
 1 

Functional Rescue of Kv4.3 Channel Tetramerization Mutants by KChIP4a 

 

Ping Liang, Hao Chen, Yuanyuan Cui
 
and KeWei Wang

¶
 

Department of Neurobiology, Neuroscience Research Institute, 

Peking University Health Science Center 

38 Xueyuan Road, Beijing 100191, China 

 
¶
 To whom correspondence should be addressed:wangkw@bjmu.edu.cn 

 

 

 

 

 

 

 

 

ABSTRACT  

KChIP4a shows a high homology with other members of KChIPs (Kv 

channel-interacting proteins) in the conserved C-terminal core region but exhibits unique 

modulation of Kv4 channel gating and surface expression.  Unlike KChIP1, the KChIP4 

splice variant KChIP4a has been shown to inhibit surface expression and function as a 

suppressor of channel inactivation of Kv4.  In this study, we ask whether the multitasking 

KChIP4a modulates Kv4 function in the clamping fashion similar to KChIP1.  Injection of 

Kv4.3 T1 zinc mutants into Xenopus oocytes results in non-functional expression of Kv4.3 

channels.  In contrast, co-expression of Kv4.3 zinc mutants with WT KChIP4a gives rise to 

functional expression of Kv4.3 current.  Oocyte surface labeling assay confirms the 

correlation between functional rescue and enhanced surface expression of zinc mutant 

proteins.  Chimeric mutations that replace Kv4.3 N-terminus with N-terminal KChIP4a or 

N-terminal deletion of KChIP4a further dissect that the functional rescue of Kv4.3 channel 

tetramerization mutants is core KChIP4a-dependent, not its N-terminus.  Structure-guided 

mutation of two critical residues of core KChIP4a attenuates functional rescue and tetrameric 

assembly.  Moreover, the size exclusion chromatography assay combined with FPLC shows 

that KChIP4a can drive zinc mutant monomers to assemble as tetramers.  Taken together, 

our results show that KChIP4a can rescue the function of tetramerization-defective 

monomers.  Therefore, we propose that core KChIP4a functions to promote tetrameric 

assembly and enhance surface expression of Kv4 channels by a clamping action, whereas its 

N-terminus inhibits surface expression of Kv4 by a mechanism that remains elusive.    
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INTRODUCTION 

Kv channel formation requires early tetramerization of the pore-forming –subunit T1 

domain at the cytoplasmic N-terminus of the protein, followed by additional trafficking steps 

and interactions with auxiliary proteins for completion of the final functional channel 

complex at the membrane surface [1-6].  In Kv4 Shal channels, the T1 (tetramerization) 

domain features a hallmark intersubunit Zn
2+

 ion which is found on non-Shaker type Kv 

channel T1 domains [7, 8].  The Zn
2+

 binding site reveals the characteristic motif in which 

the cysteine doublet and the histidine are from the same subunit at the intersubunit interface 

and the third cysteine is from neighboring subunit [8-13].  One important function of the 

intersubunit Zn
2+

 binding sites is to mediate the T1-T1 domain interaction, and promote and 

stabilize the tetrameric channel assembly.  Mutations of the Zn
2+

 binding residues give rise 

to non-functional channel expression by disrupting subunit tetramerization [9, 10].  

Co-expression of auxiliary KChIPs (Kv channel-interacting proteins) can rescue the 

functional expression of Kv4 Zn
2+

 binding site mutants by promoting tetrameric channel 

assembly and surface expression [9, 14]. 

Cytosolic Kv channel-interacting proteins KChIPs1-4 (216~256 amino acids) 

co-assemble with pore-forming Kv4 subunits to form a native complex that encodes 

somatodendritic A-type K
+
 current which plays a critical role in shaping the action potential 

waveforms [15-19].  Auxiliary KChIPs1-4 all have a conserved carboxy-terminal core 

region that contains four EF-hand-like calcium binding motifs, and in general they increase 

Kv4 current expression by promoting channel trafficking to the membrane surface.  It is of 

interest that KChIPs exist as splice variants with alternative amino-terminal regions which 

have been proposed to mediate the diverse modulation of Kv4 function [13, 15-22].  For 

instance, KChIP1 increases Kv4 surface expression, speeds up steady-state inactivation with 

a moderate effect on fast inactivation, and accelerates recovery from inactivation [15].  In 

contrast, the KChIP4 splice variant KChIP4a which overlaps in its C-terminal core region 

with KChIP1 functions as a suppressor of inactivation for elimination of the fast inactivation 

of Kv4 channels, but neither promotes surface expression nor has any effect on the recovery 

time constant following inactivation [6, 20, 23-25].  This suggests that the distinctive 

N-terminus of KChIP4a, independent from its core region, plays an important role in 

determining the functional phenotype of Kv4 modulation.  The effect of KChIP4a on 

inactivation has been attributed to the distinct function of its KIS (K-channel inactivation 

suppressor) domain that resides in the N-terminus (residues 1-34) of KChIP4a [20].   

X-ray crystal structures of auxiliary KChIP1 from previous studies have provided some 

structural insights into how different KChIPs might modulate Kv4 channel function [8, 14, 

26-28].  The structural complex of N-terminal Kv4.3 and KChIP1 revealed a unique 

clamping action, in which a single KChIP1 molecule as a monomer laterally clamps two 

neighboring Kv4.3 N-termini in a 4:4 manner, forming an actamer.  The proximal 

N-terminal peptide of Kv4.3 is sequestered by its binding to an elongated groove on the 

surface of KChIP1, which is indispensable for the modulation of Kv4.3 by KChIP1, and the 

same KChIP1 molecule binds to an adjacent T1 domain to stabilize the tetrameric Kv4.3 

channels [8, 14, 26-28].  A recent structural study of KChIP4a revealed a distinctive 

fork-like conformation of the N-terminal α-helices that distinguish it from other KChIPs, 

together with a conserved C-terminal core structure, providing a basic framework for 
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understanding how different structural parts of the same KChIP4a might mediate the diverse 

modulation of Kv4 function [29].  Compared with bound KChIP1 that sequesters the 

N-terminus of Kv4.3 and stabilizes the tetrameric assembly of Kv4 tetramers by laterally 

clamping adjacent tetramerization (T1) domains, the core structure of KChIP4a (without the 

three N-terminal α-helices) shows a significant alignment with KChIP1.  This indicates that 

core KChIP4a can function in manner similar to KChIP1 in clamping Kv4 channels together 

[14, 30].  Biochemical analysis of competitive binding from our previous studies shows that 

the N-terminus of KChIP4a competes with the binding of the Kv4.3 N-terminal peptide to the 

hydrophobic groove in the core of KChIP4a, causing the release of the KChIP4a N-terminus 

that can suppress the inactivation of Kv4.3 channels.  This gives rise the hypothesis that the 

distinctive KChIP4a N-terminus and its core function independently to exert the diverse 

modulation characteristic of Kv4 channels [29].  Given the structural similarity of the 

conserved core of these two molecules, the question arose as to whether KChIP4a functions 

in a manner generally similar to KChIP1 which is known to promote tetrameric assembly and 

trafficking by clamping Kv4 together, and whether the core of KChIP4a can override the 

effect of its N-terminus that has been proposed to function as a transmembrane domain which 

causes ER retention [31, 32].  

