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A Voltage-Dependent Role for K+ in Recovery from C-Type Inactivation

Daniel 1. Levy and Carol Deutsch
Department of Physiology, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6085 USA

ABSTRACT Recovery from C-type inactivation of Kv1.3 can be accelerated by the binding of extracellular potassium to the
channel in a voltage-dependent fashion. Whole-cell patch-clamp recordings of human T lymphocytes show that K0+ can bind
to open or inactivated channels. Recovery is biphasic with time constants that depend on the holding potential. Recovery is
also dependent on the voltage of the depolarizing pulse that induces the inactivation, consistent with a modulatory binding
site for K+ located at an effective membrane electrical field distance of 30%. This K+-enhanced recovery can be further
potentiated by the binding of extracellular tetraethylammonium to the inactivated channel, although the tetraethylammonium
does not interact directly with the K+-binding site. Our findings are consistent with a model in which K+ can bind and unbind
slowly from a channel in the inactivated state, and inactivated channels that are bound by K+ will recover with a rate that is
fast relative to unbound channels. Our data suggest that the kinetics of K+ binding to the modulatory site are slower than
these recovery rates, especially at hyperpolarized voltages.

INTRODUCTION

The inactivation properties of voltage-gated K+ channels
can influence the resting membrane potential of cells, as
well as the frequency and duration of action potentials in
excitable tissue (Hille, 1992). Two distinct molecular mech-
anisms of inactivation of voltage-gated K+ channels have
been identified: N-type inactivation involves a single sub-
unit acting as a tethered blocking particle by binding of its
amino-terminus to the cytoplasmic face of the channel
(Hoshi et al, 1990; MacKinnon et al., 1993; Gomez-Lagu-
nas and Armstrong, 1995), and C-type inactivation involves
four subunits participating equally in a conformational
change at the extracellular mouth of the pore (Choi et al.,
1991; Panyi et al., 1995; Ogielska et al., 1995). Although
these two forms of inactivation can be coupled to each other
(Hoshi et al., 1991; Baukrowitz and Yellen, 1995), both
entry into and exit from the C-type inactivated state usually
occur on a time scale much longer (100-1000 ms) than that
seen for N-type inactivation (1-100 ms; Hoshi et al., 1991;
Lopez-Bameo et al., 1993; Hoshi et al., 1990; for excep-
tions, see Smith et al., 1996; Seoh and Papazian, 1995).
Although K+-channel inactivation has been studied exten-
sively, there is a paucity of information on the mechanisms
underlying recovery from C-type inactivation.
The K+ conductance of a cell is influenced not only by

the rate at which channels inactivate, but also by the rate at
which they recover from inactivation. Recovery from both
N-type and C-type inactivation is modulated by extracellu-
lar potassium (K+), such that elevated [K+]. speeds the rate
of recovery (Demo and Yellen, 1991; Pardo et al., 1992;
Gomez-Lagunas and Armstrong, 1994; Levy and Deutsch,
1996). Extracellular K+ speeds recovery from N-type inac-
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tivation by a "knockoff ' mechanism (Demo and Yellen,
1991), which involves the binding of K+ to an already
inactivated state of the channel to destabilize the inactiva-
tion particle. Similarly, K+ speeds recovery from C-type
inactivation by binding to a low-affinity modulatory site,
which leads to the destabilization of the inactivated state
(Levy and Deutsch, 1996). However, it is unclear which
conditions allow K+ to bind to this modulatory site. To
address this issue, we studied recovery from C-type inacti-
vation in Kvl.3, a Shaker-like K+ channel that lacks N-type
inactivation and is found in immune and neuronal tissue (for
review see Chandy and Gutman, 1994). In this paper, we
investigate the voltage dependence of K: modulation of
recovery. We also show that extracellular tetraethylammo-
nium (TEA) can potentiate K+-enhanced recovery by bind-
ing to the inactivated channel. These results suggest that a
modulatory K+-binding site is located within the outer
mouth of the pore and its accessibility is voltage dependent.

MATERIALS AND METHODS

Cell culture and T-lymphocyte selection

Human peripheral blood mononuclear cells were isolated from heparinized
venous blood collected from healthy human donors, using gradient cen-
trifugation through Ficoll-Hypaque, and cultured (5% CO2 incubator at
370) in a serum-free, RPMI-based medium (Deutsch et al., 1991). Cells
were stimulated to proliferate by the continuous presence of 3 jig/ml
mitogen phytohemagglutinin (Difco, Detroit, MI). The extent of cell stim-
ulation was confirmed on occasion by measuring 3H-thymidine incorpo-
ration into DNA during an 8-h period on the third day after isolation of the
cells. For electrophysiological studies, T lymphocytes were selected 36-84
h after mitogenic stimulation by incubation with mouse anti-human CD2
antibody (Becton-Dickinson, San Jose, CA) followed by adhesion to petri
dishes coated with goat anti-mouse IgG antibody (Biosource, Camarillo,
CA), as previously described by Matteson and Deutsch (1984).

