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A RT I C L E

A Trapped Intracellular Cation Modulates K+ Channel Recovery 
From Slow Inactivation

Evan C. Ray and Carol Deutsch

Department of Physiology, University of Pennsylvania, Philadelphia, PA 19104

Upon depolarization, many voltage-gated potassium channels undergo a time-dependent decrease in conductance 
known as inactivation. Both entry of channels into an inactivated state and recovery from this state govern cellular 
excitability. In this study, we show that recovery from slow inactivation is regulated by intracellular permeant 
 cations. When inactivated channels are hyperpolarized, closure of the activation gate traps a cation between the 
activation and inactivation gates. The identity of the trapped cation determines the rate of recovery, and the ability 
of cations to promote recovery follows the rank order K+ > NH4

+ > Rb+ > Cs+ >> Na+, TMA. The striking 
 similarity between this rank order and that for single channel conductance suggests that these two processes share 
a common feature. We propose that the rate of recovery from slow inactivation is determined by the ability of 
 entrapped cations to move into a binding site in the channel’s selectivity fi lter, and refi lling of this site is required 
for recovery.

I N T R O D U C T I O N

Voltage-gated potassium (KV) channels are elegantly 

designed to function as negative feedback regulators 

of membrane potential. This role is critical for repo-

larization of the action potential in excitable cells. 

Once opened by depolarization, many KV channels 

undergo a time-dependent decrease in conductance 

known as inactivation. Entry into, and recovery from, 

inactivated states determines the amount of K+ con-

ductance available to maintain cells at a negative rest-

ing membrane potential.

At least two mechanisms contribute to K+ channel inac-

tivation. N-type, or fast, inactivation occurs within milli-

seconds of activation as the channel’s cytosolic N terminus 

occludes the pore, blocking the passage of K+ ions 

through the channel (Hoshi et al., 1990; Zagotta and 

 Aldrich, 1990). A second inactivation process occurs in 

response to sustained depolarization (Hoshi et al., 1991). 

It involves a localized rearrangement at the outer mouth 

of the channel (Choi et al., 1991;  Yellen et al., 1994; Liu 

et al., 1996; Ogielska and Aldrich, 1999; Larsson and 

Elinder, 2000), including the outer portion of the chan-

nel’s selectivity fi lter (Starkus et al., 1997; Harris et al., 

1998; Ogielska and Aldrich, 1999). Rates associated with 

this process are typically slower than N-type inactivation; 

thus it is commonly referred to as slow inactivation.

Several factors affect entry into the slow inactivated 

state. First, both the concentration and species of cat-

ions present infl uence the rate of entry. Increased con-

centrations of permeant cations decrease the rate of 

slow inactivation (Grissmer and Cahalan, 1989a; Lopez-

Barneo et al., 1993; Baukrowitz and Yellen, 1995, 1996; 

Kiss and Korn, 1998; Fedida et al., 1999). The ability of 

different species of cations to decrease the rate of slow 

inactivation corresponds approximately to the ability of 

these cations to permeate the channel (Lopez-Barneo 

et al., 1993). Second, intracellular blockers accelerate 

entry into the slow inactivated state (Armstrong, 1969; 

Hoshi et al., 1991; Baukrowitz and Yellen, 1995; Ras-

musson et al., 1995; Loots and Isacoff, 1998), suggest-

ing that slow inactivation is facilitated by preventing the 

replacement of an outwardly exiting pore K+ with a K+ 

ion from the internal solution (Baukrowitz and Yellen, 

1996). These observations attest to a relationship be-

tween permeation and inactivation gating and support 

the suggestion that occupancy of cation binding sites in 

the permeation pathway inhibits closure of the inactiva-

tion gate (Lopez-Barneo et al., 1993). This is a version 

of the “foot-in-the-door” mechanism invoked to explain 

the infl uence of monovalent cations on activation-gate 

closure (Swenson and Armstrong, 1981).

After inactivation, membrane hyperpolarization favors 

exit from the inactivated state via a gating process re-

ferred to as recovery. This process is at least as important 

as entry into the inactivated state in determining the 

number of conductive channels available to a cell. It is 

this availability that contributes critically to generation 

of an action potential, the frequency of action potential 

fi ring, and repolarization of the membrane following an 

action potential. The physiological importance of recov-

ery from slow inactivation is underscored by the fi nding 

that in some channels, even when fast inactivation is 
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present, recovery from the slow inactivated state is still 

rate limiting in returning channels to a state from which 

they can be called upon to repolarize the cell (Rasmus-

son et al., 1995; Kurata et al., 2004). Although the de-

tailed sequence of events involved in recovery from slow 

inactivation is not known, recovery, like entry into the 

inactivated state, depends on the interaction of the chan-

nel with permeant cations. Increased concentrations of 

extracellular cations speed the rate of recovery after slow 

inactivation (Pardo et al., 1992; Levy and Deutsch, 

1996a,b; Rasmusson et al., 1998), and more conductive 

extracellular cations do so more effectively than less con-

ductive cations (Levy and Deutsch, 1996a).

These precedents for modulation of gating kinetics 

by extracellular cations indicate that KV channels pos-

sess extracellular cation-binding modulatory sites. How-

ever, occupancy of these sites is not the sole determinant 

of inactivation rate. Indeed, cation binding to more in-

tracellular sites along the axis of permeation also infl u-

ences inactivation (Fedida et al., 1999; Ogielska and 

Aldrich, 1999), an observation that has been suggested 

to occur as a result of electrostatic interaction between 

cations occupying inner and outer sites along the pore 

axis (Ogielska and Aldrich, 1999). Thus, cations at in-

ternal and external sites along the permeation pathway 

may act in concert to modulate the rate and extent of 

slow inactivation. Just as entry into the inactivated state 

is governed by the occupancy of cations at multiple 

sites, so too might occupancy of internal and external 

sites conspire to modulate exit from the inactivated 

state. Although several studies have characterized the 

infl uence of extracellular cations on recovery (Pardo 

et al., 1992; Rasmusson et al., 1995; Levy and Deutsch, 

1996a,b), little is known about the effects of intracellu-

lar cations on this process. In this study, we examine the 

infl uence of intracellular cations on recovery. We fi nd 

that when the activation gate of an inactivated channel 

closes, a cation from the intracellular solution becomes 

trapped between the intracellular end of the selectivity 

fi lter and the activation gate. This trapped cation inter-

acts with a modulatory site in the fi lter to govern recov-

ery rate. The rate of recovery depends on the identity of 

the trapped cation and correlates with conductance 

of the cation through the open channel. It is the nature of 

the trapped cation and its ability to jump from one site 

to another in the selectivity fi lter that is common to 

both the recovery process and conductance through 

the open channel. These fi ndings reveal a new role for 

K+ ions in occupying and stabilizing the conductive 

structure of a voltage-gated K+ channel.

M AT E R I A L S  A N D  M E T H O D S

Cell Culture
Human embryonic kidney cells transformed with SV40 large 
T antigen (tsA201) were grown in DMEM-high glucose supple-

mented with 10% FBS, 2 mM l-glutamine, 100 U/ml penicillin-g, 
and 100 μg/ml streptomycin (Invitrogen) at 37°C in a 9% CO2 
and 95% air humidifi ed atmosphere. Cells were passaged twice 
per week after a 7-min incubation in Versene containing 0.2 g 
EDTA/L (Invitrogen).