 In this study, we demonstrate that co-expression of Kv4.3 zinc mutants with WT 

KChIP4a gives rise to functional expression of the mutant Kv4.3.  The oocyte surface 

labeling assay further confirms that KChIP4a can increase surface expression of Kv4.3 

C110A mutant proteins.  Biochemistry assay with SEC-FPLC demonstrates that KChIP4a 

can drive zinc mutant monomers to assemble as tetramers.  Taken together, we propose that 

core KChIP4a modulates and interacts with Kv4 by a clamping action, resulting in functional 

rescue of Kv4 mutant subunits residing predominantly in a monomeric state.  The 

N-terminus of KChIP4a, however, functions independently as an inhibitory domain to 

suppress surface expression of Kv4 by a mechanism that remains further elusive. 
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EXPERIMENTAL PROCEDURES 

Molecular Biology 

All materials not specifically identified were purchased from Sigma (St. Louis, MO).  

All restriction enzymes were purchased from New England Biolabs, Inc.  For biochemistry 

and cell biology experiments, all wild-type (WT) and mutant cDNA constructs were 

generated by PCR using Pfu DNA Polymerase (Stratagene Corporation, La Jolla, CA) 

according to the manufacturer’s protocol.  All human Kv4.3 mutants were constructed and 

inserted into pEGFP-N1 vectors (Clontech Laboratories, Mountain View, CA) with double 

restriction sites HindIII and PstI.  Rat KChIP1 constructs were subcloned in pcDNA3.1(+) 

vector (Invitrogen, Shanghai) and mouse KChIP4a constructs were subcloned in pcDNA3.1(-) 

(Invitrogen, Shanghai) for immunostaining.  For electrophysiology, WT or mutant cDNA 

constructs of either Kv4.3 or KChIPs were subcloned into pBluescript KSM [8] with double 

restriction sites SalI and EcoRI.  All hKv4.3 zinc mutants (Kv4.3 C110A, Kv4.3 

C131A-132A and Kv4.3 C110A-C131A-C132A), deletion mutant hKv4.3Δ24-C110A, 

rKChIP1 L39E-Y57A-K61A triple mutant and mKChIP4a Y70A-K74A double mutant 

cDNAs used in this study were derived using the QuikChange II mutagenesis kit (Stratagene 

Corporation, La Jolla, CA).  Kv4.3 proximal N-terminal truncation (Kv4.324), 

KIS-Kv4.324 chimera (N-terminal residues 2-34 of KChIP4a fused to Kv4.3 N-terminal 

deletion of residues 2-24) and KChIP4a proximal N-terminal truncation of residues 2-34 

(KChIP4a34) were generated by PCR using Pfu DNA Polymerase (Stratagene Corporation, 

La Jolla, CA).  Inserts of all of the clones and mutants were rigorously verified by 

sequencing (Beijing Augct Biotechnology Company).  cRNAs were in vitro transcribed 

using the T3 mMESSAGE Machine kit (Ambion) following linearization of the cDNA 

constructs with NotI enzyme.  In this study, ‘KIS’ and ‘core KChIP4a’ denote N-terminal 

residues 1-34 of KChIP4a (KChIP4a N1-34aa) and deletion of N-terminal residues 1-34 of 

KChIP4a (KChIP4a34), respectively.  

 

Electrophysiological Recordings in Xenopus Oocytes 

For oocyte expression, Xenopus oocytes (stage V–VI) were selected and injected with 46 

nl of cRNA solution (Drummond Scientific Co.).  The amount of injected WT Kv4.3, Kv4.3 

zinc mutants, Kv4.324, and KIS-Kv4.324 chimera cRNAs was about 0.5 ng when 

expressed alone or co-expressed with KChIPs.  For co-expression experiments, the amount 

of injected KChIPs cRNAs (WT KChIP1, WT KChIP4a, KChIP4a Y70A-K74A and 

KChIP4a34) was about 1.25 ng.  One to two days after injection oocytes were impaled 

with two microelectrodes (0.5–1.0 MΩ) filled with 3 M KCl in a 40 μl recording chamber.  

The chamber was constantly perfused with ND-96 recording solution containing 96 mM 

NaCl, 2 mM KCl, 1 mM MgCl2, 1.0 mM CaCl2 and 5 mM HEPES pH 7.6.  Currents were 

recorded in ND-96 solution at room temperature (22 ± 1°C) using a GeneClamp 500 

amplifier (Axon Instruments).  Data were acquired using Pulse software (HEKA) and 

digitized at 1.0 kHz using an ITC-16 (Instrutech Corp.).  Data were analyzed using PulseFit 

(HEKA Electronics), Igor (Wave Metrics) or Microcal Origin 6.1 (OriginLab).  For statistics, 

the transient peak amplitudes (referred to as ‘‘peak currents’’) were measured at a voltage of 

+40 mV.  The time constant of activation, inactivation and kinetics of recovery from 

inactivation were all analyzed by curve fitting current to a single exponential function  
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(Origin software).  Mean data points obtained from the steady-state activation and 

inactivation protocols were calculated for best fit by standard single Boltzmann relationships 

using the equation 1/(1 + exp([ Vm-V1/2]/ k)), where V1/2 is the potential for either 

half-maximal steady-state activation or inactivation, and k is the slope factor.  All data are 

expressed as mean ± s.e.m. and the Student’s t test was used to evaluate statistical 

significance. 

 

Surface Labeling Assay in Oocytes 

The c-myc tag with 10 residues (EQKLISEEDL) was inserted between S1 residue 207 

and S2 residue 208 of Kv4.3 channels.  Oocytes were injected with 2 ng cRNA of the c-myc 

Kv4.3-C110A construct and 10 ng cRNA of either WT or mutant KChIPs.  For surface 

labeling, oocytes were incubated in ND-96 supplemented with 1% bovine serum albumin 

(BSA) for 2h with constant mild shaking at 4˚C, and were then further incubated with 1:50 

mouse monoclonal anti-myc antibody (9E10, sc-40) mouse monoclonal IgG from Santa Cruz 

Biotechnology (Santa Cruz, CA) for another 2h at 4˚C.  Oocytes were then washed 6 times 

with ND-96 at 10 min intervals before further incubation with HRP-coupled secondary 

antibody (1:200, Peroxidase-Conjugated AffiniPure Goat Anti-Mouse IgG, H+L) from 

ZSGB-BIO (ZB-2305) in 1% BSA for 2h at 4˚C.  After incubation, oocytes were again 

washed 6 times with ND-96 at 4˚C every 10 min.  An individual oocyte was then placed in 

50 ul SuperSignal Elisa (Pierce) and incubated for 10 min at room temperature.  