Electrophysiology
Conventional whole-cell patch-clamp procedures were used (Matteson and
Deutsch, 1984; Hamill et al., 1981), with pipettes pulled from SGUO glass
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(Richland Glass, Richland, NJ) and coated with Sylgard 184 (Dow Com-
ing, Midland, MI) to give electrodes of 2-4.5 M[l. All experiments were
carried out at room temperature. Holding potential was maintained at -90
mV or - 130 mV. Current recording did not begin until 8 min after
achieving the whole-cell configuration to ensure the stability of channel
kinetics.
A two-pulse protocol was used to measure recovery from inactivation

by applying a pair of 800-ms voltage steps to +50 mV, separated by an
interpulse interval of varied duration at the holding potential. To preserve
baseline conditions, the cell voltage was maintained at the holding potential
for at least 2 min between each two-pulse protocol. For each cell, fractional
recovery was periodically measured under control conditions, and was
usually stable for greater than 1 h of recording, as has been previously
reported for KvI.3 (Kupper et al., 1995). In cases where recovery did
become unstable, data acquisition was terminated. This made measurement
of the complete time course of recovery somewhat difficult, as instability
of recovery (as well as sudden loss of the seal) often occurred after a few
hours of recording from a cell.

Peak K+ currents ranged from 0.2nA to 6nA, and 0-75% series resis-
tance compensation was used to reduce voltage errors below 15 mV.
Current traces for all experiments were corrected for ohmic leak and
voltage error caused by series resistance, as described by Panyi et al.
(1995). For precise correction of the current traces, the driving force was
determined for all sets of solutions; the reversal potential was measured
from tail currents induced by hyperpolarizing steps that followed a brief
depolarizing pulse.

Solutions

The internal solution contained (in mM) 130 KF, 10 KCI, 11 K2EGTA, 10
HEPES; (pH = 7.20 with KOH; 295 mOsm). Stock external solutions
contained 150 mM of either NaCl, KCI, or choline chloride; as well as the
following (in mM): 5.5 Glucose, 10 HEPES, 2.5 CaC12, 1 MgCl2; (pH =

7.35 with NaOH, KOH, or N-methylglucamine base, respectively; 305
mOsm). The control bath solution contained 145 mM NaCl and 5 mM KCI,
and other bath solutions were prepared by appropriate mixing of the stock
solutions. Low pH solutions were prepared by adding less base. Solutions
containing tetraethylammonium (TEA) were prepared by substitution of
the primary bath salt with the appropriate concentration ofTEA Cl (Kodak,
Rochester, NY).

Cells were perfused continuously during the data acquisition. A multi-
port manifold with a single output tube (PE-10) was positioned -250 ,um
from the cell so that any one of six bath solutions would perfuse the cell.
The absence of contamination from surrounding bath solution was con-

firmed either by measuring reversal potential or by confirming complete
recovery from channel block. The bath solution was exchanged by man-

ually turning valves or by computer synchronized switching of solenoid
valves. Using this manifold, solutions could be completely exchanged
within 250 ms of the valve switching, as measured by shifts in reversal
potential. Use of this perfusion system had no substantial effect on peak
current or the kinetics of inactivation and recovery from C-type inactiva-
tion. For the experiments shown in Fig. 2, a more rapid exchange of two

solutions was achieved with the use of a U-tube perfusion system, partially
based on the design of Brett et al. (1986). Cells were lifted from the dish
and brought to within 20 ,um (about twice the cell diameter) of a circular
opening, produced by cutting a 75-,um notch in the U-tube (PE-10). As
determined by monitoring the reversal potential, exchange began within 50
ms of valve switching and was completed within the subsequent 20 ms.

Figure legends show the exposure to bath solutions after accounting for the
70-ms delay in complete exchange. Use of this perfusion system led to a

threefold increase of inactivation rate (T = 40-50 ms) and caused a

progressive rundown of the peak current (typically half of the initial peak,
after 90 min), which may have been caused by the substantially faster flow
rate. Recovery from inactivation, however, was stable after the first 10 min
of perfusion and occurred with rates typically measured in 5 mM or 150
mM K+ bath solutions.

Statistical testing

Comparisons of recovery from inactivation under various test conditions

were made by performing the paired t-test or the Student-Newman-Keuls

test, when appropriate, on the fractional recovery measured at equivalent
interpulse intervals (ipi). However, to highlight the differences between

recovery in (for example) high versus low [K+]0, we show recovery rates

for Figs. 4-6. A weighted sum of recovery-rate constants was approxi-
mated by the following function: Recovery rate = -ln(l - fractional

recovery)/ipi. Our method for determining the fractional recovery is de-

scribed in the Results.

RESULTS

We have previously shown that recovery from C-type inac-

tivation of Kvl.3 is specifically enhanced by K+ in a

dose-dependent fashion and that there is a voltage depen-
dence to the recovery process (Levy and Deutsch, 1996).
We explained this behavior using a model in which K+
binds to a channel and destabilizes the inactivated state,
thereby speeding recovery. This model predicts that recov-

ery occurs from either a K+-bound or an unbound inacti-

vated state and that the recovery of a population of channels

should therefore follow biexponential kinetics. Fig. 1 shows

such a biphasic time course of recovery from C-type inac-

tivation of Kvl.3 channels, recorded from a human T lym-
phocyte. Potassium currents were recorded in response to

pairs of 800-ms depolarizing pulses to +50 mV, with in-

terpulse intervals of variable duration at -90 and -130

mV, respectively. For each interpulse voltage, recovery was
measured during perfusion with 5, 75, or 150 mM K+. The

fraction of recovery was quantified as follows:

Fractional Recovery = (Ipea,- Iminl)/(Ipeakl-Iminl) (1)

where Ipakj and Ipeak2 represent the peak currents elicited
by the first and second depolarizing pulse, respectively, and
IminI represents the minimal outward current observed at the
end of the first depolarizing pulse.
We fit the data with the sum of two exponential functions:

