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Structural basis of gating modulation of Kv4 
channel complexes

Yoshiaki Kise1,5 ✉, Go Kasuya2,5 ✉, Hiroyuki H. Okamoto1, Daichi Yamanouchi1, Kan Kobayashi1,3, 
Tsukasa Kusakizako1, Tomohiro Nishizawa1,4, Koichi Nakajo2 & Osamu Nureki1 ✉

Modulation of voltage-gated potassium (Kv) channels by auxiliary subunits is central 
to the physiological function of channels in the brain and heart1,2. Native Kv4 
tetrameric channels form macromolecular ternary complexes with two auxiliary 
β-subunits—intracellular Kv channel-interacting proteins (KChIPs) and 
transmembrane dipeptidyl peptidase-related proteins (DPPs)—to evoke rapidly 
activating and inactivating A-type currents, which prevent the backpropagation of 
action potentials1–5. However, the modulatory mechanisms of Kv4 channel complexes 
remain largely unknown. Here we report cryo-electron microscopy structures of the 
Kv4.2–DPP6S–KChIP1 dodecamer complex, the Kv4.2–KChIP1 and Kv4.2–DPP6S 
octamer complexes, and Kv4.2 alone. The structure of the Kv4.2–KChIP1 complex 
reveals that the intracellular N terminus of Kv4.2 interacts with its C terminus that 
extends from the S6 gating helix of the neighbouring Kv4.2 subunit. KChIP1 captures 
both the N and the C terminus of Kv4.2. In consequence, KChIP1 would prevent N-type 
inactivation and stabilize the S6 conformation to modulate gating of the S6 helices 
within the tetramer. By contrast, unlike the reported auxiliary subunits of 
voltage-gated channel complexes, DPP6S interacts with the S1 and S2 helices of the 
Kv4.2 voltage-sensing domain, which suggests that DPP6S stabilizes the 
conformation of the S1–S2 helices. DPP6S may therefore accelerate the 
voltage-dependent movement of the S4 helices. KChIP1 and DPP6S do not directly 
interact with each other in the Kv4.2–KChIP1–DPP6S ternary complex. Thus, our data 
suggest that two distinct modes of modulation contribute in an additive manner to 
evoke A-type currents from the native Kv4 macromolecular complex.

Voltage-gated ion channels often form macromolecular complexes that 
consist of a pore-forming α-subunit and auxiliary subunits1,6,7. Auxiliary 
subunits not only regulate subcellular localization, but also modulate 
the gating properties of the α-subunit for the physiological functions 
of channels in neurons and muscle cells. However, the mechanisms of 
modulation by auxiliary subunits remain mostly unknown, whereas 
the ion selectivity and voltage-dependent activation and inactivation 
mechanisms have been extensively studied8,9.

Among 12 subfamilies of Kv channels, Kv4 (Kv4.1–Kv4.3) channels 
mediate the transient outward A-type current, which is characterized 
by fast activation at subthreshold membrane potentials, fast inactiva-
tion and fast recovery from the inactivated state3,4. In neurons, Kv4 is 
localized at the soma and dendrites, where it controls the frequency 
of slow repetitive spike firing and attenuates the backpropagation of 
action potentials2–4. In cardiomyocytes, Kv4 controls the early repolari-
zation phase of the action potential10. Kv4s exhibit a unique inactivation 
process called closed-state inactivation (CSI), which is mechanisti-
cally distinct from open-state inactivation (OSI) as characterized by 
the ‘N-type inactivation’ observed in Shaker-related Kv1 channels11–18 

(Extended Data Fig. 1). After depolarization and S6 gate opening, Kv1 
enters the N-type inactivation state in which the N-terminal ‘inactivation 
ball’ of the α-or β-subunit occludes the pore13,19 (Extended Data Fig. 1). 
Although the N terminus of Kv4 reportedly serves as the inactivation 
ball when Kv4 is expressed alone20, Kv4s close the gate immediately 
with unknown mechanisms and end up in a closed inactivated state 
irrespective of the magnitude of depolarization (that is, CSI), from 
which they recover with fast kinetics12,21,22 (Extended Data Fig. 1).

Kv4s require both of two auxiliary β-subunits—cytoplasmic KChIPs 
and single-pass transmembrane DPPs—to achieve the native A-type cur-
rent, particularly with the unique voltage dependence of inactivation 
kinetics characteristic of CSI and fast recovery from inactivation5,23. 
KChIPs reportedly inhibit N-type inactivation, but accelerate CSI and 
recovery11,24,25. Previous crystal structures of the Kv4.3 N-terminal 
domain (tetramerization 1 (T1) domain) in complex with KChIP1 
revealed a cross-shaped octamer, in which four KChIP1 molecules 
are attached on the lateral side of the Kv4.3 T1 tetramer and interact 
with the N-terminal inactivation ball26,27. These studies support the 
model that KChIP prevents N-type inactivation through sequestering 
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the N terminus of Kv4s20 (Extended Data Fig. 1b). However, it remains 
unknown how KChIP modulates other gating properties of CSI and 
recovery. DPP6 has been shown to accelerate the ‘gating charge’ move-
ment of Kv4.2, suggesting that DPP6 expedites the movement of the S4 
voltage-sensing helix directly or indirectly28. However, the structure 
of the Kv4–DPP complex has not been reported, which hinders our 
understanding of the modulatory mechanisms. To gain insight into 
the mechanisms of gating modulation of Kv4s by KChIPs and DPPs, we 
determined the structures of full-length Kv4.2 alone, the Kv4.2–KChIP1 
and Kv4.2–DPP6S binary complexes, and the Kv4.2–DPP6S–KChIP1 
macromolecular ternary complex by single-particle cryo-electron 
microscopy (cryo-EM) (Fig. 1).

