar in position and shape to the
g-V curve (Kirsch et al., 1986). 6) At 10 mM, 4AP decreases
single-channel conductance only slightly (McCormack et
al., 1994). This shows that 4AP blocks conduction through
the channel, but affinity of the open channel for 4AP is very
low. 7) Single-channel lifetime is decreased by 4AP at
millimolar concentration (McCormack et al., 1994). This
suggests that after entering a channel, 4AP induces the
channel to close. 8) At �40 mV, 0.1 mM 4AP blocks IK in
Shaker almost completely, showing that 4AP affinity for
some closed state of the channel is very high (McCormack
et al., 1994).

The model

Based on the experimental results given above, we propose
the following model, an extension of Scheme 1 in the
preceding paper (Loboda and Armstrong, 2001).
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The rate constants for entry and exit of 4AP into and from
the channel are � � [4AP] � �0 exp(0.45e0 � Vm/26), and
� � 0.75 �s�1 (very fast), as explained below. Entry and
exit occur only when the gate is open (states O, conducting,
and Oap, gate open but 4AP occluded). The top row of states
represent the (somewhat simplified) activation sequence of
a normal channel in the absence of 4AP, and are taken
without change of any of the rate constants from Scheme 1
of the preceding paper. C0 through C6 are closed states, and
O is the conducting state, or the fully activated state in
nonconducting mutants. The states in the lower row are
identical except that 1) 4AP is bound in the channel and 2)
state Oap is not conducting although the channel gate is
open: 4AP blocks conduction by its presence in the cavity.
The rate constants of the lower row of transitions are iden-
tical to the ones in the upper row except for the last transi-
tion, C6ap7Oap, which is strongly biased to the left by the
presence of 4AP. Biasing the C6ap7Oap transition and
blocking conduction through the gate-open channel are the
only actions of 4AP, and the former is by far the more
important, as emphasized by the heavy arrow.
4AP enters and leaves the channel only from the cyto-

plasm (Kirsch and Narahashi, 1983; Kirsch and Drewe,
1993) when the activation gate is open. As noted, the
affinity of the open channel for 4AP is very low, so �, which
is proportional to [4AP], is small compared with � even at
10 mM 4AP. The result is that 10 mM 4AP reduces single-
channel current by only�15% (McCormack et al., 1994). �
(and/or �) is slightly voltage dependent, as is also the case

for TEA� binding to a K channel. The time constant of 4AP
equilibration with open channels is assumed to be diffusion
limited and thus effectively instantaneous.

RESULTS

This model was fit to the results of McCormack et al. (1994)
and Kirsch et al. (1986) in a series of simulations. To avoid
confusion, figures from McCormack et al. (1994) will be
referred to as Fig. M1, M2, etc; Fig K1, K2, etc. for Kirsch
et al. (1986); and Fig. 1, 2, etc. for our figures. Similarly,
their traces will be called trace m1 and trace k1, respec-
tively, and ours will be called trace s1 (simulation 1), etc.
All rate constants used in the simulations were calculated
from Scheme 1 in the preceding paper and are given in
Table 1. For each simulation, we describe the experimental
result, interpret it in terms of the model, and give details of
the simulation.

IK in the absence of 4AP (s1)

IK at �50 mV (taken from Fig. M1B) was fit using the
scheme above with (� � 0). In this case channels are
confined to the upper row in the state diagram (� � 0). Rate
constants for the simulation were taken without alteration
from the preceding paper. The only adjustment required was
a 4-mV shift of the rate constant functions (54 mV in
Loboda and Armstrong� 50 mV in McCormack et al.,�36
mV � �40 mV, etc.). The original trace is m1 in Fig. 1 A,
and the result, s1, is shown in Fig. 1 B. The main discrep-
ancy between the fit and the data (trace m1) is a droop
caused presumably by C-type inactivation, which was not
included in our model.