1 - Fractional Recovery = Ae-iPITf + (1 -A)e-'P"' (2)

where for any ipi duration, a fraction of channels (A) re-

covers with a fast time constant (Tf), and the remainder
recovers with a slower time constant (T.). If the two popu-
lations of channels do not interconvert during recovery, then
Tf and T. will be reciprocals of the corresponding rate
constants of recovery. If they do interconvert on the time
scale of recovery, then Tf and Ts will vary with [K+], and
each will be a function of the rate constants connecting the
channel populations and a recovered state (see scheme in
Discussion). For each recovery, voltage data from the three
concentrations of K+ were simultaneously fit such that the
time constants did not change with [K+]. but that the
weighting of the two components (A) could vary. For all
cells measured at -90 mV, Tf and T were 4.8 ± 1.8 s and
16.5 ± 3.5 s (mean ± SEM, n = 4), and at -130 mV, the
time constants were 0.49 ± 0.02 s and 12.7 ± 4.3 s,
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FIGURE 1 Recovery from C-type inactivation. Whole-cell currents were
elicited from a T lymphocyte by a pair of 800:ms voltage steps to +50 mV
from a holding potential of either -90 mV (top panel) or -130 mV
(bottom panel). Fractional recovery was calculated, as defined in the text,
for a series of interpulse intervals (ipi) with durations between 0.3 and 90 s

at the indicated interpulse voltage (IPV). The cell was perfused with
choline-based bath solutions containing 5 mM (0), 75 mM (V), or 150 mM
(A) K+. The time courses for recovery were simultaneously fit using the
equation: 1 - Fractional Recovery = Ae-'PITf + (1 - A)e-'P"r. At -90
mV, the fit yielded: Tf = 7.8 s, Ts = 18.5 s, A5 mM = 10-5, A75 mM = 0.58,
and A150 ,m = 0.80. At -130 mV, the fitted values were: Tf = 0.59 S, Ts
= 14.3 s, A5 ,,M = 0.10, A75 mM = 0.34, and A150 ,,M = 0.55. For this cell
and all cells measured (n = 4), the fit to the data for each voltage passed
the runs test (p < .025; Wolfowitz, 1943), and r2 was always greater than
0.98. Insets: Current recordings (superimposed) for paired 800-ms depo-
larizing pulses with interpulse intervals of 4 s, in the presence of 75 mM
K+. Peak currents from the first pulse were -2 nA, and fractional recovery

was 31.1% at -90 mV and 45.5% at -130 mV.

respectively. Note that Tf was smaller for the more hyper-
polarized holding potential (p < .05). The weight of the fast
component of recovery increased as [K+]O was raised from
5 to 150 mM (0.04 ± 0.08 vs. 0.58 ± 0.27 at -90 mV and
0.16 ± 0.07 vs. 0.52 ± 0.16 at -130 mV,p < .05). Because
the weight of the fast component increases with increasing
[K+]o without a change in the recovery time constant, it
appears that the population of quickly recovering channels
is increased by the binding of K+. This biphasic behavior is
consistent with a model in which 1) a K+-bound inactivated
channel is destabilized relative to an unbound inactivated
channel, and thereby recovers faster; and 2) the K+-bound
and unbound inactivated channels do not interconvert rap-

idly during the interpulse interval under the experimental
conditions of these measurements.

Until now, we have not been able to observe such bipha-
sic behavior of the recovery process (Levy and Deutsch,
1996). Multiple exponential processes can appear to be
monoexponential if the time constants are similar and/or if
weighting factors effectively yield only one major compo-
nent. In the current work, however, we were able to unmask
a double exponential process by using more hyperpolarized
recovery potentials. Under these conditions, the time con-
stants of the two components are sufficiently different and
the weighting factors for each component are sufficiently
comparable to enable observation of two recovery phases.

Voltage-dependent recovery

We have previously observed that exposure of the channel
to elevated [K+]0 during the interpulse interval was insuf-
ficient to maximally enhance the recovery from inactiva-
tion. Specifically, we saw only a 15% enhancement of
recovery rate when the [K+]. was raised from 5 to 150 mM
for the last 6 s of an 8-s interpulse interval. This was
substantially lower than the 400% faster recovery of cells
perfused continuously with 150 mM K+ (Levy and Deut-
sch, 1996). From this finding we suggested that there must
be a greatly increased accessibility of K.+ to a modulatory
site before inactivation occurs, presumably to either the
open or closed state of the channel. This binding would
subsequently destabilize the inactivated state and speed
recovery. To test this hypothesis, we used a faster method of
solution exchange to assess the sensitivity of recovery to
[K+]0 at selected periods during the two-pulse protocol.
Complete exchange was achieved within 20 ms, as deter-
mined by reversal potentials.

Fig. 2 A shows data from cells perfused continuously with
a control solution containing 5 mM K+ and 145 mM Na+
except for a 1-s period in which the perfusate contained 150
mM K+. In all cases using 5 mM K+ throughout the first
depolarizing pulse, >96% of the channels were inactivated
by the end of the first pulse (see sample current trace
derived from protocol A). Using 150 mM K+ throughout
the first depolarizing pulse, >92% of the channels were
inactivated by the end of the first pulse (see sample current
trace derived from protocol A*). Protocol A yields the
fractional recovery for continuous perfusion with the 5 mM
K+ solution and protocol I provides the fractional recovery
for continuous exposure to 150 mM K+. The fractional
recovery for protocol I was not statistically different from
the recovery using continuous perfusion with 150 mM K+
for >30 s (not shown).
Our previous results suggested that a K+ ion is trapped at