Structures of Kv4.2 alone and Kv4.2–KChIP1
We first determined the cryo-EM structures of human Kv4.2 alone 
and the Kv4.2–KChIP1 complex (Fig. 1a, Extended Data Table 1). The 
fourfold symmetrical structures of both Kv4.2 alone and the Kv4.2–
KChIP1 complex were determined to an overall resolution of 2.9 Å by 
single-particle cryo-EM analysis with C4 symmetry imposed (Fig. 1a, 
Extended Data Figs. 2–4, Supplementary Figs. 1–4). The structure of 
Kv4.2 alone is compact with dimensions of around 75 Å × 75 Å × 100 Å 
and both N- and C-terminal regions (amino acids 1–39 and 437–630) 

are disordered (Fig. 1a, b, Supplementary Fig. 2a). The structure of the 
Kv4.2–KChIP1 complex has dimensions of around 105 Å × 105 Å × 100 Å 
(Fig. 1a, Supplementary Fig. 2b), which are consistent with the previ-
ous negative-stain electron microscopy structure of Kv4.2–KChIP2 at 
21 Å resolution29. As observed in the previous crystal structures of the 
Kv4.3 T1 domain–KChIP1 complex26,27, the full-length Kv4.2–KChIP1 
complex forms an octamer that consists of four Kv4.2s and four KChIP1s 
(Fig. 1a, Supplementary Fig. 2b). As compared to the structure of Kv4.2 
alone, the N terminus (amino acids 2–39) and part of the C terminus 
(437–450 and 473–495) of Kv4.2 are resolved and captured by KChIP1 
(Figs. 1a–c, 2a, b, e, f).

The structures of Kv4.2–KChIP1 show that the Kv4.2 protomer com-
prises an N-terminal cytoplasmic domain with an N-terminal hydro-
phobic segment of approximately 40 residues in length (referred to as 
the inactivation ball), the T1 domain, a transmembrane domain with 
six transmembrane helices S1–S6, and the C-terminal cytoplasmic 
domain (Fig. 1b, Extended Data Fig. 5a). The transmembrane domain of 
Kv4.2 adopts the Shaker-type topology, with the S1–S4 voltage-sensing 
domain and the S5–S6 channel pore forming helices composing a 
homo-tetramer in a domain-swapped manner, whereby the S1–S4 volt-
age sensor interacts with S5 of the pore domain from the neighbouring 
subunit30,31 (Supplementary Fig. 2b, Extended Data Fig. 5a, b). It adopts 
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Fig. 1 | Structures of Kv4.2 alone and the Kv4.2–KChIP1, Kv4.2–DPP6S and 
Kv4.2–DPP6S–KChIP1 complexes. a, Overall structures of the Kv4.2-alone 
tetramer, Kv4.2–KChIP1 octamer, Kv4.2–DPP6S octamer and Kv4.2–DPP6S–
KChIP1 dodecamer (left to right). Four Kv4.2 subunits are coloured blue, four 
KChIP1 subunits are coloured yellow and four DPP6S subunits are coloured 
magenta. b, Structural comparison of the Kv4.2 N and C termini in the presence 
(right) and absence (left) of KChIP1. Protomers of Kv4.2 alone and three 
complexes are shown. Although both N and C termini are disordered in Kv4.2 
alone and in the Kv4.2–DPP6S complex (left), both termini are resolved in the 