FIGURE 1 (A) Ionic current traces in 4AP, taken from Fig. 1 B of McCormack et al. (1994); (B) Simulations of the current traces produced with the
Scheme AP in the text.
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Block by 4AP on initial exposure (s2)

The first depolarization soon after adding 100 �M 4AP to
the bath is given by trace m2 in Fig. 1 A (from Fig. M1B).
It shows the initial opening of the channels, none of
which are 4AP-occupied at the instant of depolarization,
followed by the decline of current as 4AP interacts with
the channels. Trace m2 is simulated by s2 (Fig. 1 B),
which assumes that all channels start in states C0 through
C6 with a distribution appropriate for Vm (membrane
voltage) equal to �100 mV (i.e., most channels are in C0
and C1). Rates �0–6 and �0–6 are the same as in s1. Rates
�0ap-5ap and � 0ap-5ap are equal, respectively, to rates �0–5
and �0–5 here and in all simulations. � was set arbitrarily
to a very large value, to simulate very rapid dissociation
of 4AP from the open channel (� � 0.75 �s�1). � was
then set according to the formula given above (just below
Scheme AP). In this formula, 0.45 is a factor to express
the voltage dependence of 4AP binding, e0 is one elec-
tronic charge, Vm is in mV, and 26 meV is kT. �0 (the
value of � at 0 mV) was chosen to give a KDopen of 56.7
mM, corresponding to 15% block of the open channels at
10 mM 4AP, 0 mV, based on the single-channel data of
McCormack et al. (1994) that is discussed below. (Note
that KDopen is for the reaction of 4AP with the open
channel; it has only an indirect relation to the total
fraction of the channels that are 4AP occupied.) Making
� smaller by a factor of 10 had no effect on the calcula-
tion as long as the �/� ratio was maintained. � is some-
what voltage dependent, compatible with the idea that
external K� tends to drive 4AP out of the channel. Demo
and Yellen (1991) used a similar factor (0.62 rather than
0.45) to express the voltage dependence of quaternary
ammonium (QA) knockout by external K�. The voltage
dependence could equally well have been attributed to �;
because equilibration is instantaneous, it makes no dif-
ference.
The time course and extent of current decay in s2 were

then fit by adjusting rates �6ap and �6ap. A good fit
required that �6ap � �6/1300, and �6ap � 100 �6, as
given in Table 1. This means that relative to the C67O
transition, the equilibrium constant for C6ap7O6ap is
biased toward the gate-closed state C6ap by a factor of
130,000. This corresponds to a bias equivalent to the
energy of a strong hydrogen bond. There is a small
discrepancy between data and fit, in that the simulated
peak is too high. We could easily correct this, but for
simplicity and clarity, and because we were surprised and
pleased by the quality of the fit to data from other labs
and preparations, we have not done so.

Summary

For this depolarization to �50 mV, the channels begin
from their resting distribution in the unblocked states

(mainly C0 and C1). The channels open, and at peak
current, �85% of the channels are in O, with �0.4% in
Oap (equilibration between the two states is virtually
instantaneous). The current declines as channels migrate
from O to C6ap via Oap. The decline is slow (� � 36ms)
in part because the occupancy of Oap is never very high,
a consequence of the low affinity of the open state for
4-AP. At concentrations of 4AP that are small compared
with KDopen, the decay rate of the current is a linear
function of [4AP]. Most of the channels are trapped in
C6ap because the equilibrium of the C6ap7 Oap transition
is strongly biased toward C6ap. Thus, at the end of the
pulse, O is �25%, Oap is 0.1%, and C6ap is �75%. In our
physical model, this means that �75% of the channels
have a 4AP-occupied cavity that has induced the closing
of their activation gates. Note that experimentally this
trace can be seen only once each time 4AP is applied,
during the first pulse after the application of 4AP. As
soon as some channels are 4AP-occupied, it is impossible
to clear all of them unless 4AP is washed away.

Repolarizing when channels are 4-AP
equilibrated (s2a, not illustrated)

At the end of s2 (the simulated pulse to �50 mV) we
simulated repolarization to �100 mV for 500 ms. The
channels close very quickly in this case, and there is no
significant redistribution of channels between 4AP-occu-
pied and non-occupied states. Thus, of the �25% of chan-
nels in state O, essentially all go to unoccupied closed states
(mainly C0 and C1). Of the �75% that are in state C6ap,
virtually all go to state C0ap and C1ap. This simulation is not
illustrated.