DNA Clones and Site-directed Mutagenesis
Modifi ed Shaker-IR in a GW1-CMV mammalian expression plas-
mid, under the control of a highly expressing Kozak consensus 
promoter sequence (Kozak, 1991), was provided by R. Horn 
(Thomas Jefferson University, Philadelphia, PA) (Ding and 
Horn, 2002). This construct includes a deletion of amino acids 
6–46 to remove N-type inactivation, and C301S and C308S point 
mutations (Holmgren et al., 1996). Amino acid substitutions at 
position 449 were introduced using a QuikChange site-directed 
mutagenesis kit (Stratagene). Mutants were sequenced at the 
University of Pennsylvania School of Medicine DNA Sequencing 
Facility using an ABI 3100 16 capillary sequencing apparatus with 
BigDye Taq FS Terminator V 3.1 chemistry. A calcium phosphate 
transfection kit (Invitrogen) was used to cotransfect CD8 carried 
in an EBO-pcD vector (Margolskee et al., 1988; Margolskee et al., 
1993) with a Shaker-IR 449 construct using 6 or 8 μg of CD8 or 
Shaker-IR DNA, respectively, per 100-ml dish of tsA201 cells. Trans-
fected cells were replated onto Corning 35-mm polystyrene cell 
culture dishes either pretreated with poly-l-ornithine (Sigma-
 Aldrich) to improve cell adhesion for pulling patches or un-
treated for whole-cell patching. 12–36 h following transfection, 
current was recorded from transfected cells, which were identi-
fi ed by decoration with anti-CD8 antibody-coated Dynabeads 
(Dynal Biotech) as described previously (Margolskee et al., 1993; 
Jurman et al., 1994).

Electrophysiology
Standard methods were used to record Cs+ currents in the whole-
cell confi guration and K+ currents in outside-out patches. Perfu-
sion experiments were performed on inside-out patches. Data 
were acquired using an Axopatch 200B amplifi er with 10 kHz 
 fi ltration (Axon Instruments, Inc.), digitized with a Digidata 
1322A analogue-to-digital converter, and recorded with a 20-kHz 
sampling interval using Clampex (Axon Instruments, Inc.) on a 
personal computer (Dell). For whole-cell and outside-out experi-
ments, electrodes of 1.6–2.2 MΩ resistance were pulled from 
SG10 leaded glass (Richland Glass). For inside-out patches, 8–11 
MΩ pipettes were pulled from lead-free 8520 glass (Warner 
 Instruments). Pipettes were coated with R-6101 elastomer (Essex 
Group, Inc.) and fi re polished. Adjustments for bath–pipette 
 liquid junction potentials were made before current recording. 
Whole-cell recordings were performed after a 10-min dialysis pe-
riod to ensure equilibration of pipette and intracellular solutions. 
All holding potentials were −100, and voltage errors were <3 mV 
after series resistance compensation. All experiments were 
 performed at room temperature (20–24°C). Data were analyzed 
using Clampfi t (Axon Instruments, Inc.) and Igor (Wavemetrics, 
Inc.). Unless otherwise stated, reported errors are SEM.

Solutions
Standard intracellular solutions contained 105 XF, 35 XCl, 10 
EGTA, 10 HEPES (X is the relevant cation and concentrations are 
given in mM), titrated to pH 7.36–7.38 with XOH, for a fi nal con-
centration of 160–165 mM and osmolarity of 285–295 mOsm. 
Standard extracellular solution was 20 mM KCl, 1.5 CaCl2, 1.0 
MgCl2, and 10 HEPES. Osmolarity was brought to 296–300 mOsm 
with NMG, and pH was titrated to 7.36–7.38 with HCl. For solu-
tions with reduced test cation concentrations, osmolarity was 
maintained by the addition of an appropriate concentration of 
NMG. All chemicals were obtained from Fisher Scientifi c or 
Sigma-Aldrich.
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Recovery Measurements
To measure recovery, a standard two-step voltage protocol was 
used. Unless otherwise stated, voltage steps were to +50 mV. The 
duration of the fi rst step used to inactivate channels and measure 
initial peak current amplitude was at least fi vefold longer than the 
channel’s time constant for inactivation. For longer pulses, recov-
ery rates did not change as a function of pulse duration (not de-
picted). After a recovery period of variable length at −100 mV, 
the second voltage step was applied, and peak recovered current 
amplitude was measured. No leak subtraction was used. Fractional 
recovery (FR) was calculated as (Irec − Iss)/(Io − Iss), where Io, Irec, 
and Iss represent the peak current amplitudes during the fi rst de-
polarizing step, the second depolarizing step, and the inactivated 
steady state, respectively (Levy and Deutsch, 1996a). In whole-cell 
recordings in Cs+

i (Figs. 1–3), because peak Cs+ current ampli-
tude was not fully restored within a reasonable recovery period 
(≤20 min), no depolarizing step was applied during the initial 
10-min dialysis period, after which a single two-pulse protocol was 
administered, and the cell was discarded.

Perfusion Experiments
Inside-out patches were perfused with standard intracellular so-
lutions at a rate of 1 ml/min. The pipette solution contained 
standard 20 mM K+ with NMG. Reversal potentials were mea-
sured on each patch to confi rm complete perfusion. Solution 
switches were performed using a RSC-160 perfusion apparatus 
(Bio-Logic Science Instruments). On average, perfusion was 
>95% complete within 90 ms. Voltage protocols were modifi ed 
to compensate for small liquid junction potentials arising from 

solution switching. To ensure full restoration of current between 
recovery measurements, patches were maintained at −100 mV in 
K+

i for ≥4 min after depolarization in intracellular K+. Statistical 
signifi cance of differences in mean fractional recovery was deter-
mined using the Student-Newman-Keuls all pairwise multiple 
comparison procedure.

R E S U LT S

Intracellular Cs+ Slows Recovery
To study the infl uence of intracellular permeant ions on 

recovery, we sought conditions in which recovery could 

be easily characterized, including conditions produc-

ing tractable inactivation and recovery rates.  Although 

Shaker-IR inactivates, its relatively slow inactivation time 

constant (τinact) of 1.3 s in 2 mM extracellular K+ is too 

large for convenient recovery measurements. In con-

trast, the Shaker-IR 449A and 449K mutants have a τinact of 

160 and 40 ms, respectively (Lopez-Barneo et al., 1993). 

Therefore, we compared recovery time courses for 

Shaker-IR (T449), and mutants Shaker-IR 449A and 

Shaker-IR 449K. We believe this allows us to study 

the same inactivation process because, although it is 

possible that a 449 mutation fundamentally alters the 

mechanism of slow inactivation, there is no evidence 

Figure 1. Rate of recovery depends on intracellu-
lar cation and 449-side chain. Recovery kinetics 
were examined by plotting fractional recovery (FR) 
of inactivated current with respect to time. Currents 
in 162 K+

i were recorded using outside-out patches, 
whereas the drastically reduced conductance of 
164Cs+

i required that its currents be recorded in 
whole-cell confi guration. For all recordings, K+

o 
was 20 mM. (Top) The two-pulse protocol and rep-
resentative current trace used to calculate FRs for 
449A. The recovery period shown equals 12 s. (Be-
low) Recovery time courses for T449, 449A, and 
449K. Cs+

i adds a slow phase to the recovery time 
course, an effect which is subtle in T449, more pro-
nounced in 449A, and dramatic in 449K. Note that 
time scales differ for T449 vs. mutants. Equations 
used for fi ts and resulting coeffi cients are described 
in Table I. Data are means ± SEM (n = 3–7).
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to support this conjecture. Furthermore, 449 mutants 

exhibit at least one hallmark of slow inactivation: 

a  dependence of inactivation rate and recovery rate 

 (unpublished data) on extracellular [K+]. Initially, 

we studied 449 mutants using K+ or poorly perme-

ant Cs+ as the intracellular cation. The permeability 

ratio of these cations (PCs/PK) is 0.10, and the con-

ductance ratio (γCs/γK) is 0.01 (Heginbotham and 

MacKinnon, 1993).

