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abstract

 

In Kv2.1 potassium channels, changes in external [K

 

�

 

] modulate current magnitude as a result of a
K

 

�

 

-dependent interconversion between two outer vestibule conformations. Previous evidence indicated that outer
vestibule conformation (and thus current magnitude) is regulated by the occupancy of a selectivity filter binding
site by K

 

�

 

. In this paper, we used the change in current magnitude as an assay to study how the interconversion be-
tween outer vestibule conformations is controlled. With 100 mM internal K

 

�

 

, rapid elevation of external [K

 

�

 

]
from 0 to 10 mM while channels were activated produced no change in current magnitude (outer vestibule con-
formation did not change). When channels were subsequently closed and reopened in the presence of elevated
[K

 

�

 

], current magnitude was increased (outer vestibule conformation had changed). When channels were acti-
vated in the presence of low internal [K

 

�

 

], or when K

 

�

 

 flow into conducting channels was transiently interrupted
by an internal channel blocker, increasing external [K

 

�

 

] during activation did increase current magnitude (chan-
nel conformation did change). These data indicate that, when channels are in the activated state under physiolog-
ical conditions, the outer vestibule conformation remains fixed despite changes in external [K

 

�

 

]. In contrast,
when channel occupancy is lowered, (by channel closing, an internal blocker or low internal [K

 

�

 

]), the outer ves-
tibule can interconvert between the two conformations. We discuss evidence that the ability of the outer vestibule
conformation to change is regulated by the occupancy of a nonselectivity filter site by K

 

�

 

. Independent of the
outer vestibule-based potentiation mechanism, Kv2.1 was remarkably insensitive to K

 

�

 

-dependent processes that
influence current magnitude (current magnitude changed by 

 

�

 

7% at membrane potentials between 

 

�

 

20 and 30
mV). Replacement of two outer vestibule lysines in Kv2.1 by smaller neutral amino acids made current magnitude
dramatically more sensitive to the reduction in K

 

�

 

 driving force (current magnitude changed by as much as 40%).
When combined, these outer vestibule properties (fixed conformation during activation and the presence of

 

lysines) all but prevent variation in Kv2.1 current magnitude when [K

 

�

 

] changes during activation. Moreover,
the insensitivity of Kv2.1 current magnitude to changes in K

 

�

 

 driving force promotes a more uniform modula-
tion of current over a wide range of membrane potentials by the K

 

�

 

-dependent regulation of outer vestibule con-
formation.
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I N T R O D U C T I O N

 

The Kv2.1 potassium channel is a slowly inactivating de-
layed rectifier responsible for repolarization of the ac-
tion potential in both brain and peripheral organs. It
has widespread distribution in the CNS (Hwang et al.,
1993; Murakoshi and Trimmer, 1999), and is perhaps
especially important under conditions of high fre-
quency firing (Du et al., 2000). Both current magni-
tude and activation rate are influenced by changes in
external [K

 

�

 

] in the physiological range (Wood and
Korn, 2000). As external [K

 

�

 

] is elevated between 0
and 10 mM, current is potentiated and activation rate
is increased in a concentration-dependent manner.
These functional changes are associated with an inter-
conversion between two different outer vestibule con-

formations. Channels in these two conformations also
display different sensitivity to TEA (Immke et al., 1999;
Immke and Korn, 2000). This difference is manifest as
a change in TEA efficacy, not potency—either channels
are blocked by TEA or they aren’t. Consequently, acti-
vated channels can be described as in one of two con-
formations: a TEA-sensitive conformation that pro-
duces larger currents and a TEA-insensitive conforma-
tion that produces smaller currents. Which of these two
states the channel is in appears to depend on the occu-
pancy by K

 

�

 

 of a site associated with the channel selec-
tivity filter (Immke and Korn, 2000). Thus, elevation of
external [K

 

�

 

] increases occupancy of this site, channels
shift from the TEA-insensitive to TEA-sensitive confor-
mation, and currents are potentiated.

When external [K

 

�

 

] is elevated while channels are
held in the closed state, the changes in TEA sensitivity
and current characteristics are observed upon channel
activation by the next depolarization (Immke and
Korn, 2000; Wood and Korn, 2000). This implies that
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the K

 

�

 

-dependent change in conformation can occur
when channels are closed, or very early during the tran-
sition from the closed to activated state. (We use the
term “activated” rather than “open” merely to indicate
that we do not mean to distinguish between noncon-
ducting and conducting states that are typically ob-
served in single channel recordings at depolarized po-
tentials [i.e., the final closed and open states]. Rather,
our intention is to distinguish between channels in
deeper closed states versus conducting states, as ob-
served macroscopically.) If the transition between TEA-
sensitive and TEA-insensitive conformations could also
occur while channels are activated, application of high
[TEA] would be expected to shift the equilibrium such
that TEA-insensitive channels (Oinsens) would become
TEA-sensitive (Osens, Scheme I).

However, even at saturating [TEA], once channels
are activated, the percentage of channels in each con-
formation remains constant (Immke and Korn, 2000).
Consequently, these observations suggest that, once
activated, the outer vestibule conformation remains
fixed. Alternatively, it could be that activated channels
did not redistribute between conformations with satu-
rating [TEA] because the percentage of channels in
each conformation was strictly dependent on K

 

�

 

 occu-
pancy, and changing external [TEA] didn’t change K

 

�

 

occupancy. In part I of this manuscript, we tested these
hypotheses by rapidly changing external [K

 

�

 

] once
channels were activated by depolarization.

Another intriguing observation from previous work was
that, with 100 mM internal K

 

�

 

, only a small percentage of
channels were TEA insensitive (and thus subject to K

 

�

 

-
dependent potentiation), yet elevation of [K

 

�

 

] from 0 to
10 mM potentiated currents by 

 

�

 

40% (Immke and Korn,
2000; Wood and Korn, 2000). We considered this potenti-
ation to be remarkable in that it was presumably superim-
posed on a decrease in current magnitude associated
with the large decrease in driving force that influenced
the entire channel population. In part II of this manu-
script, we demonstrate that the change in Kv2.1 current
magnitude associated with the change in driving force is
extremely small. Indeed, except for the conformational
change mechanism, current magnitude in Kv2.1 is re-
markably insensitive to changes in external [K

 

�

 

]. We pro-
vide evidence for the structural basis of this insensitivity.

 

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

 

Experiments were done on wild-type Kv2.1 channels, Kv2.1 with
two outer vestibule mutations (Kv2.1 K356G K382V), and 

 

Shaker

SCHEME I

 

H4 

 

�

 

6–36 (Hoshi et al., 1990). Details of mutagenesis for Kv2.1
channel mutants are described elsewhere (Immke et al., 1999).
K

 

�

 

 channel cDNA was subcloned into the pcDNA3 expression
vector and expressed in the human embryonic kidney cell line,
HEK293 (American Type Culture Collection). Cells (2 

 

�

 

 10

 

6

 

cells/ml) were cotransfected by electroporation (Invitrogen
Electroporator II; 71 

 

�

 

F, 375 V) with K

 

�

 

 channel expression plas-
mid (0.5–15 

 

�

 

g/0.2 ml) and CD8 antigen (1 

 

�

 

g/0.2 ml). After
electroporation, cells were plated on glass coverslips submerged
in maintenance media. Electrophysiological recordings were
made 18–48 h later. On the day of recording, cells were washed
with fresh media and incubated with Dynabeads M450 conju-
gated with antibody to CD8 (1 

 

�

 

l/ml; Dynal). Cells that ex-
pressed CD8 became coated with beads, which allowed visualiza-
tion of transfected cells (Jurman et al., 1994).