Depolarizing when many channels contain
4AP (s3)

Trace m3 (from Fig. M1B) shows the current during a
second pulse to �50 mV, after the channels were equil-
ibrated with 4AP during the first pulse to the same
voltage (trace m2). In the interval between pulses, Vm
was held at �100 mV for �1 min. Channels that were not
blocked at the end of the first pulse (�25%) open with
the same time course as the unblocked channels in trace
m2. This is simulated by s3, for which the rate constants
were exactly the same as for s2, but with initial occu-
pancies taken from the final values obtained from simu-
lation 2a. We assumed there were no occupancy changes
during the remaining 59.5 s at �100 mV. The success of
this simulation makes it clear that the assumption is
correct and that occupancy changes very slowly when all
of the channel gates are closed, in agreement with the
conclusions of Kirsch and Drewe (1993) that 4AP cannot
leave a channel whose gate is closed. In terms of the
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model, the channels at �100 mV very rarely visit the
open states (O and Oap) where 4AP entry and exit can
occur.
This simulation also provides an explanation for the

observations in Fig. M3A of McCormack et al. (1994). This
figure shows that the activation time course of the current
with 4AP-equilibrated channels is identical to that of chan-
nels in the absence of 4AP; the current at every point is
smaller in magnitude by the same factor, exactly as in traces
m1 and m3 (and simulations s1 and s3). The explanation in
terms of our model is very simple: the �25% of the chan-
nels that are in states C0 and C1 open with a normal time
course to state O, because 4AP affects only the channels that
it occupies. The �75% in states C0ap and C1ap activate to
state C6ap. Because this is the equilibrium level for a pulse
to �50 mV (O �25%, Oap �0.1%, C6ap �75%; see s2 and
s3), nothing else happens; there is no increase or decrease in
the level of 4AP occupancy.

Deepening block with a small depolarization (s4)

After trace m3, McCormack et al. (1994) returned Vm to
�100 mV for �1 min and then stepped to �40 mV to
produce trace m4. The current rises in magnitude as the
�25% of the channels that were not blocked at the end of
trace m3 open and conduct (current is inward because of
138 mM K� in the external medium). Current then de-
clines as most of these channels become 4AP-occupied.
Why is 4AP occupancy higher at �40 mV? 4AP enters

an open channel and then induces it to close; i.e., 4AP
biases the C6ap7Oap transition strongly to the left. The
model assumes that the C6ap7Oap transition retains nor-
mal voltage dependence despite the bias: more positive
voltage favors an open gate, more negative a closed gate.
The result is that 4AP-occupied channels at �40 mV find
it more difficult to open and release 4AP than they do at
�50 mV. Numerically, the equilibrium constant for the
C6ap7Oap transition favors C6ap by a factor of 614 at
�50 mV, increasing to a factor of 7630 at �40 mV. The
equilibration rate at �40 mV is significantly slower than
at �50 mV, because a larger fraction of the channels are
initially retained in the closed states and fewer reach state
O.
Simulation s4 resembles trace m4 fairly closely, using

the rate constants given in Table 1. Rates �0 to �6 were
calculated from Scheme 1 of Loboda and Armstrong
(2001) with the 4-mV shift noted above. Rate �6ap �
�6/1300 and �6ap � �6 � 100, reflecting the same
4AP-induced bias noted at �50 mV (see above). In other
words, the presence of 4AP in the channel biases the
transition toward the gate-closed state but leaves the
voltage dependence of the transition unchanged. As noted
in the table, � changes from s2 to s4, because of the
voltage dependence assigned to KDopen.

A small depolarization when most channels are
4AP-occupied (s5)

At the end of trace m4, when nearly all of the channels
were 4AP-occupied (in state C6ap), Vm was returned to
�100 mV for �1 min. This put virtually all the channels
into states C0ap or C1ap, and the small fraction that are not
4AP-occupied are mainly in C0 and C1. The channels
remained in these states at �100 mV until Vm was
stepped to �40 mV, resulting in trace m5. The small
fraction of channels that did not contain 4AP opened to
produce a low, maintained level of current, the equilib-
rium level for channels at �40 mV. These events are
simulated in s5. We first calculated a return to �100 mV
for 500 ms after s4, assumed no occupancy changes for
the next �59.5 s at �100 mV, and then calculated the s5
trace at �40 mV, using the rate constants appropriate for
�40 mV (Table 1). The low, maintained current ade-
quately reproduces the experimental trace.

