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Abstract The cytoplamsic auxiliary KChIPs modulate

surface expression and gating properties of Kv4 channels.

Recent co-crystal structure of Kv4.3 N-terminus and

KChIP1 reveals a clamping action of the complex in which

a single KChIP1 molecule laterally binds two neighboring

Kv4.3 N-termini at different locations, thus forming two

contact interfaces involved in the protein–protein interac-

tion. In the second interface, it functions to stabilize the

tetrameric assembly, but the role it plays in channel traf-

ficking remains elusive. In this study, we examined the

effects of KChIP1 on Kv4 protein trafficking in COS-7

cells expressing EGFP-tagged Kv4.3 channels using con-

focal microscopy. Mutations either in KChIP1 (KChIP1

L39E-Y57A-K61A) or Kv4.3 (Kv4.3 E70A-F73E) that

disrupt the protein–protein interaction within the second

interface can reduce surface expression of Kv4 channel

proteins. Kv4.3 C110A, the Zn2+ binding site mutation in

T1 domain, that disrupts the tetrameric assembly of the

channels can be rescued by WT KChIP1, but not the

KChIP1 triple mutant. These results were further confirmed

by whole cell current recordings in oocytes. Our findings

show that key residues of second interface involved in

stabilizing tetrameric assembly can regulate the channel

trafficking, indicating an intrinsic link between tetrameric

assembly and channel trafficking. The results also suggest

that formation of octameric Kv4 and KChIP complex by

KChIPs clamping takes place before their trafficking to

final destination on the cell surface.
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Introduction

Voltage-gated potassium channels (Kv) are composed of

tetrameric core of pore-forming a subunits and additional

auxiliary subunits. Binding of auxiliary subunits can

change the functional properties of Kv channels at the

membrane surface as well as their formation and intracel-

lular trafficking [1–3]. Cytosolic Kv channel-interacting

proteins KChIPs (216–256 amino acids) that belong to

neuronal calcium sensor (NCS) family of calcium binding

EF-hand proteins co-assemble with Kv4 (Shal) a subunits

to form a native complex that encodes somatodendritic

A-type K+ current, ISA, in neurons and transient outward

current, ITO, in cardiac myocytes [4–6].

The specific binding of KChIPs to the Kv4 N-terminus

enhances surface expression, facilitates subunit assembly

and regulates the functional gating properties of Kv4

channels [4, 7]. The Kv4 N-terminus features the inter-

subunit Zn2+ binding sites in the cytoplasmic amino-

terminal portion known as the tetramerization domain or

T1 domain that is highly conserved among Kv channels [8,

9]. The T1 domain consists of *130 amino acids directly

preceding the first transmembrane domain [10]. There are

four zinc ions bound to the T1 tetramer, and each Zn2+

located at the interface between two adjacent monomers is

involved in intersubunit contacts. The Kv4 intersubunit

zinc binding site, critical for T1 domain interaction in early

channel formation, is composed of the three cysteines and
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one histidine in the characteristic sequence where Cys 131,

Cys 132, His 104 come from one monomer and Cys 110

comes from another monomer [8, 9]. Mutations in Kv4.2

Zn2+ binding sites that disrupt T1 domain interaction and

tetrameric assembly fail to form functional channels,

resulting in entrapment of the protein within the endo-

plasmic reticulum [11]. KChIPs are capable of rescuing the

function of Zn2+ mutations by driving the mutant subunits

to form tetramers and stabilizing the tetrameric assembly

[11, 12].

The recent co-crystal structure of Kv4.3 N-terminus/

KChIP1 complex reveals a clamping mode of the complex

in which a single KChIP1 molecule as a monomer laterally

clamps two neighboring Kv4.3 N-termini in a 4:4 manner,

with two contact interfaces being involved in the interac-

tion [12–14]. In the first interface, the proximal N-terminal

hydrophobic peptide (residues 6–21) of Kv4.3 reaches out

into a deep elongated groove and is sequestered by binding

to the deep hydrophobic pocket on the surface of KChIP1,

causing the physical suppression of Kv4 inactivation by

KChIPs. Interestingly, KChIP1 unexpectedly interacts with

a neighboring Kv4.3N, thus establishing a second interface

between them. Biochemical studies show that association

of KChIP1 with Kv4.3N within the second interface sta-

bilizes the tetrameric assembly, and disruption of protein–

protein interactions at either interface attenuates KChIP

modulation of Kv4 function [12].

