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NMR Analysis of KChIP4a Reveals Structural Basis for Control
of Surface Expression of Kv4 Channel Complexes™
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Potassium channel-interacting proteins (KChIPs) are
EF-hand calcium-binding proteins of the recoverin/neuronal
calcium sensor 1 family that co-assemble with the pore-forming
Kv4 a-subunits and thus control surface trafficking of the volt-
age-gated potassium channels mediating the neuronal I, and
cardiac I, currents. Different from the other KChIPs, KChIP4a
largely reduces surface expression of the Kv4 channel com-
plexes. Using solution NMR we show that the unique N terminus
of KChIP4a forms a 6-turn a-helix that is connected to the
highly conserved core of the KChIP protein via a solvent-ex-
posed linker. As identified by chemical shift changes, N-termi-
nal a-helix and core domain of KChIP4a interact with each
other through the same hydrophobic surface pocket that is
involved in intermolecular interaction between the N-terminal
helix of Kv4a and KChIP in Kv4-KChIP complexes. Electro-
physiological recordings and biochemical interaction assays of
complexes formed by wild-type and mutant Kv4a and KChIP4a
proteins suggest that competition of these two helical domains
for the surface groove is responsible for the reduced trafficking
of Kv4-KChIP4a complexes to the plasma membrane. Surface
expression of Kv4 complexes may thus be controlled by an auto-
inhibitory domain in the KChIP subunit.

Potassium channel-interacting proteins (KChIPs)? (1) are
cytoplasmic EF-hand proteins of the recoverin/neuronal cal-
cium sensor 1 family that interact with the cytoplasmic N and C
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termini of the pore-forming a-subunits of Kv4 voltage-gated
potassium (Kv) channels (Kv4a) (2-5). Together with dipepti-
dyl-aminopeptidase-like proteins (DPP6 and DPP10) (6, 7),
type II transmembrane proteins, KChIPs are integral compo-
nents of these heteromultimeric Kv channels in brain
(KChIPs1-4) and heart (KChIP2) where they act as important
regulators of excitability by mediating the somatodendritic
A-type current I, in neurons (8) and the transient outward
current [, in cardiac myocytes (9).

KChIPs are Ca®"-binding proteins with a conserved core
region of ~180 amino acids and highly variable N termini
(~35-100 residues). The core region contains 4 EF-hand
motifs comprising 8 helices that are preceded and followed by
an additional helix, respectively (5, 10). EF-hands 3 and 4 are
canonical Ca®>" binding sites in all KChIP isoforms, whereas
EF-hand 1 is non-functional because of the lack of key Ca>"
coordinating residues. EF-hand 2 in KChIPs2—4 prefers Mg>™"
over Ca®>* because of a Glu to Asp exchange in the last biden-
tate Ca®”" ligand, in KChIP1 EF-hand 2 does not bind divalents
as the second and third Ca®" -coordinating residues are substi-
tuted by Thr.

Within Kv4 channel complexes, KChIP proteins exert two
distinct functional effects observed in heterologous expression
systems: first, inactivation gating is markedly altered, and sec-
ond, surface expression of the Kv4 complexes is largely
increased (1). For the latter effect, KChIPs are thought to pro-
mote the release of channel complexes from the endoplasmic
reticulum (ER) and/or from retention in the Golgi apparatus
(11, 12). Accordingly, several studies suggested that the highly
conserved N terminus of the Kv4 a-subunits may operate as a
retention signal that becomes efficiently masked or disabled by
interaction with the KChIPs (2, 5, 13).

Recently, the structural basis of the Kv4-KChIP interaction
was elucidated by two essentially identical crystal structures of
the KChIP1 core region complexed with the cytoplasmic N ter-
minus of Kv4.3 (14, 15). These structures show a cross-shaped
octamer with the T1 domains of Kv4.3 forming a tetramer in
the center. Four KChIP1 molecules are arranged laterally such
that a single KChIP1 molecule interacts with two neighboring

hauser effect; NOESY, NOE spectroscopy; GB1, B1 immunoglobulin binding
domain of streptococcal protein G; MOPS, 4-morpholinepropanesulfonic acid;
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid;
MES, 4-morpholineethanesulfonic acid; RDCs, residual dipolar couplings; PDB,
protein data bank; ER, endoplasmic reticulum; csi, chemical shift index.
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T1 domains acting as a clamp to stabilize the tetrameric
arrangement of the Kv4.3 T1 domains. As predicted by an ear-
lier study (5) two contact interfaces are involved in the interac-
tion between the KChIP1 core and the cytoplasmic N terminus
of Kv4.3. First, the hydrophobic N terminus of Kv4.3 is buried in
an elongated pocket formed on the surface of the KChIP1 pro-
tein by displacement of its helix 10, ie. helix 10 of KChIP1
changes its position and thus allows for binding of the Kv4.3 N
terminus, which adopts a helical conformation in the complex.
Second, the same KChIP1 molecule interacts via helix 2 with
a loop (residues 70-78) on the surface of an adjacent T1
monomer.