 

Electrophysiology

 

Currents were recorded at room temperature using the standard
whole cell patch clamp technique. Patch pipets were fabricated
from N51A glass (Garner Glass Co.), coated with Sylgard, and
firepolished. After formation of the seal, cells were detached
from the cover glass to improve external perfusion surrounding
the entire cell. Currents were filtered at 2 KHz and sampled at
100 

 

�

 

s/pt. Series resistance ranged from 0.5 to 2.5 M

 

�

 

 and was
compensated 80–90%. The holding potential was 

 

�

 

80 mV, and
depolarizing stimuli were presented once every 10 s. For macro-
scopic conductance measurements, 10 mV depolarizing stimuli,
5 ms in duration, were presented at 100 Hz during the recorded
current sweep. Data were analyzed with Clampfit 6.0.5 (Axon In-
struments, Inc.) and analyzed with SigmaPlot 8.0 (SPSS, Inc.).
The Goldman-Hodgkin-Katz current equation used to generate
the data in Fig. 5 D was

 

(1)

 

where Z, F, and R are the usual constants, T is temperature, V is
membrane potential, I is membrane current, P

 

m

 

 is the mem-
brane permeability, and C

 

in

 

 and C

 

out

 

 are the internal and exter-
nal cation concentrations, respectively (Ferreira and Marshall,
1985).

 

Electrophysiological Solutions

 

Fast solution changes were made using double barrel theta capil-
lary tubing (the tip of each barrel was 

 

�

 

30 

 

�

 

M diameter) con-
nected to a stepper motor (Warner Instruments). Solutions were
fed into each barrel by gravity. One barrel was placed within 15

 

�

 

m of the cell being recorded before the start of the experiment.
Solution was always flowing through both barrels, and solutions
were changed by rapidly stepping from one barrel to the other.
The speed of the solution change was tested by recording cur-
rents through Kv2.1 channels and switching between barrels con-
taining 0 or 10 mM TEA (Fig. 1). The protocol used in Fig. 1 was
used for almost all experiments (deviations are described in the

 

results

 

 section). Three currents were recorded consecutively at
10-s intervals, each evoked by a 280 ms depolarization to a single
membrane potential. Trace 1 illustrates a current recorded in the
control condition, which in Fig. 1 is the absence of external TEA.
In trace 2 (dashed line), recorded 10 s later, the barrels were
stepped to change solutions from 0 to 10 mM TEA 100 ms after
the start of the depolarization (arrow). After trace 2, the cell was
continuously bathed in the second external solution (in this case,
the 10 mM TEA solution). Trace 3 was then recorded 10 s after
trace 2. With the rapid switch, complete solution change oc-
curred, on average, in 19.3 

 

	

 

 0.6 ms (

 

n

 

 

 




 

 9). To test whether
mixing occurred between the outflow of the two barrels, we com-

I ZFPm ZFV RT⁄( )
ZFV RT⁄( )exp 1–

⁄[
] Cin ZFV RT⁄( ) Cout–exp[ ],

=
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pared the effects of changing external solutions (e.g., changing
[TEA] or [K

 

�

 

]), on a slow time scale between this perfusion sys-
tem and a standard system with only a single flowing solution.
Functionally detectable mixing of outflow did not occur. Internal
solutions contained (in mM): 100 KCl, 25 N-methyl-D-glucamine
(NMG), 10 Hepes, 10 EGTA-NMG, 1 CaCl

 

2

 

, 4 MgCl

 

2

 

; pH to 7.3
with HCl, osmolality 285. Control external solutions contained
(in mM): 155 NMG, 10 Hepes, 10 glucose, 2 CaCl

 

2

 

, and 1 MgCl

 

2

 

;
pH 7.3 with HCl, osmolality 325. External solutions with TEA or
K

 

�

 

 were made by equimolar substitution for NMG.

 

R E S U L T S

 

Part I. Control of Outer Vestibule Dynamics

Current magnitude is insensitive to changes in external K

 

�

 

when channels are already in the activated state.

 

At [K

 

�

 

] be-
tween 0 and 10 mM, the outer vestibule reorientation
that is responsible for the change in TEA sensitivity also
results in a change in current magnitude (Wood and
Korn, 2000). Therefore, we used the change in current
magnitude as an assay for the change in outer vestibule
conformation.

To determine whether the outer vestibule conforma-
tion could change when channels were in the activated
state, external [K

 

�

 

] was changed during the depolariza-
tion that activated the channels (Fig. 2). In Fig. 2 A,
trace 1 (solid line) illustrates an outward K

 

�

 

 current
in the recorded absence of external [K

 

�

 

]. Trace 2
(dashed line) illustrates a current in which external
[K

 

�

 

] was switched from 0 to 10 mM, 100 ms after the

 

start of the depolarization (arrow). After an immediate
small current transient (which followed in direction
the change in driving force), there was little effect on
current magnitude (in six cells, current magnitude
changed by 

 

�

 

0.7 

 

	

 

 0.7%). In contrast to the lack of ef-
fect when [K

 

�

 

] was changed during channel activation
(trace 2), marked potentiation occurred after channels
were closed and reopened in 10 mM [K

 

�

 

] (trace 3; cur-
rent was potentiated by 38.0 

 

	

 

 6.0% in six cells). The
converse experiment (Fig. 2 B) produced similar re-
sults. Changing [K

 

�

 

] from 10 mM to 0 while currents
were activated produced essentially no effect on cur-
rent magnitude (except for the small transient; Fig. 2 B
dashed line; 

 

n

 

 

 




 

 4). When channels were closed and
reopened in the presence of 0 mM external K

 

�

 

, current
magnitude was reduced as expected for the change in
outer vestibule conformation.

The data in Fig. 2 provide strong evidence that a
change in outer vestibule conformation did not occur
when [K

 

�

 

] was elevated while channels were activated.
However, final current magnitude likely represents the
summed influence of several different processes. For
example, in addition to the outer vestibule-based
mechanism, elevation of [K

 

�

 

] might potentiate cur-
rents due to an increase in single channel conductance
associated with increased saturation of the pore (Hille
and Schwartz, 1978; Neyton and Miller, 1988; Yang and
Sigworth, 1998). Concommitantly, current magnitude
should also be reduced by the significant decrease in
driving force. These latter two effects, however, which
are not likely to involve a significant change in channel
conformation, should occur during activation upon
changing [K

 

�

 

]. Consequently, the stable current mag-
nitude after the change in [K

 

�

 

] during channel activa-
tion may not simply have reflected a lack of potentia-
tion but may also have involved these other simulta-
neous events that coincidentally produced no net
change in current. To test this, we examined the effect
of rapidly changing external [K

 

�

 

] on the macroscopic
conductance of activated channels (Fig. 3).

Elevation of external [K

 

�

 

] from 0 to 10 mM had just
a small effect on macroscopic conductance when [K

 

�

 

]
was changed during the depolarization (Fig. 3, trace 1;
conductance was increased by 22.7 

 

	

 

 2.6%, 

 

n

 

 

 




 

 8).
When channels were closed and reopened in the pres-
ence of 10 mM K

 

�

 

, conductance was almost doubled
in association with the increase in current magnitude
(Fig. 3, trace 2; in eight cells, conductance was in-
creased by 93.1 

 

	

 

 7.2%). Thus, the bulk of the con-
ductance change only occurred after channels were
closed and reopened. These results provide additional
evidence that, after the switch from 0 to 10 mM K

 

�

 

,
the outer vestibule conformation did not change until
channels were closed and reopened. Moreover, the
data in Fig. 3 indicate that the stable current during
activation at 0 mV did, indeed, reflect additional op-

Figure 1. Inhibition of K� current by rapid application of TEA
to activated channels. Three superimposed currents, recorded
consecutively at 10-s intervals. (Trace 1) Outward current in the
absence of TEA. (Trace 2, dashed line) Cells were activated in the
absence of TEA. 100 ms after depolarization, the external solution
was switched to one containing 10 mM TEA (at arrow). (Trace 3)
Channels were closed and reactivated in the presence of 10 mM
TEA. Complete solution change, as judged by the time required
for 97% inhibition, occurred in 19.3 	 0.6 ms (n 
 9). The data
were reasonably well fit by a single exponential, which produced a
time constant of 3.47 	 0.22 ms. There was no external K� in this
experiment.
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posing effects that produced no net change in current
magnitude.

 

K

 

�

 

-dependent conductance changes in channels that do not
display current potentiation associated with a K

 

�

 

-dependent
change in outer vestibule conformation.