the modulatory site in an inactivating channel. We were
therefore surprised to find that exposure of the channel to
elevated K+ during the entire depolarizing pulse was insuf-
ficient to cause maximal recovery (compare protocol D with
I). This observation indicates that K+ must also be present
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FIGURE 2 Effect of pulsatile [K+], on recovery. (A) Fractional recovery is shown for each of the perfusion protocols depicted above the graph (mean ±
SEM, n = 6). Cells were continuously perfused with a 5 mM K+/145 mM Na+ bath solution (denoted by the open portions of the horizontal bars), except
for a 1-s period during which cells were exposed to 150 mM K+ (filled portion of the horizontal bars). Solution exchange was complete within 20 -25 ms,
using a rapid perfusion system (see Methods). The current trace above the protocols shows the recovery under control conditions (protocol A). Fractional
recovery elicited by each perfusion protocol was compared by the Student-Newman-Keuls pairwise method (p < .05), leading to segregation into five
significantly different groups (vertical bars: open < flat-hatched < left-hatched < cross-hatched < filled). (B) Fractional recovery is shown for protocols
complementary to those in A (n = 3). Cells were perfused with a 150 mM K+ bath except for a 1-s period during which the bath was replaced with a 5
mM K+ solution. The current trace above the protocols shows recovery during perfusion with 150 mM K+, as in protocol A*. Pairwise comparison yielded
three significantly different groups (vertical bars: open < left-hatched <filled). Sequential perfusions were done in the order shown, and control protocols
were performed every 10 min to confirm the stability of recovery kinetics. Because of the differences in [K']O during measurement of the two peak currents
for protocols C, D, C*, and D*, recovery was calculated after correcting for changes in driving force and whole-cell conductance. Specifically, the test pulse
current was scaled by the ratio of control peak currents under the 5 mM vs. 150 mM K+ conditions.

during the hyperpolarized interpulse interval to speed re-

covery maximally and that K+ bound during depolarization
can subsequently dissociate from the channel at negative
voltages. Dissociation of bound K+ also occurs at positive
voltages, as shown by the results obtained using protocol C.
In this case, [K+]O was lowered to 5 mM before the end of
the depolarizing pulse, during which time K+ dissociates
rapidly enough to yield no enhanced recovery (compare
recovery for protocols A and C). Conversely, the increase of
fractional recovery caused by brief exposure to increased
[K+]o during the hyperpolarized interpulse interval shows
that K+ can bind to the inactivated channel (compare pro-

tocols G and H with A). These data also show that the
modulatory effect of high [K+]O is greater at the depolarized
voltage (compare protocols D and E with F, G, and H),
consistent with the predictions of Levy and Deutsch (1996).
Protocols D and E do not differ in recovery despite the 28%
decrease in open channels (based on a Tinact of 45 ms in 150
mM K+ (see Methods) and a 15-ms elapsed time before the
change in perfusion and the start of the depolarizing pulse in
protocol E). This suggests that there is no preferential bind-
ing of K+ to the open state over the inactivated state. To
confirm that cells treated according to protocols D and E

truly differ with respect to the number of open channels

exposed to 150 mM K+, we integrated the current traces for
the period during which the cells were both depolarized and
exposed to 150 mM K+. The ratio of these current integrals
for protocol E to protocol D was 0.74 + 0.05 (n = 4,
mean ± SEM), indicating a 26% lower open probability for
exposure to 150 mM K+ in protocol E. Thus, the open
channel does not appear to play a larger role in recovery
than the inactivated state.

Fig. 2 B shows the fractional recovery for protocols that
are complementary to those in Fig. 2 A, i.e., cells were
continuously perfused with 150 mM K+ except for a 1-s
period in which the perfusate contained 5 mM K+. Perfu-
sion with 5 mM K+ before the depolarizing pulse had no
effect on recovery (protocol B*), suggesting (along with B,
Fig. 2 A) that neither K+ binding nor unbinding to the
closed channel influences the rate of recovery from C-type
inactivation. On the other hand, slowed recovery from pro-
tocols C*, D*, and E* confirms that [K+]. during the
depolarizing period is important and that the binding of K+
at the hyperpolarized recovery voltages is not fast enough to
yield maximal recovery. In each case, the fractional recov-
ery was reduced, consistent with less K+ bound to the
channel. This could arise from a decreased association rate
of K+ for either the open or the inactivated states of the
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channel during the sustained depolarization and/or an in-
creased dissociation rate as discussed above (protocol C).
These results eliminate the possibility that a K+ ion occu-
pying a modulatory binding site remains trapped within an
inactivated channel until it recovers. There was also a sig-
nificant decline of fractional recovery when [K+]. was
reduced during the hyperpolarized interpulse interval (pro-
tocols G* and H*), which supports the conclusion that K+
can unbind from the inactivated channel during this interval.

In summary, the experiments shown in Fig. 2 suggest that
K+ can bind to and unbind from its modulatory site when
the channel is open or inactivated, both at depolarized and
hyperpolarized voltages. The specific association and dis-
sociation rates are dependent on the membrane voltage and
[K+]0. During depolarization, binding of K+ is slow and
unbinding is relatively fast; whereas during the subsequent
hyperpolarization, both binding and unbinding are slow.
Why would a channel promote K+ dissociation more

when the membrane is depolarized than when it is hyper-
polarized (best demonstrated by the lack of enhanced re-
covery for protocol C)? The simplest explanation for the
differences in affinity is that K+ dissociation is voltage
dependent due to the location of a modulatory site within
the membrane electrical field. We have already demon-
strated a dependence of recovery on the degree of hyperpo-
larization during the interpulse interval (Levy and Deutsch,
1996). However, this dependence could reflect an intrinsic
voltage dependence of the recovery process (e.g., a voltage-
dependent conformational change). Therefore, we chose to
measure the dependence of recovery on the voltage of the
depolarizing pulse. Because an extracellular cation binding
site within the electrical field would experience greater
repulsion as the membrane is depolarized, we expected
recovery to be slowed as the pulse voltage was made more
positive.