Different from the aforementioned KChIP proteins,
KChIP4a, a splice variant of KChIP4, exhibits distinct modula-
tion of Kv4 currents via its unique N terminus (16). These first
34 amino acids act as a modular domain that eliminates fast
inactivation of Kv4 complexes (therefore also termed K™ chan-
nel inactivation suppressor (KIS) domain) and abolishes
enhanced forward trafficking to the plasma membrane.
Accordingly, the surface expression of Kv4 channels was mark-
edly reduced in Kv4-KChIP complexes harboring the KChIP4a
protein (13). At present, either action of the KChIP4a N termi-
nus remains mechanistically unclear.

Here we report solution NMR data on KChIP4a indicating
that the N-terminal KIS domain forms an extended o-helix,
which interacts with and induces conformational rearrange-
ments of the KChIP core domain. As a result, the KIS a-helix
gets buried in a hydrophobic surface pocket of the KChIP core
similar to what was found for the Kv4.3 N terminus in the
KChIP1-Kv4.3 T1 domain complex. Together with electro-
physiological and biochemical data, these results provide a sim-
ple molecular mechanism for the negative trafficking effect of
KChIP4a as well as for the enhanced surface expression of Kv4-
KChIP complexes containing the other KChIP proteins.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—KChIP4a from mouse
(Swiss-Prot Q6PHZ8 —4) with an N-terminal hexa-His tag was
expressed at 30°C as a soluble protein in Escherichia coli
BL21(DE3) under control of an isopropyl-1-thio-f-p-galacto-
pyranoside inducible promoter (modified pET16b vector,
Novagen). After cell lysis by ultrasonication in 20 mm MOPS,
300 mMm NaCl, 4 mm B-mercaptoethanol (pH 7.4), the protein
was purified to homogeneity by three chromatographic steps
on GE Healthcare columns: metal chelate affinity (Ni-Sepha-
rose), anion-exchange (Mono Q), and size-exclusion (Superdex
75). 2—5 mm N-octylglucoside was added to all buffers to max-
imize the yield of monomeric KChIP4a during purification and
to stabilize the protein monomer during NMR measurements.
Fractions of KChIP4a monomer were pooled and adjusted to
0.1 mm CaCl, before sample concentration and buffer exchange
for NMR by ultracentrifugation.

The N-terminal deletion mutant KChIP4a(A1-42) was
expressed with a pET30-based vector as a C-terminal fusion to
GB1 protein and purified by the same protocol as wild type.
Thrombin cleavage and an additional size-exclusion chroma-
tography yielded the (A1-42) deletion mutant with an N-ter-
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minal hexa-His tag and five additional residues (GSTMG) as
cloning artifact.

Amino acid specific labeling of wild type and the (A1-42)
deletion mutant with *®N-Lys, -Phe, -Leu, -1le, and -Val, respec-
tively, was performed according to published protocols (17—
19). All uniformly isotope-labeled proteins were expressed on
M9 minimal medium of appropriate composition with NH,Cl
and glucose as sole nitrogen and carbon source, respectively.

The GB1-KIS fusion protein was also expressed in E. coli
BL21(DE3). Cells were lysed by ultrasonication in 20 mm Tris,
pH 7.4, 300 mm NaCl. Purification in the presence of 1%
CHAPS was achieved via metal chelate affinity and size-exclu-
sion chromatography.

NMR Spectroscopy—Unless otherwise mentioned, all NMR
experiments were done with samples containing 10% D,O (v/v)
in 5-mm Shigemi tubes on a Bruker Avance 600 spectrometer
equipped with a cryogenically cooled pulsed-field gradient tri-
ple-resonance probe (TXI). All samples contained 2,2-dimeth-
yl-2-silapentane-5-sulfonate (DSS) as internal standard for 'H
chemical shift referencing.

The NMR measurements of KChIP4a (wild type and A1-42)
were carried out with samples containing 0.1-0.28 mm ?H/**C/
>N-labeled protein in 10 mm MOPS (pH 7.4), 4 mm dithiothre-
itol, 5 mm N-octylglucoside, and 2 mm MgCl, at 300 K. *H-'*N
correlation spectra were usually recorded with the TROSY tech-
nique (20). TROSY-based triple-resonance experiments (HNCA,
HN(CO)CA, intraHNCA (21), HNCACB, HN(CO)CACB, and
HNCO) (22, 23), and a three-dimensional NOESY-'H-'°N-
TROSY (24) with a mixing time of 120 ms were recorded for the
backbone assignment.

'H-'*N residual dipolar couplings were determined from a
two-dimensional HSQC-IPAP experiment (25) on a '°N-la-
beled sample of KChIP4a without and with ~10 mg/ml Pfl
phage (Profos AG, Regensburg, Germany). The *H splitting of
the aligned sample was 8.5 Hz. Analysis of the RDCs was done
with the software package PALES (26) using an alignment ten-
sor obtained from a singular value decomposition fit (27) and a
structural model for the KChIP4a core based on the crystal
structure of isolated KChIP1 (5) (PDB entry 1S1E). The latter
was produced with SWISS-MODEL (28) using the sequence of
the KChIP4a core from mouse (Ala®'-Ile**®; 79% sequence
identity to human KChIP1 in 1S1E).