 

Our interpretation
of the results in Figs. 2 and 3 was that the outer vesti-
bule conformation changed only after closing and re-
opening of the channels, and that this reorientation
of the outer vestibule was responsible for the current
potentiation and the additional, larger change in
conductance. The data in Fig. 3 also indicate that two
other effects of [K

 

�

 

] elevation also occurred in these
experiments. First, there was an increase in macro-
scopic conductance that occurred while channels
were activated. This would be expected to occur as a
result of an increase in pore saturation in these multi-
ion pores (Hille and Schwartz, 1978; Neyton and
Miller, 1988; Yang and Sigworth, 1998). Second, eleva-
tion of external [K

 

�

 

] substantially decreases the driv-
ing force on K

 

�

 

 due to the shift in reversal potential,
and should thus decrease current magnitude. In con-
trast to the outer vestibule-based mechanism, these ef-
fects should occur in essentially all K

 

�

 

 channels and
be independent of whether [K

 

�

 

] was changed when
channels were closed or activated. Consequently, our
hypothesis predicts that, in channels that do not dis-
play K

 

�

 

-dependent potentiation associated with a
change in outer vestibule conformation, only a single
level of conductance increase will be observed. More-
over, this increase in conductance should occur when
[K

 

�

 

] is changed during activation, and no further
change in conductance will occur when the channels
are closed and reopened. Any change in current
magnitude that may occur will depend on the bal-

ance between the increase in conductance and the
decrease in driving force.

Mutation of two outer vestibule lysines in Kv2.1 to
smaller, neutral amino acids eliminates the K

 

�

 

-depen-
dent potentiation of current associated with the change
in outer vestibule conformation (Wood and Korn,
2000). However, these mutations do not abolish the K

 

�

 

-
dependent conformational change itself (Immke et al.,
1999). Consequently, our hypothesis predicts that, in
this mutant channel (Kv2.1 K356G K382V), any K

 

�

 

-

Figure 2. Changing external [K�] when channels were activated did not affect current magnitude. All currents were activated by depo-
larization to 0 mV. (A, trace 1) Current recorded in the absence of external K�. (Trace 2, dashed line) Current was activated in the absence
of external K�. 100 ms after depolarization (at the arrow), the external solution was switched to one containing 10 mM K�. Mean potenti-
ation 
 �0.7 	 0.7% (n 
 6). (Trace 3) Channels were closed and reactivated in the presence of 10 mM external K�. Mean potentiation 

38.0 	 6.0% (n 
 6). (B) Converse experiment to A. (Trace 1) Current recorded in 10 mM K�. (Trace 2, dashed line) Current was acti-
vated in 10 mM external K�. 100 ms after depolarization, the external solution was switched to one containing 0 mM K�. Trace 3. Channels
were closed and reactivated in the presence of 0 external K�.

Figure 3. Changing external [K�] when channels were activated
had little effect on macroscopic conductance. To measure macro-
scopic conductance, 10 mV, 5-ms depolarizations were superim-
posed on the depolarization to 0 mV. (Trace 1) Channels were ac-
tivated in the absence of external K�. At the arrow, external [K�]
was changed to 10 mM. In this cell, conductance increased by 21%
with essentially no change in current magnitude. In eight cells, the
average conductance change was 22.7 	 2.6%. (Trace 2) Channels
were closed and reactivated in the presence of 10 mM external K�.
In this cell, conductance increased by 110%. In eight cells, con-
ductance increased by 93.1 	 7.2%.
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dependent change in current magnitude and macro-
scopic conductance that occurs should be observed
while channels are activated. In addition, no further
change in current magnitude or conductance should
occur once channels are closed and reopened.

Fig. 4 A illustrates currents from Kv2.1 K356G K382V.
Elevation of external [K�] from 0 to 10 mM during
channel activation produced an immediate decrease in
current magnitude (dashed line). When channels were
closed and reopened in the presence of 10 mM K�, cur-
rent magnitude was identical to that which followed the
rapid change in K� during activation. Fig. 4 B illustrates
the effect of [K�] elevation on macroscopic conduc-

tance in this channel. Concommitant with the current
reduction, elevation of [K�] during activation pro-
duced an immediate increase in macroscopic conduc-
tance. In contrast to wild-type Kv2.1, however, the con-
ductance through Kv2.1 K356G K382V in 10 mM K� af-
ter closing and reopening of the channels was identical
to that produced by switching to 10 mM K� during acti-
vation (Fig. 4, B and E).

Figs. 4, C and D, illustrate similar experiments done
on the Shaker K� channel. The Shaker channel does
not display the K�-dependent potentiation mechanism
associated with a change in outer vestibule conforma-
tion. However, Shaker would still be subject to the

Figure 4. Response to changing ex-
ternal [K�] in channels without outer
vestibule lysines. Protocols used were
identical to those used in Figs. 2 and 3.
(A and B) Recordings from Kv2.1
K356G K382V. (C and D) Recordings
from Shaker. Currents were initially re-
corded in 0 mM K� (shown in A and C,
omitted for clarity in B and D). During
the subsequent activation (dashed lines
in A and C, larger currents in B and D),
external [K�] was changed from 0 to 10
mM K� (at the arrow). The third activa-
tion occurred after closing and reopen-
ing the channels in 10 mM K�. (E) The
K�-dependent increase in conductance,
measured from recordings as in B and
D, obtained after the change in [K�]
during the activation (black bars, O)
and after closing and reopening the
channels in 10 mM [K�] (gray bars,
C-O). Bars represent seven cells in each
group for Kv2.1 and K356G K382V, four
cells in each group for Shaker.
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change in driving force and increase in conductance
associated with increased channel saturation. Conse-
quently, it would also be expected that the complete
change in current magnitude and conductance would
occur when external [K�] was elevated during activa-
tion. Indeed, elevation of external [K�] produced an
immediate decrease in current magnitude (Fig. 4 C)
and increase in macroscopic conductance (Fig. 4 D).
Moreover, the conductance in 10 mM K� after closing
and reopening of the channel was identical to that pro-
duced by elevation of [K�] to 10 mM during activation
(Fig. 4, D and E). Thus, these two channels that lacked
the potentiation mechanism associated with the K�-
dependent change in outer vestibule conformation dis-
played a K�-dependent change in current magnitude
and conductance that was independent of channel acti-
vation state. It should also be noted that, despite the
K�-dependent increase in conductance, elevation of
external [K�] substantially reduced current magnitude
through Kv2.1 K356G K382V and Shaker. This large
(and expected) response to the change in K� driving
force contrasted sharply with the results obtained with
Kv2.1. This difference will be addressed in part II of
this paper.

I-V relationships. When [K�] was changed during acti-
vation in Kv2.1, the change in K� driving force had lit-

tle effect on current magnitude at 0 mV. However, in-
spection of the currents in Fig. 2 revealed that the cur-
rent magnitude at �80 mV (during the tail) was almost
fully responsive to the change in [K�] during activa-
tion. This demonstrated that when the barrels contain-
ing external solution were flipped during activation,
the external [K�] actually did change. However, it also
raised the question as to how current magnitude could
be so unresponsive to the change in driving force at 0
mV yet almost completely responsive at �80 mV. To ex-
amine this further, we examined the effects of chang-
ing [K�] over the entire voltage range between 0 and
�80 mV. To accomplish this, we used a ramp protocol
during the repolarization after channel activation. This
allowed us to measure the reversal potential in effect
during each of the three experimental conditions (rep-
resented by the three superimposed traces in Fig. 2)
and to measure the changes in current magnitude as a
function of voltage following elevation of [K�].

Fig. 5 A illustrates a set of three currents obtained
similarly to those in Fig. 2 A except that, during repo-
larization, the voltage was ramped over a period of 5 ms
to produce a gradual change in membrane potential
between 0 and �80 mV. Fig. 5 B illustrates the ramped
current traces and voltage protocol (shaded section of
Fig. 5 A) on an extended time scale. As observed in Fig.