Chemiluminescence signals were quantitated for surface expression with a Veritas microplate 

luminoter (Turner BioSystems, Sunnyvale, CA). 

 

Biochemical Analysis by SEC-FPLC  

Human embryonic kidney (HEK) 293 cells were maintained in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum.  Cells were transiently 

transfected with cDNA using Lipofectamine as recommended by the manufacturer 

(Invitrogen Life Technologies, Inc.), using a ratio of Kv4.3 C110A and KChIPs cDNA of 1:1.  

One day prior to transfection, cells were plated into 100-mm dishes for SEC-FPLC analysis 

or onto cover slips for immunocytochemistry.  Transfection was carried out at a cell 

confluency of about 70%. 

For Size Exclusion Chromatography (SEC), transfected HEK 293 cells were solubilized 

in RIPA lysis buffer with 0.5% CHAPS.  Fast Protein Liquid Chromatography (FPLC) 

analysis was performed with SEC using a Superdex 200 column and monitored at 280 nm 

absorbance to determine the protein concentration eluted from the column.  The purified 

protein was loaded on a Superdex 200 HR 10/30 column (Amersham Biosciences) and SEC 

was then performed with a Amersham Biosciences FPLC system using buffer (containing 25 

mM Tris-HCl, pH 8.0, 150m M NaCl, 3mM DTT) with a flow rate of 0.5 ml/min.  Fractions 

of one half ml were analyzed by SDS-PAGE gels and Western blotting to determine which 

fractions contained the proteins of interest.  We utilized Kv4.3 specific goat polyclonal IgG 

(C-17, sc-11686 from Santa Cruz Biotechnology) to detect both wild type and zinc mutant 

Kv4.3 (Kv4.3 C110A) proteins.  Size exclusion calibration standards (Amersham 

Biosciences) were used to generate a calibration curve for calculating the size of proteins 

eluted from the column.   
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RESULTS 

 

Functional rescue and characterizations of Kv4.3 zinc mutant channels by KChIP4a 

To test whether KChP4a can rescue the function of Kv4.3 zinc mutants that disrupt 

tetrameric assembly, we generated mutations including a single Kv4.3 T1 C110A mutant, a 

double mutant C131A-C132A and a triple mutant C110A-C131A-C132A.  Each of these 

three zinc mutants within the Zn
2+

 binding sites was previously reported to disrupt tetrameric 

assembly and their effects on Kv4 expressed in Xenopus oocytes were replicated by 

two-electrode voltage clamp.  Consistent with what was previously reported, the expression 

of each of these three zinc mutants alone resulted in non-functional currents, whereas WT 

Kv4.3 showed a typical transient outward current with fast inactivation (Figure 1A).  In 

contrast, co-expression of each zinc mutant with KChIP4a gave rise to a functional current 

with characteristics of instantaneous activation and ablated fast inactivation (Figure 1A).  

The peak current amplitude of rescued C110A mutant channels was 9.2  0.7 A (n=21), 

four-fold greater than the peak amplitude 1.8  0.2 A (n=13) which resulted from 

co-expression of WT Kv4.3 and KChIP4a (Figure 1B and table 1).  Since KChIP4a was 

capable of rescuing all three zinc Kv4.3 mutants with similar gating effects, we chose the less 

disruptive point mutation C110A for the remainder of these studies (Figure 1C and D). 

Activation and inactivation time constants of rescued C110A channels were 3.0  0.2 ms 

(n=9) and 221.1  9.0 ms (n=13) respectively, faster than the control of WT 

Kv4.3co-expression of KChIP4a (9.0  0.7 ms (n=8) for activation, and 488.2  14.4 ms (n=8) 

for inactivation) (Figure 2A and table 1).  The inactivation of rescued C110A channels is 

faster, compared with WT Kv4.3/KChIP4a channel complex, suggesting the enhanced rate of 

closed state inactivation of the channel.  As a result of increased closed-state inactivation, 

the speed of recovery from inactivation of rescued C110A channels is also faster at 278.3  

8.7 ms (n=8), as compared with 446.9  35.6 ms (n=5) for the WT Kv4.3/KChIP4a channel 

complex (Figure 2B and table 1).  Analysis of steady-state activation of the rescued C110A 

mutant showed that the half activation voltage (V1/2) calculated by Boltzmann distribution 

was 6.1 mV (n=12), similar to 5.8 mV (n=10) for WT Kv4.3/KChIP4a without a shift.  In 

contrast, the steady-state inactivation of rescued the C110A channel showed a significant 

rightward shift of about 25 mV, compared with WT Kv4.3/KChIP4a complex (Figure 2C and 

table 1). 

These results show that KChIP4a can drive non-functional mutant subunits to form 

functional channels, suggesting that the functional rescue of the Kv4.3 zinc mutant by 

KChIP4a might utilize a clamping action mechanism similar to KChIP1 which clamps Kv4 

together to promote and stabilize the tetrameric assembly.  To further confirm whether 

KChIP4a functions to promote tetrameric assembly of Kv4 by clamping, we then performed 

the following mutagenesis experiments within the second contact interface that mediates Kv4 

and KChIP1 interaction and clamping as shown in our previous studies [14].   

 

Attenuation of functional rescue by mutating residues critical to the clamping  

Our previous studies of the co-crystal structure of the Kv4.3N/KChIP1 complex show 

that KChIP1 modulates Kv4.3 in a clamping mode, in which a single KChIP1 molecule, as a 

monomer, laterally clamps two neighboring Kv4.3 N-termini in a 4:4 manner and the 
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interaction involved two contact interfaces [29].  In the first interface, the proximal 

N-terminal peptide of Kv4.3 was sequestered and buried deeply within an elongated groove 

on the surface of KChIP1.  In the second interface, the same KChIP1 molecule binds to 

another adjacent T1 domain, resulting in a stabilized tetrameric Kv4.3 T1-KChIP1 complex.  

If KChIP4a modulates Kv4.3 zinc mutant in the clamping mode similar to KChIP1, then two 

intersubunit interfaces must be involved in mediating the interaction between Kv4.3 zinc 

mutant and KChIP4a.  To prove this hypothesis, we made mutations or deletions within the 

two interfaces and tested whether these mutations can attenuate the functional rescue of zinc 

mutants by KChIP4a.  Based on their structural alignment, the two residues Y70 and K74 of 

N-terminal KChIP4a are identical to those of KChIP1 which had previously been shown to 

mediate the second contact interface for the clamping action of Kv4 channels (Figure 3A).  