Kv4.2–KChIP1 and the Kv4.2–DPP6S–KChIP1 complexes (right). c, The 
intracellular S6 helix of Kv4.2 alone bends at the interface on the T1–S1 linker 
(dashed ellipse) and is subsequently disordered. By contrast, the S6 helix of the 
Kv4.2–KChIP1 complex extends straight toward KChIP1. d, Close-up view of the 
superimposed image in the dashed ellipse in c. The intracellular S6 of Kv4.2 
starts bending from A419 and extend away from the T1–S1 linker in Kv4.2 alone 
and in the Kv4.2–DPP6S complex. However, it keeps a close distance to the  
T1–S1 linker without bending in the Kv4.2–KChIP1 and the Kv4.2–DPP6S–KChIP1 
complexes.
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a depolarized S4 up and S6 open conformation in both Kv4.2 alone and 
Kv4.2–KChIP130–32 (Extended Data Figs. 5b, 6). The C-terminal intracel-
lular S6 helix continuously extends from the transmembrane S6 helix 
toward KChIP1 (Figs. 1a, c, 2a, Extended Data Fig. 5a), which was not 
observed in previous studies. In addition, the intracellular S6 helix 
interacts with the T1–S1 linker in the structure of the Kv4.2–KChIP1 com-
plex (Fig. 1b–d, Extended Data Fig. 5c–e). By contrast, the intracellular 
S6 helix bends at A419 in the structure of Kv4.2 alone, which results in 
a partial loss of interaction between the intracellular S6 helix and the 
T1–S1 linker (Fig. 1d, Extended Data Fig. 5d, e), suggesting a key mecha-
nism of Kv4 gating modulation by KChIPs. The last 130 or so C-terminal 
amino acid residues of Kv4.2 (residues 496–630) are not resolved and 
are thus predicted to lack secondary structure (Fig. 1b, Extended Data 
Fig. 5a, f), suggesting their flexibility. As in the Kv1.2 structure30,31, the 
tetrameric T1 domain of Kv4.2 is located under the tetrameric channel 
pore domains at a distance of 25 Å—provided by the long T1–S1 linker 
and the long intracellular S6 helix—thus creating sufficient space for K+ 
ions to laterally enter the channel pore (Fig. 1a, Extended Data Fig. 5a). 
However, it should be noted that, within the protomer of both Kv4.2 
alone and the Kv4.2–KChIP1 complex, the topological relationship 
between the T1 and transmembrane domains is different from that in 
Kv1.2, owing to the distinct orientation of the T1–S1 linker following 
the T1 domain (Extended Data Fig. 5b, g–i). The Kv4-specific topology 
of the T1 domain would facilitate the proper interaction between the 
intracellular S6 helix and KChIP1 (Extended Data Fig. 5j).

Kv4.2–KChIP1 interaction
KChIP1s are laterally anchored next to the T1 domains of Kv4.2, consist-
ent with the previous crystal structures of the Kv4.3 T1 domain–KChIP1 
complex26,27 (Fig. 2a–c). The N-terminal hydrophobic segment (A2–R35) 
of Kv4.2, referred to as the inactivation ball, was captured by KChIP1 
(Fig. 2b), which may explain why Kv4.2 exhibits a closed inactivated 
(CSI) mechanism, rather than an open inactivated (OSI) mechanism like 
Kv1.2, as previously discussed for Kv4.326,27. The present structure of the 
full-length Kv4.2–KChIP1 complex reveals that the C terminus of Kv4.2 

tightly interacts with both KChIP1 and the N terminus of Kv4.2 (Figs. 1a, c,  
2b, d–f). The C-terminal cytoplasmic S6 helix continuously extends 
from the transmembrane S6 helix and terminates at S450, which is local-
ized at the bottom of the complex (Fig. 2a, b, Extended Data Fig. 5a). 
Although the residues from G451 to G471 are disordered, the follow-
ing second cytoplasmic helix with a short loop (C-terminal segment: 
S472–D495) fits into the hydrophobic crevice formed by KChIP1 and 
the Kv4.2 N-terminal segment (A2–R35) from the neighbouring Kv4.2 
subunit (Fig. 2b). In addition, the cytoplasmic S6 helix (around S450) 
is captured by KChIP1 directly and indirectly, through the hydrophobic 
interactions between Kv4.2 (Y444), Kv4.2 (H479-L482-F493) and KChIP1 
(H84) and the electrostatic interactions of Kv4.2 (Y444–K448) with 
Kv4.2 (H483–E486), respectively (Fig. 2f). Together, these interac-
tions suggest that KChIPs modulate the inactivation and recovery of 
the Kv4 channel by directly regulating S6 gating, and are consistent 
with a previous study that suggested that the Kv4 C-terminal region is 
involved in modulation by KChIPs33. The amino acid sequence of the 
C-terminal helix segment (S473–T489) perfectly matches the dendritic 
targeting motif that is conserved in the Shal family of potassium chan-
nels—including Kv4—suggesting that this motif has a dual function as 
a KChIP-binding site and a dendrite localization signal34.

To examine how the interaction of KChIP1 with the C terminus of Kv4 
(S472–D495) affects Kv4 modulation, four alanine-substituted mutant 
versions of Kv4 were generated (F474A/H478A, H480A, L482A/L485A 
and H491A/F493A/V494A) on the basis of the hydrophobic interactions 
with KChIP1 (Fig. 2e). Using two-electrode voltage clamp (TEVC) record-
ing in Xenopus oocytes, we assessed the effects of these mutations on 
activation, inactivation and recovery (Fig. 3, Extended Data Figs. 7, 8, 
Supplementary Fig. 5, Supplementary Table 1). KChIP1 decelerates 
the inactivation of wild type Kv4.2 at the early phase of depolarization 
(OSI), but accelerates inactivation during the late phase (CSI)11,24,35 
(Fig. 3a, Extended Data Fig. 7a). When expressed alone, all of the Kv4.2 
mutants exhibited similar current-time traces to those of the wild type, 
and the H480A and H491A/F493A/V494A mutants exhibited slightly 
faster inactivation than the wild type (Fig. 3a, Extended Data Fig. 8, 
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Fig. 2 | Tripartite interactions of the Kv4.2 N terminus, Kv4.2 C terminus 
and KChIP1. a, Overall structure of the Kv4.2–KChIP1 complex. The two 
neighbouring Kv4.2 subunits and one KChIP1 subunit are coloured yellow, red 
and blue, respectively. The C-terminal cytoplasmic S6 helix stops at S450 when 
it reaches the bottom of the complex. The interaction site of Kv4.2 and KChIP1 
is highlighted by a dotted box. A magnified view from the direction of the arrow 
is presented in b. b, c, Comparison of the Kv4–KChIP1 complex with (b) or 
without (c) the Kv4 C terminus. Bottom views of the Kv4.2 (full-length)–KChIP1 
complex (b) and the Kv4.3(T1)–KChIP1 complex (c; Protein Data Bank (PDB) 
code: 2NZ0) are shown. The neighbouring Kv4 subunits are coloured red and 