Figure 5. K�-dependent
changes in the I-V curve of
Kv2.1 (A) Currents recorded
as in Fig. 2, except that dur-
ing the repolarization, mem-
brane potential was ramped
from 0 to �80 mV over a du-
ration of 5 ms. Three super-
imposed currents are shown,
one recorded in 0 external
K� (unlabeled solid line),
one in which external [K�]
was changed from 0 to 10 mM
(at arrow, dashed line) dur-
ing activation, and one after
closing and reopening in 10
mM external K�. 300 �s of
data were blanked at the end
of the depolarization due to a
program error in generating
ramps in pClamp. (B) Cur-
rent and voltage during repo-
larization illustrated on an ex-
panded time scale. (C) Cur-
rent plotted as a function of
voltage during the repolariza-
tion. Similar results were ob-
tained in seven cells. (D) The-
oretical curves obtained from
the Goldman-Hodgkin-Katz
current equation (Eq. 1). Pa-
rameter values were obtained
as described in the text.
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2, rapidly changing external [K�] from 0 to 10 mM on
activated channels did not affect current magnitude
(other than the small initial transient; Fig. 5 A, dashed
line). Upon closing and reopening the channels, cur-
rent magnitude was potentiated (10 K�, solid line). Fig.
5 C illustrates the current measured during the voltage
ramp. Three observations can be made from this fig-
ure. First, currents reversed at identical membrane po-
tentials when [K�] was changed during activation and
after closing and reopening of the channels (�54.7 	
2.9 mV and �56.4 	 2.9 mV; n 
 7; the predicted Vrev

was �58 mV). This demonstrates that, in both situa-
tions, channels were exposed to identical [K�]. Sec-
ond, as first demonstrated in Fig. 3, macroscopic con-
ductance increased when external [K�] was elevated
during activation (compare 0 K� curve to 10 K� dashed
line). Third, when channels were closed and reopened,
the conductance was increased further (10 K�, dotted
line).

We next sought to determine whether the observed
effects could be described by the Goldman-Hodgkin-
Katz current (GHK) equation, wherein current magni-

tude can be accounted for simply by internal and exter-
nal ion concentrations and a single permeability vari-
able (see Eq. 1 in materials and methods).

Fig. 5 D illustrates three theoretical curves generated
by the GHK equation. The solid line representing the 0
K� condition was generated by setting the permeability
factor, Pm, to a value that produced a reasonably good
fit of the experimental 0 K� data (we used the pre-
sumed actual [K�], which produced the theoretical re-
versal potential, rather than arbitrarily alter a [K�] in
the equation to fit the experimental reversal potential).
The theoretical 10 K� data in Fig. 5 D were obtained by
finding the change in Pm that produced reasonably
good fits (by eye) of the respective 10 K� experimental
data in Fig. 5 C. The Pm values that produced these fits
represented an increase in permeability of 15% when
[K�] was elevated on activated channels and 85% once
channels were closed and reopened. This compares
well with the average increase in conductance obtained
from Fig. 3 experiments (22.7 	 2.6% and 93.1 	
7.2%), especially in light of the fact that, during the
ramp protocol, some channel closure is occurring.

Figure 6. K�-dependent
changes in the I-V curves of
channels lacking outer vesti-
bule lysines. (A) Three super-
imposed currents through
Kv2.1 K356G K382V, activated
by 280 ms depolarization to 0
mV. Trace 1 was recorded in 0
mM K�. During trace 2, [K�]
was changed from 0 to 10 mM
(dashed line). Trace 3 was re-
corded after closing and re-
opening the channels in 10
mM K�. (B) I-V relationships
for the three traces, measured
during the repolarizing ramp.
Measured Vrev for 10 K� data:
�51.3 	 1.5 and �51.7 	 1.5
(n 
 3). Slope conductances,
measured between �50 and
�10 mV for 10 K� data: 34.4 	
2.8 and 35.6 	 2.3 (n 
 3).
(C) Three superimposed cur-
rents recorded from Shaker
using the same protocol as in
A except that the depolarizing
step was 60 ms in duration and
the ramp was 2 ms in dura-
tion. (D) I-V relationships for
the three traces shown in C,
measured during the repolar-
izing ramp. Average measured
Vrev for 10 K� data: �53.8 	
1.2 and �54.1 	 1.2 (n 
 5).
Average slope conductances,
measured between �50 and
�10 mV for 10 K� data: 21.8 	
1.3 and 24.8 	 1.9 (n 
 5).
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(Note that Pm, the permeability variable, is equivalent
to conductance in this context, because the only ob-
served membrane current was carried by K� [Ferreira
and Marshall, 1985].)

We next examined the I-V relationships in Kv2.1
K356G K382V and Shaker (Fig. 6). Fig. 4 illustrated
that, at 0 mV, this channel displayed only a single K�-
dependent change in conductance, which occurred im-
mediately upon changing [K�] during activation. We
used the ramp I-V experiments to examine whether
channel closure had an effect on current magnitude at
any membrane potential between 0 and �80 mV. Our
working hypothesis was that the K�-dependent change
in wild type Kv2.1 current magnitude was due to three
processes (driving force reduction, conductance in-
crease associated with pore saturation and conductance
increase associated with outer vestibule reorientation).
Because these other two channels did not contain the
outer vestibule-based potentiation mechanism, our hy-
pothesis predicted that the I-V relationship in 10 mM
external K� would be unchanged by closing and re-
opening the channel.

Fig. 6 A illustrates three superimposed currents
through Kv2.1 K356G K382V. Fig. 6 C illustrates three
superimposed currents through Shaker, evoked by a 60-
ms depolarization to 0 mV. For Shaker, the duration of
the depolarizing stimulus was shortened, and solution
switch was made earlier during the depolarization, to
minimize effects of slow inactivation on current magni-
tude. In addition, membrane potential during the re-
polarization phase was ramped from 0 to �80 mV over
a 2-ms period in Shaker. As in Fig. 4 experiments, eleva-
tion of external [K�] resulted in a complete and imme-
diate change in current magnitude in both of these
channels (Fig. 6, A and C). The I-V relationships, ob-
tained during the voltage ramps for each of the three
conditions, are illustrated in Fig. 6, B and D (K356G
K382V and Shaker, respectively). As observed for Kv2.1,
the reversal potential in 10 mM K� was the same for
currents immediately upon changing [K�] during acti-
vation (dashed line) and after closing and reopening
the channels (dotted line). This indicated that [K�]
changed completely during the activation period. As
expected from Fig. 4, a conductance increase was ob-
served when external [K�] was elevated during activa-
tion. Furthermore, as predicted by our hypothesis,
there was no additional increase in conductance when
channels were subsequently closed and reopened.

In contrast to Kv2.1, the I-V relationships in these two
channels were not well modeled by the simple GHK
equation. However, the nearly linear I-V curves allowed
us to calculate a slope conductance between �50 and
�10 mV. Conductance increased by 34.4 	 2.8% (n 

3) in K356G K382V and 21.8 	 1.3% (n 
 5) in Shaker.
These values are in good agreement with the conduc-

tance measurements at 0 mV (Fig. 4). Thus, these re-
sults are consistent with the hypothesis that a single
voltage-independent process was responsible for the
conductance increase that occurred upon elevation of
external [K�].

The ability to change outer vestibule conformation depends
on channel occupancy, not state of activation. The results thus
far indicated that the outer vestibule conformation
could change when channels were closed, but not
when they were activated. Two different mechanisms
could account for this result. First, it was possible that
the outer vestibule could only change conformation
when channels were in the closed state, and that it was
locked in position when channels were in the activated
state. This possibility might reflect, for example, differ-
ent positions of the S4 channel domain relative to the
pore, or some other structural difference, between the
two states. A second possibility was that differences in
the ability of closed and activated channels to change
outer vestibule conformation reflected a difference in
occupancy of the channel by K�. When channels are
activated, they are constantly occupied by K�. In con-
trast, when channels are closed, many or all sites in the
conduction pathway are likely to be unoccupied. Con-
sequently, the results are also consistent with a mecha-
nism whereby the outer vestibule could reorient when
the pore (or a K� site in the pore) was unoccupied, but
was locked in position when the pore (or a K� site in
the pore) was occupied. We did two different experi-
ments to test these two hypotheses. First, we used TEA
as an internal channel blocker to transiently interrupt
entry of K� into the pore of activated channels (Immke
et al., 1999). Second, we examined the ability of the
outer vestibule to change conformation when current
through activated K� channels was carried by a lower
internal [K�].