Partial relief of block by a large depolarization

After trace m5 McCormack et al. (1994) returned Vm to
�100 mV for �1 min and then stepped to �50 mV to
produce trace m6. At the beginning of this step virtually
all of the channels are 4AP-occupied and in states C0ap or
C1ap. As a result, the quickly rising component of current,
due to channels opening from unblocked closed states, is
almost inappreciable. The very small quick rise is fol-
lowed by a slow rise as 4AP-occupied channels are
reluctantly forced open. The equilibrium level of the
current is (almost) the same as for the preceding steps to
�50 mV (traces m2 and m3). Trace s6 simulates this
well, using the rate constants appropriate for �50 mV.
The initial occupancies were the same as for s5; i.e.,
almost all channels were in states C0ap or C1ap. Notice
that the time constant for the rise of trace m6 (and s6) is
the same as for the fall in current trace m2 (and s2), an
observation that can be easily understood from the
model. The time constant in both cases is approximately

1

�6ap � �6ap � �

� � ��.
Kirsch et al. (1986) also observed partial relief of block
by depolarization, in their case a series of large depolar-
izations (Figs. K1 and K2): after a long period of rest
during which block becomes maximal (see below for
predictions of steady-state block as a function of volt-
age), they found that current amplitude during a series of
pulses at 5/s grows as block is removed with each suc-
cessive pulse up to 5 or 10 pulses. The maximum relief is
larger if 1) pulsing is frequent and 2) holding potential in
the interval between pulses is very negative. The negative
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holding potential helps recovery by closing the channels
so firmly that 4AP cannot enter in the interval between
pulses.

Single-channel conductance (not illustrated)

Single-channel conductance at 0 mV is reduced by 4AP
according to the formula

	 
 	0�1�
�4AP	

�4AP	 � KDopen�,
where 	0 is the single-channel conductance at 0 mV in the
absence of 4AP, and KDopen is 56.7 mM at 0 mV. 	 is
reduced to 85% of 	0 when [4AP] is 10 mM. At 100 �M,
the reduction is negligible. This is in good agreement with
the single-channel data of McCormack et al. (1994), Fig.
M1 C.

Single-channel lifetime (not illustrated)

In Fig. M1 C of McCormack et al. (1994) single-channel
lifetime is drastically shortened by 1 mM 4-AP and even
more so by 10 mM. They find, on the other hand, that the
time constants of the macroscopic IK tails, as the chan-
nels close on repolarization, is unaffected by 100 �M
4AP (Fig. M3, C and D). This seems somewhat paradox-
ical but is easily explained by the model. Turning first to
the single-channel currents, a conducting channel in state
O can close by one of two paths in the presence of 4AP:
O3C6���0 or O3Oap3C6ap���0ap. The net closing rate
from state O is the sum of the rates for the first step of
these two paths:

net closing rate �

O� �6�1�
�4AP	

�4AP	 � KDopen� �
0� �6ap � �4AP	

�4AP	 � KDopen

Ç
rate0

Ç
rateoap

The O3Oap step has been incorporated in the rates by
including the factor [4AP]/(KDopen � [4AP]). This im-
plies instantaneous equilibration of 4AP with the open
channel. The empirical fits illustrated above show that
�6ap is larger than �6 by a factor of 100. Substituting 100
�6 for �6ap gives

Net closing rate � rateO � rateOap

� rateO �
rateO � 100� �4AP]
KDopen � �4AP] .

Taking KDopen as 56.7 mM, rateOap at 0 mV (the voltage
of the single-channel recordings) in 10 mM 4AP is larger

than rateO by a factor of 17.6, which means that �94% of
the closings are via the Oap3C6ap path, �6% via the
O3C6 path. The lifetime is thus determined mainly by
the Oap3C6ap path, with the result that 94% of the
observed lifetimes in the presence of 4AP are shortened
by a factor of 18.6. This prediction looks acceptable in
light of the limited information on lifetime available in
Fig. M1 C.
Turning from single-channel lifetime to the macro-

scopic currents presented in Fig. M3, C and D, their
figure (not reproduced here) shows that the tails are little
affected by 100 �M 4AP, in contrast to the drastic
shortening of single-channel lifetime caused by 1 and 10
mM 4AP. Calculations from the model show that in the
conditions of Fig. M3, rateO is much larger than rateOap
because of the reduction of 4AP concentration and an
increase in KDopen, which has a small voltage depen-
dence. Overall, the net closing rate is 1.03 times faster
than in the absence of 100 �M 4AP. Even if KDopen were
voltage independent (which seems very unlikely) the rate
would be only 1.18 times faster, a difference that would
be hard to measure. Both of these numbers are slightly
smaller if 4AP equilibration with the open channel is
not instantaneous. Thus, single-channel lifetime is
strongly reduced, whereas the closing rate as measured
from the tails (at lower 4AP concentration) is almost
unaffected.