Recovery was measured using a two-pulse protocol in
which the pair of depolarizing pulses was + 10, +30, +50,
or +70 mV, and the holding potential was -90 mV (inset,
Fig. 3 A). In the continuous presence of 150 mM K+, the
fractional recovery was clearly dependent on the voltage of
the depolarizing pulse, as each 20-mV increment of depo-
larization produced successively less recovery with an ipi of
3 s. In contrast, no such differences were observed when the
cells were perfused with the 5 mM K+ bath solution, using
an ipi of either 3 s (not shown) or 12 s. There was no
significant influence of voltage on the inactivation rate in
either 5 mM (ANOVA-repeated measures, p = 0.31) or 150
mM bath (p = 0.40), consistent with previous results (Deut-
sch et al., 1986), which suggests that the pulse voltage did
not affect entry into the inactivated state. To quantify the
degree to which the depolarizing voltage influences the
probability of K+ binding, we measured the time course of
recovery that followed depolarizations to either +10 or +70
mV. Biexponential fits to the data shown in Fig. 3 B yield
a greater contribution of the fast component to recovery at
+10 mV in 150 mM K+, which indicates that an increased
fraction of channels exhibits enhanced recovery, consistent
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FIGURE 3 Dependence of K+-modulated recovery on depolarizing volt-
age. (A) Recovery was measured for pairs of depolarizations to + 10, +30,
+50, or +70 mV from a holding potential of -90 mV. In a 5 mM K+/145
mM choline+ bath there was no significant effect of depolarizing voltage
on fractional recovery (45.0 + 2.2% for + 10 mV, 46.2 ± 2.6% for +30
mV, 44.6 ± 2.7% for +50 mV, and 44.5 + 2.2% for +70 mV; ANOVA-
repeated measures, p = 0.61, n = 11) following a 12-s interpulse interval.
In 150 mM Ko, each incremental depolarization elicited successively less
fractional recovery (54.3 + 2.8% for +10 mV, 51.3 + 3.4% for +30 mV,
47.8 + 3.6% for +50 mV, and 44.9 ± 3.5% for +70 mV; Student-
Newman-Keuls all pairwise comparison, p < .05) following a 3-s inter-
pulse interval, as indicated by the asterisks. (B) Time course of recovery for
depolarizations from -90 mV to either + 10 mV (filled) or +70 mV (open)
in bath solutions containing either 5 mM (circles) or 150 mM K+ (trian-
gles). The data for this cell were fit as in Fig. 1, yielding the following
values: Tf = 0.84 s, Ts = 13.7 s, A5 mM. +10 mV = 0.044, A5 mM, +70 mV -
0.0025, A150 mM, +10 mV = 0.548, A150 mM, +70 mV = 0.351. This is one of
two such experiments.

with reduced K+ binding when the membrane is more
strongly depolarized. If the putative K+-binding site is
located within the membrane electric field, these data may
be used to estimate the effective electrical distance of this
site with a Boltzmann function where the fraction of bound
K+ is proportional to e-vzF8/RT and V represents the depo
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larizing voltage, z is + I for the charge of potassium, and F,
R, and T have their conventional meanings. In 150 mM K+,
the effective electrical field distance, 8, was 0.31 (Data from
an additional cell yielded a distance of 0.29). Taken to-
gether, these results suggest that K+ binds to a modulatory
site that lies within the membrane electrical field.

Involvement of the TEA-binding site

Although our results are consistent with a modulatory site
located within the outer mouth of the K+-channel pore, we
do not know the precise location of this site. Among the
possible candidates is the TEA-binding site. When a Shaker
K+ channel is open, the binding site for TEA (which in-
volves residue T449) lies at the outer mouth of the channel,
20% within the membrane electrical field (Heginbotham
and MacKinnon, 1992). Residue 449 also mediates K+-
sensitive entry into the C-type inactivated state (Lopez-
Barneo et al, 1993). These observations indicate that residue
449 is accessible to extracellular ions. After entry into the
inactivated state, this residue becomes more exposed to the
extracellular solution (Yellen et al., 1994; Liu et al., 1996).
Thus, the equivalent residue in Kvl.3, histidine (H399),
seemed a plausible candidate contributing to the modulatory
K+-binding site. Because histidine is titratable in the phys-
iological pH range (see below), we tested this possibility by
varying extracellular pH and measuring the K+-enhanced
recovery. If H399 were part of the modulatory K+-binding
site, then a decrease in pHo might inhibit K+ binding
through protonation of H399, thereby reducing the ability of
K+ to speed recovery. As shown in Fig. 4, decreasing pHo
did not inhibit the K+-enhanced recovery. Whereas acidi-
fication to pH 6.85 reversibly reduced the fractional recov-
ery by 15 ± 2% (mean ± SEM, n = 10,p < .01) in a 5 mM
K+ bath solution, there was actually a 12 ± 3% increase of
recovery with the pH 6.85 bath containing 150 mM K+
(p < .01). Protonation does not reduce the effect of K+ on
recovery, yet dramatically increases the inhibition constant
for TEA block of the channel as expected (see below;
Kavanaugh et al., 1991). Therefore, H399 is not likely to be
contributing directly to the modulatory K+-binding site. If
this is true, then K+ binding to the modulatory site should
not affect TEA block of the channel.
We measured the affinity of TEAO for the channel at pH