For these recovery measurements, 20 mM extra-

cellular K+ (K+
o) was used because of the diminutive 

nature of Cs+ currents through 449K channels in more 

dilute extracellular K+ solutions. As shown in Fig. 1 

and Table I, recovery consistently occurred more 

slowly in the presence of intracellular Cs+ (Cs+
i) than 

in intracellular K+ (K+
i). The degree to which recovery 

was slowed depended on the identity of the 449 side 

chain. T449 recovers quickly in K+
i, and an  exponential 

function fi ts the T449 recovery time course well, with 

τrec = 3.27 ± 0.14 s. Recovery of T449 occurred slightly 

more slowly in Cs+
i and is better fi t with a double-

 exponential function.

The mutants exhibit more dramatic phenotypes. 449A 

recovers with biphasic kinetics (Fig. 1; see also Meyer 

and Heinemann, 1997). This is true regardless of the 

identity of the intracellular cation (unpublished data). 

However, in the presence of Cs+
i, the biphasic nature of 

the recovery time course becomes more pronounced, 

with τslow 10-fold larger than τfast. In 449K, recovery is 

bi-exponential and even more dependent on the nature 

of the intracellular cation. When K+ is present on both 

sides of the membrane (K+
o//K+

i), the time constants 

of the two recovery phases differ by less than fi vefold. 

Replacement of K+
i with Cs+

i produces a dramatic slow 

phase with a weight coeffi cient, Aslow, of 0.60 ± 0.03, and 

a 100-fold difference in τfast and τslow. The prominent 

slow phase observed in Cs+
i suggests that replacement 

of K+
i with Cs+

i causes a substantial fraction of channels 

to enter a more stable inactivated state in response to a 

sustained depolarizing voltage step.

Because binding of extracellular K+ to inactivated 

Kv channels promotes recovery (Levy and Deutsch, 

1996a,b), we asked whether slow recovery occurs merely 

as a consequence of removal of K+
i, or as a result of the 

Figure 2. Reduction of intracellular Cs+ speeds 
 recovery. 449A current traces in response to a step to 
+50 mV are shown before (1) and after (2) a 90-s RP 
at −100 mV. Dashed gray line represents zero-current 
level. Reduction of Cs+

i increased FR from 0.69 
(in 164 mM Cs+

i) to 0.90 (in 10 mM Cs+
i). Addition 

of NMG+ to the 10 mM Cs+
i solution maintained os-

molarity. K+
o was 5 mM to maintain an outward driv-

ing force with both intracellular solutions. Decreased 
outward driving force in 10 mM Cs+

i results in 
smaller ionic currents, allowing gating currents (*) 
to be readily observed. For the current traces shown, 
the inactivation time constants obtained in 164 and 
10 mM Cs+

i are 164 and 47 ms, respectively. The 
 average time constants (±SEM) are 180 ± 17 ms 
(n = 3) and 47.3 ± 2.9 ms (n = 4), respectively.

TA B L E  I

Recovery Kinetics

Mutant Intracellular Cation Afast τfast or τrec (s) Aslow τslow (s)

T449 (WT) K+ (6) – 3.27 ± 0.14 – –

Cs+ (3–4) 0.88 ± 0.06 3.46 ± 0.45 0.13 ± 0.06 62 ± 50

449A K+ (5) 0.47 ± 0.14 7.4 ± 2.0 0.53 ± 0.14 32.2 ± 4.9

Cs+ (3–6) 0.72 ± 0.12 26.6 ± 4.9 0.28 ± 0.12 240 ± 190

449K K+ (3) 0.87 ± 0.09 3.98 ± 0.87 0.13 ± 0.11 24 ± 16

Cs+ (3–7) 0.40 ± 0.03 4.8 ± 1.1 0.60 ± 0.03 530 ± 160

Time courses were fi t with the double exponential function: FR = 1− [Aslow*exp(−RP/τslow) + Afast*exp(−RP/τfast)], where RP represents the recovery 

period, i.e., the time that channels were allowed to recover at the −100 mV holding potential; τfast and τslow represent the time constants for the fast and 

slow phases of the curve; and Aslow and Afast denote the weight coeffi cients for each of these phases. When τslow and τfast did not differ signifi cantly or Aslow 

was not signifi cantly larger than 0, the time course was assumed to be monoexponential and was re-fi t with the single exponential function FR = 1 − 

exp(−RP/τrec), where τrec represents the single exponential recovery time constant. For K+
i, values in parentheses represent the number of patches from 

which a complete recovery time course was recorded. For Cs+
i, no cell contributed more than one FR measurement, and values in parentheses represent 

the number of cells contributing to the FR for each point on the x axes shown in Fig. 1. The parameters and their errors were estimated by weighted chi-

square minimization using data from all cells simultaneously. This was necessary because in some cells as few as one determination of recovery was made 

at a single RP.
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presence of Cs+
i. If recovery is slower in Cs+

i simply due 

to K+
i removal, then fractional recovery (FR) in the ab-

sence of K+
i should not vary with Cs+

i concentration. 

In contrast, if slow recovery were due to binding of Cs+
i 

to the channel, then a reduction in Cs+
i would speed 

 recovery. We therefore compared fractional recoveries for 

449A in 164 and 10 mM Cs+
i, each in the absence of K+

i. 

Fig. 2 shows current recordings during both pulses of a 

two-pulse recovery protocol in 164 mM Cs+
i (left) and 10 

mM Cs+
i (right). In 164 mM Cs+

i, a signifi cantly smaller 

fraction of channels recovered than in 10 mM Cs+
i after 

90 s at −100 mV. Reduction of Cs+
i increased FR from 

0.68 ± 0.01 (in 164 mM Cs+
i, n = 3) to 0.91 ± 0.02 (in 

10 mM Cs+
i, n = 5). The simplest explanation for this 

fi nding is that intracellular Cs+ binds to a site within the 

channel and, in so doing, promotes slow recovery.

The Recovery Modulatory Site Resides 
in the Permeation Pathway
To determine whether the binding site lies in the 

 permeation pathway, we examined the relationship 

 between fractional recovery and direction of current 

fl ow in 449K using K+
o//Cs+

i. This mutant, as demon-

strated by Fig. 1 and Table I, was the mutant of choice 

for all subsequent experiments. If the binding site lies 

in the permeation pathway, large outward currents that 

fl ood the pathway with Cs+ would tend to retard recov-

ery; large inward currents that fl ood the pathway with 

K+ would speed recovery. In contrast, if the binding 

site for the modulatory cation resides outside the per-

meation pathway, recovery should be independent of 

 current direction.

To manipulate current direction, the potential at 

which channels were inactivated was varied and the de-

pendence of FR on inactivating potential was measured 

(Fig. 3). Cation concentrations (20 K+
o//80 Cs+

i) were 

chosen to render a positive reversal potential (Erev, 29 

mV) so that FR could easily be measured at multiple test 

potentials on either side of Erev. Potentials signifi cantly 

more positive than Erev resulted in outward Cs+ currents 

with small FR (0.37 ± 0.03 at 70 mV). This FR resem-

bled the value previously observed in 20 K+
o//164 Cs+

i 

at +50 mV (0.35 ± 0.01, Fig. 1). Fractional recovery in-

creased after inactivation at potentials closer to Erev. 