Single-channel closed times

Closed times at 0 mV are much longer in 1 and 10 mM 4AP
(Fig. M1 C). In terms of the model, reopening occurs in two
ways:

C6O¡
�6
O and C6ap O¡

�6ap
Oap

Because Oap is in essentially instantaneous equilibrium with
O, these two opening paths both result in single-channel
current that is slightly reduced by rapid flickering as 4AP
enters and leaves the open channel. There will thus be two
populations of closings, short ones into C6 and long ones
into C6ap, the latter longer by the ratio of �6/�6ap, or 1300
times. This is qualitatively compatible with the limited data
in Fig. M1 C.

Gating currents

In the preceding paper the following scheme was shown to fit
gating currents generated by W434F in the absence of 4AP:
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The numbers give the forward and backward rate (s�1) for
each transition at 0 mV, and the numbers in parentheses
give the apparent valence of the transitions. The scheme is
equivalent to the upper row of states in Scheme AP, given
above. To simulate 4AP action on gating currents, the last
step was eliminated in the previous paper or, equivalently,
biased so far toward C6 that it does not occur significantly.
The simulations of the last paper thus are sufficient to show
compatibility of the model with the gating current results
presented there. In 1 mM 4AP the channels are mainly in the
lower row of states in Scheme AP, for which the C6ap3Oap
transition is highly unlikely.

Steady-state block as a function of Vm

Because of the strong bias of the C6ap7Oap transition
toward C6ap, most of the channels are 4AP-occupied at all
voltages negative to about�50 mV for a 4AP concentration
of 100 �M. The bias becomes even stronger as Vm goes
negative, because of the voltage dependence of the
Oap7C6ap transition, and as a result block deepens as volt-
age goes negative. This is somewhat offset by the opposite
but less strong voltage dependence of KDopen, which results

in less 4AP occupancy of channels with open gates. Fig. 2
shows predicted values for steady-state 4AP occupancy at
100 �M 4AP. An important point qualitatively is that most
of the channels are 4AP-occupied regardless of the holding
potential.

Restoration of block: time and holding
potential dependence

After prolonged exposure to 4AP, McCormack et al. (1994)
cleared a certain fraction of the channels with long pulses to
�100 mV and then examined the restoration of block as a
function of voltage, as illustrated in Fig. 3 A (from Fig. M2
A). The protocol shown in the figure was applied continu-
ously, with rest periods at �100 mV between applications.
Note that at the end of the pulse to �100 the current is the
same in all cases, indicating that the fraction of the channels
cleared of 4AP was always the same both at pulse end, and
also at the beginning of the following prepulse, which came
in every case after a rest period of the same voltage and
duration. Using the �40-mV prepulse as an example, IK
activated to �500 pA inward and then declined as 4AP
blocked many of the channels that were clear at the end of
the preceding pulse to �100 mV. The fraction of channels
still clear of 4AP at the end of the prepulse was conve-
niently measured from the initial current at �100 mV. The
initial current was small, with a �40-mV prepulse where
block was maximal, and grew larger as the prepulse voltage
increased. After a prepulse to�60 mV, the initial current in
the test pulse was very large, because few of the 4AP-free
channels opened and admitted 4AP during the prepulse.
During the �100-mV pulse, current usually increased as a
fraction of the channels became free of 4AP, reaching
a steady state after �100 ms. This relief of block by a
large pulse is the same phenomenon as in traces m6 and s6
of Fig. 1.
This experiment is simulated in Fig. 3 B, using the rate

constants for each voltage that is given in Table 1. The
model predicts that 36% of the channels are unblocked after
a long pulse to �100 mV. In general, the simulation seems
in good qualitative agreement with the experimental traces.
The current at �40 mV increases as unblocked channels