For wild type, a "H/?H exchange experiment was performed
by dissolving a fully protonated *°N-labeled lyophilized sample
in 100% *H,O and recording a series of "H-'*N TROSY spectra.
The protection of backbone amide protons from solvent
exchange on the ms-s timescale was assessed qualitatively by
the absence of a cross peak between the amide proton and water
in the ®N-resolved three-dimensional NOESY spectrum (29).

For the backbone assignment of **C/**N-labeled GB1-KIS in
10 mm MES, 1 mMm SDS, 0.05% CHAPS, pH 6.5, the following
standard spectra were recorded with a 0.3 mMm sample at 305 K:
'H-'"N HSQC, HNCA, HN(CO)CA, HNCO, HN(CO)CACB,
HNCACB, three-dimensional NOESY-'H-'*N-HSQC with a
mixing time of 100 ms. Additionally, a 100-ms NOESY-"H-'°N-
TROSY and TROSY-HNCA, -HN(CO)CA, -CBCANH were
acquired at 291 K, pH 7.4, in 10 mMm MOPS buffer containing
the same detergents. All NMR data were processed with the
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Bruker XWINNMR or TOPSPIN software and analyzed with
the programs XEASY (30) and CARA (available free of charge
from www.nmr.ch) (31).

Docking—The standard docking protocol of HADDOCK 1.3
(32) including explicit water refinement was used to calculate a
structural model of KChIP4a without the flexible linker
between the KIS helix and the KChIP core. Starting structures
were the KChIP1 structure in the KChIP1-Kv4.3T1 complex
(14) (PDB entry 2I2R, chain E) and an a-helix corresponding to
Glu*-~GIn*® of KChIP4a. The interacting interface of KChIP
was defined according to the full set of NMR chemical shift
perturbation data. Ambiguous interaction restraints between
this surface and the entire KIS helix were used. As expected, due
to the absence of experimental restraints for residues of the KIS
helix, the orientation of the latter in the hydrophobic groove of
the KChIP core is ambiguous. All figures showing structures
were prepared with MOLMOL (33).

Affinity Purification and Western Blotting—Three days after
injection Xenopus laevis oocytes were homogenized with pot-
ters in 0.5 ml of 10 mm HEPES pH 7.4, 83 mm NaCl, 1 mm
MgCl,,1 mm EGTA, 1 mm iodacetamide (with protease inhibi-
tors), and centrifuged for 10 min at 100 X g and 300 X g to
remove yolk and material from nuclei. Crude membrane prep-
arations were obtained from the homogenates by ultracentrif-
ugation (20 min at 125,000 X g). Membranes were solubilized
using ComplexioLyte48 (1 ml/mg of membrane protein) (34)
and subjected to analytical affinity purification (AP). Total
amount of protein used for AP was estimated to equal that of
the Kv4.3 protein. Briefly, the solubilized material (0.1- 0.4 mg)
was incubated for 2 h at 4 °C with 5 pug of immobilized affinity-
purified rabbit anti-Kv4.3 (Alomone, APC-017). After washing,
bound proteins were eluted with Laemmli buffer (dithiothreitol
added after elution) followed by 7.5%/15%-SDS-PAGE and
electroblotting on polyvinylidene difluoride membrane. The
blot was subjected to Western analysis with mouse anti-Kv4.3
(kind gift of Dr. J. Trimmer) and mouse anti-pan-KChIP
(NeuroMab); antibody-stained bands were visualized by anti-
mouse IgG-HRP (Santa Cruz) and ECL+.

Electrophysiology and Data Evaluation—Preparation and
injection of cRNA into Xenopus oocytes and site-directed
mutagenesis were done as described (35). All ¢cDNAs and
mutants were verified by sequencing; GenBank™ accession
numbers of the Kv.4.3 and KChIP4a cDNAs used are AF334791
and AF453243.1, respectively. N-terminal mutations were as
follows: KChIP4a-delN indicates deletion of amino acids 2—42
in KChIP4a, Kv4.3-delN denotes deletion of residues 2—22 in
Kv4.3, Kv4.3-deIN+KIS is a replacement of amino acids 1-22
in Kv4.3 by the first 44 residues of KChIP4a.

Electrophysiological recordings from giant inside-out
patches excised from oocytes were performed at room temper-
ature (22-24 °C) as described previously (35). Briefly, currents
were recorded with an EPC9 amplifier, low-pass filtered at 1-3
kHz, and sampled at 5-10 kHz; capacitive transients were com-
pensated with the automated circuit of the EPC9. Pipettes made
from thick-walled borosilicate glass had resistances of ~0.3
MOhm when filled with (in mm) 115 NaCl, 5 KCI, 5 HEPES, and
1.3 CaCl,, pH adjusted to 7.2. Intracellular solution (X;,,)
applied via a gravity-driven multi-barrel pipette was composed
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as follows (mm): 120 KCl, 5 HEPES, 1 EGTA (pH 7.2). The
inactivation time course of currents mediated by Kv4.3 and
Kv.4.3-KChIP4a complexes was characterized by the time con-
stant (7,,.ctivation) derived from a monoexponential fit to the
decay phase of the current. Curve fitting and further data anal-
ysis were done with Igor Pro 4.05A on a Macintosh G4. Data are

given as mean * S.D. throughout the report.

