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Mechanisms underlying K
v
4 (Shal 

type) potassium channel mac-
roscopic (open state) inactivation and 
recovery are unknown, as are mecha-
nisms by which KChIP2 isoforms modu-
late these two processes. In a recent study 
(Xenopus oocytes, 2 microelectrode 
voltage clamp) we demonstrated that: 
i) Partial deletion of the K

v
4.3 proxi-

mal N-terminal domain (D2-39; deletes 
N-terminal amino acids 2-39) not only 
slowed macroscopic inactivation, but 
also slowed the net rate of recovery; and 
ii) Co-expression of KChIP2b signifi-
cantly accelerated the rate D2-39 recov-
ery from inactivation. The latter effect 
demonstrated that an intact N-terminal 
domain was not obligatorily required for 
KChiP2b-mediated modulation of K

v
4.3 

recovery. To extend these prior observa-
tions, we have employed identical proto-
cols to determine effects of KChiP2d on 
D2-39 macroscopic recovery. KChiP2d is 
a “structurally minimal” isoform (con-
sisting of only the last 70 amino acids of 
the common C-terminal domain of larger 
KChIP2 isoforms) that exerts functional 
modulatory effects on native K

v
4.3 chan-

nels. We demonstrate that KChiP2d also 
accelerates D2-39 recovery from macro-
scopic inactivation. Consistent with our 
prior D2-39 + KChIP2b study, these 
D2-39 + KChIP2d results: i) Further 
indicate that KChIP2 isoform-mediated 
acceleration of K

v
4.3 macroscopic recov-

ery is not obligatorily dependent upon 
an intact proximal N-terminal; and ii) 
Suggest that the last 70 amino acids of 
the common C-terminal of KChiP2 
isoforms may contain the domain(s) 
responsible for modulation of recovery.

K
v
4 (Shal type) potassium channels, in 

association with various ancillary b sub-
units, generate the rapidly activating and 
inactivating, and subsequently rapidly 
recovering, transient outward current 
phenotypes “I

A
” in neurons and “I

to,fast
” 

in working cardiac myocytes.1-3 Unlike 
other much more well-studied potassium 
channels, such as Shaker4-6 and KcsA,7,8 
mechanisms underlying K

v
4 channel 

macroscopic (open state) inactivation 
and recovery are unknown. There is also 
controversy on underlying assumptions of 
proposed K

v
4 channel gating models.1,2,9-13 

Considering the roles that K
v
4 channels 

are recognized to play in regulating sev-
eral diverse functions mediated by both 
the nervous and cardiovascular systems, 
determining mechanisms underlying K

v
4 

gating transitions has clear scientific and 
clinical implications.1-3

In a recent issue of Channels we 
presented results14 on the K

v
4.3 partial 

N-terminal deletion mutant D2-39 (which 
removes amino acids 2–39 of the proximal 
N-terminal domain). In contrast to pre-
dictions of popular K

v
4 gating models,2,9-12 

our D2-39 analysis14 yielded several unex-
pected results, among which the following 
two were possibly the most surprising: 
i) partial N-terminal deletion not only 
removed the prominent rapid compo-
nent of macroscopic inactivation, but also 
slowed the net rate of recovery from inac-
tivation; and ii) coexpression of KChiP 2b 
(K Channel interacting Protein 2b)1,3,15  
while having no major effect on the rate 
of D2-39 macroscopic inactivation, pro-
duced significant acceleration of the rate 
of D2-39 recovery. The first result (which 
is generally consistent with previous K

v
4 
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2b (trec = 126 msec14). However, for both 
KChiP 2b and 2d14 such constrained 
exponential fits, while well describing 
later recovery points, failed to adequately 
describe the earliest recovery amplitudes. 

Our prior14 and present results thus 
argue that KChiP2-mediated accelera-
tion of K

v
4 macroscopic recovery cannot 

be attributed solely to sequestration of 
proximal N-terminal domain mediated 
effects. We nonetheless wish to empha-
size that we are not questioning results of 
prior crystallographic studies demonstrat-
ing the existence of two KChIP binding 
sites in the K

v
4.3 N-terminal domain 

(proximal “site 1” and T1 “site 2”).18,19 
Rather, our results functionally indicate 
that both KChiP2b and 2d do not exert 
pronounced effects on D2-39 macroscopic 
inactivation kinetics, but nonetheless still 
accelerate recovery. We thus propose that 
KChiP2-mediated modulation of native 

for D2-39 + KChiP 2d is illustrated in 
Figure 1 (main panel), and overlaid with 
the mean D2-39 (basal conditions) and 
D2-39 + KChIP 2b recovery waveforms 
(obtained using the identical protocol) 
reported in our prior analysis.14 

Compared to control basal conditions, 
co-expression of KChIP2d accelerated 
D2-39 macroscopic recovery, with a mean 
net rate very similar to that produced by the 
“full-length” isoform KChiP 2b.14 As per 
our prior D2-39 + KChiP 2b analysis,14 an 
initial delay (sigmoidicity) in the recover-
ing D2-39 + KChiP 2d current waveforms 
was observed (Fig. 1, inset). Beginning at 
an interpulse interval of Dt = 60 msec (so 
as to “bypass” this initial complication of 
sigmoidicity14), the constrained exponen-
tial best fit to the mean D2-39 + KChIP 2d 
data points resulted in an estimated recov-
ery time constant (trec = 120 msec) that 
was very similar to that of D2-39 + KChiP 

studies2,9-12) indicates that deletion of the 
K

v
4.3 proximal N-terminal, while mim-

icking the slowing effect of KChIP 2b 
on macroscopic inactivation,15-17 does not 
mimic the acceleratory effects of KChIP 
2b on recovery. The second result (which is 
in contrast to previous K

v
4.2 studies2,10,11) 

indicates that an intact N-terminal proxi-
mal domain is not obligatory for KChIP2 
isoforms to exert acceleratory effects upon 
K

v
4 channel recovery. In the absence of 

evidence for KChiP2 isoforms activating 
a metabolic and/or second messenger cas-
cade, the most straightforward interpreta-
tion of the second result14 would be the 
existence of additional KChiP 2b regula-
tory domains located outside of the proxi-
mal N-terminus, e.g. possibly in the T1 
(tetramerization) domain18,19 and/or the 
C-terminus.20-22