7.35 in the presence of 5 mM and 150mM K+. At +50 mV,
9 mM TEA caused 49-53% block in both cases. On the
other hand, we found that TEAO could potentiate K+-en-
hanced recovery. Fig. 5 shows that a half-blocking concen-
tration of TEA does not speed the recovery if the bath [K+]
is 5 mM (only 3 ± 3% increase in fractional recovery; n =
5, p = 0.41), but potentiates the enhancement of recovery
by 31 ± 6% (p < .01) if the bath [K+] is 150 mM.

This potentiation of the K+-enhanced recovery is medi-
ated by TEA binding to the blocking site, because at pH
6.85 (pH at which protonation of the H399 reduces the TEA
affinity by nearly one-fourth; inset of Fig. 5 and Kavanaugh
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> 0.2
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[K+]O = 5mM [K+]O = 150mM

FIGURE 4 The effect of extracellular pH on recovery from inactivation.
Recovery was measured as cells were continuously perfused with a bath
solution of pH 7.35 (open bars) or 6.85 (hatched bars). In a 5 mM K+/145
mM Na+ solution, the lower pH reduced the fractional recovery by 15 ±
2%, (p < .01, n = 10) using a 10-s IPI. In a 150 mM K+ bath, the lower
pH increased the fractional recovery by 12 ± 3% (p < .01) with a 2-s ipi.
To illustrate the differences between recovery in high versus low [K+]0, we
show recovery rates as weighted sums of recovery rate constants, approx-
imated by the following function, Recovery rate = -ln(1 - fractional
recovery)/ipi.

et al., 1991) a half-blocking concentration of TEA (30 mM)
was necessary to potentiate the effect of elevated K+ (by
27 ± 3%) to a level similar to the potentiation by 9 mM
TEA at pH 7.35 (p < .01). These results suggest that TEA
allosterically potentiates K+-enhanced recovery by interact-
ing with the same binding site that is involved in channel
block.
How does TEAO potentiate the K$+-enhanced recovery?

TEA may act on the open channel to cause entry into an
unstable inactivated state, to allosterically influence the
binding of K+ to the modulatory site, or to prevent the exit
of a K+ ion from the modulatory site. Alternatively, TEA
may act on the inactivated channel to allosterically promote
K+ binding or to further destabilize the K+-bound inacti-
vated state. Although it has been shown that K+ channels
cannot enter the C-type inactivated state when blocked by
TEA (Grissmer and Cahalan, 1989; Choi et al., 1991), it is
still possible that the TEA-binding site is accessible after the
channels are in the inactivated state (e.g., see Yellen et al.,
1994, or Liu et al., 1996). To test whether the effect of TEA
on recovery could be induced solely by exposure of chan-
nels to TEA after the channels have entered the inactivated
state, we perfused cells with a 141 mM K+/9 mM choline
bath solution throughout an 800-ms depolarization that
caused inactivation (80 ± 2%). About 200 ms after the
depolarization, the perfusate was exchanged with a solution
that replaced the choline salt with 9 mM TEA (Fig. 6).
Fractional recovery was calculated after correcting for the
channel block during the second pulse. The recovery after a
2-s interpulse interval was enhanced to nearly the same rate
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FIGURE 5 Potentiation of K+-enhanced recovery by TEA. Recovery
was measured in the absence (shaded bars) or presence (filled bars) of
half-blocking concentrations of TEA. At pH 7.35, isotonic replacement of
the primary bath cation with 9 mM TEA did not significantly change the
fractional recovery in a 5 mM K+/145 mM Na+ bath (3 ± 3% greater,
using a 6-s ipi; p = 0.41, n = 5), but caused a 31 ± 6% potentiation of
enhanced recovery in a 150 mM K+ bath, with an ipi of 1-s (p < .01). At
pH 6.85, isotonic replacement of K+ with 30 mM TEA potentiated the
enhanced recovery by 27 + 3%, with an ipi of 1-s (p < .01). In a separate
experiment at pH 6.85, we measured the potentiation of K+-enhanced
recovery by 9 mM TEA to show that the concentrations used were not in
the saturating range (11 ± 4% greater recovery versus 26 ± 4% in 30 mM;
n = 6, not shown). The durations of interpulse intervals were chosen to
give comparable fractional recovery. Recovery rates shown were estimated
by the method described for Fig. 4. Inset: Titration of TEAO affinity by
pH.. The affinity for TEA was measured to confirm that block can be
titrated by pH (n = 3; error bars fall within the symbols). The [TEA] used
was 10, 20, and 40 mM in the pH 7.35, 7.10, and 6.85 solutions, respec-
tively, and affinity was calculated by the binding isotherm: Kd
[TEA](1 - F)IF, where F is the fraction of blocked channels.
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FIGURE 6 The sensitivity of K+-enhanced recovery to TEA exposure
after entry into the inactivated state. Cells were perfused with a 141 mM
K+/9 mM choline control solution for the first depolarization of a two-
pulse protocol. Upon termination of the first pulse, the choline was re-
placed with TEA (hatched bar). Complete exchange of solutions occurred
within the first 250 ms of the 2-s interpulse interval. Holding potential and
interpulse voltage were -90 mV. Fractional recovery in the continuous
presence of the control solution (CTRL) was 49 + 2% (n = 6). When the
bath was exchanged for the TEA solution after inactivation
(CTRL->TEA), the fractional recovery rose to 65 ± 6%, which was not
significantly different from the 67 + 2% fractional recovery measured in
the continuous presence of the TEA solution (TEA). Because of the
presence of the TEA during only the second pulse of the experimental
protocol, recovery was calculated after correcting the second peak current
for the degree of block, as determined from control traces. Recovery rates
shown were estimated by the method described for Fig. 4.