Internal TEA. When TEA binds to its internal block-
ing site, no K� enters the pore and the pore becomes
unoccupied. When the channel becomes unblocked,
either because of the normal off kinetics of the blocker
or because the empty pore becomes insensitive to inter-
nal TEA (Immke et al., 1999), K� reenters and occu-
pies the pore. We demonstrated previously that this
technique could be used to modulate the percentage
of channels in each outer vestibule conformation by
lowering K� occupancy of a selectivity filter binding site
(Immke et al., 1999; Immke and Korn, 2000; Wood and
Korn, 2000). In this experiment, we asked a different
question: Does transient interruption of K� flow into
the pore, which transiently reduces pore occupancy, al-
low the outer vestibule to change conformation when
in the activated state?

In the presence of 20 mM internal TEA, elevation of
external [K�] from 0 to 10 mM during activation re-
sulted in an immediate potentiation of outward current
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(Fig. 7 A). Upon closing and reopening the channels in
the presence of 10 mM K�, current magnitude was
identical to that obtained when [K�] was elevated dur-
ing activation. The complete (97%) change in current
magnitude during activation required 61.8 	 1.8 ms (n 

4), �3 times longer than was required to change exter-
nal solutions (see Fig. 1). Qualitatively similar results
were obtained with 1 mM internal TEA (n 
 3; unpub-
lished data) and when currents were evoked by depo-
larization to �50 mV (n 
 3; unpublished data). This
potentiation was not due to a trans-ion knockoff effect,
because (a) maximal potentiation was observed when
[K�] was elevated on activated channels (i.e., there was
no additional change in current magnitude when chan-
nels were closed and reopened), (b) changes in cur-
rent magnitude were much slower than would be ex-
pected for a trans-ion knock off effect (�3–4 times
slower than time required for solution change), and
(c) currents through Kv2.1 K356G K382V, which are
blocked identically by internal TEA, but do not display
potentiation associated with the change in outer vesti-
bule conformation, were not potentiated when exter-

nal [K�] was elevated in the presence of internal TEA
(Wood and Korn, 2000). In the converse experiment,
reduction of external [K�] during activation resulted
in an immediate decrease in current magnitude (Fig. 7
B; 97% complete in 62.3 	 3.3 ms, n 
 4). Thus, even
with high internal [K�], K�-dependent changes in cur-
rent magnitude (and outer vestibule conformation)
could occur when channels were activated, if an inter-
nal channel blocker was present to transiently interrupt
the flow of K� into the pore.

Low internal [K�]. As a second test of the hypothesis,
we lowered pore occupancy by lowering internal [K�].
Fig. 7, C and D, illustrate currents carried by 10 mM in-
ternal K�. Trace 1 in Fig. 7 C illustrates a current re-
corded in 0 mM external K�. The dashed line illustrates
the current response to changing external [K�] from 0
to 3 mM during activation. Trace 3 illustrates the cur-
rent after closing and reopening of the channel in 3
mM external K�. Two points are to be made from this
figure. First, in contrast to the results obtained with 100
mM internal K� (Figs. 2 and 5 A), currents were imme-
diately potentiated when [K�] was elevated during acti-

Figure 7. K�-dependent
changes in current magni-
tude during activation at low
K� occupancy. (A and B) The
protocol was identical to that
of Fig. 2 except that 20 mM
TEA was included in the re-
cording pipet. 20 mM inter-
nal TEA blocked the channel
by �90% (Immke et al.,
1999). (A) Elevation of [K�]
from 0 to 10 mM, 100 ms af-
ter channels were activated,
resulted in potentiation dur-
ing activation (dashed line).
Potentiation was 97% com-
plete in 61.8 	 1.8 ms (n 
 4;
the data were reasonably well
fit by a single exponential,
which produced a time con-
stant of 18.4 	 1.4 ms.). (B)
Reduction of [K�] from 10
mM to 0 mM, 100 ms after
channels were activated, re-
duced current magnitude
during activation (dashed
line). The change in current
magnitude was 97% complete
in 62.3 	 3.3 ms (n 
 4; the
data were reasonably well fit
by a single exponential, which
produced a time constant of

16.2 	 1.2 ms). (C and D) The protocol was identical to that of Fig. 2 except that internal [K�] was 10 mM, and currents were recorded at
20 mV. (C) Trace 1 was recorded in 0 external K�. In trace 2 (dashed line), external [K�] was changed from 0 to 3 mM at the arrow. Trace
3 was recorded after closing and reopening the channels in 3 mM external K�. (D) Similar experiment as in C, except that currents were
initially recorded in 3 mM external K�, and in trace 2 (dashed line), external [K�] was switched from 3 to 0 mM during activation (at ar-
row). Essentially identical results were obtained on three cells each for experiments in C and D.
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vation. Second, after closing and reopening of the chan-
nel in 3 mM external K�, current magnitude was identi-
cal to that attained on the previous stimulation. Similar
results were obtained when external [K�] was reduced
during activation (Fig. 7 D). With 10 mM internal K�,
reduction of external [K�] from 3 to 0 mM during acti-
vation caused an immediate and complete reduction in
current magnitude to the 0 K� level. These results indi-
cate that, with low internal [K�], outer vestibule confor-
mation could change during activation with a change of
external [K�]. Thus, the experiments of Fig. 7 indicate
that the ability of the outer vestibule to change confor-
mation did not depend directly on channel activation
state but, rather, on occupancy of the pore by K�.

Part II. Changes in Current Magnitude due to Changes in 
Channel Saturation and Driving Force

Our goal in this section of the paper was to better un-
derstand why current magnitude in Kv2.1 changed so
little when external [K�] was changed during activa-

tion (c.f. Figs. 2 and 5 A). In the absence of the special
potentiation mechanism that involved changes in the
outer vestibule conformation, changing external [K�]
influenced current magnitude in Kv2.1 (and other
channels) by two opposing processes. Elevation of ex-
ternal [K�] decreased current magnitude due to the
shift in reversal potential (and consequent reduction in
driving force) and increased current magnitude due to
an increased macroscopic conductance associated with
greater saturation of the pore. At some membrane po-
tential, the current reduction due to decreased driving
force would have to exactly balance the current in-
crease due to increased conductance. This reversal
point, at which there is no net change in current mag-
nitude, occurs because the change in reversal potential
shifts the I-V curve to the right, and the increased con-
ductance steepens the slope of the I-V curve (this type
of effect can be observed in Fig. 5 C). Moreover, the
balance between these two processes requires that at
potentials more negative than this reversal point, eleva-

Figure 8. K�-dependent
changes in current magni-
tude during activation at dif-
ferent membrane potentials.
The protocol used in all pan-
els was the same as in Fig. 2,
except that currents were re-
corded at different voltages.
(A–C) Data from wild type
Kv2.1, recorded at the mem-
brane potentials shown. In all
panels, trace 1 was recorded
in 0 mM K�. In trace 2
(dashed line), current was ac-
tivated in the absence of ex-
ternal K�. 100 ms after de-
polarization (at the arrow),
the external solution was
switched to one containing 10
mM K�. In trace 3, channels
were closed and reactivated
in the presence of 10 mM ex-
ternal K�. (D–F) Data from
Kv2.1 K356G K382V, re-
corded at the membrane po-
tentials shown. Data repre-
sent essentially identical re-
sults obtained from 3–9 cells
at each membrane potential.



749 Andalib et al.

tion of external [K�] will reduce current magnitude,
whereas at potentials more positive than this reversal
point, elevation of external [K�] will increase current
magnitude. When external [K�] was switched between
0 and 10 mM on activated Kv2.1 channels, currents
evoked by depolarization to 0 mV did not change size
(Figs. 2 and 5 A). Thus, it appeared that 0 mV was the
voltage at which this reversal point occurred in these
experiments.

Despite the close fit to the prediction of the GHK
equation (Fig. 5), the Kv2.1 results were surprising to
us. The K�-dependent increase in conductance during
activation was small (Fig. 3), and we expected a sub-
stantial reduction in current magnitude due to the
large decrease in driving force. Indeed, the results ob-
tained in the mutant Kv2.1 channel and in Shaker (Fig.
4, A and B) were more in line with our expectations. In
Kv2.1 K356G K382V, for example, elevation of external

[K�] markedly reduced current magnitude at 0 mV
even though the increase in macroscopic conductance
was twice that observed with Kv2.1. To more carefully
examine the changes in Kv2.1 current magnitude asso-
ciated with the combined change in driving force and
conductance, we examined the effects of rapidly chang-
ing [K�] at different activation potentials (Fig. 8).