To test the effects of these two residues on functional rescue, we made a KChIP4a 

Y70A-K74A double mutation.  Co-expression of this double mutant resulted in a four-fold 

reduction of the rescued current of the C110A mutant channel as compared with 

co-expression of WT KChIP4a, demonstrating that these two residues which are critical for 

KChIP1 clamping of Kv4 were also critical for the functional rescue of KChIP4a (Figure 

3B-D, and table 1).  Although the rescue current was significantly reduced by the double 

mutant, the inactivation kinetics of the C110A mutant remained almost unchanged (265.5  

5.2 ms, n=8), as compared with WT KChIP4a (221.1  9.0 ms, n=13) (Figure 3E and table 1).  

The speed of recovery from inactivation of C110A channels rescued by the double mutant is 

also slower at 444.1  31.2 ms (n=8), compared with 278.0  8.7 ms (n=8) for the Kv4.3 

C110A/KChIP4a channel complex (Figure 3F and table 1).   

 Previous studies of crystal structure combined with mutagenesis have shown that the 

proximal N-terminus of Kv4 is a primary binding site in the first interface for KChIP 

interaction, as N-terminal deletions resulted in loss of KChIP modulation [8, 14].  Therefore, 

we constructed a C110A zinc mutant with N-terminal deletion of residues 2-24 to test 

whether N-terminal Kv4.3 is critical for mediating the rescue effect of KChIP4a.  To our 

surprise, this N-terminal deletion of the C110A mutant (Kv4.3Δ24-C110A) resulted in 

functional expression, in contrast to the C110A point mutation alone which was 

non-functional (Figure 4A).  This result suggests that N-terminal deletion of KChIP4a has 

some rescuing effect on the C110A mutant, consistent with the report that deletion of 

N-terminal retention signal of Kv4 channels resulted in increased current expression [33].  

In contrast, co-expression of KChIP4a with the Kv4.3Δ24-C110A mutant failed to further 

increase the functional current, in contrast to co-expression of C110A and KChIP4a, 

demonstrating that the proximal N-terminus of Kv4.3 is primarily required for KChIP4a 

modulation of Kv4 channels (Figure 4B, C and D and table 1).    

 

Enhanced Surface Expression of Kv4.3 zinc mutants by KChIP4a 

To test whether functional rescue is correlated with surface expression, we engineered an 

extracellularly exposed c-myc tag between S1 and S2 of Kv4.3 for detection of surface 

expression.  We first tested the current expression of myc-Kv4.3 channels in oocytes 

expressing myc-Kv4.3 alone.  As shown in Figure 5A, the voltage-dependent activation and 

recovery from inactivation of myc-Kv4.3 is identical to that of WT untagged Kv4.3 channels, 

showing that myc-tagged Kv4.3 channels behave like normal WT Kv4.3.  Protein surface 
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labeling measured by the chemiluminescence signal in each individual oocyte was then 

carried out.  As a positive control, the effect of KChIP1 on surface expression was also 

measured.  KChIP1 enhanced surface expression three-fold, but KChIP4a did not increase 

the surface expression of WT myc-Kv4.3 (Figure 5B, left panel), consistent with the literature 

report that KChIP4a does not enhance current expression [20, 24, 29, 32].  In contrast, the 

surface expression of the zinc mutant C110A was increased 8 fold, compared with the 

myc-C110A mutant alone (Figure 5B, right panel), consistent with the results of our 

functional assay.  When KChIP4a double mutant Y70A-K74A was used, the increased 

surface expression was significantly attenuated (Figure 5B, right panel).  This result 

indicates that functional rescue correlates well with increased surface expression as evaluated 

by surface labeling assay.  

 

Enhanced tetrameric assembly of Kv4.3 zinc mutant proteins by KChIP4a  

It has been reported that monomeric Kv4 zinc mutant proteins can be driven to assemble 

as tetramers by association with KChIP1 or KChIP3 [9, 14].  In order to test the hypothesis 

that KChIP4a can rescue the function of Kv4.3 zinc mutants by driving tetrameric assembly, 

we transiently expressed KChIP4a and wide-type (WT) Kv4.3 or zinc mutant proteins in 

HEK 293 cells.  Proteins were then solubilized and characterized by Size Exclusion 

Chromatography (SEC)-FPLC analysis to evaluate the state of tetrameric assembly.  As 

shown in Figure 6, WT Kv4.3 proteins alone were found in fractions consistent with 

self-assembly into tetramers as determined by Western blot in SDS-PAGE gels, whereas the 

Kv4.3 C110A zinc mutant was found in fractions of lower molecular size reflecting 

monomeric status.  In contrast, co-expression of the C110A mutant with KChIP4a resulted 

in a significant shift of C110A mutant proteins to fractions of greater molecular size (Figure 

6), consistent with the positive control of co-expressed KChIP1 proteins found in tetrameric 

fractions.  However, the KChIP4a double mutant Y70A-K74A proteins which attenuated the 

surface expression of zinc mutant channels in both oocyte labeling and cell imaging assays 

resulted in Kv4.3 C110A mutant proteins predominantly remained as monomers, further 

confirming that KChIP4a can rescue the function and increase surface expression of the 

C110A zinc mutant by promoting tetrameic assembly of the mutant channels (Figure 6).  

 

KIS and core KChIP4a function independently to modulate Kv4.3  

Given the fact that KChIP4a that shares a conserved C-terminal core domain with other 

members of KChIPs exerts distinct modulation of Kv4 function, it would be of interest to 

dissect whether distinctive KIS and core KChIP4a can function independently to exert the 

diverse modulation of Kv4.3 channels.  To address the role of KIS and core domains in 

modulation of surface expression and inactivation of Kv4.3 channels, we constructed a 

KIS-Kv4.324 chimera in which the N-terminal residues 2-24 of Kv4.3 (Kv4.324) were 

replaced with the KIS domain of KChIP4a consisting residues 2-34 and then tested whether 

the KIS affects surface expression and gating of Kv4.3.  Figure 7A shows that the deletion 

mutant Kv4.324 yielded functional currents with a 1.9-fold greater peak current and a 

moderate slow inactivation compared to WT Kv4.3 (Figure 7A), consistent with our and 

others previous observations [8, 33, 34].  In contrast, the chimera KIS-Kv4.324 resulted in 

much smaller currents (0.3-fold compared to WT Kv4.3 alone) and slowed inactivation, 
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compared to either N-terminal deletion mutant of Kv4.324 or co-expression of Kv4.3/WT 

KChIP4a (0.7-fold compared to WT Kv4.3 alone), demonstrating that the KIS (N-terminal 

KChIP4a) indeed suppresses the surface expression and inactivation of Kv4.3 channels, and it 

functions possibly as a separate slow inactivation gate (Figure 7B, C and D). 

To test the effect of core KChIP4a on WT Kv4.3 or C110A zinc mutant channels, we 

constructed KChIP4a34 where the KIS domain was deleted, and then investigated whether 

core KChIP4a can resemble the function of KChIP1 that clamps Kv4 for tetrameric assembly.  