At potentials less positive than Erev, large inward K+ cur-

rents resulted, and FRs at 10 mV (0.75 ± 0.06) ap-

proached a maximum, similar to that observed in the 

20 K+
o//80 K+

i control (0.77 ± 0.02 at 10 mV). Frac-

tional recovery in 20 K+
o//80 K+

i showed no sensitivity 

to changes in inactivation potential, with similar FR af-

ter inactivation at 10 and 90 mV (0.76 ± 0.02 at 90 mV). 

Thus, FR is voltage dependent under bi-ionic condi-

tions, consistent with a modulatory binding site within 

the permeation pathway. Alternatively, the recovery rate 

could be set intrinsically by the depolarized voltage that 

causes inactivation. However, this alternative interpreta-

tion fails to explain (1) the invariance of FRs obtained 

for channels bathed in bilateral K+ (K+
o//K+

i) and de-

polarized to different potentials, (2) the striking simi-

larity between FRs obtained for channels bathed in 

K+
o//K+

i and those bathed in bi-ionic solutions (20 

K+
o//80 Cs+

i) at potentials allowing large inward cur-

rents, and (3) the presence of the reversal potential 

within the voltage range through which fractional re-

covery crosses between its extremes. We therefore favor 

the conclusion that the binding site (or sites) governing 

recovery resides within the permeation pathway.

Location of the Binding Site for Intracellular Cations
Where in this pathway does intracellular Cs+ bind: on 

the intra- or extracellular side of the slow inactivation 

gate? For simplicity, we refer to the location of cation–

channel interaction as a single binding site, although 

Figure 3. Dependence of FR on current direction. (A) Voltage 
protocols used in a two-pulse recovery whole-cell experiment to 
elicit currents through 449K in 20 K+

o//80 Cs+
i. Steps to test po-

tentials less positive than Erev (29 mV) produce inward currents, 
whereas potentials greater than Erev produce outward currents. 
Voltage protocol and current recorded during a 10-mV (left) or 
70-mV (right) depolarizing pulse. Trace 1 shows the original inac-
tivating current; trace 2 shows current after a 9-s recovery period 
at −100 mV. (B) Fractional recoveries obtained as described in A 
in either 20 K+

o//80 Cs+
i (open triangles) or 20 K+

o//80 K+
i 

(fi lled triangles) were plotted versus depolarization pulse potential. 
(n = 3 for each K+

o//K+
i FR measurement, and n = 4–7 for each 

K+
o//Cs+

i measurement.) Error bars represent SEM.
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this interaction may occur through multiple binding 

sites. To address this question, inside-out patches were 

subjected to pulses of Cs+
i at various times during inac-

tivation and recovery. If the cation binding site resides 

on the extracellular side of the inactivation gate, Cs+
i 

must access that site before closure of the gate. Applica-

tion of Cs+
i before inactivation will slow recovery, 

whereas Cs+
i application after inactivation will have no 

effect on recovery. If the binding site is present on the 

intracellular side of the inactivation gate and still acces-

sible to Cs+
i, a Cs+

i pulse may suffi ce to slow recovery.

Three technical issues were considered in these exper-

iments: (1) the solution exchange time for the pulsed 

applications, (2) the junction potentials induced by so-

lution changes, and (3) ensuring complete recovery be-

tween protocols. The fi rst two issues were addressed by 

Figure 4. Pulses of intracellular Cs+ reduce fractional recovery. Inside-out patches containing 449K with 20 K+
o were perfused with 162 

K+
i or 164 Cs+

i. (A) Shading scheme for perfusion kinetics. Channels were depolarized to +50 mV during perfusion with 162 K+
i (light 

gray). After 110 ms, perfusion with 164 Cs+
i was begun. As Cs+

i replaces K+
i, current drops to near zero as a consequence of lower Cs+

i 
conductance (darker gray). Complete Cs+

i perfusion was confi rmed by Erev determination (not depicted). For comparison, a Cs+
i-free 

current trace is also plotted in gray. Periods of complete Cs+
i perfusion are shown in black. (B) The infl uence of various Cs+

i pulses on 
FR. Fractional recovery after a 9-s recovery period was measured after perfusion with Cs+

i for different intervals during inactivation and 
recovery. The two-pulse protocol and current elicited in the absence of a Cs+

i pulse are shown above. Schematized perfusion protocols 
employed are shown below, using the shading scheme from A. Protocol numbers are shown on either side of each schematic. Horizontal 
bars at right represent FR for the corresponding perfusion protocol (mean ± SEM, n = 5–9 for each FR measurement). Different shad-
ing in the bar graph shows signifi cantly different statistical groups (P < 0.05). Adjacent pairs determined to be signifi cantly different are 
noted with an asterisk. (C) 400-ms Cs+

i pulses applied as channels return to −100 mV. For simplicity, only the fi rst pulse and associated 
current of a two-pulse protocol are shown. Perfusion protocol shading scheme and bars representing FR (n = 4–6) are as in A and B.
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direct measurement (Fig. 4 A; Materials and Methods). 

Complete exchange (>95%), determined by Erev, oc-

curred within 90 ms, and voltage protocols included 

corrections for all junction potentials. The third issue 

was particularly relevant because multiple FR measure-

ments were made with each inside-out patch. To allow 

channels to fully recover between protocols, patches 

were maintained at the holding potential (−100 mV) 

in K+
i for a minimum of 4 min. Regardless of whether 

Cs+
i was applied, the second test depolarization of the 

two-pulse protocol (applied in the presence of K+
i) fol-

lowed by a 4-min “reset” period  (also in the presence 

of K+
i), restored the original current amplitude. With 

these issues resolved, we proceeded to carry out the ex-

periments shown in Fig. 4 (B and C) (Protocols 1–23).

When K+
i was continuously applied to channels dur-

ing a two-pulse protocol, a fraction of inactivated chan-

nels equal to 0.89 ± 0.01 recovered in 9 s (Protocol 1). 

However, when Cs+
i perfusion was initiated 21 ms after 

the start of the depolarizing pulse and maintained for 

the majority of the recovery period, FR decreased to 

0.49 ± 0.01 (Protocol 2). This observation confi rms 

that an exposure of the channel to intracellular Cs+ is 

suffi cient to slow recovery, even when the peak current 

recorded is carried by K+. A Cs+
i pulse applied to open 

channels as their inactivation gates close, but termi-

nated before the end of the depolarizing pulse (Proto-

col 3), resulted in FR of 0.87 ± 0.01, statistically 

indistinguishable (P = 0.45) from the FR obtained 

when K+
i is present continuously. This fi nding suggests 

that the modulatory binding site does not reside on the 

extracellular side of the inactivation gate and is more 

likely to lie on the intracellular side. Moreover, if chan-

nels bind Cs+ during the depolarization in Protocol 3, 

from either the open or the inactivated state, they rap-

idly release it at the end of the Cs+
i pulse.

Indeed, if the modulatory site is on the intracellular 

side of the slow inactivation gate and accessible, then we 

expect application of Cs+
i to inactivated channels to 

slow recovery. To test this hypothesis, we applied Cs+
i to 

inactivated channels as they recovered from inactiva-

tion. In Protocols 4–6, Cs+
i pulses were administered to 

inactivated channels during the initial, middle, or fi nal 

third of a 9-s recovery period. No signifi cant difference 

in FR occurred when Cs+
i was applied during the mid-

dle (FR = 0.88 ± 0.01) or fi nal (FR = 0.86 ± 0.01) 

thirds of the recovery period (P = 0.33 and 0.10, respec-

tively). However, FR was slightly, but signifi cantly, 

smaller when Cs+
i was applied during the fi rst third of 

the recovery period (FR = 0.80 ± 0.01, P < 0.01).