yellow. The Kv4.2 S6 helix (Kv4.2-S6) extends downward to the bottom of the 
complex (S450) and is further followed by the C-terminal segment (Kv4.2-C) 
consisting of a short helix and a loop (S472–D495), which occupies the 
hydrophobic space generated by the Kv4.2 N terminus (Kv4.2-N) and KChIP1 
(b). d, Inter-subunit interaction of the Kv4.2 N and C termini. Residues involved 
in the interaction are shown. Two neighbouring Kv4.2 subunits are coloured 
red and yellow. e, Interaction of the Kv4.2 C terminus (red) and KChIP1 (blue). 
Residues involved in the interaction are shown. f, The Kv4.2 intracellular S6 
helix is captured by KChIP1 and the Kv4.2 C terminus. Residues involved in the 
interaction are shown.
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Supplementary Fig. 5a, b, Supplementary Table 1). However, all of the 
Kv4.2 C-terminal mutants were inactivated more slowly than the wild 
type in the presence of KChIP1 (Fig. 3a, Extended Data Fig. 8, Supple-
mentary Fig. 5a, b, Supplementary Table 1). In addition, whereas KChIP1 
produced a negative voltage shift to activate wild type Kv4.2 in the 
conductance–voltage relation, as described in previous reports24, it 
produced a positive voltage shift to activate all of the Kv4.2 C-terminal 
mutants (Extended Data Figs. 7b–e, 8, Supplementary Table 1).

Next, we assessed the effects of these mutations on voltage-dependent 
inactivation. KChIP1 shifted the inactivation curve of the wild type to 
the positive direction, indicating a relative destabilization of the inacti-
vated state35 (Extended Data Figs. 7f–i, 8). Although KChIP1 shifted the 
inactivation curve of F474A/H478A, H480A and H491A/F493A/V494A 
mutants to the positive direction, as for the wild type, it shifted that of 
the L482A/L485A mutant to the negative direction, suggesting that the 
Kv4.2 C terminus is important for the modulation of steady-state inac-
tivation by KChIP1 (Extended Data Figs. 7f–i, 8, Supplementary Fig. 5c).

Finally, we assessed the effects of the mutations on recovery from 
inactivation, as KChIP1 reportedly accelerates the recovery from inac-
tivation of Kv4s24. In the absence of KChIP1, all of the Kv4.2 C-terminal 
mutants exhibited quite similar recovery rates to that of the wild type 
(Fig. 3b–e, Supplementary Fig. 5d, Extended Data Fig. 8). However, 
each mutant received a different modulatory effect on the recovery 
rate by KChIP1 (Fig. 3b–e, Supplementary Fig. 5d, Extended Data Fig. 8). 
KChIP1 accelerated the recovery rate of the L482A/L485A mutant, but 
more weakly compared to the wild type (Fig. 3d, Extended Data Fig. 8), 
whereas it did not affect the recovery rate of the H491A/F493A/V494A 
mutant (Fig. 3e, Extended Data Fig. 8). KChIP1 accelerated the recov-
ery rate of the F474A/H478A and H480A mutants even more strongly 
than the wild type, together with an ‘overshoot’ current36,37 (Fig. 3b, c,  

Extended Data Fig. 8). Altogether, these results indicate that the inter-
action of the Kv4.2 C-terminal segment with KChIP1 affects the gating 
modulation of Kv4.2.