FIGURE 2 Steady-state 4AP occupancy of the channels as a function of
Vm, as predicted by Scheme AP in the text.
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activate and then decays as 4AP enters and closes them. For
a prepulse to 20 mV, IK activates more rapidly and then
declines only slightly, because in the steady state at this
voltage the model predicts that 20% of the channels remain
unblocked. At �100 mV, current increases in all of the
traces, mainly because this high voltage drives channels
from C6ap to Oap, as in simulation s6 (Fig. 1). At �100 mV,
4AP is likely to dissociate from a channel in state Oap,
because KDopen is 9.4 mM according to the model, and only
100 �M 4AP is present. A slight discrepancy is that the
simulated current increases slightly, rather than decaying
slightly at�100 mV after the�60-mV prepulse. This could
be the result of C-type inactivation.
Somewhat similar experiments had previously been

performed by Kirsch et al. (1986). They found that after
they cleared 4AP from a portion of the channels with a
series of large pulses, the restoration rate of 4AP block,
as measured by the decline of maximum IK elicited by a
test pulse, is strongly voltage dependent. Their experi-
mental curve is given by Expt in Fig. 4 and shows the rate
at which the cleared channels again become blocked. The

curve indicates that if Vm is held at �140 mV after
clearing a fraction of the channels with large pulses, 4AP
reenters and blocks the cleared channels at a very slow
rate, as determined with a test pulse. The reentry (resto-
ration) rate grows rapidly as the holding potential is made
positive to ��80 mV. At �50 mV, the restoration rate
was 1.3 s�1, meaning that the cleared channels were
becoming blocked again with a time constant of �0.75s.
The qualitative explanation for this curve in terms of our
model is that 4AP can enter the channel only when it is
open and that the open probability increases steeply with
voltage near �80 mV. Predictions of the model for the
restoration rate (open probability) are given by the curve
labeled Model in the figure. The difference in steepness
probably lies in the impossibility of measuring the true
restoration rate as a function of holding potential without
perturbing the system with test pulses; test pulses speed
the restoration of block by opening the channels. This
effect distorts the rate heavily at negative voltages where
the open probability is very low. Nonetheless, there may
be more block than the model predicts when a single
pulse is applied after 4AP application with Vm held
negative for a time with no pulsing. Possibly the channels
flicker open more than predicted, or there may be a very
slow entry even when channels are closed. More exper-
iments will be required on this point.

The effect of Cs� and Rb� on block
restoration rate

After clearing some channels of 4AP with a series of
large depolarizing pulses at high frequency, Kirsch et al.
(1986) noted that the restoration of block was slowed by
the relatively impermeant ions Cs� (slowing factor 20)

FIGURE 3 (A) IK traces (taken from Fig. 2 of McCormack et al., 1994),
acquired using the inset protocol. The protocol was applied repeatedly. As
is evident from the current at the end of the �100-mV pulse, the same
fraction of the channels was cleared of 4AP, regardless of the preceding
prepulse. This fraction did not change significantly during the rest period
and was thus the same at the beginning of the next prepulse, a 200-ms pulse
to �60, �40, �20, 0, or �20 mV. The prepulse, during which the level of
4AP block generally changed, was followed by a pulse to �100 mV. The
traces illustrate that block is slight if the activation gate is closed during the
first step (�60 mV), deep for a first pulse to �40 mV, and progressively
less deep as pulse voltage increases to �20 mV. (B) Simulations of these
traces using Scheme AP in the text.

FIGURE 4 The trace labeled Expt is taken from Fig. 4 of Kirsch et al.
(1986). It shows the rate of restoration of block as a function of the holding
potential between test pulses. Channels were partially cleared of 4AP by a
series of large pulses before the restoration measurement. The trace labeled
Model is predicted by Scheme AP in the text.
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and Rb� (3.8). “In contrast, highly permeant ions such as
K� and highly impermeant ions such as Na� and tetra-
methylammonium ion appear to have no effect on the
time course of block restoration.” The time course in Cs�

in fact has two clearly resolved components, the faster
with a time course like Na� and a second that is 20 times
slower. A possible explanation is diagramed in Fig. 5,
A–C. To enter its blocking site (presumably the cavity),
4AP must displace all of the occupying ions one position
toward the outside, as shown in Fig. 5, A and B. In Fig.
5 A, a K ion (dark gray) surrounded by four water
molecules is in the cavity, and two dehydrated K ions
(medium and light gray) are in the selectivity filter. As it
enters the cavity 4AP pushes each of the occupying
K ions outward and expels the light gray K� ion into
the solution where it is rehydrated. The displace-
ment occurs rapidly when K� occupies all positions,
because K� permeates easily through the selectivity fil-
ter. When the external medium contains only impermeant
ions, e.g., Na�, or a significant amount of K�, all posi-
tions are occupied by K�. When the external medium
contains Cs�, a fraction of the channels will contain one
or more Cs� ions, and the remainder will contain only
K� ions. A Cs� ion occupying the cavity or, as dia-
gramed in Fig. 5 C, the inner position in the selectivity
filter, is hard to displace outward, because it is too large
to move easily into or through the filter. The same