These results suggest that a period of sensitivity to 

Cs+
i occurs soon after inactivated channels are returned 

to a hyperpolarized holding potential. To identify 

the specifi c time interval that is ion sensitive, we used 

overlapping Cs+
i pulses of equal (400 ms) duration 

applied before, during, and after the end of the fi rst 

 depolarizing pulse in a two-pulse protocol (Fig. 4 C). 

Cs+
i pulses ending before the termination of the depo-

larizing pulse failed to reduce FR (Protocols 8–10), con-

sistent with the results shown in Fig. 4 B. When Cs+
i was 

present as channels returned to their holding potential, 

FR decreased signifi cantly (Protocols 11–18), whereas 

later in the recovery period (>100 ms after the end of 

the depolarizing pulse), channels became insensitive to 

Cs+
i (Protocols 19–23). Assuming that slow inactivation 

effectively bars access of intracellular Cs+ to binding 

sites on the extracellular side of the inactivation gate, 

these results provide additional evidence that the mod-

ulatory binding site resides on the intracellular side of 

this gate.

To explain the decreased recovery that is manifest 

many seconds after a brief Cs+
i pulse, we propose that 

an intracellular cation is trapped in the permeation 

pathway after return of a channel to its holding poten-

tial. In support of this hypothesis, the original current 

amplitude was completely restored between consecu-

tive two-pulse protocols (allowing repeated FR measure-

ments to be made on the same patch), suggesting that 

trapped Cs+
i can be released by the second depolariza-

tion in a two-pulse protocol. To explicitly test whether 

depolarization releases the trapped Cs+, we modifi ed 

Protocol 14 shown in Fig. 4 C to include a 10-ms step to 

+50 mV after the Cs+
i-to-K+

i switch. This 10-ms step was 

suffi cient to fully restore the FR to levels seen in the ab-

sence of a Cs+
i pulse (Fig. 5 A). This suggests that a 

trapped Cs+ continued to slow recovery, even after in-

tracellular Cs+ was washed away, and a liberation step 

during the recovery period released the trapped Cs+. 

Consistent with this conclusion, a 10-ms step in the con-

tinued presence of Cs+ does not restore FR, eliminating 

the possibility that depolarization itself restores FR.

A straightforward interpretation of this observation 

would be that depolarization opened the channel’s acti-

vation gate, allowing trapped Cs+ to be replaced with 

K+ from the internal solution. If release of Cs+ is depen-

dent on opening of the activation gate, then recovery 

should be a function of activation-gate open probability 

(Po) and the kinetics of Cs+ liberation should correlate 

with the kinetics of activation. To test this hypothesis, we 

compared recovery after liberation voltage steps to two 

different voltages, 0 and +80 mV. At these voltages, the 

channel has markedly different activation kinetics, acti-

vating more slowly at 0 mV than at +80 mV. We mea-

sured FR as a function of liberation-step duration and 

compared this to activation rates of the channel from a 

holding potential of −100 mV to 0 or +80 mV. At +80 

mV, Cs+ liberation kinetics bore a striking resemblance 

to those of channel activation at the same potential, 

even faithfully recapitulating the sigmoidal delay in 

Shaker’s activation time course (Hoshi et al., 1994; 

 Zagotta et al., 1994a; Zagotta et al., 1994b). This agree-

ment suggests that the rate-limiting step in Cs+ liberation 
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is the rate of opening of the activation gate. The same 

experiment performed with a liberation voltage step to 

0 mV confi rms this conclusion. At 0 mV, activation oc-

curred signifi cantly more slowly than at +80 mV, as did 

the kinetics of Cs+ liberation. The correlation between 

Cs+ liberation and channel opening kinetics provides 

strong evidence that a depolarizing pulse releases 

trapped Cs+ from inactivated channels by opening the 

channel’s activation gate.

These results suggest that slow recovery occurs when 

Cs+ is trapped between the channel’s activation and in-

activation gates. In contrast, K+ does not slow recovery, 

either because it does not occupy this site or because, 

when in this site, it infl uences recovery differently. We 

next asked how other intracellular monovalent cations 

infl uence recovery.

Selectivity of the Modulatory Binding Site
The channel’s permeation pathway includes both the 

selectivity fi lter and the central cavity (Doyle et al., 1998; 

Hille, 2001; Zhou et al., 2001), a 10-Å-wide aqueous ves-

tibule located halfway through the lipid bilayer and 

thought to be accessible to the intracellular solution in 

the channel’s open state (Jiang et al., 2002b). Both the 

Figure 5. Activation gate-opening releases trapped Cs+. 9-s FR was measured with a protocol similar to Fig. 4, Protocol 14, either with 
or without a brief depolarizing voltage step after Cs+ washout to reopen the activation gate. (A) Protocols 1–3 show control voltage and 
perfusion protocols. Protocol 4 tests the ability of a 10-ms step to +50 mV to restore FR to Cs+-free levels. As in Fig. 4, bars at right show 
resulting FR (n = 5–9). Asterisks mark signifi cantly different adjacent pairs (P < 0.05). Current traces shown below were evoked by Pro-
tocol 4, where trace 1 shows the initial current amplitude, and trace 2 shows current after the 9-s recovery period. Note that most of the 
original current amplitude is regained in the second trace. (B) Comparison of recovery time course and channel activation kinetics at 
+80 mV. The black trace shows average current activation after a step to +80 mV (n = 6). Gray swaths on either side of the line represent 
standard error of the current amplitude. Open triangles show FR measured using a protocol similar to that shown in A, Protocol 4, ex-
cept that the liberation step was increased to +80 mV, and step duration was varied from 0 to 2.5 ms (n = 5). The initial lag characteristic 
of Shaker activation is demarked with an asterisk. (C) Comparison of recovery time course and channel activation kinetics at 0 mV. To ex-
amine the time course of Cs+ liberation at 0 mV, FR was measured after liberation steps lasting from 0 to 10 ms. Fractional recovery in-
creased with step duration. Mean current during a step to 0 mV is shown as a black line, surrounded by standard error swaths (n = 7). 
Current initially rises at a rate similar to the increase in FR, but soon falls away because the rate of activation at 0 mV is comparable to in-
activation (τinact = 33 ± 1 ms). Current and Cs+ liberation (open triangles) at +80 mV are included as a point of reference. Average cur-
rent after a step to 0 mV was normalized to +80 mV based on relative macroscopic conductance (G0mV/G80mV ≈ 0.75).
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selectivity fi lter and the central cavity exhibit ion selec-

tivity (Neyton and Miller, 1988; Hille, 2001; Nimigean 

and Miller, 2002; Y. Zhou and MacKinnon, 2004). Be-

cause the binding site for the intracellular cation is 

within the permeation pathway (Figs. 3–5), we expect 

the modulatory binding site to be ion selective as well.

To probe the selectivity of the modulatory site, we 

measured recovery as a function of intracellular cation. 

Pulses of various intracellular cations were applied to 

inactivated 449K channels either at +50 mV, during the 

transition from +50 to −100 mV, or late in the recovery 

phase at −100 mV (Fig. 6 A). As with Cs+
i, the other 

monovalent cations, Rb+
i, NH4

+
i, or Na+

i, reduced FR 

when the cation pulse coincided with the transition 

from +50 to −100 mV, but had no effect when applied 

earlier or later in the protocol. Pulses of NMG+
i did not 

change FR (Fig. 6 B). To examine the entire recovery 

time course for each test cation, we used a protocol sim-

ilar to Protocol 2 in Fig. 6 A. The results are plotted in 

Fig. 6 C, along with the fi ts to a double-exponential 

function containing a fast and slow time constant (τfast 

and τslow) and weight coeffi cients, Afast and Aslow, for the 

respective fast and slow phases of recovery. For perme-

ant cations, K+
i, NH4

+
i, Rb+

i, or Cs+
i, regardless of the 

intracellular cation present when inactivated channels 

are returned to the hyperpolarized holding potential, 

τfast, Afast, and Aslow for the recovery time courses are sim-

ilar (Table II). The simultaneous fi t to the time courses 

of all of the permeant cation pulse recoveries shown in 

Fig. 6 C demonstrates that the variation of a single pa-

rameter, τslow, is suffi cient to account for each time 

course (χ2 = 0.007).