Since several literatures have reported that the proximal N-terminal truncation of KChIP4a 

can convert KChIP4a into KChIP1 when co-expressed with WT Kv4.3, we started to 

replicate the effect of core KChIP4a on WT Kv4.3 function [20, 32].  Co-expression of core 

KChIP4a (KChIP4a34) with WT Kv4.3 resulted in an increased peak current amplitude (5.2 

 0.3 fold, n=8), an accelerated inactivation (78.3  2.0 ms, n=8) and accelerated recovery 

from inactivation (100.6  10.6 ms, n=5) compared with those of WT KChIP4a/WT Kv4.3, 

resembling the effects of KChIP1 on WT Kv4 channels (Figure 8 and table 1).  We then 

took a step forward to ask if core KChIP4a can behave similarly when co-expressed with 

C110A zinc mutant channels.  Co-expression of core KChIP4a with Kv4.3 C110A mutant 

led to an increased peak current (5.9  1.0 fold, n=10), compared with that of C110A/WT 

KChIP4a (3.7  0.3 fold, n=13) (Figure 8).  The time constant of inactivation for core 

KChIP4a/C110A is significantly accelerated with 44.8  2.4 ms (n=6), compared with that of 

WT KChIP4a/C110A (221.1  9.0 ms, n=13), but similar to WT KChIP1/C110A (33.8  1.1 

ms, n=6) (Figure 8).  Moreover, the time constant of recovery from inactivation for core 

KChIP4a/C110A is significantly increased with 50.2  1.6 ms (n=5), compared with WT 

KChIP4a/C110A (278.3  8.7 ms, n=8) or WT KChIP1/C110A (105.4  8.4 ms, n=5) (Figure 

8).  These results further show that core KChIP4a behaves like KChIP1 that functions in a 

clamping manner to modulate Kv4 function, demonstrating that the functional rescue of 

Kv4.3 channel tetramerization-defective mutants by KChIP4a is core KChIP4a-dependent. 
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DISCUSSION 

We were intrigued by the fact that KChIP4a which shares a conserved C-terminal core 

domain with other members of KChIPs exerts distinct modulation of Kv4 function.  Based 

on the structural similarity, we hypothesized that core KChIP4a predominantly functions to 

promote and stabilize the tetrameric assembly of Kv4.3 subunits by a clamping mechanism 

like that utilized by other KChIPs, whereas KChIP4a N-terminus functions independently to 

affect surface expression and gating of Kv4.3.  To test this hypothesis, we took the 

advantage of unique mutations in the T1 domain which have been shown to disrupt tetrameric 

assembly of Kv4.2 channels [7-10].  We found that the auxiliary KChIP4a subunit proteins 

can indeed rescue the function of tetramerization-defective Kv4.3 channel mutants.   As a 

result, our data also suggest that the N-terminus of KChIP4a is unlikely to function as a 

transmembrane domain which causes protein ER retention, rather its mechanistic role in 

inhibition of surface expression remains elusive [20, 31, 32].   

Our previous studies of the co-crystal structure of the Kv4.3N/KChIP1 complex show 

that this complex has a clamping mode, in which a single KChIP1 molecule acting as a 

monomer laterally clamps two neighboring Kv4.3 N-termini in a 4:4 manner, and this 

interaction involves two contact interfaces [14, 28].  At the first interface, the proximal 

N-terminal peptide of Kv4.3 is sequestered and deeply buried within an elongated groove on 

the surface of KChIP1.  The second interface is formed by the binding of KChIP1 to another 

adjacent T1 domain resulting in a stabilized tetrameric Kv4.3 T1-KChIP1 complex.  It is 

known that both KChIP4a and KChIP1 show 79% amino acid homology in their C-terminal 

core region [20].  The crystal structure of KChIP4a which has recently been demonstrated 

reveals distinctive N-terminal -helices which distinguish this molecule from other known 

KChIPs.  Moreover the core of KChIP4a shows significant alignment with bound KChIP1 

which laterally clamps Kv4 channels [29], suggesting that core KChIP4a regulates Kv4 in a 

clamping mechanism similar to KChIP1.  The results of this study show that KChIP4a is 

capable of binding to unassembled monomeric subunits and driving them to form functional 

channels.  Moreover, disruption of the residues Y70-K74 critical to clamping resulted in 

attenuation of functional rescue reconfirms the operation of same clamping mechanism 

employed by KChIP4a to promote and stabilize tetrameric assembly of Kv4 channels.   

The mechanism that underlies the functional rescue and gating of KChIP4a on Kv4 

channels still remains elusive.  It had previously been shown that increasing the ratio of 

KChIP3 over Kv4.2 can result in a complete rescue of current in a Kv4.2 zinc mutant to the 

level of WT Kv4.2 channels, indicating that KChIP3 binding to zinc site mutants promotes 

functional expression of mutant channels [9].  In this study, we observed that KChIP4a 

enhances surface expression of a monomeric zinc site mutant that normally can not form 

tetramers which will reach the surface, but does not enhance surface expression of tetrameric 

WT Kv4.3.  In fact, surface expression of WT Kv4.3 is to some degree inhibited by 

KChIP4a.  This unexpected functional phenomenon and discrepancy suggest KChIP4a 

possesses a distinct dual function in which core KChIP4a plays a dominant role in promoting 

tetrameric assembly of monomeric subunits, whereas its N-terminus functions in an 

autoinhibitory manner to affect channel trafficking and override the effect of the core domain 

on assembled Kv4 subunits.  This also supports the concept that tetrameric assembly and 

trafficking are likely two discrete processes [6, 9].  In addition, we speculate two other 
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possible mechanisms might contribute to the difference in the rescuing effect on surface 

expression.  First, the zinc binding site in the T1 domain can undergo conformational 

changes tightly coupled to voltage-dependent gating, and it is sensitive to redox regulation 

[12, 35].  Mutations of the zinc binding sites by disrupting the tetramerization assambly not 

only failed to function but also caused some distinct changes of gating kinetics when 

co-expressed with KChIP4a, suggesting that there might be a conformational change when 

zinc binding sites disrupted.  As a result, this slight conformational change of zinc mutant 

channels may result in the distinct modulation of Kv4 when co-expressed with KChIP4a [11, 

13].  Moreover, nitric oxide (NO) can inhibit the channel activity, and inhibition of Kv4 

channel activity by nitric oxide can be reversed by reduced glutathione and suppressed by 

intracellular zinc concentration when the zinc binding site is intact [12, 35].  It is therefore 

likely that disruption of redox sensitivity by zinc mutations is susceptible to assembly and 

modulation, as compared with WT Kv4 channels that are suppressed and tightly regulated 

under the normal intracellular redox environment, provided that unassembled monomers of 

zinc mutant are generated proximately equally well like wild-type subunits.  This concept is 

supported by our data generated from fluorescence imaging with confocal microscopy, 

together with previous studies showing that both WT and zinc mutant channels have similar 

subcellular distributions in the absence of KChIPs, indicating that unassembled zinc mutant 

proteins trapped in the endoplasmic reticulum have opportunity to form tetramers similar to 

that of WT channels [9, 12].   