general argument applies to the somewhat smaller Rb�

ion.
Reoccupancy by 4AP thus proceeds rapidly in Na�

because the channels are occupied exclusively by K�,
which is easily displaced. With Cs� in the external me-
dium, reoccupancy occurs at two rates, rapidly for the
K�-occupied channels and slowly for the Cs�-occupied
channels. The slowing factor found by Kirsch et al.
(1986) for Rb� agrees rather closely with the current-
carrying ability of Rb� through squid K channels: Rb�

carries about one-fourth as much current as K� (Beza-
nilla and Armstrong, 1972). In the same study, Cs�

permeability was too small to quantitate, but Hille (1992)
gives the K�/Cs� permeability ratio of frog node as �13,
in reasonable agreement with the 20� slowing observed
by Kirsch et al. (1986).
Fig. 5 D shows the closed state of the channel in the

presence of 4AP and is discussed below.

DISCUSSION

The simulations presented above show that our model
reproduces well the data in the literature regarding 4AP
action on gating currents and both macroscopic and sin-
gle-channel ionic currents. We discuss first evidence in
the literature regarding the likelihood of the physical

FIGURE 5 Physical models based loosely on the KcsA channel structure given by Doyle et al. (1998). A and B show the displacement of a hydrated K�

ion (dark gray, surrounded by four white H2O molecules) from the cavity to the selectivity filter as a 4AP molecule enters the cavity from the cytoplasm.
(C) Displacement is less likely if a large Cs� ion (black) must move through the selectivity filter, making 4AP entry much slower, as found by Kirsch et
al. (1986). (D) Occupancy of the cavity by the relatively small 4AP molecule induces closing of the channel.
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picture employed in the model and then consider alter-
native kinetics models.

The physical picture

Where does 4AP bind? Kirsch and Drewe (1993) and
Kirsch et al. (1993) present strong evidence that the
binding site is the cytoplasmic mouth of the pore and that
“a specific portion of the S6 transmembrane segment was
uniquely able to enhance 4AP block with no gating
change.” The site may overlap with the binding site for
QA ions (Kirsch et al., 1993). McCormack et al. (1994)
conclude that “4-AP is likely to be in contact with all four
subunits at the mouth of the pore.” What controls access
to this site? Kirsch and Drewe (1993) say that the site
“appears to be guarded by the activation gate.” McCor-
mack et al. (1994) somewhat less explicitly say that
“other portions of the protein may act as gates regulating
access.” Having the benefit of the work by Doyle et al.
(1998), we propose that the 4AP site and the QA site are
in the cavity and that the activation gate controls access
for both ions.
The physical picture that emerges is a channel with a

rather nonspecific binding site in the cavity that is pro-
tected by an internally located gate, precisely the same
physical model that was used to explain the effects of
TEA� and its derivatives (QA ions). There are, in fact,
more similarities than differences in the action of 4AP
and QA ions. Both enter their binding site from the
cytoplasm, when the activation gate is open. Both can be
trapped in the channel by closing of the activation gate at
negative voltage. The difference in their mechanism of
action is quantitative rather than qualitative. 4AP in the
cavity promotes gate closing and binds stably in the

channel when the activation gate is closed. QA ions and
other ions usually hinder gate closing (Armstrong, 1971;
Melishchuk and Armstrong, 2001), rather than facilitat-
ing it, and this is the important quantitative difference
between 4AP and QA ions. An exception to this was
found in the I470C mutant, where Holmgren et al. (1997)
found that TEA� caused a slight equilibrium stabilization
of the closed state. This is qualitatively similar to 4AP
acting on Shaker or W434F, but the stabilization with
4AP is quite large, a factor of 130,000 (�7 kcal/mol).
Once the gate is closed with 4AP in the channel, the S4
segments are free to move and generate almost com-
pletely normal gating current (Loboda and Armstrong,
2001). The same is true of I470C channels that trap
TEA� inside (Melishchuk and Armstrong, 2001).
A sketch of a 4AP-occupied channel in the closed state