Fig. 8, A–C, illustrates currents recorded from Kv2.1 at
50, 0, and �10 mV, respectively. As described in Figs. 2
and 5 A, changing external [K�] when currents were
evoked by stepping to 0 mV resulted in no change in
current magnitude (Fig. 7 B, dashed trace). At 50 mV,
the change in external [K�] on activated channels pro-
duced a small increase in current magnitude (Fig. 8 A,
dashed line). Conversely, at �10 mV, the change in ex-
ternal [K�] on activated channels produced a small de-
crease in current magnitude (Fig. 8 C, dashed line). Fig.
9 A (circles) illustrates the change in current magnitude

Figure 9. Sensitivity of current magni-
tude in different channels to changes in
external [K�]. (A–B) Data were derived
from experiments in Fig. 8, where the
percentage change in current was mea-
sured by comparing the current magni-
tude in trace 2 (dashed lines) to that in
trace 1. Data for Kv2.1 in A and B are
identical and were duplicated for ease
of comparison to other channels.
Straight lines are linear regression fits
to the data. Each data point represents
3–9 cells tested. (C, top) Currents re-
corded from channels indicated at a
membrane potential of �20 mV. Solid
line is current recorded in 0 mM exter-
nal K�. The dashed line illustrates cur-
rent recorded when external [K�] was
switched from 0 to 10 mM 100 ms after
the start of the depolarization. Calibra-
tion bars, 0.5 nA for wild-type Kv2.1; 1
nA for all other channels. (C, bottom)
Data were collected and linear regres-
sion fits obtained for all channels as in
A and B. The slope of the regression is
plotted on the ordinate.
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produced by the change in external [K�] on activated
channels at several different potentials. Comparison of
the data in Fig. 9 A (circles) with the theoretical curves
from the GHK equation (Fig. 5 D) suggests that the bal-
ance between driving force reduction and conductance
increase account for the observed results. The calcu-
lated curves in Fig. 5 D predict a K�-dependent increase
in current magnitude of 12.7% at 50 mV and an 11.1%
decrease in current magnitude at �20 mV. These values
compare well with the experimentally observed 12.5%
increase and 7% decrease in current magnitude at 50
mV and �20 mV, respectively (Fig. 9 A, circles). What is
most relevant, however, is the remarkable insensitivity of
Kv2.1 to these two processes. Between �20 and 30 mV,
current through Kv2.1 changed by �7% when external
[K�] was elevated from 0 to 10 mM.

We demonstrated in part I of this paper that changes
in outer vestibule conformation did not contribute to
K�-dependent changes in current magnitude (or con-
ductance) that occurred while channels were activated at
0 mV. Two additional observations indicate that the outer
vestibule-based mechanism did not contribute to the
change in current magnitude at positive and negative
voltages. First, in Kv2.1, an additional change in current
magnitude occurred upon closing and reopening the
channels that was consistent with the occurrence of the
conformational change. At 50 mV, upon closing and re-
opening the channels, current magnitude was increased
further (Fig. 8 A, trace 3). At �10 mV, upon closing and
reopening the channels, current was potentiated (Fig. 8
C, trace 3). This potentiation, which was expected of the
outer vestibule-based mechanism, was opposite of the
K�-dependent effect that occurred immediately during
activation (Fig. 8 C, dashed line). Second, currents
through the mutant channel, Kv2.1 K356G K382V, which
are not influenced by the K�-dependent change in outer
vestibule conformation, responded similarly to Kv2.1
when external [K�] was elevated during channel activa-
tion (Fig. 8, D–F). Current magnitude at 50 mV was in-
creased (Fig. 8 D, dashed line), and current magnitude
at �10 mV was decreased (Fig. 8 F, dashed line). The po-
tential at which there was no net change in current
shifted to 20 mV (Fig. 8 E). As illustrated in Fig. 9 A
(filled triangles), this reflects a shift in the balance be-
tween the conductance increase and driving force reduc-
tion that accompanied the elevation in [K�]. Consistent
with (a) the lack of outer vestibule-based potentiation
mechanism in these channels and (b) the results of volt-
age ramp experiments (Fig. 6), current magnitude upon
closing and reopening these channels in 10 mM K� was
identical to that observed immediately after [K�] was ele-
vated during activation (Fig. 8, D–F, trace 3).

Outer vestibule lysines in Kv2.1 dampen the channel re-
sponse to changes in external [K�]. The changes in cur-
rent magnitude in Kv2.1 with changes in external [K�]

were small over the entire range of voltages between
�20 and 50 mV (Figs. 8, A–C, and 9 A, circles). Indeed,
between �20 and 30 mV, current magnitude changed
by 7% or less due to the combined effects of conduc-
tance increase and driving force reduction. Results with
the Kv2.1 K356G K382V channel hinted at the fact that
the two outer vestibule lysines may have been involved
in this insensitivity. The lysines at positions 356 and 382
are both exposed to the conduction pathway (Gross et
al., 1994; Kurz et al., 1995; Immke et al., 1999) and can
influence the flow of K� current through the chan-
nel (Wood and Korn, 2000). Consequently, we asked
whether the presence of these lysines in the outer vesti-
bule reduced the sensitivity of Kv2.1 current to changes
in external [K�]. To address this, we examined the K�-
dependent changes in magnitude of current through
activated channels in three mutant Kv2.1 channels that
had outer vestibule lysines replaced by smaller, neutral
amino acids.

Fig. 9 A (triangles) plots the change in current mag-
nitude that resulted from changing external [K�] dur-
ing activation of Kv2.1 K356G K382V, at voltages rang-
ing from �30 to 50 mV. As in wild-type Kv2.1, the
change in current magnitude was a linear function of
voltage. Consequently, the slope of the line that de-
scribes this relationship can be considered a measure
of the sensitivity of current magnitude to the change in
external [K�]. Clearly, this mutant Kv2.1 channel that
lacked outer vestibule lysines was significantly more
sensitive to the change in [K�]. For example, at �20
mV, current was reduced by �40% in the mutant chan-
nel, compared with �7% in Kv2.1. Note also that, de-
pending on what voltage channels were at, current re-
sponses to the change in external [K�] were much
more wide-ranging in the absence of outer vestibule
lysines. Upon elevation of external [K�] to 10 mM, cur-
rent in the mutant channel could be unchanged (20
mV), reduced by �40% (�20 mV) or increased by
�20% (50 mV). Over this same voltage range, current
magnitude in wild-type Kv2.1 remained within 12% of
control, regardless of membrane potential.

We then asked whether the lysines at position 382 or
position 356 were more important for this change in
sensitivity. Fig. 9 C illustrates currents evoked at �20
mV in five different channels (four derived from Kv2.1
and one derived from Shaker), arranged in order ac-
cording to the magnitude of current change produced
by the switch from 0 to 10 mM K�. The first four bars in
Fig. 9 C indicate the slope of the curve, generated as in
Fig. 9 A, for each of the channels derived from Kv2.1.
Current magnitude in both Kv2.1 K382V and Kv2.1
K356G was significantly more sensitive to the change in
external [K�] than the wild-type channel, with K356G
being slightly but significantly more sensitive than
K382V. The slope of the curve for Kv2.1 K356G K382V
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was equal to the sum of the slopes generated from the
two single mutants. This additivity suggests that all of
the lysines in the outer vestibule contributed linearly
(albeit unequally) to the decrease in K� sensitivity ob-
served in the wild-type channel. Importantly, this addi-
tivity also suggests that neither mutation produced an
increase in sensitivity due to an allosteric effect of ei-
ther of the mutations.

Sensitivity of the Shaker potassium channel to the change in
driving force. We examined the K�-dependent change in
current magnitude on Shaker in a similar type of experi-
ment. The currents illustrated in Fig. 9 C, top right, rep-
resent the response of Shaker to the change in external
[K�], recorded at �20 mV. As observed for currents re-
corded at 0 mV (Fig. 6 A), elevation of external [K�]
during activation resulted in an immediate decrease in
current magnitude. Fig. 9 B (open circles) and the fifth
bar in Fig. 9 C illustrate the effect of elevating [K�] from
0 to 10 mM on activated Shaker channels over a range of
membrane potentials. As with the Kv2.1 channel without
lysines, Shaker was dramatically more sensitive to the
change in external [K�] than Kv2.1. In Shaker, however,
this increased sensitivity was manifest somewhat differ-
ently. The slope of the curve in Fig. 9 B is about twice
that of Kv2.1. However, at all voltages between �20 and
50 mV, there was a large decrease in current magnitude.