Figure 6. Influence of vari-
ous intracellular ions on 
 recovery. Inside-out patches 
containing 449K were stud-
ied in 20 mM K+

o and per-
fused with 162 mM K+

i and 
test cation pulses. (A) Per-
fusion protocols used to 
measure 9-s FR. (B) Average 
9-s FR for channels pulsed 
with 160 mM internal 
Rb+, NH4

+, Na+, or NMG+ 
using the protocols in A are 
re presented as bars ± SEM 
(n = 4–7). Significantly dif-
ferent FR values (P < 0.05) 
are marked with asterisks. 
(C) Recovery kinetics after 
inactivation and a test cat-
ion pulse were examined 
 using a protocol similar to 
Protocol 2 in A, but with a 
variable recovery period 
at −100 mV. Full recovery 
time courses (n = 3–5) are 
shown after pulses of either 
the permeant cations K+

i, 
NH4

+
i, Rb+

i, or Cs+
i (left), 

or pulses of the impermeant 
cations Na+

i, NMG+
i, or 

TMAi (right). The TMA 
data represent the steady-
state FR: the value is the 
same at 90 s (shown) and 
180 s (not depicted), 0.64 ± 
0.03 and 0.62 ± 0.02, re-
spectively. Each curve was 
independently fit with the 
func tions used for Fig. 1 
and Table I (solid, black 
lines). For permeant cat-
ions, a global fit was per-
formed in which a single 

value for τfast, Afast, and Aslow was found for all curves and only τslow was allowed to vary from curve to curve (dashed, gray lines). 
 Parameters for independent and global fits are shown in Table II.
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The invariance of Aslow indicates that the identity of 

the applied permeant cation does not infl uence the 

fraction of channels that recover slowly. However, the 

variation in the rate of recovery, 1/τslow, with type of in-

tracellular cation is consistent with the hypothesis that a 

modulatory cation is trapped following return of chan-

nels to a hyperpolarized potential and that the nature 

of this trapped cation determines the recovery rate. En-

trapment is supported by the fact that all of the non-K+ 

permeant cations’ slow recovery long after the intracel-

lular solution is switched back to K+. Slow recovery can 

be explained by one of two possible scenarios: the pres-

ence of a particular cation in the modulatory site, or by 

an empty modulatory site. The latter model can be 

eliminated based on the following considerations. First, 

raising Cs+
i slows the recovery rate (Fig. 2), exactly the 

opposite result expected if empty modulatory sites pro-

mote slower recovery. Second, a model in which empty 

modulatory sites underlie slow recovery predicts that 

the rate of the slower component would be the same for 

all ion species, a prediction that is also in confl ict with 

our data. This suggests that the fast recovery observed 

in the presence of K+
i occurs not because K+ fails to oc-

cupy the modulatory binding site, but because K+, when 

trapped at this site, catalyzes recovery more effectively 

than do other cations. Consistent with this hypothesis, 

we interpret the similarity between the kinetics of recov-

ery from channels bathed in bilateral K+ (τrec = 4.3 s) 

and the fast phase of recovery after the application of 

other intracellular cations (τfast = 2.5–3.8 s) as repre-

senting the fraction of channels containing a trapped 

K+ at the modulatory site.

The effect of intracellular impermeant cations, NMG+ 

and Na+, on recovery differs from that seen for perme-

ant cations. The recovery time course after a pulse of 

NMG+ displays monoexponential kinetics (τrec = 4.01 ± 

0.02 s, Fig. 6 C) that closely resemble the recovery seen 

from channels bathed in K+
i. These results indicate that 

NMG+ does not stabilize a long-lived nonconducting 

state. Either a trapped NMG+
i fails to bind to the modu-

latory site or NMG+
i does not become trapped behind 

the activation gate. However, tetramethylammonium 

(TMA), a cation that can enter the channel from the in-

tracellular compartment, but cannot permeate further 

into the selectivity fi lter, prevents recovery. When 160 

mM TMA is applied to inactivated 449K channels using 

Protocol 2 shown in Fig. 6 A, FR is 0.64 ± 0.03 at 90 s 

and 0.62 ± 0.02 at 180 s  (Fig. 6 C). When Na+
i is ap-

plied, only 0.83 ± 0.01 of the original current ampli-

tude is restored in the 180-s period during which 

recovery was examined. This time course is best fi t with 

a bi-exponential function with τfast similar to that seen 

when K+
i is applied (3.93 ± 0.43 s) and a very large τslow 

(980 ± 650 s). Aslow is small (0.20 ± 0.02) compared 

with that observed for permeant cations, suggesting 

that 80% of channels trap a K+ and 20% trap Na+ in the 

modulatory site. In the latter case, the channel does not 

recover (see Discussion, Fig. 8).

Our working hypothesis to explain these data is that 

inactivated channels, when returned to a hyperpolar-

ized holding potential, trap a cation behind the activa-

tion gate. The ability of channels to return to a 

noninactivated state depends on the identity of the 

trapped cation, in the following rank order: K+ > NH4
+ 

> Rb+ > Cs+ >> Na+, TMA.

D I S C U S S I O N

Although the processes of permeation and gating 

 occur on time scales that typically differ by more than 

fi ve orders of magnitude, gate movement may be 

highly sensitive to permeant ions that transiently visit 

binding sites of the permeation pathway. The regula-

tion of gating by permeant ions is highlighted in our 

study of the recovery from slow inactivation in Shaker. 
First, the rate of recovery depends upon the species 

of permeant ion present on the intracellular side of 

the channel. The recovery from inactivation at a hy-

perpolarized voltage is relatively rapid in the presence 

of internal K+ and is slower if the channels are hyper-

polarized in the presence of intracellular NH4
+, Rb+, 

Cs+, Na+, or TMA. Second, the ion dependence of 

recovery derives from entrapment of a cation within 

the permeation pathway, specifi cally between the 

channel’s slow inactivation gate and the intracellular 

activation gate. This trapping is caused by activation 

TA B L E  I I

Cation-pulse Recovery Kinetics in 449K Shaker

Independent Fit Global Fit

Perfused Cation Aslow τfast or τrec (s) τslow (s) Aslow τfast (s) τslow (s)

Permeant Cations K+
i – 4.30 ± 0.03 – 0.37 ± 0.01 3.18 ± 0.16 6.78 ± 0.63

NH4
+

i 0.33 ± 0.01 3.25 ± 0.10 56 ± 3.2 0.37 ± 0.01 3.18 ± 0.16 47.0 ± 4.5

Rb+
i 0.38 ± 0.01 2.54 ± 0.19 201 ± 27 0.37 ± 0.01 3.18 ± 0.16 220 ± 28

Cs+
i 0.36 ± 0.01 3.81 ± 0.12 358 ± 32 0.37 ± 0.01 3.18 ± 0.16 355 ± 62

Impermeant Cations Na+
i 0.20 ± 0.02 3.93 ± 0.43 980 ± 650 – – –

NMG+
i – 4.01 ± 0.02 – – – –

Time courses were fi t as described in Table I. See Fig. 6 C for description of global fi t.