Structures of Kv4.2–DPP6S and Kv4.2–DPP6S–KChIP1
DPP6 and DPP10 are single-pass transmembrane proteins with a large 
extracellular domain and a short intracellular segment38,39. DPPs report-
edly accelerate the activation, inactivation and recovery of Kv4s38,39. 
DPPs modulate Kv4s through their single transmembrane helices and 
short intracellular segments40,41, suggesting that they have modulatory 
mechanisms that are distinct from those of KChIPs. To investigate how 
DPPs modulate the properties of Kv4, we solved the structures of the 
human Kv4.2–DPP6S binary and Kv4.2–DPP6S–KChIP1 ternary com-
plexes (Fig. 1a, Supplementary Fig. 2c, d, Extended Data Table 1). During 
3D classification with C1 symmetry, two different classes of structures 
were obtained, with two or four DPP6S molecules integrated in the com-
plex (Extended Data Figs. 9, 10), which is consistent with the previous 
stoichiometric analysis of the Kv4–DPP complex42. The 3D classes that 
contained four DPP6S molecules were selected for further 3D refine-
ment with C2 symmetry imposed, because two DPP6S dimers were 
integrated with C2 symmetry in the complexes (Extended Data Figs. 9, 
10, Supplementary Figs. 6, 7). Owing to the flexible position of the large 
extracellular domains of DPP6S floating above Kv4.2, the overall resolu-
tions are 4.2 Å and 4.5 Å for the Kv4.2–DPP6S and Kv4.2–DPP6S–KChIP1 
complexes, respectively (Extended Data Figs. 9, 10). However, the 
focused refinement improved the resolutions of the transmembrane 
and intracellular regions to 3.4 Å and 3.9 Å for the Kv4.2–DPP6S and 
Kv4.2–DPP6S–KChIP1 complexes, respectively (Extended Data Figs. 9, 
10). The dimeric crystal structure of the DPP6S extracellular domain43 
was used as a guide to construct the atomic models of the Kv4.2–DPP6S 
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Fig. 3 | Influence of Kv4.2–KChIP1 interface mutations on KChIP1 
modulation. a, Normalized and superposed current traces of wild-type Kv4.2 
(WT) (grey) and each mutant (black) with (right) or without (left) KChIP1 
elicited by test pulses of 40 mV for the qualitative comparisons of inactivation 
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interval (Δt) of the duration from 10 to 490 ms at −100 mV. The fractional 
recovery at each point was determined by normalizing the peak current 
amplitude of the test pulse by the amplitude of the prepulse. Symbols and bars 
represent mean ± s.e.m. (n = 8). Lines represent single-exponential fits. For the 
Kv4.2(F474A/H478A) with KChIP1 and Kv4.2(H480A) with KChIP1 conditions, 
only data obtained using prepulses from 10 ms to 90 ms were used for 
single-exponential fits, owing to reduced fractional recovery at longer 
prepulses.
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and Kv4.2–DPP6S–KChIP1 structures (Fig. 1a, Supplementary Fig. 2c, d).  
The structures revealed that one DPP6S binds to one Kv4.2 in both 
complexes through their transmembrane domains, forming an octamer 
for Kv4.2–DPP6S and a dodecamer for Kv4.2–DPP6S–KChIP1 (Fig. 1a, 
Supplementary Fig. 2c, d). In the extracellular region, two DPP6S dimers 
float above the channel core. Within the intracellular part, most of the 
N-terminal intracellular segment of DPP6S (around 30 amino acids) is 
not resolved, indicating its flexibility.

Structures of the Kv4.2–DPP6S and Kv4.2–DPP6S–KChIP1 complexes 
adopt the S4 up and S6 open conformation, like those of Kv4.2 alone 
and Kv4.2–KChIP1 (Fig. 1b, Extended Data Figs. 6a, 11). Structural com-
parisons of Kv4.2–DPP6S and Kv4.2–DPP6S–KChIP1 as well as that of 
Kv4.2 alone and Kv4.2–KChIP1 further support the role of KChIP1 as a 
modulator of the Kv4.2 S6 helix by stabilizing the conformations of 
the Kv4.2 N and C termini as well as the intracellular S6 helix (Fig. 1b, d,  
Extended Data Fig. 11a–c).

Kv4.2–DPP6S interaction
In the structures of the Kv4.2–DPP6S and Kv4.2–DPP6S–KChIP1 com-
plexes, the DPP6S transmembrane helix hydrophobically interacts with 
the voltage-sensing domain of Kv4.2, specifically at the lower half of S1 
and the upper half of S2 (Fig. 4a, b). This is consistent with a previous 
domain-swapping study, which suggested that DPP10 interacts with S1 
and/or S2 of Kv4.340. Recently, two potassium channel structures (Kv7.1 
and Slo1) in complex with a modulatory transmembrane β-subunit have 
been reported44,45. In both the Kv7.1–KCNE3 and Slo1–β4 complexes, the 
β-subunit associates with the transmembrane interface between neigh-
bouring α-subunits (Extended Data Fig. 12). The structure of the Kv4.2–
DPP6S complex therefore represents a distinct interaction mode among 

the potassium channel complexes reported thus far. The interaction of the 
Kv4.2–DPP6S complex somewhat resembles that of voltage-gated sodium 
channels, such as the Nav1.4–β1 and Nav1.7–β1 complexes, in which the 
β1 transmembrane helix interacts with S0 and S2 of Nav (Extended Data 
Fig. 12), and therefore their modulation mechanisms could be similar46,47. 
However, the specific involvement of S1 in the Kv4.2–DPP6S interaction 
suggests the unique modulatory mechanisms of Kv4.