D I S C U S S I O N

Current magnitude through Kv2.1 is modulated by ex-
ternal [K�] via three different mechanisms. First, the
outer vestibule of the channel can be in two different
conformations (Immke and Korn, 2000), each of which
is associated with different macroscopic current magni-
tudes (Wood and Korn, 2000). As external [K�] is ele-
vated, the percentage of channels in each of these two
conformations changes, such that at higher [K�], more
channels are in the conformation that produces larger
currents. This modulation mechanism, as far as we
know, is unique to Kv2.x channels within the family of
voltage-gated K� channels. The second two mecha-
nisms produce opposing changes in current magnitude
that are common to all ion channels. Outward current
will be reduced upon elevation of external [K�] due to
the reduction in driving force. Conversely, to the extent
that channels are not saturated by K�, outward current
will increase upon [K�] elevation due to an increase in
pore saturation (Hille and Schwartz; 1978; Neyton and
Miller, 1988) (Note that increasing K� occupancy of the
pore can also influence current magnitude via an effect
on gating. For example, elevation of external [K�]
slows inactivation in Shaker [Lopez-Barneo et al., 1993;
Baukrowitz and Yellen, 1996] and shifts the voltage de-
pendence of inactivation in Kv2.1 [Wood and Korn,
2000]. These effects were not at issue in this paper.)

The findings in this paper demonstrate that, while ac-
tivated, Kv2.1 channels are remarkably insensitive to
changes in external [K�]. While channels are activated,
the outer vestibule does not change conformation even
if [K�] changes. Moreover, structural attributes of the
Kv2.1 outer vestibule minimize the response of Kv2.1
channels to changes in K� driving force, and reduce
the K�-dependent change in macroscopic conduc-
tance. As a consequence of this insensitivity, when
channels are in the activated state between �20 and 30
mV, current magnitude varies by �7% when external
[K�] changes between 0 and 10 mM.

In contrast, when channels close and reopen in the
presence of different external [K�], current magnitude
through Kv2.1 can vary quite markedly. Because of the
small increase in macroscopic conductance associated
with increased channel saturation, and the relative in-
sensitivity of Kv2.1 to the change in K� driving force,
the K�-dependent change in current magnitude under
these conditions is primarily due to the change in outer
vestibule conformation.

Control of Outer Vestibule Conformation

Previous results indicated that K� occupancy of a spe-
cific selectivity filter binding site determined which
conformation the outer vestibule was in (Immke et al.,
1999; Immke and Korn, 2000). When this site was occu-
pied, the conformation allowed both internal and ex-
ternal TEA to block the channel and resulted in larger
macroscopic currents. When this site was unoccupied,
the channel was completely insensitive to both inter-
nal or external TEA and macroscopic currents were
smaller. However, previous results suggested that
changes in occupancy of this site might not be responsi-
ble for regulating whether or not the transition be-
tween the two conformations can occur. First, given the
rapid flow of ions through the conduction pathway, it
seemed unlikely that the channel was able to intercon-
vert between the two conformations as ions traversed
the pore. Second, channels could initially activate into
one conformation or the other. Consequently, when ac-
tivated, some channels initially had this site occupied
and some did not. However, regardless of the initial oc-
cupancy state, application of high [TEA] did not cause
channels to convert from one conformation to the
other. Thus, occupancy of this particular site had no
impact on the ability of the channels to change confor-
mation when in the activated state.

The inability of high [TEA] to cause an interconver-
sion between the two outer vestibule conformations was
consistent with two possible mechanisms. First, the
outer vestibule could have been locked in position
when channels were in the activated state. In this case,
once channels were activated in one or the other con-
formation, the conformation was fixed until channels
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closed. An alternative possibility was that the outer ves-
tibule conformation could change when channels were
activated, but only if K� occupancy of the pore (or a
site in the pore) changed. However, this latter possibil-
ity could only hold if application of external TEA didn’t
influence K� occupancy of the pore (or the relevant
site in the pore). The primary goal of experiments
in part I of this paper was to determine how the K�-
dependent change in outer vestibule conformation was
regulated. We sought to determine whether the ability
of the outer vestibule to change conformation was state
dependent, whether the outer vestibule was ever locked
in one or the other conformation, and what permitted
or prevented the transition between locked and un-
locked conformations.

The results in part I of this paper demonstrate that
under normal conditions, (physiological internal [K�]
and no internal channel blocker), the outer vestibule is
locked when channels are activated. Consequently,
once activated, the percentage of channels in each
conformation remains fixed, even if external [K�]
changes. If external [K�] changes during activation, a
change in conformation is observed only after channels
close and reopen. Similarly, if [K�] changes while chan-
nels are closed, channels open with a different distribu-
tion between the two outer vestibule conformations
(Immke and Korn, 2000; Wood and Korn, 2000). Thus,
under normal physiological conditions, channels must
close in order for outer vestibule to change conforma-
tion.

We have no way to determine with currently available
techniques whether (a) the outer vestibule can un-
dergo transitions between conformations freely while
channels are closed or (b) the outer vestibule in closed
channels is fixed in one conformation or other and the
redistribution between conformations occurs during
the transition between closed and open states. None-
theless, our results demonstrate that, under normal
conditions, it is the [K�] present in the closed state that
determines what percentage of channels will open into
each of the two outer vestibule conformations.

Requirement for Pore Occupancy

Our data also demonstrate, however, that “conforma-
tional rigidity” is not associated directly with the activa-
tion state of the channel. The outer vestibule confor-
mation remained fixed whether channels were acti-
vated at �20 or 50 mV. Because Kv2.1 channels are not
maximally activated until �20 mV (Korn and Ikeda,
1995; Wood and Korn, 2000), these data suggest that
the outer vestibule conformation could not change ei-
ther when fully activated or with transitions into shal-
low closed or closed-inactivated states (e.g., see Klemic
et al., 1998). In contrast, when K� occupancy of the
channel was held quite low, either with a low internal

[K�] or by transiently interrupting K� flow into acti-
vated channels by an internal channel blocker, outer
vestibule conformation could change, regardless of
membrane potential or activation state (Fig. 7). These
data indicate that it is occupancy of a site in the chan-
nel by K� that prevents activated channels from chang-
ing conformation. This dependence on occupancy
would explain the ability of the channel to change con-
formation when the channel is closed but not when ac-
tivated. When closed, occupancy of the pore is dramati-
cally reduced, perhaps to the point of being empty of
K�. When activated, the channel is always heavily occu-
pied by K�.

Where Is the Site that Regulates Outer Vestibule Dynamics?

Occupancy of a particular selectivity filter site deter-
mines which of two conformations the channel is in
(Immke and Korn, 2000). At low external [K�], some
activated channels have this site occupied, whereas
some do not. At higher [K�], this site is fully occupied
in activated channels. Regardless of whether this site
was fully occupied or not, the outer vestibule could
not change conformations when external [K�] was
changed during activation. Consequently, we conclude
that the site that determines whether channels are able
to change conformation is different from the site respon-
sible for modulating which conformation the channel
is in.