RESULTS

Structural Properties and Metal Binding of KChIP4a—
KChIP4a was expressed in E. coli as a soluble and uniformly
isotope (*H/'>C/'°N)-labeled protein, purified to homogeneity
and used for structural analyses by NMR in solution (for details
see “Experimental Procedures”). Initial two-dimensional
"H-'N correlation experiments with transverse relaxation-op-
timized spectroscopy (TROSY) (20) showed that the KChIP4a
protein exhibited stable tertiary folding only upon addition of
Ca** (0.1 mm) and Mg>™* (2 mm), while apoKChIP4a adopted
an unstructured state similar to what was seen in recent studies
on yeast frequenin and KChIP3 (36, 37). Fig. 14 illustrates such
a two-dimensional "H-**N TROSY spectrum of the divalent-
loaded KChIP4a, with the peaks representing main-chain and
side-chain amide groups. The chemical shift dispersion was
about 4 ppm, with some overlap of peaks in the middle of the
spectrum indicating exchange broadening for a number of res-
idues as a result of conformational heterogeneity of some parts
of the protein. Out of the 224 non-proline amino acids of
KChIP4a 204 were detected in the spectrum in Fig. 1A. A total
of 161 residues (72%) were assigned sequence-specifically using
sequential connectivities from TROSY versions of standard tri-
ple-resonance spectra, a three-dimensional '°N-resolved
NOESY-TROSY experiment and 'H-'>N TROSY spectra of
KChIP4a proteins with amino acid-specific '°N labeling (for
Val, Leu, Ile, Lys, and Phe, respectively; Fig. 1A and Fig. 2A4).

Based on this assignment, the solution structure of KChIP4a
and the binding of divalent cations to the EF-hand motifs were
analyzed. As shown in Fig. 1, B-D, the conserved glycine resi-
dues at the sixth position of the EF-hand loops display distinct
chemical shifts of their amide protons between 10 and 11 ppm
depending on the divalent cation bound. Thus, EF-hand 2 (rep-
resented by Gly''”) binds Mg>", whereas EF-hands 3 (Gly'*?)
and 4 (Gly*®") are high affinity Ca®>* binding sites, implying that
under physiological conditions (1-2 mm Mg®>",<<10™* ™M
Ca®>") KChIP4a may exist either in the 3 Mg>" or in the 2
Ca®*/1 Mg>™" state.

Analysis of the Ca chemical shifts (38) together with NOE
cross peaks between adjacent backbone amide protons (*H™;-
'HN., ) identified a series of a-helices and short B-strands in
the core region of KChIP4a (residues 51-229; Fig. 2A) whose
extension and localization closely resembled the respective sec-
ondary structure elements in the crystal structure of KChIP1 (5,
10). The only missing elements were the 3-strand and the sec-
ond helix of EF-hand 1 (Val®?>-Ser®?) that could not be assigned
through NMR spectra, and a short 3, helix (Pro'””—Leu'”?) in
the loop between EF-hands 3 and 4 (Fig. 24).

Extensive formation of secondary structure that is stabilized
by hydrogen bonds was further corroborated by the observa-
tion of slow exchange of backbone amide protons with the sol-
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FIGURE 1. Two-dimensional "H-'>N TROSY correlation spectrum and metal loading of KChIP4a. A, full spectrum of the Ca®>*- and Mg?"-loaded KChIP4a
protein with assignment of cross peaks to backbone amide groups. Inset displays the indicated part of the spectrum at enlarged scale. HE1/NE1 142 refers to
the side chain amide group of Trp'#2. B-D, details of "H-">N TROSY spectra of KChIP4a showing the cross peaks of the glycine residues in EF-hands 2-4 observed
with different divalent cations bound. B is the 2 Ca®*, 1 Mg?" state as in A; Ciis the 3 Mg?" state (obtained in the absence of Ca?*, but with 2.1 mm Mg?*); D
represents the 3 Ca®" state (in the absence of Mg®™", but with 2.0 mm Ca?*). The spectrum in A and B was recorded on a 2?H/">C/"°N labeled sample, the spectra

in Cand D with ">N-labeled samples.