Although the side chains of the DPP6S transmembrane helix could 
not be easily assigned owing to the lack of characteristic density (Sup-
plementary Figs. 6–8), the Kv4.2–DPP6S structure revealed seven 
hydrophobic residues in S1 and S2 of Kv4.2 that face and potentially 
interact with DPP6S (Fig. 4b). To examine the importance of these 
residues in the modulation of Kv4.2 by DPP6S, we generated a series of 
Kv4.2–DPP6S interface mutants by substituting each residue in S1–S2 
with tryptophan residue to physically interfere with their potential 
interaction. When expressed alone, the wild type and all Kv4.2 S1–S2 
mutants exhibited similar current-time traces and voltage-dependent 
activation curves. (Fig. 4c–e, Supplementary Fig. 9). As reported previ-
ously38, DPP6S accelerates activation and inactivation and also shifts 
the voltage-dependent activation curve to more negative membrane 
potentials (Fig. 4c–e, Extended Data Figs. 8, 13a–g, Supplementary 
Fig. 9). Although the quite rapid activation mediated by DPP6S made 
it difficult to evaluate the effects of the mutations on the activation 
kinetics, three mutants (V190W in S1; and A228W and C231W in S2) were 
inactivated more slowly than the wild type in the presence of DPP6S 
(Fig. 4c–e, Extended Data Fig. 8, Supplementary Fig. 9, Supplementary 
Table 1). In addition, in the presence of DPP6S these three mutants 
exhibited smaller negative voltage shifts for channel activation, as 
compared to the wild type (Extended Data Figs. 8, 13c, e, f).
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Fig. 4 | The interaction of Kv4.2–DPP6S and the influence of Kv4.2–DPP6S 
interface mutations on DPP6S modulation. a, Side and top views of the 
Kv4.2–DPP6S complex, focused on a single voltage-sensing domain. DPP6S 
interacts with S1 and S2 of the Kv4.2 voltage sensor. b, Residues in Kv4.2 S1–S2 
facing the interface on DPP6S are shown. c–e, Normalized and superposed 
current traces of wild-type Kv4.2 (grey) and each mutant Kv4.2 (black) (V190W 
(c), A228W (d) and C231W (e)) with (right) or without (left) DPP6S elicited by 
test pulses of 40 mV for the qualitative comparisons of inactivation kinetics 

(n = 8 independent experiments). f–h, Comparison of the recovery rate from 
inactivation in wild-type Kv4.2 with (black circle) or without (white circle) 
DPP6S, and in each mutant Kv4.2 (V186W (f), V190W (g) and C231W (h)) with 
(coloured symbol) or without (coloured open symbol) DPP6S, obtained from 
Supplementary Fig. 11. The fractional recovery at each point was determined 
by normalizing the peak current amplitude of the test pulse by the amplitude of 
the prepulse. Symbols and bars represent mean ± s.e.m. (n = 8). Lines represent 
single-exponential fits.
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We next assessed the mutational effects on voltage-dependent inac-
tivation (Extended Data Figs. 8, 13h–n, Supplementary Fig. 10). DPP6S 
shifted the inactivation curves of the wild type to the negative direction 
with the steeper voltage dependence, indicating relative stabilization 
of the inactivated state38 (Extended Data Figs. 8, 13h–n). Five mutants 
(T182W, V186W, F194W, A228W and C231W) showed a similar negative 
voltage shift in the presence of DPP6S to that of the wild type (Extended 
Data Figs. 8, 13h, i, k–m). By contrast, DPP6S shifted the inactivation 
curves of V190W in S1 and A235W in S2 mutants to the positive direction 
(Extended Data Figs. 8, 13j, n), suggesting that the S1 and S2 helices of 
Kv4.2 are important for the modulation of steady-state inactivation 
by DPP6S.

DPP6S reportedly accelerates the recovery of Kv4.2 from inactiva-
tion38 (Fig. 4f–h, Extended Data Figs. 8, 13o–u, Supplementary Fig. 11). 
However, the V190W and C231W mutants exhibited slower recovery 
rates than the wild type in the presence of DPP6S, even though the 
V190W mutant alone recovered faster than the wild type in the absence 
of DPP6S (Fig. 4g, h, Extended Data Fig. 8). The V186W mutant alone 
recovered faster than the wild type, which made it difficult to evalu-
ate the effect of DPP6S on this mutant (Fig. 4f, Extended Data Fig. 8). 
Together, all these results indicate that DPP6S modulates the activa-
tion, inactivation and recovery of Kv4.2 through interactions with the 
S1 and S2 helices of the Kv4.2 voltage-sensing domain.

Conclusions
The structures we present here, combined with complementary elec-
trophysiological analyses, suggest that KChIP1 stabilizes the S6 con-
formation to modulate synchronized and accelerated gating of the S6 
helices within the tetramer, preventing N-type inactivation but promot-
ing fast CSI and recovery. On the other hand, DPP6S may accelerate the 
voltage-dependent movement of the S4 helices by stabilizing the S1–S2 
conformation. KChIP1 and DPP6S do not directly interact with each other, 
and they interact with distinct structures of Kv4.2 to modulate its gating 
kinetics in different manners. Therefore, our results suggest that these 
two distinct modes of modulation additively contribute to evoking A-type 
currents from the native Kv4 macromolecular complex by eliminating OSI, 
and accelerating CSI and fast recovery from CSI ('Discussion' in Methods).
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Methods

Data reporting
No statistical methods were used to predetermine sample size. The 
experiments were not randomized and the investigators were not 
blinded to allocation during experiments and outcome assessment.