Another possibility is that zinc site mutations in T1 can directly induce conformational 

change in the proximal N-terminus of Kv4 which is known to play a role in ER retention.  

This induced conformational change in the Kv4 N-terminus by zinc mutation may affect its 

binding affinity to the hydrophobic groove of the core KChIP4a, resulting in enhanced 

competitive binding to the same hydrophobic groove that binds to N-terminus of KChIP4a as 

shown in recent studies by our group and others [29, 32].  As a result of this enhanced 

binding, more unassembled monomers can be assembled to form functional channels.  

It is noteworthy that inactivation is affected by KChIP4a in both zinc site mutants and 

WT Kv4.3 channels compared with KChIP1 co-expressed channels, indicating that surface 

expression and inactivation are tightly regulated by the concerted action of structurally 

distinct hydrophobic N-terminus and core region of KChIP4a [29].  To further dissect the 

role of KIS and core KChIP4a in modulation of Kv4.3 function, we generated a chimeric 

mutant and found that KIS domain suppresses surface expression of Kv4.3 channels and core 

KChIP4a can behave like a KChIP1 that modulates either WT Kv4.3 or C110A zinc mutant 

channels in a clamping manner.  This indicates that the functional rescue of Kv4.3 channel 

tetramerization mutants by KChIP4a is its core-dependent process.  KChIP4a can be 

structurally divided into two distinct parts which are the core region and the KIS domain 

which exert unique modulation on Kv4 channels.  Based on this current study, the core of 

KChIP4a, like other KChIPs, functions primarily as a clamp which causes enhanced surface 

expression by promoting and stabilizing tetrameric assembly.  The KIS domain, however, 

serves as an autoinhibitory domain that interacts with its intracellular receptors to regulate the 

inactivation and recovery from inactivation properties of Kv4 channels.  All these results 

support the concept that KChIP4a regulates Kv4 channels by a clamping action, whereas the 

existing KIS can override some effects of core KChIP4a.  Since the KIS domain and core 
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KChIP4a can exhibit some opposite effects on modulation of Kv4.3 channels, the functional 

phenotype of Kv4 modulation is likely to depend on their net effect between the KIS and the 

core (Figure 9).  Therefore, it is possible that the ultimate phenotype of functional 

modulation of Kv4 channels by multitasking KChIPs is activity-dependent with involvement 

of different distinct parts of the KChIP4a structure in native cells. 
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Table 1. Gating kinetics of Kv4.3 channels with and without co-expression of KChIP4a 

 Peak Current τinactivation τrecovery Steady-State Inactivation 

 (fold change, +40 mV) (ms, +40 mV) (ms, +40 mV) V1/2 (mV) Slope (mV/e-fold) 

WT Kv4.3  1.0 (24) 41.2 ± 2.0 (12) 327.4 ± 17 (12) -47.8 ± 0.4 (8) 6.0 ± 0.2 (8) 

WT Kv4.3/WT KChIP4a 0.7 ± 0.1 (13) 488.2 ± 14.4 (8) 446.9 ± 35 (5) -63.7 ± 1.0 (7) 10.8 ± 0.3 (7) 

WT Kv4.3/KChIP4aΔ34 5.2 ± 0.3 (8) 78.3 ± 2.0 (8) 100.6 ± 10.6 (5) -53.5 ± 0.7 (5) 4.1 ± 0.1 (5) 

C110A/WT KChIP4a 3.7 ± 0.3 (21) 221.1 ± 9.0 (13) 278.3 ± 8.7 (8) -38.9 ± 0.3 (7) 6.4 ± 0.3 (7) 

C131A-132A/WT KChIP4a 3.1 ± 0.1 (8) 218.7 ± 3.4 (4) 265.6 ± 5.5 (4) -40.0 ± 0.9 (6) 7.7 ± 0.2 (6) 

C110A-C131A-132A/WT KChIP4a 2.9 ± 0.2 (8) 290.2 ± 12.7 (6) 287.6 ± 27.0 (6) -39.9 ± 1.2 (5) 7.2 ± 0.5 (5) 

C110A/KChIP4a Y70A-K74A 0.9 ± 0.1 (8) 265.5 ± 5.2 (8) 444.1 ± 31.2 (8) -56.8 ± 1.0 (8) 9.5 ± 0.2 (8) 

C110A /KChIP4aΔ34 5.9 ± 1.0 (10) 44.8 ± 2.4 (6) 50.2 ± 1.6 (5) -47.7 ± 1.2 (5) 3.7 ± 0.1 (5) 

Kv4.3Δ2-24-C110A 1.0 ± 0.1 (7) 173.7 ± 4.0 (7) 667.0 ± 39.6 (4) -62.5 ± 1.4 (4) 7.5 ± 0.3 (4) 

Kv4.3Δ2-24-C110A/WT KChIP4a  1.1 ± 0.1 (7) 184.3 ± 4.2 (7) 703.4 ± 68.5 (4) -62.5 ± 1.8 (4) 6.9 ± 0.4 (4) 

Peak currents were measured at +40 mV and data are shown as fold changes compared to WT Kv4.3 alone.  Inactivation time constant (inact) and recovery from 

inactivation (rec) were both obtained by fitting current to single exponential function using Igor Pro 5.02 or Origin 6.  Mean data points obtained from the 

steady-state inactivation protocols were best fitted by (Origin software) standard single Boltzmann relationships using the equation 1/(1 + exp([ Vm-V1/2]/ k)), 

where V1/2 is the potential for half-maximal steady-state inactivation, and k is the slope factor.  Values are mean ± SEM for N oocytes. 
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FIGURE LEGENDS 

 

Figure 1.  Functional rescue of Kv4.3 zinc mutants by co-expression of KChIP4a.  A. 

Current traces of WT Kv4.3 or zinc mutant channels with or without co-expression with WT 

KChIP4a were recorded in oocytes held at -80 mV in response to a family of depolarizing 

potentials from –60 mV to +40 mV in 10 mV increments for 1 s.  Upper panel, current 

traces of WT Kv4.3 or zinc mutant channels alone.  Bottom panel, current traces of 

co-expression of WT Kv4.3 or zinc mutant channels with WT KChIP4a.  B.  Summary of 

peak currents recorded at +40 mV from panel A.  Data were shown as the mean ± s.e.m. for 

8-24 oocytes and statistical significance (Student’s t test) is indicated as ***P<0.001.  C. 

Scaled and superimposed currents recorded at +40 mV from panel A were displayed for 

comparison of development of inactivation kinetics among three zinc mutants with 

co-expression with WT KChIP4a.  D. Summary of normalized recovery from inactivation 

fitted with single exponential function for varying lengths of time in steps from –80 to +40 

mV, measured at +40 mV from zinc mutants with co-expression WT KChIP4a.  