vent. Thus, on the millisecond-to-second timescale the vast
majority of assigned KChIP4a residues are protected from sol-
vent exchange as seen from the absence of cross peaks between
the amide proton and water in the **N-resolved three-dimen-
sional NOESY spectrum (unshaded residues in Fig. 24) (29).
The only contiguous stretch of readily solvent-accessible resi-
dues was found between Glu®® and Met*?, a negatively charged
sequence without secondary structure connecting the hydro-
phobic part of the KIS domain to the core region of KChIP4a.
Importantly, the residues in this stretch give rise to some of the
most intense peaks in the 'H-'>N TROSY (Fig. 14), and their
Ha resonances were easily assigned from strong cross peaks in
a three-dimensional HNHA spectrum on a sample of '*N-la-
beled KChIP4a implying that their rotational correlation time is
significantly shorter than for the rest of the protein. A series of
amino acids, particularly in the C-terminal-half of KChIP4a,
exhibited '"H/?H exchange times on the hours-to-days time-
scale (diamonds in Fig. 2A) indicating stable and compact
folding of the part of the protein harboring EF-hands 3 and 4
(Fig. 24).
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In addition to secondary structure elements, NMR analyses
provided information on the tertiary structure of KChIP4a.
First, two long-range NOEs were observed in the "*N-resolved
three-dimensional NOESY spectrum between the amide pro-
tons of Val®? (EF-hand 1) and Val**® (EF-hand 2), and between
Ile'>® (EF-hand 3) and Val**® (EF-hand 4), respectively. In fact,
these are the only long-range NOEs between amide protons
that are predicted by the crystal structure of isolated KChIP1 (5)
and they define the short two-stranded [B-sheets typically
observed in EF-hand proteins; other NOEs were not detectable
due to the required deuteration of the samples. Second, *H-'>N
residual dipolar couplings (RDCs) (39 —-41) were measured to
identify the fold of the KChIP4a core region (Ala>'-Ile**°). For
this analysis only RDCs of well-resolved residues with suffi-
ciently high signal-to-noise ratio in the HSQC-IPAP spectra
were used. Moreover, residues in putatively unstructured or
flexible regions as judged by the random coil index (42, 43) were
excluded. Finally, the RDC values of 73 residues (53% of 138
assigned residues in the KChIP4a core region) that represent
the secondary structure elements between Leu®> and Leu”**
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Structural Properties of KChIP4a-
(A1-42) and Structural Rearrange-
ments Induced by the KIS Domain—As
the NMR spectra of KChIP4a did
not provide direct structural
information on its N-terminal KIS
domain, a divide-and-conquer ap-
proach together with chemical shift
perturbation analysis was used to
determine its position on the con-
served KChIP4a core. For this pur-
pose the N-terminal 42 amino acids of
KChIP4a were deleted, and the result-
ing mutant protein (KChIP4a(Al-
42)) representing the conserved
KChIP core was expressed in E. coli
and analyzed under the same condi-
tions as the wild-type protein. An
identical approach was used recently
for identification of the potential con-
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FIGURE 2. NMR data on secondary structure and tertiary folding of KChIP4a. A, sequence, secondary
structure, and schematic representation of NMR data of KChIP4a. The KIS domain is indicated by a hatched bar.
Secondary structure elements determined by NMR and for the crystal structure of KChIP1 (5) are indicated by
black and gray symbols, respectively. Cylinders represent helices (H1-H10), arrows are short B-strands in the
metal-binding loops of the EF-hands. Residues whose backbone amide group was not assigned are underlined;
residues not protected from solvent exchange on the ms-s timescale are highlighted in gray. Ca chemical shift
index (csi) (38) (values were corrected for 2H isotope effects (48, 49)) identifies secondary structures of KChIP4a:
Upright bars reflect a csivalue of +1 (typical for a-helices), bars with downward orientation represent a csi value
of —1 (typical for B-strands), small black rectangles represent a csi value of 0 (chemical shifts similar to random
coil values). Diamonds summarize a 'H/?H exchange experiment: open and filled symbols correspond to resi-
dues with amide protons still present after 90 min and 28 h of exchange time in 100% 2H,0, respectively.
B, analysis of "H-">N residual dipolar couplings (RDCs) of KChIP4a. Correlation between observed "H-">N RDCs
and couplings predicted for a structural model of the KChIP4a core based on the 2.3 A x-ray structure of isolated
KChIP1 (5) (PDB entry 1S1E). The analysis was done with the PALES program (26). Alignment tensor relative to

the model: D,"" = 6.4 Hz and rhombicity r = 0.35.

were compared with those back-calculated from the KChIP1
crystal structure. Surprisingly, fit of the data yielded a poor
quality factor Q = 0.36 (regression coefficient R = 0.82) with
residues in helix H10 showing the biggest differences between
observed and back-calculated RDCs. However, when the RDCs
of Glu®'®, Asn*'7, 1le*'®, Arg*°, Ser®*!, Met**?, GIn**3, and
Leu*** in H10 were excluded from the analysis, the quality of

JULY 4, 2008+VOLUME 283 +NUMBER 27

10 domain of Aplysia Kv1.1 channel and
its flexible N-terminal tail (44).