Given the clamping feature of Kv4.3N and KChIP1

complex structure, we sough to examine whether the sec-

ond interface critical for stabilizing the tetrameric assembly

also plays a role in channel trafficking; and if the disruption

of protein–protein interactions within the second interface

can affect trafficking as well as functional expression. Our

findings show that residues of the second interface critical

for tetramerization mediate the channel trafficking. We

propose that process of tetramerization and trafficking in

native Kv4 channels is strongly linked, and a proper tet-

ramerization takes place before channel trafficking to

surface.

Experimental Procedure

Molecular Biology

All wild-type (WT) or mutant cDNA constructs used for

cell biology were generated by PCR using Pfu DNA

Polymerase according to the manufacturer’s protocols. Rat

KChIP1 constructs were subcloned in pcDNA3.1(+) vector

(Invitrogen, Shanghai) for immunostaining. All WT or

Kv4.3 mutants were constructed and inserted into pEGFP-

N1 vectors (Clontech Laboratories, Mountain View, CA)

with double restriction sites of HindIII and PstI. For cDNA

constructs used for electrophysiological studies, they were

made in pBluescript KSM oocyte vectors with restriction

sites of SalI and EcoRI [15]. All restriction enzymes were

purchased from either New England Biolabs, Inc or

Takara. All mutations of hKv4.3 (Kv4.3 E70A-F73E or

Kv4.3 C110A) and rKChIP1 (KChIP1 L39E-Y57A-K61A)

cDNAs were performed using the QuikChange II muta-

genesis kit (Stratagene Corporation, La Jolla, CA), and

inserts of all clones were rigorously verified by sequencing

(Beijing Augct Biotechnology Company). All materials not

specifically identified were purchased from Sigma (St

Louis, MO).

Cell Biology

COS-7 cells were transiently transfected with either 1.0 lg

Kv4.3 cDNAs or 1.0 lg KChIP1 cDNAs per 35 mm dish.

For co-transfection, 0.5 lg KChIP1 cDNAs in combination

with 0.5 lg Kv4.3 cDNA were used to maintain a mole

ratio above 2:1. Cells were grown in Dulbecco’s modified

Eagle’s medium (Invitrogen, Shanghai) supplemented with

10% Foetal Bovine Serum (Hyclone, Beijing) in a

humidified incubator at 37�C under 5% CO2. Cells were

passaged on coverslips one day before transfection with

Lipofectamine2000 (Invitrogen, Shanghai) according to the

manufacturer’s protocols with the transfection rate from

30% to 60%. For immunostaining, cells expressing Kv4.3

and KChIP1 were stained 24 h after transfection. After

washing three times, cells were fixed with 4% parafor-

maldehyde in PBS for 20 min and permeabilized with

0.2% TritonX-100 in PBS for 20 min, followed by block

with 3% bovine serum albumin in PBS containing 0.2%

TritonX-100 for 1 h at room temperature. For immuno-

staining, KChIP1 proteins were recognized by KChIP1

specific goat polyclonal IgG (G-18, sc-26464 from Santa

Cruz Biotechnology) at 4�C overnight, followed by sec-

ondary staining with rhodamine conjugated (red)

polyclonal rabbit anti-goat IgG (Zhongshan Goldenbridge

Biotechnology, Beijing) for 1 h at room temperature with

extensive washes with PBS before and after addition of the

secondary antibody. Coverslips were mounted onto glass

slides with antifade solution (Applygen, Beijing). Images

were acquired using a Zeiss Axiovert 200M coupled to a

Zeiss LSM 510 META laser-scanning confocal system.

Electrophysiological Recordings in Xenopus Oocytes

For oocyte expression, WT or mutant cDNA constructs of

either Kv4.3 or KChIP1 were subcloned into pBluescript

KSM [15]. cRNAs were in vitro transcribed using the T3

mMESSAGE Machine kit (Ambion) following lineariza-

tion of cDNA construct with NotI enzyme. Xenopus

oocytes (stage V–VI) were selected and injected with 46 nl
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of solution containing 0.5–4.0 ng of the selected cRNA

using a microinjector (Drummond Scientific Co.). One to

two days after injection oocytes were impaled with two

microelectrodes (0.5–1.0 MX) filled with 3 M KCl in a

40 ll 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, Igor or Microcal Origin 6.1. For statistics, the

transient peak amplitudes (named ‘‘peak currents’’) were

measured at the voltage +40 mV. All data are expressed as

mean ± s.e.m. and t-test was used to determine the sta-

tistical significance.