 Ray and Deutsch 213

gate closure upon repolarization of the channel. Fig. 7 

proposes a mechanism involving cation movement be-

tween modulatory and exchangeable sites within the 

permeation pathway. This mechanism is largely consis-

tent with our data and constitutes a framework for the 

following discussion.

Location of the Trapped Cation
Slow inactivation involves a rearrangement of the outer 

mouth of the channel and a portion of the selectivity fi l-

ter (Grissmer and Cahalan, 1989b; Choi et al., 1991; 

 Yellen et al., 1994; Liu et al., 1996; Starkus et al., 1997; 

Harris et al., 1998; Kiss et al., 1999; Ogielska and 

Aldrich, 1999; Larsson and Elinder, 2000; Wang et al., 

2000). This rearrangement prevents the passage of ions 

across the selectivity fi lter. The conducting conforma-

tion of the selectivity fi lter includes fi ve adjacent cation 

binding sites numbered 0 (outermost) through 4 (in-

nermost) (Morais-Cabral et al., 2001). Although some of 

these sites may be disrupted when the channel inacti-

vates, the conformational changes associated with slow 

inactivation appear to be localized to the more external 

binding sites (Ogielska and Aldrich, 1999; Zhou et al., 

2001). Thus, selectivity fi lter binding sites such as site 4, 

and possibly site 3, may persist in the inactivated state 

(Harris et al., 1998; Jiang and MacKinnon, 2000; 

Lenaeus et al., 2005) and constitute the outermost pos-

sible site(s) for the location of entrapped modulatory 

cations. At the other end, the innermost boundary for 

the site of entrapment is the closed activation gate (Fig. 

7 C). This is inferred from two observations. First, liber-

ation of Cs+ from inactivated channels at depolarized 

potentials tracks activation gate opening kinetics. 

 Second, repolarization of the inactivated channel to −120 

mV closes the activation gate with a time constant of 

23 ms (Panyi, G., and C. Deutsch. 2006. Biophys. J. 
90:243a), consistent with our observation that the pe-

riod during which channel recovery is maximally sensi-

tive to intracellular cations lasts no more than 200 ms 

after return of depolarized channels to their holding 

potential. Thus, activation gate transitions are likely to 

be responsible for both the entrapment and the release 

of the cation.

The activation gate is formed by the bundle crossing 

of each of the four subunit’s S6 transmembrane helices 

at the intracellular side of the channel’s pore domain 

(Liu et al., 1997; Doyle et al., 1998; Jiang et al., 2002a). 

After closure of the gate, the channel retains a 10-Å-

wide aqueous cavity between the selectivity fi lter and 

the S6 helix bundle (Doyle et al., 1998). Near the cen-

ter of this cavity is a site for monovalent cations, includ-

ing Tl+, K+, Rb+, Cs+, and Na+ (Y. Zhou and MacKinnon, 

2004). A cation residing in this cavity site is expected to 

be readily exchangeable when the activation gate is 

open. Cs+ has the additional ability to occupy a position 

between site 4 and the central cavity site, though occu-

pancy of this site is likely to be mutually exclusive with 

both site 4 and the central cavity site (Y. Zhou and 

 MacKinnon, 2004). Because this site is located near site 4 

(but more intracellular), we refer to it as site 4’ 

(M. Zhou and MacKinnon, 2004). Site 4’ may be the site 

through which Cs+
i and Rb+

i, but not K+
i, compete with 

the binding of the intracellular channel blocker, TBSb 

Figure 7. A model for intracellular cation interaction with the 
inactivated channel. A slow inactivated channel is represented by 
squiggled lines at the selectivity fi lter. The intracellular portion 
of the channel, including the cavity, is shown by straight lines. 
(A) Channels inactivated in the presence of K+

i bind K+ in either 
an exchangeable site or a modulatory site at the intracellular end 
of the selectivity fi lter. (B) When a Cs+ pulse is applied intracellu-
larly to depolarized, inactivated channels, K+ in the exchangeable 
site is rapidly replaced by Cs+. K+ bound to the modulatory site 
(shown) exchanges very slowly. (C) Figures below dashed line 
represent structures occurring at −100 mV. After return to a hy-
perpolarized potential, the activation gate closes, and either Cs+ 
or K+ becomes trapped between the closed inactivation gate and 
the activation gate. Recovery is promoted by interaction of the 
trapped cation with the modulatory site. Channels in which K+ is 
trapped recover quickly (contributing to the fast phase of the re-
covery time course), whereas channels with trapped Cs+ recover 
slowly. (D) Trapped Cs+ can be liberated from the channel by de-
polarization, which opens the activation gate, in the presence of 
K+

i. Thus, Cs+ re-exchanges for K+, resulting in fast recovery.
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(Thompson and Begenisich, 2003). We propose that 

the modulatory site is at 4 or 4’ and that the exchange-

able site is either here or at a more intracellular site, 

perhaps in the center of the cavity (Fig. 7 A). Cations in 

either of these sites become trapped when the activa-

tion gate closes.

Mechanism of Ion-sensitive Recovery
Upon inactivation, channels bind K+ in the modulatory 

site (Fig. 7 A). K+ occupancy of this site promotes re-

covery. When Cs+
i is applied to channels with an open 

activation gate, replacement of K+ with Cs+ requires 

departure of K+ from the modulatory site. A closed in-

activation gate presumably precludes outward move-

ment of a K+ ion through the selectivity fi lter. Therefore, 

the exchange of Cs+ for K+ must occur through the 

open activation gate. We propose that the exit rate of 

K+ from the modulatory site is signifi cantly slower in 

the inactivated channel than in the noninactivated 

channel due to a higher K+ affi nity in the inactivated 

channel. This explains the observed biphasic recovery 

shown in Fig. 6 C. After repolarization of inactivated 

channels during a non-K+ permeant cation pulse, 

60% of channels recover quickly, with a rate nearly 

identical to that seen in K+
i. The other 40% of channels 

recover with a rate that depends on the identity of the 

cation applied during the hyperpolarization transition. 

The fast recovery route taken by 60% of the channels is 

depicted by the right column of steps in Fig. 7. The 

slower route for the remaining 40% is depicted by the 

left column of transitions. The slow, rate-limiting exit 

rate for K+ from the modulatory site explains why a 

fi xed fraction of channels successfully exchange K+ 

with a perfused permeant cation, and why this fraction 

(0.4) is independent of the species of non-K+ permeant 

cation applied.

Although the rate of K+ exit from the channel may 

be slow relative to activation gate transitions, the rate 

of Cs+ exit is not, as suggested by our fi nding that the 

rate-limiting step in Cs+ liberation is opening of the 

activation gate. The faster rate of exit for Cs+ may be 

explained by its low affi nity for the modulatory site. 

For example, Cs+ may prefer to occupy a site similar 

to site 4’ or the central cavity site, rather than site 4. 

 Regardless of which site Cs+ occupies, washout from 

that site is fast relative to opening of the activation gate 

(Fig. 5 and Fig. 7 D).

Further support for an intimate relationship between 

permeation and recovery is evident from the mono-

tonic relationship between rate of recovery and open 

channel conductance (Fig. 8 A). We speculate that a 

permeant ion in the modulatory binding site of an inac-

tivated channel (I) moves from the modulatory site to a 

deeper location (in state NI [noninactivated]) within 

the selectivity fi lter for the channel to recover (Fig. 8 B). 

I’ is a transient state that resembles a conductive state 

with respect to the structure of the selectivity fi lter. 