The two-dimensional 'H-'°N
TROSY spectrum of the Ca®>* - and
Mg>"-loaded KChIP4a(A1-42)
(Fig. 3A) showed that chemical
shift dispersion, conformational
exchange phenomena and the
cross peaks of Glyl17, 153, and
201 in EF-hands 2-4 were very
similar to wild type. Moreover, the
Ca chemical shifts of the 135
assigned residues of KChIP4a(A1-
42) (= 74% of non-proline resi-
dues) identified the same second-
ary structure elements as in wild type with complementation
of some missing stretches including the B-strand and helix
H3 of EF-hand 1 and part of helix H7 of EF-hand 3 (Fig. 3B).
In addition, both long-range NOEs between backbone amide
protons in the two short B-sheets (see above) were unambig-
uously detected in the three-dimensional NOESY spectrum
of KChIP4a(A1-42), and both wild-type and mutant
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FIGURE 4. Intramolecular binding site of the KIS domain on the surface of the KChiP4a core identified by
chemical shift mapping. A, plot of the normalized backbone amide chemical shift differences (= [AS('H)? +
(0.2 A8(">N))?1""?) (44) between KChIP4a and KChIP4a(A1-42) as a function of residue number. The average
value is 0.18 ppm. Dashed lines in red and orange indicate differences of 0.2 and 0.15 ppm, respectively. A
schematic representation of the secondary structure of the KChIP core with helices H1-H10 is shown below the
abscissa. B, surface representation of a structural model (see Fig. 2B) of the KChIP4a core. Residues with chem-
ical shift changes >0.2 ppm are shown in red, those with chemical shift changes between 0.15and 0.2 ppm are
in orange. Residues for which no chemical shift difference is available are in dark gray. H10 residues are iden-
tified by their sequence numbers. The two views are related by a 180° rotation around the x-axis. Note the large
contiguous surface patch on one side of the molecule that most likely delineates the interaction site between

the core region of KChIP4a and the KIS domain.

KChIP4a displayed similar protection from solvent
exchange on the millisecond-to-second timescale. Together,
the secondary structure and the overall tertiary folding of
KChIP4a appeared unaffected by deletion of its N-terminal
42 amino acids.

Solution NMR Study and Function of KChIP4a

Closer comparison of the two
proteins by chemical shift perturba-
tion analysis, however, revealed that
a number of residues in the KChIP
core structure are markedly affected
by the KIS domain. Thus, out of
113 corresponding amide groups
assigned in both wild-type and dele-
tion mutant of KChIP4a, a total of
37 showed normalized chemical
shift differences of more than 0.2
ppm, and for additional 15 residues
values between 0.15 and 0.2 ppm
were obtained (Fig. 4A4). As illus-
trated in Fig. 44, the two largest
chemical shift differences occurred
at the C terminus within a cluster
formed by numerous residues in the
sequential range 188-229 (HS8-
H10). Interestingly, most of the res-
idues with shift differences > 0.15
ppm were hydrophobic. When all
residues with such chemical shift
differences between KChIP4a and
KChIP4a(A1-42) were mapped
onto the surface of a structural
model of the KChIP4a core (resi-
dues 51-229) based on the isolated
KChIP1 crystal structure, they
formed a prominent contiguous
patch on one side of the protein (Fig.
4B). Note that part of this patch was
covered by H10 (residues 217-227)
in this representation (cf. Fig. 6A).
The reverse side of the molecule was
much less affected (Fig. 4B).

These data indicated that the
hydrophobic KIS domain induces
structural changes in the core
domain of KChIP4a predominantly
in H8 through H10 that may serve as
the contact site between the KIS
domain and core region.

Solution Structure of the KIS
Domain and Its Interaction with the
Core Region of KChiP4a—Next, we
analyzed the solution structure of
the KIS domain, amino acids 1-34
of KChIP4a. Because a chemically
synthesized KIS peptide was not suitable for NMR studies due
to its poor solubility, it was expressed as a GBI fusion protein
(45) in E. coli and purified to homogeneity. Standard triple-
resonance experiments allowed for complete backbone assign-
ment of the fusion protein and confirmed the structural integ-

FIGURE 3. Structural analysis of the KIS-deletion protein KChIP4a(A1-42). A, 'H-">N TROSY spectrum of the Ca>* and Mg® " -loaded KChIP4a(A1-42) as in
Fig. 1A. The cross peak at 8.64/121.45 ppm marked with an asterisk corresponds to Val'®. B, sequence, secondary structure, and schematic representation of

NMR data of KChIP4a(A1-42) as in Fig. 2A.

JULY 4, 2008+ VOLUME 283 +NUMBER 27

JOURNAL OF BIOLOGICAL CHEMISTRY 18943



Solution NMR Study and Function of KChIP4a

1 34
GB1 -G -RE8 N LEGLEMIAVLIVIVLFVKLLEQFGLI ESGHED
cemeee e << TITRRRRRNRRNNRNNRRNNEND D ..

| 11 |
__I__I_II_I__IIIII_I_I___IIIIIIIII_I_I_I__l_

Cu csi

COcsi

FIGURE 5. The KIS domain of KChIP4a forms a long a-helix. Secondary structure of the KIS domain in the
GB1-KIS fusion construct. Sequence and chemical shiftindex for Ca and carbonyl carbons (38) as indicated. The
linker between GB1 and the KIS domain is in italic. Residues highlighted in gray are not protected from amide
proton exchange with water. The chemical shift index shows a a-helix extending from Glu* through GIn?*.