Cloning, expression and purification of Kv4.2–KChIP1, Kv4.2–
DPP6S and Kv4.2–KChIP1–DPP6S
The DNAs encoding human Kv4.2, KChIP1 and DPP6S were 
PCR-amplified from a human brain cDNA library (Zyagen). The 
C-terminally GFP–8×His-tagged Kv4.2, C-terminally Flag-tagged Kv4.2, 
N-terminally 8×His–GFP-tagged KChIP1, N-terminally Flag-tagged 
KChIP1 and C-terminally 8×His-tagged DPP6S were subcloned into the 
pEG BacMam expression vector. Recombinant baculoviruses of Kv4.2, 
KChIP1 and DPP6S were generated in Spodoptera frugiperda Sf9 cells 
(American Type Culture Collection, CRL-1711), using the Bac-to-Bac sys-
tem (Invitrogen). Cultures (3.2 l) of HEK293S GnTI− cells (1 × 106–1.5 × 106 
cells per ml) in Freestyle 293 medium (Gibco) supplemented with 2% 
FBS were infected with 320 ml of P2 virus mixtures of Kv4.2–GFP–8×His 
only, Kv4.2–Flag:8×His–GFP–KChIP1 (1:2), Kv4.2–GFP–8×His:DPP6S–
8xHis (1:1), or Kv4.2–GFP–8×His:Flag–KChIP1:DPP6S–8×His (1:1:1) for 
18–24 h at 37 °C. After adding 10 mM sodium butyrate, the cells were 
cultured at 30 °C for another 36 h to induce protein expression. The 
cells expressing Kv4.2–KchIP1, Kv4.2–DPP6S or Kv4.2–DPP6S–KChIP1 
complexes were collected and resuspended in 80 ml of buffer consist-
ing of 50 mM Tris, pH 7.4, 150 mM KCl and 2 mM CaCl2 with protease 
inhibitor cocktails (Roche), sonicated, and centrifuged at 10,000g for 
10 min. The supernatant was further ultracentrifuged at 40,000 rpm 
for 1 h to precipitate the membrane fraction. The membrane fraction 
was solubilized by an incubation at 4 °C for 1 h in 50 mM Tris buffer, 
pH 7.4, containing 150 mM KCl, 2 mM CaCl2 and 1.5% DDM-0.3% CHS 
with protease inhibitor cocktails. The cells expressing Kv4.2 alone 
were collected and directly solubilized by an incubation at 4 °C for 1 h 
in 50 mM Tris buffer, pH 7.4, containing 150 mM KCl, 2 mM CaCl2 and 
1.5% DDM-0.3% CHS with protease inhibitor cocktails. The cell lysate 
was cleared by ultracentrifugation at 40,000 rpm for 30 min, and the 
supernatant was incubated with GFP minimizer nanobody resin for 
1 h. The resin was washed with 50 mM Tris buffer, pH 7.4, containing 
500 mM KCl, 2 mM CaCl2 and 0.03% GDN. The GFP tag was cleaved by 
TEV protease overnight at 4 °C in wash buffer. The Kv4.2 alone and Kv4.2 
complexes were further purified by size-exclusion chromatography on 
a Superose 6 10/300 GL increase column (GE Healthcare) equilibrated 
with 50 mM Tris buffer, pH 7.4, 150 mM KCl, 2 mM CaCl2 and 0.03% 
GDN. Peak fractions were pooled, concentrated to 1.5–2 mg ml−1 using 
a 100-kDa MWCO centrifugal device (Amicon), and ultracentrifuged 
at 4,000g for 10 min before grid preparation.

Grid preparation, data collection and data processing
Quantifoil R1.2/1.3 holey carbon Au grids (Quantifoil) were 
glow-discharged for 2 min. Afterwards, 3-μl portions of protein sam-
ples were applied on the grids, blotted for 4 s with blot force 10 at 100% 
humidity, and frozen in liquid ethane cooled with liquid nitrogen by 
using a Vitrobot Mark IV (FEI). Grids were first subjected to Talos Arctica 
(FEI) with a K2 direct electron detector (Gatan) to screen good ones for 
data collection using EPU (v.1.19) (FEI). Then, grids were subjected to 
Titan Krios (FEI) microscopy with a K3 direct electron detector (Gatan). 
Datasets of Kv4.2–KChIP1, Kv4.2–DPP6S and Kv4.2–DPP6S–KChIP1 
complexes were collected with a total dose of around 50 electrons 
per Å2 per 48 frames by the standard mode and datasets of Kv4.2 alone 
were collected with a total dose of around 50 electrons per Å2 per 64 
frames by the CDS mode, using SerialEM (v.3.7.10)48 in the counting 
mode with a pixel size of 0.83 Å and defocus range of 0.8 to 1.6 μm. Data 
were processed and structures were determined with RELION v.3.0 
or 3.1. For data processing details, see Extended Data Figs. 3, 4, 9, 10.

Model building
Models were built with Coot49. Models for Kv4.2 and KChIP1 were 
manually built with reference to the crystal structures of the Kv1.2-2.1 
chimera (PDB code: 2R9R) and KChIP1 (2I2R). Owing to its flexibility 
and low-resolution map, modelling for DPP6S was performed by fit-
ting to the crystal structure of DPPX (1XFD), using MOLREP (v.11.7). 
The structural models were refined with phenix.real_space_refine50. 
The pore radius was calculated with HOLE (v.2.2.004)51. Graphics were 
prepared using UCSF Chimera (v.1.14) and CueMol2 (v.2.2.3.443) (http://
www.cuemol.org/).