as when cells were perfused continuously with 9 mM TEA.
This indicates that TEA potentiates the K+-enhanced recov-

ery by binding to an already inactivated channel. Further-
more, it is unlikely that TEA locks K+ at the modulatory
site, because the presumably rapid binding of TEA would
just as likely inhibit K+ association as it would dissociation.

DISCUSSION

Recovery from C-type inactivation of Kvl.3 can be accel-
erated by the binding of extracellular potassium to the
channel in a voltage-dependent fashion, such that the po-

tency of K+ to speed recovery is diminished at the hyper-
polarized recovery voltage. Potassium-bound channels ap-

pear to have a destabilized inactivated state, with recovery

approximately an order of magnitude faster than that of
unbound channels. This K+-enhanced recovery can also be
potentiated by extracellular TEA, which interacts with the
inactivated channel and allosterically either increases the

affinity for K+ binding or further destabilizes the inacti-
vated state of the K+ bound channel.
We measured the recovery from inactivation that was

induced by successively greater depolarizing voltages and
found that increased depolarization attenuates the K+-en-
hanced recovery from inactivation. One interpretation is
that this effect is a consequence of voltage-dependent bind-
ing of K+ to a modulatory site located within the membrane
electrical field. Another interpretation is that the stronger
depolarization forces the channel into a more stable inacti-
vated state, which recovers more slowly. If a voltage-de-
pendent, deeply inactivated state exists independently of K+
binding, we would expect recovery to be slowed after a
depolarization to +70 mV in the presence of either 5 mM or
150 mM K+. Because recovery was affected by the depo-
larizing voltage only when [K+]o was elevated, then volt-
age-dependent recovery is most likely due to the voltage-
dependent binding of a K+ ion to a modulatory binding site.

In addition to a dependence of recovery on the depolar-
izing voltage, recovery is also made faster by the extent of
hyperpolarization of the cell membrane during the inter
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pulse interval (see above; Levy and Deutsch, 1996). Does
voltage-dependent binding of K+ entirely account for the
voltage dependence of the recovery process? Recovery from
N-type inactivation, for example, shows an intrinsic voltage
dependence as well as voltage-dependent modulation by
extracellular K+ (Gomez-Lagunas and Armstrong, 1994;
Demo and Yellen, 1991). Based on the sensitivity of recov-

ery to the depolarizing voltage, we estimated an effective
membrane electrical distance of -30% for the modulatory
binding site. This is much less than our previous estimation
of 84%, which was determined from the dependence of
recovery on the hyperpolarizing voltage during the inter-
pulse interval (Levy and Deutsch, 1996). How can we

interpret this difference? One possibility is that, in addition
to the voltage dependence of K+ binding, there is an intrin-
sic voltage dependence of the recovery process. For exam-

ple, a voltage-dependent conformational change of the mod-
ulatory binding site and/or other region(s) of the channel
could account for the additional voltage sensitivity observed
at strongly hyperpolarized voltages. Alternatively, strong
hyperpolarization could lead to a transfer of the K+ ion
from a relatively superficial binding site to a deeper, more

destabilizing binding site.
After inactivation has occurred at either positive or neg-

ative voltages, an increase of [K+]o will speed recovery and
a decrease of [K+]. will slow recovery. Our findings dem-
onstrate that K+ binding to the modulatory site cannot occur

solely in the open state, but must also occur in the inacti-
vated state. The state-dependent recovery can be repre-

sented by the following simplified scheme:

hyperpolarization

depolarization

I \k

R

OK -> IK kf

in which 0 and OK indicate the unbound and K+-bound
channel in the open state, respectively, and I and IK repre-
sent the unbound and K+-bound channel in the inactivated
state, respectively. Although we have evidence for the IK
state, we have no direct evidence for the OK state (indicated
in the above scheme by a question mark). At negative
voltages, the inactivated channel can recover to a closed
state (R) that is available for subsequent activation. The
inactivated channel recovers with a slow rate (ks) if K+ is
not bound to it (I), or a fast rate (kf) if K+ is bound (IK).
Because the fits of Eq. 2 to the time course of recovery (as
shown in Fig. 1) were excellent using two fixed time con-

stants (T. and Tf) and a variable weighting factor, then the
conversion of I to IK must be slow compared to the rates of

recovery. Therefore, we can use these time constants to

calculate not only the rate constants for recovery (ks = Ts- ,

kf = Tf-1), but also to approximate the upper limits for
association and dissociation kinetics of K+ binding to the
modulatory site at hyperpolarized voltages. The rate con-
stants, ks and kf, are 0.08 ± 0.03 and 2.0 ± 0.1 s-1,
respectively, at -130 mV. Therefore, the dissociation rate
constant (IK->I) must be less than -2.0 s-1 and the asso-
ciation rate constant (I-IK) must be less than -0.53 M-1
s-1. However, these kinetics must be sufficiently fast to
account for the sensitivity of recovery rates to changes in
[K+]0 during the hyperpolarized interpulse interval. Be-
cause the K+-binding site appears to be within the mem-
brane electrical field (see above), the binding transitions
(O<-*OK and I<-IK) are likely to be voltage dependent.
How does K+ bind to a modulatory site in the inactivated