Results

Residues in the Second Interface of Kv4.3N/KChIP1

Complex Critical for Channel Trafficking

Our recent studies on structure of Kv4.3/KChIP1 complex

have identified key residues in the second interface that

stabilizes the tetrameric assembly of Kv4.3 channels. To

test if these residues are also involved in channel traffick-

ing, we started by examining the effects of wild-type (WT)

KChIP1 on surface expression of EGFP-tagged Kv4.3

channel proteins in COS-7 cells transfected with or without

KChIP1 and KChIP1 mutants. The COS-7 cells were used

based on their large and flat morphology as well as the

easiness for visualizing internal membrane structures.

Transfection of WT KChIP1 alone shows a diffuse pattern

of KChIP1 proteins recognized by KChIP1 antibody and

then secondary antibody labeled with TRITC for immu-

nostaining of red fluorescence (Fig. 1a, left panel).

Transfection of Kv4.3 showed the distribution of EGFP-

tagged Kv4.3 proteins strongly retained in endoplasmic

reticulum and Golgi membranes and a little staining in the

surface (Fig. 1a, middle panels). As expected, co-trans-

fection of WT KChIP1 resulted in a redistribution and

robust fluorescence staining of Kv4.3 proteins over entire

membrane surface (Fig. 1b). The double mutant Kv4.3

E70A-F73E that disrupted the tetrameric assembly showed

a distribution pattern similar to WT Kv4.3 (Fig. 1a, right

panel). In contrast, co-transfection of WT KChIP1 had a

little effect on surface expression of Kv4.3 E70A-F73E

(Fig. 1c), compared with co-transfection of WT Kv4.3 and

WT KChIP1 (Fig. 1b). This indicates that the two residues

(E70, F73) of Kv4.3N-terminus in the second interface are

critical for the channel trafficking .

Within the second interface, three residues in KChIP1 a-

helix that interact with Kv4.3 are critical for tetrameric

assembly. To examine the effect of the three residues on

Kv4.3 trafficking, we made a triple mutant of KChIP1

L39E-Y57A-K61A that had previously been shown to

disrupt the tetrameric assembly [12]. Figure 1d shows that

the triple mutant of KChIP1 (L39E-Y57A-K61A) did not

increase the surface expression of Kv4.3. Similarly, co-

transfection of the Kv4.3 double mutant and the KChIP1

triple mutant did not change the pattern of surface

expression as shown in either Fig. 1c or d. These results

indicate that residues from Kv4.3 and KChIP1 in the

second interface important for tetrameric assembly also

mediate the channel trafficking.

Disruption of Interaction within the Second Interface

Attenuates Functional Expression of Kv4.3 Channels

To correlate the trafficking effects, we also measured the

current amplitude of Kv4.3 channels as a functional criterion

for the surface expression. Expression of WT Kv4.3 chan-

nels alone in oocytes gave rise to a typical A-type functional

current about 2 ± 0.3 lA (Fig. 2a). Co-expression of WT

KChIP1, Kv4.3 current was dramatically increased about 5-

fold (Fig. 2b), indicating the enhanced surface expression of

the channel proteins induced by WT KChIP1. Expression of

Kv4.3 E70A-F73E double mutant produced the functional

current, similar to the amplitude measured in WT Kv4.3

(Fig. 2c). Co-expression of WT KChIP1 only produced a

moderate increase of Kv4.3 E70A-F73E current with

amplitude about 2.4-fold (Fig. 2d, g), compared with a

5-fold increase of WT Kv4.3 (Fig. 2b, g). This indicates that

Kv4.3 double mutant caused an intracellular retention of the

channel proteins. Similarly, the KChIP1 triple mutant also

attenuated the current increase of WT Kv4.3 with remaining

current amplitude about 2-fold (Fig. 2e, g). In addition,

co-expression of the KChIP1 triple mutant slightly increased

the current of Kv4.3 double mutant about 1.5-fold (Fig. 2f,

g). All these results are consistent with the observations of

immunostaining, further confirming the residues in the

second interface critical for surface expression.