is given in Fig. 5 D. 4AP is smaller than a hydrated K�

ion, and its presence induces an inward movement of the
cavity walls (mechanism unknown), which in turn closes
the gate internal to the cavity. The gate is presented here
as a diaphragm, as suggested by the results of Doyle et al.
(1998) and del Camino et al. (2000). An alternative
would be to draw the gate as a flap (Armstrong, 1971).
Functionally, a diaphragm and a flap are equivalent, in
that both allow or prevent access to the pore, and both
can be imagined as either fully open or fully closed
(normally there are no subconductance states). The
closed gate traps 4AP in the cavity or, if the cavity is
empty of 4AP, prevents its entry.

Alternative kinetic models

Two alternate models that illustrate useful general princi-
ples were considered in detail.

TABLE 1 Rate constants employed in the simulations

�100 mV �60 mV �40 mV �20 mV 0 mV 20 mV 50 mV 100 mV

�0, �0ap 2.2480 3.095 3.749 4.399 5.162 6.057 7.698 11.48
�0, �0ap 2.972 1.567 1.067 0.775 0.562 0.408 0.252 0.113
�1, �1ap 1.413 2.680 3.935 5.418 7.462 10.277 16.608 36.96
�1, �1ap 8.849 3.376 1.898 1.174 0.762 0.449 0.218 0.0659
�2, �2ap 1.211 2.297 3.372 4.644 6.396 8.808 14.235 31.682
�2, �2ap 13.273 5.064 2.847 1.761 1.090 0.674 0.328 0.0989
�3, �3ap 0.542 1.206 1.984 2.905 4.332 6.460 11.763 31.938
�3, �3ap 13.259 5.072 2.849 1.762 1.090 0.674 0.327 0.0986
�4, �4ap 1.009 1.914 2.810 3.870 5.330 7.340 11.862 26.397
�4, �4ap 14.780 6.640 4.109 2.754 1.846 1.237 0.679 0.249
�5, �5ap 0.074 0.428 1.231 2.968 7.154 17.245 64.542 582.26
�5, �5ap 9.874 3.220 1.644 0.939 0.536 0.306 0.132 0.0326
�6 3.407 4.544 5.401 6.238 7.204 8.320 10.325 14.799
�6 1.200 0.522 0.317 0.209 0.138 0.0911 0.0488 0.0172
�6ap 0.0026 0.0035 0.00416 0.00480 0.00554 0.00640 0.00794 0.01138
�6ap 120.08 52.251 31.718 20.923 13.802 9.104 4.878 1.724
� 0.219 0.449 0.691 0.991 1.421 2.037 3.496 8.599
� 750 750 750 750 750 750 750 750

Rates in ms�1 are given for eight values of Vm.
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In these models, 4AP can 1) enter exclusively when the
channel is in state C6:

C0 
---------� C6 ¢O¡
�6

�6

O6

�28�2

C0ap 
---------� C6ap ¢O¡
�6ap

�6ap

O6ap

or 2) when it is either in C6 or O:

C0 
---------� C6 ¢O¡
�6

�6

O6

�28�2
�8�

C0ap 
---------� C6ap ¢O¡
�6ap

�6ap

O6ap

Neither of these models works in our hands. The first model
cannot explain the effect of 4AP on channel lifetime or the
effect of 10 mM 4AP on single-channel current. Both phe-
nomena require that 4AP be able to enter a channel with
open activation gate. Thus, we can rule out all models like
the first one that lack a direct path from state O to state Oap.
The second model, in which 4AP can enter either in the
ultimate closed state (C6) or the open state has other prob-
lems. 1) The rising phase of trace m2 (Fig. M1 and Fig. 1)
follows trace m1 quite faithfully up to �75% of maximum
current. This can happen only if �2 is quite small compared
with rate �6: channels in state C6 must mainly enter state O
and produce current. Very few can be bled off directly into
C6ap. By extension, trace m2 rules out all models in which
there is significant flux from the upper to the lower row
from any of the closed states: 4AP can enter and leave only
when the activation gate is open. 2) The rate of block
through the closed state path should decrease with voltage,
as channels are sequestered ever more firmly in state O. If
�2 is small, as required by point 1, 4AP entry by the closed
state path (C63C6ap) must be negligible at �50 mV. These
two considerations seem sufficient to rule out significant
4AP entry in any of the closed states.
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