 

 

Figure 2.  Gating properties of rescued Kv4.3 C110A zinc mutant by KChIP4a.  A. In 

the left panel, scaled and superimposed currents at +40mV for comparison of development of 

inactivation kinetics between co-expression of WT Kv4.3/KChIP4a and C110A zinc 

mutant/KChIP4a.  In the middle and right panels, comparison of activation and inactivation 

time constants at +40 mV between WT Kv4.3/KChIP4a and C110A/KChIP4a.  P4a as 

shown in panels denotes KChIP4a.  The both activation and inactivation were fitted to curve 

with a single exponential equation.  B. Left panel, recovery from inactivation of WT and 

C110A mutant channels co-expressed with KChIP4a.  Right panel, comparison of time 

constant for recovery from inactivation between WT Kv4.3/KChIP4a and C110A/KChIP4a.  

C. Left panel, steady-state activation and inactivation of WT and C110A mutant channels.  

Middle and right panels, comparison of V1/2 of steady-state activation and inactivation.  A 

significant difference was found between C110A and wild type Kv4.3 in the V1/2 of 

steady-state inactivation, but not in steady-state activation.  Note that there is a strong 

(25mV) rightward shift in steady-state inactivation for C110A mutant channels, compared 

with WT Kv4.3.   

All data are shown as the mean ± s.e.m. for 5-13 oocytes and statistical significance 

(Student’s t test) is indicated as **P<0.005 and ***P<0.001. 
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Figure 3.  A double mutant Y70A-K74A of KChIP4a attenuates the functional rescue 

of C110A zinc mutant.  A. Sequence alignment of the KChIP4a peptide (64-83) with the 

corresponding sequence of KChIP1 (residues 51-70).  Residues shadowed in yellow denote 

amino acids that are conserved in KChIP1 and KChIP4a.  Asterisks denote the two residues 

which when mutated in KChIP1 disrupted the second interface interaction with Kv4.3 as 

reported in our previous study.  B. Co-expression of Kv4.3 C110A and KChIP4a 

(Y70A-K74A), current traces were recorded with the same protocol as in figure 1.  C. 

Representative current traces of Kv4.3 C110A alone (black line), C110A/WT KChIP4a (red), 

and C110A/KChIP4a Y70A-K74A (blue) recorded at +40mV from Xenopus oocytes.  D. 

Summary of normalized peak current amplitudes measured at +40 mV from Kv4.3 C110A 

alone and co-expression with WT or double mutant KChIP4a.  Data are shown as mean ± 

s.e.m. for 8-25 oocytes.  
***

P<0.001 (Student’s t test), comparison between C110A as control 

and C110A/WT KChIP4a or C110A/KChIP4a Y70A-K74A double mutant;  
##

P<0.001 

(Student’s t test), comparison between C110A/WT KChIP4a and C110A/KChIP4a 

Y70A-K74A double mutant.  E. Time constant of inactivation measured at +40 mV from 

C110A/WT KChIP4a and C110A/KChIP4a Y70A-K74A.  Data are shown as mean ± s.e.m. 

for 8-13 oocytes.  There is no significant difference between these two groups.  F. 

Summary of time constant of recovery (recovery) from inactivation for varying lengths of time 

in steps from –80 to +40 mV measured at +40 mV for co-expression of Kv4.3-C110A and 

different KChIPs.  Data are shown as mean ± s.e.m. for 8-10 oocytes.  
***

P<0.001 

(Student’s t test), comparison between controls (either C110A/WT KChIP1 or C110A/WT 

KChIP4a) and C110A/ KChIPs mutants. 

 

 

Figure 4.  The proximal N terminus of Kv4.3 is necessary for interaction of C110A 

mutant and KChIP4a.  A and B. Current traces of the deletion mutant Kv4.3Δ24-C110A 

with and without WT KChIP4a were recorded in oocytes held at -80 mV in response to a 

family of depolarizing potentials from –60 mV to +40 mV in 10 mV increments for 1 s.  C. 

The scaled and superimposed currents at +40 mV (from panels A & B) for comparison of 

development of inactivation kinetics among Kv4.3Δ24-C110A alone, co-expression of 

Kv4.3Δ24-C110A and WT KChIP4a.  D. Summary of peak current amplitudes measured at 

+40 mV from C110A alone, co-expression of C110A and WT KChIP4a, Kv4.3Δ24-C110A 

alone, and co-expression of Kv4.3Δ24-C110A and WT KChIP4a.  All data are shown as 

mean ± s.e.m. for 20-25 oocytes.  Statistical significance (
***

P<0.001, Student’s t test) was 

compared between groups as indicated; There is no significant difference between 

Kv4.3Δ24-C110A alone and co-expression of Kv4.3Δ24-C110A with WT KChIP4a. 
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Figure 5.  Enhanced surface expression of myc-tagged C110A mutant by KChIP4a in 

oocyte labeling.  A. In the left panel, normalized peak currents of WT Kv4.3 and 

myc-tagged Kv4.3 channels measured in oocytes stepped from -40 to + 40 mV in 10 mV 

increments for 1 s.  In the right panel, comparison of fast recovery from inactivation (recovery) 

between WT Kv4.3 and myc-Kv4.3 for varying lengths of time in steps from –80 to +40 mV, 

measured at +40 mV.  B. In the left panel, normalized protein expression by surface labeling 

in oocytes expressing the myc-Kv4.3 channel alone and in the presence of WT KChIP4a, 

compared with uninjected oocytes as negative control or WT KChIP1 co-injected with Kv4.3 

as positive control. In the right panel, normalized protein expression by surface labeling in 

oocytes expressing myc-Kv4.3 C110A mutant alone and in the presence of either WT 

KChIP4a or KChIP4a double mutant (Y70A-K74A) that attenuated the surface expression 

increased by WT KChIP4a. For statistical comparison of WT Kv4.3 or C110A alone was 

compared with that of co-expressed KChIPs, *P<0.05, **P<0.01, and ***P<0.001 (Student’s 

t test); #P<0.05 is only denoted for comparison between Kv4.3 C110A/WT KChIP4a and 

Kv4.3 C110A/KChIP4a Y70A-K74A double mutant. 
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Figure 6.  KChIP4a co-expression drives the Kv4.3 Zn
2+

 site mutant protein (Kv4.3 

C110A) into a stable tetrameric state.  Size Exclusion Chromatography (SEC) - Fast 

Protein Liquid Chromatography (FPLC) profiles of Kv4 channel proteins expressed with or 

without KChIPs are shown. Superdex 200 column fractions 15 to 28 were run on SDS-PAGE 

gels and Western-blotted with anti-Kv4.3 antibody to identify the fractions.  Each panel 

shows the results of a set of FPLC runs for the different Kv4.3 channel constructs indicated 

on the left.  For different conditions, the set of fractions that are expected to contain 

tetrameric channels are boxed with a solid line, fractions that are expected to contain 

monomeric subunits are boxed with a dashed line.  Sizes of eluted proteins are indicated as 

75, 158 and 669 KDa.  A. Channels expressed without KChIPs Western-blotted to identify 

fractions containing Kv4.3 subunits. Wild-type Kv4.3 channels ran in the tetrameric fractions; 

however, Kv4.3 C110A channels ran as monomers.  B. Channels expressed with KChIPs 

Western-blotted for Kv4.3 C110A protein.  Kv4.3 C110A channels show a significant shift 

to tetrameric fractions with KChIP1 or KChIP4a proteins, but ran mainly as monomers with 

KChIP4a Y70A-K74A mutant.  C. Semi-quantitative analysis of the ratio of tetramer/total 

protein based on panels A & B.  C. Summary of ratio of tetramers to total tetramers and 

monomers from A and B.  