Our laboratory previously identified a 
novel KChIP2 isoform designated KChIP 
2d.23 KChIP 2d is a “structurally mini-
mal” isoform consisting of only the last 70 
amino acids of the common C-terminal 
domain of larger KChIP2 isoforms.1,3,15 
It thus lacks regions reported in crystal-
lographic studies to be required for KChIP 
interactions with both K

v
4.3 N-terminal 

“site 1” and T1 “site 2”.18,19 KChIP 2d none-
theless modulates K

v
4.3 gating transitions, 

and in particular accelerates the kinetics 
of recovery from macroscopic inactiva-
tion.16,23 When our KChIP 2d results were 
published,16,23 mechanisms underlying its 
effects were unclear. In light of our sub-
sequent D2-39 + KChIP 2b results,14 our 
prior KChIP 2d studies16,23 were possibly 
the first demonstration of KChIP2 inter-
action sites existing outside of the K

v
4 a 

subunit proximal N-terminal domain. 
Based upon these prior studies,14-17,23 

we thus wondered: Is KChiP 2d also 
capable of accelerating D2-39 recovery? 
To address this question, we employed 
the same techniques used in our previous 
analysis of D2-39 + KChIP 2b (co-expres-
sion of D2-39 a subunits and KChiP 2d b 
subunits in Xenopus oocytes [cRNAs co-
injected in 1:1 ratios]; two microelectrode 
voltage clamp analysis recordings con-
ducted within 24 hours of cRNA injec-
tion]).14 Employing a conventional double 
pulse recovery protocol (for details see 
Fig. 1 caption), the mean (n = 7) macro-
scopic recovery waveform (HP = -100 mV) 

Figure 1. Effects of KChiP 2d23 on Kv4.3 D2-39 macroscopic recovery kinetics at HP = -100 mV. 
Recording conditions and fitting as per our prior D2-39 + KChIP2 analysis14 (Xenopus oocytes; 
cRNAs injected in 1:1 ratio; 2 microelectrode voltage clamp; current recordings [22°C] conducted 
within 24 hours of cRNA injection; external recording solution [in mM]: 2 KCl, 96 NaCl, 1 MgSO4, 
1.8 CaCl2, 5 HEPES, pH = 7.40). Recovery (HP = -100 mV) was measured using a P1-P2 double 
pulse recovery protocol, with a 1 sec P1 pulse applied to +50 mV, followed by variable interpulse 
intervals (Dt) back to HP = -100 mV (Dt durations from 20 to 700 msec, progressively increased in 
20 msec increments), and subsequent application of an identical P2 pulse. Main panel: Solid black 
circles, mean (n = 7) D2-39 + KChIP 2d recovery waveform; gray circles, mean recovery waveforms 
from our prior analysis14 of D2-39 (basal conditions, hollow gray circles) and D2-39 + KChiP 2b 
(solid gray circles). The solid black curve is a constrained exponential fit (beginning at Dt = 60 ms) 
to the mean D2-39 + KChIP 2d macroscopic recovery data points with mean trec = 120 msec (see 
text and ref. 14). The two gray lines are fits to the mean D2-39 (sigmoidal [“a3”] fit, trec = 127 msec) 
and D2-39 + KChiP 2b (exponential fit constrained to begin at Dt = 60 msec, trec = 126 msec) 
data points from our prior analysis.14 Inset, representative D2-39 + KChIP2d P2 recovery current 
waveform. Solid black curve is a constrained exponential fit (begun at Dt = 80 msec for the oocyte 
illustrated) with trec = 131 msec, while the gray curve is an empirical sigmoidal (“a3”) fit with trec 
= 105 msec (ref. 14). Calibration bars: 1 μA, 100 msec. 
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K
v
4 channel macroscopic inactivation 

and recovery involves at least two mecha-
nisms: i) Sequestration of a putative rapid 
N-type like inactivation process due to the 
proximal N-terminal domain14 (consistent 
with general proposals of crystallographic 
studies18,19); and ii) Acceleration of recov-
ery by further interactions with a subunit 
domains located outside of the proximal 
N-terminus (possibilities not addressed 
but acknowledged in crystallographic 
studies18,19).

In summary, our prior D2-39 
+ KChiP2b results14 indicate that 
KChiP2b-mediated acceleration of 
recovery can occur in the absence of an 
intact N-terminus. Our present D2-39 
+ KChIP2d results suggest that the last 
70 amino acids of the common KChiP2 
C-terminal15,16,23 may contain a separate 
domain(s) responsible for acceleration of 
recovery. If this interpretation is correct, 
both K

v
4 channel b subunits and “full 

length” KChiP2 isoforms would each 
contain at least two distinct domains for 
regulating the rate of development of mac-
roscopic inactivation and its subsequent 
recovery. Our results thus raise several 
new functional questions (which will be 
more quantitatively addressed in future 
studies), and further indicate that popular 
K

v
4 channel gating models2,9-12 may be in 

need of reevaluation. Sequestration of the 
K

v
4 channel putative N-type inactivation 

process by KChIP2 isoforms thus appears 
to be only one part of a more complex 
modulatory scheme.