FIGURE 6. The a-helices of the KIS domain and the Kv4.3 N terminus can bind to the same surface pocket
on the KChIP core structure. A, mapping of the NMR chemical shift perturbation data (Fig. 4A) onto a surface
representation of KChIP1 in the KChIP1-Kv4.3 N terminus x-ray structure (14) (PDB entry 2I2R). Color coding and
residue numbersin the KChIP4a numbering system are asin Fig.4B.The two views are related by a 180° rotation
around the x-axis. The main chain of the a-helical segment of the Kv4.3 N terminus buried in the hydrophobic
groove of KChIP1 is shown in cyan (Ala*~Met?°). B, chemical shift-driven docking of the KIS domain a-helix
(green) to the same KChIP1 structure as in A. The docking was performed with HADDOCK 1.3 (32).

KKChIP4a core that experience large
chemical shift changes upon inter-
action with the KIS domain (Fig. 4A)
implying that the helical segments
of both the KIS domain and the
Kv4.3 N terminus bind to the same
hydrophobic surface pocket on the
KChIP core. To support this notion
HADDOCK (32) was used to simu-
late the intramolecular interaction
between the KChIP4a core and the
KIS domain. A chemical shift-
driven docking (see “Experimental
Procedures”) showed that the
hydrophobic groove opened up by
displacement of H10 is large enough
to accommodate the long KIS
domain a-helix (Fig. 6B). Because of
the length of the linker peptide
(Glu**~Pro*®) and the absence of
interaction restraints for the resi-
dues of the KIS helix the orientation
of the latter could not be defined.
Significance of the N Termini of
Kv4.3 and KChiP4a for Complex
Formation and Surface Trafficking—
The result of a potential common
binding site for the KIS domain and
the Kv4.3 N terminus on the KChIP
core was further probed and tested
for its functional significance in bio-
chemical and electrophysiological
analyses on Kv4 channel complexes
synthetically reconstituted in Xeno-
pus oocytes. Kv4.3-KChIP com-

rity of the GB1 part (data not shown). Secondary chemical shifts
of Ca and carbonyl carbons (CO) (38) and protection from
solvent exchange showed that the KIS domain consists of along
a-helix extending from Glu* through GIn** (Fig. 5) and the
flexible solvent-exposed linker described above (Fig. 2). The
10-residue linker between GB1 and the KIS sequence did not
adopt any secondary structure and displayed pronounced sol-
vent accessibility.

These results together with the chemical shift perturbation
analysis (Fig. 4) indicated that the hydrophobic N terminus of
KChIP4a is made up of an extended a-helix that contacts the
conserved core domain on a large surface patch. A similar, but
intermolecular interaction was recently observed in the crystal
structure of the KChIP1-Kv4.3 N-terminal domain complex
(14, 15). An N-terminal a-helix of Kv4.3 was found buried in a
hydrophobic pocket that formed on the surface of the KChIP1
core as a result of displacement of helix H10. Fig. 6A illustrates
this surface pocket of KChIP1 together with a mapping of the
chemical shift perturbations induced by the hydrophobic KIS
domain on the KChIP4a core (Fig. 4A4). Strikingly, the lining of
the surface pocket largely coincides with the residues of the
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plexes were affinity-purified from
crude membrane preparations and
subsequently separated on SDS-PAGE gels. As illustrated in
Fig. 7A, complex formation with KChIP4a was observed for
wild-type Kv4.3, but also for a mutant of Kv4.3 where the N
terminus was replaced by the KIS domain (Kv4.3-deIN+KIS).
In contrast, no stable assembly was obtained after deletion of
the N terminus of Kv4.3 (Kv4.3-delN; Fig. 7A). These results
indicated that the N terminus of Kv4.3 and the KIS domain
promoted complex assembly equivalently, in line with both hel-
ical segments binding to the same surface pocket on the
KChIP4a core.

Next, the functional significance of the KIS domain was
tested by selective monitoring of amount and properties of
Kv4.3-KChIP4a complexes in the plasma membrane via elec-
trophysiological measurements. Recordings in excised patch
configuration and whole-oocyte voltage clamp showed that
association of Kv4.3 channels with KChIP4a reduced the K™
currents by about 2-fold, while complex formation with the
KIS-deleted KChIP4a-delN (= KChIP4a(A2-42)) mutant (Fig.
7A) lead to a 4-5-fold increase in current amplitude (Fig. 7C).
An identical increase in current was obtained with Kv4.3 chan-
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FIGURE 7. Significance of the helical KIS domain for assembly and surface
expression of Kv4.3-KChIP4a complexes. A, formation of Kv4.3-KChIP4a
complexes required the core domain of KChIP and a helical segment in the N
terminus of Kv4.3. Eluates from affinity purifications (AP) with an anti-Kv4.3
antibody from crude membrane preparations of oocytes co-expressing the
indicated proteins were separated by SDS-PAGE and Western-probed with
anti-Kv4.3 or an antibody targeting the core domain of KChIPs (anti-KChIP).
Total amount of protein used for the AP was estimated to equal that of the
Kv4.3 protein. Source represents the AP-input Western-probed with anti-
KChIP. Molecular weight scales for eluates are as indicated. B, current
responses to 250-ms voltage steps from —80 to 50 mV recorded in giant
inside-out patches excised from Xenopus oocytes expressing Kv4.3 or co-ex-
pressing Kv4.3 and either KChIP4a or the KIS-deleted mutant KChIP4a-delN.
Inset, current traces normalized to the peak outward current; timescale is 50
ms. C, bar diagram representing the peak current amplitude recorded from
whole oocytes (right panel) or in inside-out patches (left panel) excised from
oocytes expressing the indicated channels or channel complexes. Values are
mean = S.D. of 6-8 oocytes or 8 inside-out patches; current amplitudes were
normalized to the mean value determined for homomeric Kv4.3 channels.
Note the marked increase in currentamplitude observed upon deletion of the
KIS domain.

nels after deletion of their N terminus (Fig. 7C) in agreement
with its assumed operation as an ER retention motif (2, 5).