 

 

Figure 7.  KIS suppresses surface expression of Kv4.3 channels and functions as a 

separate slow inactivation gate.  A. Kv4.3Δ24 current traces were recorded in oocytes held 

at -80 mV in response to a family of depolarizing potentials from –60 mV to +40 mV with a 

10 mV increments for 1 s.  The inset compares the inactivation scaled Kv4.3Δ24 and WT 

Kv4.3 currents at +40 mV.  B. Chimera (KIS-Kv4.3Δ24) current traces were recorded with 

the same protocol as in panel A.  C. The scaled and superimposed currents at +40mV (from 

panel A & B) for comparison of development of inactivation kinetics among Kv4.3Δ24 alone, 

WT Kv4.3/WT KChIP4a, and Chimera (KIS-Kv4.3Δ24).  D. Summary of normalized peak 

current amplitudes measured at +40 mV from WT Kv4.3 alone, Kv4.3/WT KChIP4a, 

Kv4.3Δ24 alone and Chimera (KIS-Kv4.3Δ24).   

All data were shown as the mean ± s.e.m. for 20-25 oocytes.  Statistical significance 

(Student’s t test) was compared between groups as indicated; 
*
P<0.05, 

**
P<0.01, 

***
P<0.001. 
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Figure 8.  Core KChIP4a-dependent rescue of Kv4.3 channel tetramerization mutants.  

A. Upper panel, WT Kv4.3 current traces in the absence or presence of WT KChIP1, WT 

KChIP4a and KChIP4a Δ34 were recorded in oocytes held at -80 mV in response to a family 

of depolarizing potentials from –60 mV to +40 mV with a 10 mV increments for 1 s, 

respectively.  The normalized peak current amplitude at +40 mV is 1 fold (n=21) for WT 

Kv4.3 alone, compared with 3.5  0.2 fold (n=19) for WT Kv4.3/WT KChIP1, 0.7  0.1 fold 

(n=13) for WT Kv4.3/WT KChIP4a and 5.2  0.3 fold (n=8) for WT Kv4.3/ KChIP4a Δ34, 

respectively.  Lower panel, Kv4.3-C110A current traces in the absence or presence of WT 

KChIP1, WT KChIP4a and KChIP4a Δ34 were recorded as the same protocol in the upper 

panel, respectively.  The C110A mutant shows non-functional current.  The normalized 

peak current amplitude +40 mV is 3.9  0.2 fold (n=21) for C110A/WT KChIP1, 3.7  0.3 

fold (n=13) for C110A/WT KChIP4a and 5.9  1.0 fold (n=10) for C110A/KChIP4a Δ34, 

compared with WT Kv4.3 alone.   B. The scaled and superimposed currents at +40mV 

(from upper panel A) for comparison of development of inactivation kinetics of WT Kv4.3 

alone (black line) or WT Kv4.3/WT KChIP1 (red line) as controls with WT Kv4.3/WT 

KChIP4a (green line), and WT Kv4.3/KChIP4a Δ34 (blue line).  The time constant of 

inactivation is 41.2 ± 2.0 (n=12) for WT Kv4.3 alone, compared with 76.6 ± 1.5 (n=8) for 

WT Kv4.3/WT KChIP1, 488.2 ± 14.4 (n=12) for WT Kv4.3/WT KChIP4a and 78.3 ± 2.0 

(n=5) for WT Kv4.3/ KChIP4a Δ34, respectively.  Note the crossover of the inactivation 

kinetics of Kv4.3 current and coexpression of WT KChIP1 or KChIP4a Δ34 at +40mV.  C. 

The scaled and superimposed currents at +40mV (from lower side panel A) for comparison of 

development of inactivation kinetics among coexpression of C110A and WT KChIP1 (red 

line), coexpression of C110A and WT KChIP4a (green line), and coexpression of C110A and 

KChIP4a Δ34 (blue line).  The time constant of inactivation is 44.8 ± 2.4 (n=5) for 

C110A/KChIP4a Δ34, compared with 33.83 ± 1.12 (n=6) for C110A/WT KChIP1 and 221.1 

± 9.0 (n=13) for C110A/WT KChIP4a, respectively.  D. Summary of normalized peak 

current amplitudes measured at +40 mV from WT Kv4.3 or Kv4.3-C110A and different 

KChIPs.  E. Summary of time constant of recovery (τrecovery) from inactivation for varying 

lengths of time at step from –80 to +40 mV which measured at +40 mV from WT Kv4.3 or 

Kv4.3-C110A and different KChIPs.  All data are shown as mean ± s.e.m. and the statistical 

comparison (Student’s t test) for 
*
P<0.05, 

*
P<0.01 and 

*
P<0.001 was made when compared to 

WT Kv4.3 alone; and the groups denoted with 
#
P<0.05, 

##
P<0.01 and 

###
P<0.001were 

compared to either WT Kv4.3/WT KChIP4a or Kv4.3 C110A/ WT KChIP4a complexes. 

 

 

Figure 9  A working model of how KIS domain and core KChIP4a independently 

regulate Kv4.3 channels for functional counterbalance.  KChIP4a can be functionally 

divided into two parts of KIS domain and core, exhibiting distinct modulation on Kv4 

channels.  The KIS domain that inhibits surface expression interacts with Kv4.3 in 

membrane surface, resulting in slow inactivation of Kv4.3 channels. The core KChIP4a 

interacts with cytosolic Kv4.3 (or C110A), leading to an enhanced tetrameric assembly by 

clamping action. When an intact KChIP4a interacts with Kv4.3 channels in membrane 

surface, the KIS domain can override the effect of its core, exhibiting a KIS-dominant effect 

on Kv4.3 inactivation. 



 21 

FIGURE 1



 22 

FIGURE 2



 23 

FIGURE 3



 24 

FIGURE 4



 25 

FIGURE 5



 26 

FIGURE 6 



 27 

FIGURE 7



 28 

FIGURE 8



 29 

FIGURE 9 