We cannot know unequivocally which K� site in the
pore is the site that regulates whether or not the outer
vestibule can change conformations. However, several
lines of evidence suggest that the central cavity may be
the relevant site. We previously proposed a simple
model of the K�-dependent conformational change,
which postulated a simultaneous reorientation of the
turret and internal TEA binding site (Immke et al.,
1999). Structural information gleaned from the KcsA
potassium channel (Doyle et al., 1998) suggested that
such a simultaneous movement would also involve
movement of the pore helices. The presence of K� in
the central cavity has been proposed to interact electro-
statically with the pore helices (Doyle et al., 1998; Roux
and MacKinnon, 1999; Zhou et al., 2001). In addition,
the apparent affinity for this site in Shaker has been es-
timated to be near 60 mM (Thompson and Begenisich,
2001). This is consistent with our findings that the rele-
vant site is largely unoccupied at an internal [K�] of 10
mM yet significantly occupied with an internal [K�] of
100 mM. This site would also be transiently unoccupied
in the presence of internal TEA, and presumably emp-
ties when the channel closes (Miller, 1987; Demo and
Yellen, 1992; Holmgren et al., 1997). Together, these
experimental observations are consistent with the cen-
tral cavity being the location of the K� binding site asso-
ciated with stabilizing outer vestibule conformation.
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Recent models of permeation through K� channels
support this hypothesis. According to these models, at
low internal [K�], ions occupy the selectivity filter pref-
erentially over the central cavity (Chung et al., 1999).
This results from a combination of two influences. The
selectivity filter sites have a higher affinity for K� than
the central cavity and a significant energy barrier ap-
pears to slow entry of K� from the cytoplasm into the
central cavity (Chung et al., 1999, 2002).

Finally, structural data from the KcsA potassium
channel also support this view. Zhou et al. (2001) sug-
gested that the selectivity filter region of KcsA could
change conformation at low [K�] but not at high [K�].
Moreover, Zhou et al. (2001) suggested that in the pres-
ence of low [K�] and high [Na�], the selectivity filter
was occupied by [K�] but the central cavity was not.
While not completely analogous to our experiments,
these data support the interpretation that in KcsA, the
region associated with the selectivity filter can change
conformations when selectivity filter sites are occupied.
In contrast, at higher [K�], when the central cavity also
becomes occupied, the KcsA selectivity filter is pro-
posed to become rigid (Zhou et al., 2001). The change
in Kv2.1 outer vestibule conformation appears to in-
volve a subtle change in selectivity filter conformation
(Immke et al., 1999). Thus, it seems reasonable to spec-
ulate that occupancy of the same site in the pore deter-
mines whether the selectivity filter and outer vestibule
are rigid or can interconvert between different confor-
mations.

Insensitivity of Kv2.1 Channels to Conformation-independent 
Effects of External K�

An enigmatic observation in previous work was that the
outer vestibule conformation mechanism could poten-
tiate currents by as much as 40% with elevation of ex-
ternal [K�] from 0 to 10 mM (Wood and Korn, 2000),
even though only a small percentage (estimated to
be �20%) of channels were apparently involved (see
Immke and Korn, 2000). This was surprising because
we would have expected the outer vestibule potentia-
tion effect to be superimposed on a significant de-
crease in current magnitude associated with the reduc-
tion in K� driving force.

The results of part II of this paper demonstrated that
currents through Kv2.1 channels are remarkably insen-
sitive to the change in K� driving force. Currents
through Kv2.1 displayed a small (20%) K�-dependent
increase in macroscopic conductance associated with
the increase in pore saturation. This effect, which
would increase outward current magnitude, was well
within the range observed in other channels (Fig. 4;
Yang and Sigworth, 1998). Because of the relative in-
sensitivity of Kv2.1 currents to the change in driving
force, at �0 mV, the current reduction associated with

the change in driving force exactly balanced the in-
crease associated with the increase in conductance
(Figs. 2, 5 A, 8, and 9).

There are several functional ramifications of this in-
sensitivity to the change in driving force. First, given
the fact that the K�-dependent change in outer vesti-
bule conformation doesn’t occur when channels are ac-
tivated, currents through Kv2.1 are almost insensitive to
changes in external [K�] when channels are activated.
Second, the insensitivity of Kv2.1 to the change in driv-
ing force permits significant macroscopic current po-
tentiation due to a mechanism that occurs in only a
small percentage of channels. The importance of this
factor is most easily appreciated by comparison of
Kv2.1 with the Shaker potassium channel. When exter-
nal [K�] is elevated from 0 to 10 mM, Kv2.1 currents at
membrane potentials between �20 and 30 mV are
changed by �7% (Fig. 9 B). In contrast, this same ele-
vation of [K�] reduces current magnitude in Shaker by
20–55%. Indeed, a potentiation mechanism such as
that described in Kv2.1 could not work in a channel
with Shaker’s response to the change in driving force.
Third, the insensitivity of Kv2.1 to the change in driving
force allows the outer vestibule potentiation mecha-
nism to influence current magnitude relatively uni-
formly at different membrane potentials. This point is
illustrated by comparison of Kv2.1 with either Shaker
or the mutant Kv2.1 channel (Kv2.1 K356G K382V). In
Kv2.1, currents recorded at potentials between �20
and 30 mV varied by 	7% when [K�] was elevated
from 0 to 10 mM (Fig. 9). In contrast, elevation of [K�]
from 0 to 10 mM changed current magnitude in these
other channels by anywhere from 0 to 55%, depending
on membrane potential (Fig. 9, A and B). The signifi-
cance of these Kv2.1 channel properties is underscored
by the possibility that this channel may have particular
functional importance under conditions where exter-
nal [K�] can change (discussed below).

The Structural Basis for the Insensitivity of Kv2.1 to the 
Change in Driving Force

This insensitivity of Kv2.1 to changes in K� driving
force appears to be due in large part to the presence of
lysines at two positions in the outer vestibule that are
unique to Kv2.1. Removal of these lysines resulted in a
fourfold increase in channel sensitivity to changes in
[K�] (Fig. 9, A and C). Moreover, as described above,
mutation of these outer vestibule lysines resulted in a
nonuniform K�-dependent change in current magni-
tude as a function of voltage. Thus, these outer vesti-
bule lysines not only reduced the absolute change in
current magnitude associated with the change in exter-
nal [K�], but over a physiologically relevant range of
membrane potentials, the small variation that did oc-
cur was more nearly uniform.
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Although the precision of the fourfold symmetry of
the Kv channels is not understood with certainty, the
structure of KcsA suggests that the outer vestibule of
the pore is quite symmetric (Doyle et al., 1998). Conse-
quently, we assume that the lysines on all four channel
subunits are similarly located in the outer vestibule.
Mutation of just the position 382 lysines, or just the po-
sition 356 lysines, each produced a partial increase in
sensitivity to [K�] (Fig. 9 C). The K356G mutation pro-
duced a slightly greater increase in sensitivity to
changes in [K�] than the K382V mutation. However,
the increase in sensitivity produced by each of these
mutations summed to the increased sensitivity of the
double mutation. This suggests that all outer vestibule
lysines contributed linearly to the reduction in channel
sensitivity to variation in external [K�], with the lysines
at position 356 assuming a slightly more significant
role. Moreover, the summing effect of these mutations
argue against the possibility that either mutation pro-
duced a nonspecific, allosteric change in channel func-
tion.

Significance of These Findings

The Kv2.1 channel may have particular functional sig-
nificance under conditions of high frequency firing
(Du et al., 2000), which can cause significant elevations
of extracellular [K�] (Somjen and Giacchino, 1985;
Xiong and Stringer, 1999). Consequently, the [K�]-
dependent change in outer vestibule conformation
and associated properties could be of important func-
tional significance under conditions of prolonged or
high frequency firing. The findings in this paper specif-
ically address the control of current magnitude by ex-
ternal [K�]. At the simplest level of analysis, changes in
external [K�] during activation have essentially no ef-
fect on current magnitude. However, once channels
enter deep closed states and reopen in the presence of
higher external [K�], macroscopic current will be
larger and activate more quickly (Wood and Korn,
2000). Under conditions of high frequency firing,
channels may open and close rapidly, and significant
numbers of channels may enter closed inactivated
states (Klemic et al., 1998). This latter observation
suggests that under high frequency firing conditions,
channels occupy nonconducting states that are differ-
ent in some way from the deep closed states obtained
with prolonged hyperpolarization. Channels main-
tained at �20 mV also enter shallow closed and per-
haps closed-inactivated states. Elevation of [K�] at �20
mV does not produce a change in outer vestibule con-
formation (Figs. 8 and 9). Thus, as discussed above, the
ability of the outer vestibule to change conformation
does not depend directly on channel gating state. How-
ever, one might imagine that during rapidly fluctuating
membrane potentials, K� occupancy of the pore might

change. Consequently, it will be of interest to deter-
mine whether current magnitude in channels that par-
ticipate in high frequency firing undergo the K�-depen-
dent conformational change, and consequent change in
current magnitude.
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