Rescue of Zinc-Binding Site Mutant by WT KChIP1,

but not the KChIP1 L39E-Y57A-K61A Triple Mutant

Previous studies showed that Zn2+ binding site mutations

that disrupted the tetrameric assembly could be rescued by

binding of WT KChIPs, suggesting the process of tetra-

merization and trafficking is linked. To test if the second

interface also mediates the process of trafficking, we

transfected the Kv4.3 C110A mutant, and evaluated

the protein distribution. Transfection of Kv4.3 C110A in
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COS-7 showed a typical diffuse staining localized in

intracellular membrane network for endoplasmic reticu-

lum-retained proteins (Fig. 3a). This was further verified

with the whole cell current recording that a small amount

of current was functionally measured in oocytes (Fig. 3b).

Co-transfection of WT KChIP1 resulted in the redistribu-

tion of the staining with a robust surface expression of

Kv4.3 C110A (Fig. 3c), which was further confirmed by

current measurement in oocytes with a significant increase

over 30-fold, compared with Kv4.3 C110A alone (Fig. 3b).

In contrast, co-transfection of KChIP1 triple mutant (L39E-

Y57A-K61A) showed a localized intracellular distribution

with a little effect on surface staining of Kv4.3 C110A

(Fig. 3d). When tested functionally, the co-expression of

the KChIP1 triple mutant only resulted in partial rescue of

Kv4.3 C110A function with about 8-fold increase instead

30-fold (Fig. 3b), indicating an attenuated expression of

Kv4.3 C110A function by KChIP1 triple mutant. This

result suggests that the process between tetramerization

and trafficking is linked, and the trafficking takes place

after the tetrameric channels properly assembled.

Discussion

In the present study, we attempted to address a question as

to whether the second interface of Kv4 and KChIP inter-

action that is known to stabilize the tetrameric assembly

plays a role in the channel trafficking. Understanding of

how assembly and trafficking of Kv4 channels intrinsically

linked is an essential step to understanding the formation of

channel biology and function. Structure based mutations

introduced in the second interface have allowed us to

evaluate their effects on channel trafficking. Data presented

here show that mutations that disrupted the protein–protein

interaction within the second interface attenuated channel

trafficking, but not completely abolished the KChIP1

Fig. 1 Mutations in the second interface reduce the surface expres-

sion of Kv4.3 proteins. COS-7 cells were transiently transfected with

WT Kv4.3 or Kv4.3 mutants in the presence or absence of WT

KChIP1 or KChIP1 mutants. EGFP-tagged Kv4.3 and its mutants are

imaged for green fluorescence. KChIP1 and its mutants are recog-

nized by KChIP1 antibody and then immunostained by secondary

antibody labeled with red fluorescence TRITC, and merged images

are shown in yellow. (a) Cells express WT KChIP1, WT Kv4.3 and

Kv4.3E70A-F73E, respectively. KChIP1 alone shows diffused distri-

bution. The surface expression pattern of Kv4.3E70A-F73E double

mutant is similar to that of WT Kv4.3. (b) Co-transfection of Kv4.3

and KChIP1 showed a robust surface expression. (c) Co-transfection

of Kv4.3E70A-F73E and KChIP1 showed the surface expression

similar to WT Kv4.3 alone. (d) Co-transfection of WT Kv4.3 and

KChIP1 L39E-Y57A-K61A shows an expression pattern similar to

WT Kv4.3 alone. (e) Co-transfection of Kv4.3 E70A-F73E and

KChIP1 L39E-Y57A-K61A shows a staining similar to WTKv4.3. (f)
EGFP-Kv4.3 fluorescence in drawing regions along the outside and

inside of plasma membrane (PM) was imaged and quantified to

determine the percentage of the membrane from the total fluorescence

in the cell (left panel). Statistical analysis with t-test from 15 to 25

cells expressing proteins in each group was made and the data were

expressed as mean ± s.e.m. (right panel). All groups were compared

with the co-transfection of WT Kv4.3/WT KChIP1, except for the

double mutant Kv4.3 E70A-F73E that was compared with WT Kv4.3

alone, *P \ 0.05, **P \ 0.01, ***P \ 0.001
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modulation of Kv4 function. The results suggest that sec-

ond interface primarily functions to promote tetrameric

assembly and further enhance trafficking upon a proper

channel formation. The net effect of second interface on

trafficking is dependent upon the intact first interface that

alone is sufficient to confer the binding and modulation by

KChIP1, which was previously demonstrated that disrupt-

ing the first interface by proximal Kv4N-terminal deletions

abolished KChIP1 modulation of Kv4 function by KChIPs

[9, 16]. This result further supports the notion that the first

interface where the proximal N-terminus of Kv4.3

sequestered by KChIP1 is essential for Kv4 trafficking and

modulation by KChIPs, whereas the second interface pri-

marily functions to promote tetrameric assembly and

further enhance trafficking upon a proper channel forma-

tion [12, 13].