state? One possibility is that a conformational change of the
outer mouth of the pore during the inactivation process
exposes a binding site. Two lines of evidence support the
likelihood that such a conformational change occurs. First,
external TEA block can prevent C-type inactivation (Griss-
mer and Cahalan, 1989; Choi et al., 1991) and second,
Yellen et al. (1994) found that a Shaker channel T449C
mutant (mutation to the external TEA-binding site) bound
Cd2+ with 45,000-fold greater affinity once the channel had
inactivated. These investigators also found a similar in-
crease of accessibility of Shaker residues 448-450 to thiol-
specific cross-linking reagents (Liu et al., 1996). Because
the affinity of agitoxin (which also interacts with the chan-
nel's outer vestibule) was not state dependent, they con-
cluded that C-type inactivation involves a local conforma-
tional change that includes only the innermost portion of the
outer vestibule. The observations of Yellen and co-workers
provide evidence for the state-dependent accessibility of
specific residues. Similar mechanisms may underlie a state-
and voltage-dependent nature of the K+-enhanced recovery
from C-type inactivation.

In comparison to our previously published results (Levy
and Deutsch, 1996), we have measured a greater sensitivity
to [K+]o elevated during the interpulse interval. This is
likely to be due to the shorter interpulse interval used in the
present experiments (2 vs. 10 s), which maximizes the
ability to detect an increased weighting of the fast compo-
nent of recovery. For example, the curves in Fig. 3 B for 150
mM [K+]0 show that at + 10 mV (as opposed to +70 mV)
there is a greater percentage increase in recovery for short
interpulse intervals. At 2 s, there is 37% greater fractional
recovery after the depolarization to + 10 mV (compared to
+70 mV), but at 10 s, there is only a 14% increased
fractional recovery. Thus, the 2-s interpulse intervals that
we used for the present studies of state-dependent K+
binding have improved our ability to detect changes in
recovery kinetics.

Like the modulatory K+-binding site, the binding site for
TEA blockade also appears to lie within the membrane
electrical field (Heginbotham and MacKinnon, 1992).
Because the residue critically involved in TEA binding
(Shaker 449) also mediates the K+-sensitive entry into the
C-type inactivated state (Lopez-Bameo et al., 1993), we

3164 Biophysical Journal



Levy and Deutsch Potassium Modulation of Recovery 3165

investigated whether this location also contributes to the
modulation of recovery from the inactivated state. We found
no evidence, however, to show that modulation of recovery
is caused by K+ interacting with the equivalent residue in
Kv1.3, H399. First, the TEA affinity was unaltered by
raising [K+]0. Second, rather than inhibiting the K+ mod-
ulation of recovery, extracellular TEA led to greater recov-
ery. Third, acidification of bath solution, which reduces
TEA binding by more than threefold, actually potentiated
the K+-enhanced recovery. Finally, we were unable to
remove the K+ sensitivity of recovery by converting this
histidine residue to a tyrosine (Kvl.3 H399Y expressed in
the cytotoxic lymphocyte cell line, CTLL-2; Levy, Panyi,
and Deutsch, unpublished observations). Clearly, the H399
residue does not directly contribute to the modulatory bind-
ing site. On the other hand, our findings point to the possi-
bility that additional positive charges at H399 (H+ or
TEA+) can allosterically affect the K+-enhanced recovery.
We speculate that added positive charge facilitates K+
destabilization of the inactivated state, or alternatively, the
added charge may increase the affinity of K+ binding to the
nearby modulatory site, thus speeding recovery.
We believe that this is the first evidence that extracellular

TEA can bind to an inactivated K+ channel. Although
neither Kv1.3 nor the Shaker K+ channel can enter the
C-type inactivated state when bound by extracellular TEA
(Grissmer and Cahalan, 1989; Choi et al., 1991), this does
not preclude the possibility that TEA can bind after the
channel inactivates. In fact, Liu et al. (1996) have shown
that inactivation greatly increases the affinity of the charged
methanethiolsulfonate-ethylsulfonate to cysteine residues
engineered at the TEA-binding site of Shaker. Although we
have not studied the K+ modulation of recovery of other
Shaker K+-channel isoforms, if they were to show a more
sensitive potentiation of K+-enhanced recovery by TEA,
then TEA could serve as a probe to study the conformational
changes involved in C-type inactivation of the channels.
The findings in this paper show that K+ can regulate its

own conductance by modulating recovery from C-type in-
activation. This autoregulation may play an important phys-
iological role in T-lymphocyte function. For instance, [K+]o
at sites of inflammation is significantly elevated (Silver,
1975). A rise of [K+]o would speed recovery from inacti-
vation, leading to an increased K+-channel conductance
that, in turn, would change the membrane potential.
Changes in lymphocyte membrane potential influence mi-
togen-stimulated lymphokine production (Freedman et al.,
1992; Lin et al., 1993), regulation of cell volume (Deutsch
and Chen, 1993), and other lymphocyte functions that are
voltage dependent. Potassium-modulated recovery may also
be physiologically important for neurons expressing Kv1.3.
A 25-fold increase in [K+]. caused by ischemia (Hansen
and Zeuthen, 1981), for example, could promote K+ mod-
ulation that would alter the cellular membrane potential
and/or attenuate cellular excitability.
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