In addition to the marked changes in surface expression,
assembly with the KChIP4a proteins impacted on the gating
properties of the channels. Thus, wild-type KChIP4a largely
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slowed inactivation of Kv4.3 channels (16), while co-assembly
of Kv4.3 with the KIS-deleted mutant slightly accelerated chan-
nel inactivation (Fig. 7B). The respective time constants
(Tinactivation» Mean = S.D. of n inside-out patches) obtained from
monoexponential fits to current responses recorded at 10 mV
were 51.9 = 5.6 (n = 5) for Kv4.3 and 37.2 * 3.8 (n = 5) for
Kv4.3-KChIP4a-delN.

Together, these results indicated that the prominent increase
in surface expression of Kv4.3 channels is mediated by co-as-
sembly with the KChIP core most likely via masking of the ER-
or Golgi-retention motif inherent in the Kv4.3 N terminus. This
masking is effectively counteracted by addition of the KIS
domain to the KChIP core.

DISCUSSION

The central finding of this work is that the KIS domain of
KChIP4a forms an extended a-helix that folds back onto the
core region of the protein, where it binds to the same hydro-
phobic surface pocket recently shown to harbor the N-terminal
a-helix of Kv4.3 in a KChIP1-Kv4.3 T1 complex (14, 15). In
either case, the binding pocket is pushed open by the respective
a-helix through displacement of the H10 helix in the KChIP
core (14, 15) (Fig. 4). Functionally, the KIS-to-core binding
abolishes the increased surface expression mediated by the core
domain of all KChIPs (1, 10, 16, 46) (Fig. 7) most likely by com-
petition of the helical segments in both KIS domain and Kv4.3
N terminus for the hydrophobic surface pocket on the KChIP
core (Fig. 6).

Such a competition is strongly indicated by NMR titration
experiments in which chemically synthesized unlabeled
Kv4.3(1-40) peptide (solution structure in supplemental Fig.
S1) was added to ®N-labeled KChIP4a. Numerous small chem-
ical shift changes and general line broadening of the peaks in
the "H-'>N TROSY spectra of the protein (supplemental Fig.
S2) precluded definition of the interaction interface. The only
KChIP4a residues clearly not affected by addition of the peptide
were Asp®*~Val*® in the flexible solvent-exposed linker
between the KIS domain and the KChIP core. These results
suggest a highly complex interaction on different NMR time
scales between the isolated Kv4.3 N-terminal peptide and
KChIP4a. For example, multiple equilibria may be anticipated if
three, more, or less hydrophobic helical segments (namely helix
H10, KIS domain, and the N-terminal helix of Kv4.3) compete
for hydrophobic surface area on a KChIP molecule. A similar
situation was observed in an analogous titration experiment
with KChIP4a(A1-42) (supplemental Fig. S3).

In vivo this competition should become effective during
assembly of channel complexes in intracellular compartments
(ER and/or Golgi apparatus) whenever a (newly synthesized)
KIS-to-core bound KChIP4a protein hits a Kv4.3 channel sub-
unit. Structurally, this may have two distinct consequences.
First, the hydrophobic KIS helix remains bound in the deep
surface pocket of the KChIP core and allows for binding of the
a-helical segment of the Kv4.3 protein on top of it, or the KIS
helix is pushed out of the surface groove and is replaced by the
N-terminal helix of Kv4.3. In the first case, the Kv4.3 N termi-
nus will be exposed on the surface ready for interaction with the
retention apparatus in ER and/or Golgi finally resulting in
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largely reduced surface expression of channel complexes. In the
second case, the negative trafficking effect will result from the
helix-helix replacement leading to a mixed competitive/allo-
steric inhibition that generates less channel complexes for
anterograde transport to the plasma membrane. Independent
of how exactly the helix-helix competition works out structur-
ally, it provides a straightforward explanation for the domi-
nance of the negative trafficking effect of KChIP4a observed in
titrated co-expression of KChIP isoforms 2 and 4a with Kv4.3
(13). Thus, any KChIP4a subunit integrating into a channel
complex will expose a Kv4.3 N terminus ready to impair the
surface trafficking of the channel.

Different from the effect on surface expression, the results
presented here do not offer insights into the different effects of
KChIP4a on channel activation (supplemental Fig. S4) and
inactivation (Fig. 7), that occur most likely through allosteric
mechanism(s) (12, 47). Comprehensive understanding of these
effects of KChIP proteins on channel gating may require crystal
data of the entire Kv4-KChIP heterooctamer.
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