 Recovery in this model occurs when the ion in state I’ 

hops further into the selectivity fi lter, thus stabilizing 

the NI state. In an open channel, the relative ability of 

an ion to move easily from one site to another is mani-

fest as its conductance. The correlation between the re-

covery rate and conductance suggests that the I’-to-NI 

transition is common to both processes. Thus, a highly 

conductive cation like K+ is expected to promote more 

rapid recovery than a less conductive ion. If an ion does 

not move rapidly enough from the modulatory site in I’ 

to the second site in NI, the channel will rapidly return 

to state I. In this model, therefore, the cation selectivity 

sequence for recovery should correlate with conduc-

tance. Our model (Figs. 7 and 8) suggests that an ion 

like Cs+, when bound in the modulatory site, dissoci-

ates more rapidly than K+ into the cavity, but slower 

than K+ into the selectivity fi lter (the I’-to-NI transi-

tion). This is simply explained if K+ has a higher affi nity 

for the modulatory site than Cs+, but that the energy 

barrier for Cs+ to move deeper (more extracellular) 

into the selectivity fi lter is much higher than the com-

parable barrier for K+. This is consistent with the higher 

K+ selectivity of sites deeper into the selectivity fi lter 

(Aqvist and Luzhkov, 2000; Berneche and Roux, 2001; 

Noskov et al., 2004).

Moreover, the model shown in Fig. 8 B can explain 

the results obtained with internal Na+ (Fig. 6 C). Only 

20% of the channels trap Na+ ion when hyperpolar-

ized in the presence of Na+
i due to the relatively poor 

selectivity of the most intracellular selectivity fi lter sites, 

for example, sites 3 and 4 (Aqvist and Luzhkov, 2000; 

Berneche and Roux, 2001; Noskov et al., 2004). Once in 

this modulatory site, Na+ does not move readily into the 

more extracellular site of state NI. This is consistent 

with the fact that sodium is nearly impermeant, having 

a conductance in Shaker that is indistinguishable from 

leak (Heginbotham and MacKinnon, 1993). Thus, there 

is no recovery on the time scale of our measurements. 

The rapid 80% recovery is from inactivated channels 

that have trapped a K+ ion. Similarly, the lack of recov-

ery by inactivated channels that have trapped a TMA 

ion during a TMA-pulse is consistent with the model 

proposed in Fig. 8 B.

Occupancy of the selectivity fi lter by permeant cat-

ions is likely to be necessary for the maintenance of a 

conductive conformation. The presence of permeant 

cations in the selectivity fi lter has been suggested to be 

necessary to counterbalance the electrostatic repulsion 

experienced by opposing selectivity fi lter oxygen atoms 

as a consequence of their negative dipoles (Almers and 

Armstrong, 1980; Shrivastava and Sansom, 2000; Zhou 

et al., 2001). At low permeant cation concentrations, 

the selectivity fi lter binding sites are not fully occupied 

and the selectivity fi lter is distorted (Shrivastava and 

Sansom, 2000; Morais-Cabral et al., 2001; Zhou et al., 
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2001; Zhou and MacKinnon, 2003). A possible conse-

quence of removal of permeant cations from the chan-

nel, therefore, is entry into a stable nonconducting 

conformation (Melishchuk et al., 1998; Loboda et al., 

2001). Underpopulation of at least some selectivity fi l-

ter binding sites may also be characteristic of the slow 

inactivated state (Lopez-Barneo et al., 1993; Baukrowitz 

and Yellen, 1995; Rasmusson et al., 1995; Baukrowitz 

and Yellen, 1996; Levy and Deutsch, 1996a,b; Molina 

et al., 1997; Kiss and Korn, 1998; Molina et al., 1998; 

 Fedida et al., 1999; Ogielska and Aldrich, 1999), and 

 refi lling of these sites may be required for recovery 

(Berneche and Roux, 2005).

Further Implications for KV Channel Gating
Cation trapping during the repolarization transition 

has important implications for the nature of activation 

gate movement in inactivated channels. First, the fi nd-

ings that depolarization liberates a cation trapped by 

the activation gate and that Cs+ liberation tracks acti-

vation kinetics of the noninactivated channel suggests 

that activation gate opening at voltages between 0 and 

+80 mV is not infl uenced strongly by either inactiva-

tion or a trapped Cs+ ion. Our results are inconsistent 

with the previous speculation that large cations, includ-

ing Cs+, must exit the central cavity before activation 

gate closure (Melishchuk and Armstrong, 2001). How-

ever, our results are consistent with crystal structures of 

KcsA in which a channel with a closed activation gate 

retains enough room in the central cavity for a per-

meant cation, including Cs+ (Y. Zhou and MacKinnon, 

2004), as well as larger cationic blockers (Lenaeus 

et al., 2005). We conclude that slow-inactivated chan-

nels can accommodate permeant cations behind the 

closed activation gate.

A second implication from our studies pertains to the 

role of the 449 side chain in K+ channel gating. This 

side chain infl uences both entry into (Lopez-Barneo 

et al., 1993; Molina et al., 1997) and recovery from 

(Rasmusson et al., 1995; Meyer and Heinemann, 1997) 

the inactivated state. We fi nd that the infl uence of the 

trapped cation on recovery rate also depends on the 

449 side chain. It is possible that recovery refl ects a ter-

nary interaction in which the 449 side chain governs 

cation binding to an extracellular site, which in turn 

 affects the interaction between trapped intracellular 

 cations and the selectivity fi lter. Another possibility is 

that the 449 side chain determines how inactivation-

 associated rearrangements at the outer mouth of the 

channel infl uence the stability of ion binding sites 

within the selectivity fi lter. Although the mechanism re-

mains unclear, it is certain that 449 plays an important 

role in governing both entry into and recovery from in-

activation. The lack of conservation of this side chain 

among K+ channels contributes to the physiological di-

versity of K+ channel function.

Recovery from the slow inactivated state is a critical 

gating process. It determines the number of K+ chan-

nels available to maintain excitable cells at a negative 

resting potential, ultimately dictating cellular  excitability. 

Maintenance of a conducting conformation appears to 

require bound permeant cations and, because K+ chan-

nels have evolved to coordinate K+ ions, these  cations 

are the most effective at accomplishing this task. In 

 addition to this prerequisite for permeation, we now 

Figure 8. Conductance vs. recovery rate. (A) Rate constants from 
the slow phase of recovery derived from Fig. 6 C are plotted as a 
function of the single-channel conductance ratio for each of the 
indicated cations. Conductance data are from Heginbotham and 
MacKinnon (1993), measured in T449 Shaker-IR. Data for K+, 
Rb+, or NH4

+ are from single channel currents. Cs+ conductance 
was calculated using nonstationary fl uctuation analysis because 
the small conductance of Cs+ (0.32 pS) precluded single channel 
current recording. We used nonstationary fl uctuation analysis to 
confi rm that mutation of T449 to A or V does not change γCs/γK 
(not depicted). γCs in 449K could not be measured due to its 
rapid inactivation and entry into the long-lived nonconducting 
state in the presence of Cs+. (B) A model describing how a 
trapped permeant cation may promote recovery. In the inacti-
vated channel (I), a cation is bound to a modulatory site. The in-
activated channel transiently reverts to the noninactivated 
conformation (I’), a state that is unstable in the absence of a cat-
ion bound in the selectivity fi lter. Only when the trapped cation 
moves into the selectivity fi lter does the NI state become stable, 
resulting in recovery. The relative rates for these transitions are 
indicated by the length of the arrows.
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 include one for gating, specifi cally for recovery.  Binding 

of permeant cations to sites in the permeation pathway 

stabilizes rearrangements in the channel protein 

that appear to be necessary for recovery from the slow-

inactivated state.
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