The zinc binding site of T1 domain is known to be

critical for channel assembly [11, 12, 17]. It has been shown

that KChIP3 can rescue the functional expression of Kv4 T1

zinc mutants that disrupt the tetrameric assembly by driving

the unassembled monomers to form tetramer [11]. Our

results show that KChIP1 triple mutant of the second

interface can only partially rescue the zinc mutant current

about 25%, suggesting that the two processes of trafficking

and tetrameric assembly are strongly linked. It is notewor-

thy that inactivation kinetics rescued by WT KChIP1 and its

triple mutant is quite different (data not shown). The zinc

site mutant C110A rescued by WT KChIP1 inactivate more

rapidly, and rescued zinc mutant C110A by KChIP1 triple

mutant show a slow inactivation, as previously reported

[11]. This suggests that tetramerization and channel gating

is functionally coupled [12, 17–19]. We propose that the

proper tetramerization takes place before the process of

channel trafficking occurs, supporting the notion that only

assembled tetramers can be expressed on the surface, but

not monomers. It is not known that how the process of

tetramerization and trafficking affects channel gating and

what domains are involved. The C-terminal deletions affect

KChIP2-dependent gating modulation and KChIP2 binding,

suggesting involvement of domains within the cytoplasmic

Kv4 C-terminus in KChIP interaction [20]. To further

explore the coupling of tetramerization and gating kinetics
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Fig. 2 Disruption of the interaction between Kv4.3 and KChIP1

within the second interface attenuates Kv4.3 current increased by WT

KChIP1. Currents in response to depolarizing voltage steps in 10 mV

increment from -60 mV to +40 mV were recorded by two-electrode

voltage clamp from Xenopus oocytes held at -80 mV. (a) Kv4.3

alone expressed in oocytes shows typical A-type currents with

amplitude about 2 lA. (b) KChIP1 significantly increased the Kv4.3

current by 5-fold. (c) The double mutant of Kv4.3 E70A-F73E alone

produced a current similar to WT Kv4.3 alone in a. (d) Co-expression

of the double mutant Kv4.3E70A-F73E and WT KChIP1 increased

current about 2-fold compared with Kv4.3E70A-F73E in c. (e) Co-

expression of WT Kv4.3 and triple mutant of KChIP1 L39E-Y57A-

K61A increased the current amplitude about 2-fold. (f) Co-expression

of Kv4.3 E70A-F73E and KChIP1 L39E-Y57A-K61A increased the

current about 1.5-fold. (g) Summary of peak current amplitudes

measured at +40 mV from WT or mutants of Kv4.3 and KChIP1. All

data were expressed as the mean ± s.e.m. for 10–15 oocytes. All

groups were compared with the co-transfection of WT Kv4.3/WT

KChIP1, except for the double mutant Kv4.3 E70A-F73E alone that

was compared with WT Kv4.3 alone, ***P \ 0.001
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will require high resolution of macromolecular structure of

intact Kv4/KChIP complex as well as detailed analysis of

channel gating behavior of zinc mutants in the presence or

absence of WT or mutant KChIPs that disrupt the second

interface.
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Fig. 3 KChIP1 triple mutant

attenuates functional rescue of

Kv4.3 C110A. (a) COS-7 cells

transfected with Kv4.3 C110A

mutant alone had a diffuse

intracellular expression. (b) Co-

transfection of WT KChIP1 and

Kv4.3 C110A increases surface

expression of Kv4.3 C110A. (c)

Co-transfection of KChIP1

L39E-Y57A-K61A and Kv4.3

C110A had a minimal effect on

surface expression. (d)

Summary of current amplitudes

recorded in oocytes for WT

Kv4.3 alone, Kv4.3 C110A

mutant alone, co-expression of

Kv4.3 C110A and WT KChIP1

and, co-expression of Kv4.3

C110A and KChIP1 L39E-

Y57A-K61A triple mutant. Data

were expressed as the

mean ± s.e.m. for 10–15

oocytes, ***P \ 0.001. (e) The

EGFP-Kv4.3 C110A

fluorescence in plasma

membrane (PM) was analyzed

and quantified to determine the

percentage of the membrane

from the total fluorescence of

15–25 cells, and data were

expressed as the mean ± s.e.m.

***P \ 0.001
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