Protein expression in Xenopus laevis oocytes
The human Kv4.2 (NP_036413.1; wild type and mutants), human KChIP1 
(NP_055407.1; wild type), and human DPP6S (NP_001927.3; wild type) 
genes were cloned into the pGEMHE expression vector52. The cRNAs 
were transcribed using a mMESSAGE mMACHINE T7 Transcription 
Kit (Thermo Fisher Scientific). Oocytes were surgically taken from 
female Xenopus laevis anaesthetized in water containing 0.15% tric-
aine (Sigma-Aldrich, E10521) for 15–30 min. They were treated with 
collagenase (Sigma-Aldrich, C0130) for 6–7 h at room temperature 
to remove the follicular cell layer. Defolliculated oocytes of a similar 
size at stage V or VI were selected and microinjected with 50 nl of cRNA 
solution. They were then incubated for 1–2 days at 18 °C in MBSH buffer, 
containing 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 10 mM HEPES, 
0.3 mM Ca(NO3)2, 0.41 mM CaCl2, and 0.82 mM MgSO4, pH 7.6, sup-
plemented with 0.1% penicillin–streptomycin solution (Sigma-Aldrich, 
P4333)25,42. All experiments were approved by the Animal Care Com-
mittee of Jichi Medical University and were performed following the 
institutional guidelines.

Two-electrode voltage clamp recordings
Ionic currents were recorded under two-electrode voltage clamp with 
an OC-725C amplifier (Warner Instruments) at room temperature. 
The bath chamber was perfused with ND-96 buffer, containing 96 mM 
NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2 and 5 mM HEPES, pH 7.5. 
The microelectrodes were drawn from borosilicate glass capillaries 
(Harvard Apparatus, GC150TF-10) using a P-1000 micropipette puller 
(Sutter Instrument) to a resistance of 0.2–0.5 MΩ and filled with 3 M 
KCl. Generation of voltage-clamp protocols and data acquisition were 
performed using a Digidata 1550 interface (Molecular Devices) con-
trolled by the pClampex 10.7 software (Molecular Devices). Data were 
sampled at 10 kHz and filtered at 1 kHz by the pClampfit 10.7 software 
(Molecular Devices).

Data analysis
For the voltage-dependent activation. The holding potential was 
−80 mV. After 500 ms of hyperpolarization at −110 mV to remove in-
activation, currents were elicited by 400-ms test pulses to membrane 
potentials from −80 to 40 mV with 10-mV increments. Conductance 
values were calculated from peak current amplitudes by normalizing 
to the maximum current amplitude obtained in the experiment, assum-
ing a linear open channel current–voltage relationship and a reversal 
potential of −98 mV (normalized chord conductance). Normalized 
peak conductance was plotted versus voltage and fitted with single 
Boltzmann functions to estimate the half-activation voltage (V1/2,act) 
and the effective charge (zact) in Extended Data Fig. 8.

Recovery from inactivation. The currents were elicited by a two-pulse 
protocol using the prepulse (500 ms) and the test pulses (100 ms) at 
40 mV with an interpulse interval of the duration from 10 to 490 ms 
at −100 mV. The fractional recovery at each point was determined by 
normalizing the peak current amplitude of the test pulse by the am-
plitude of the prepulse and fitted with single exponential functions to 
estimate the recovery time constant (τrec) in Extended Data Fig. 8. For 
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the Kv4.2 (F474A/H478A) with KChIP1 and Kv4.2 (H480A) with KChIP1 
conditions, only data obtained using prepulses from 10 ms to 90 ms 
were used for single-exponential fits owing to reduced fractional re-
covery at longer prepulses.

Voltage-dependent prepulse inactivation. The holding potential 
was −100 mV. After 5 s of prepulses from −120 mV to 0 mV with 10-mV 
increments, currents were elicited by 250-ms test pulses at 60 mV. 
The fractional recovery at each point was determined by normalizing 
the peak current amplitude of the test pulse by the test pulse after the 
prepulse of −120 mV and fitted with single Boltzmann functions to 
estimate the half-inactivation voltage (V1/2,inact) and the effective charge 
(zinact) in Extended Data Fig. 8.

Statistical analysis
The electrophysiological data were expressed as mean ± s.e.m. (n = 8). 
Differences between wild type and mutants, between wild type with 
KChIP1 and mutants with KChIP1, and between wild type with DPP6S 
and mutants with DPP6S were evaluated by Dunnett’s test with EZR 
software53.

Discussion
Modulation by KChIP1. KChIPs reportedly prevent OSI and accelerate 
CSI and recovery from inactivation11,24,35 (Fig. 3, Extended Data Fig. 7a, 
Supplementary Fig. 5). The structural comparison between Kv4.2 alone 
and the Kv4.2–KChIP1 complex provides insight into how KChIPs modu-
late the gating of Kv4s. In the Kv4.2–KChIP1 complex, KChIP1s bind and 
sequester the both N-terminal inactivation ball and the C terminus 
(amino acids 472–495) of Kv4.2, which would therefore result in pre-
venting N-type inactivation. Moreover, while S6 gating helices adopt a 
more flexible conformation with weaker interaction with T1–S1 linkers 
in the structure of Kv4.2 alone, KChIP1 stabilizes these structures and 
enhances their interactions in the structure of Kv4.2–KChIP1. These 
structural changes mediated by KChIPs, together with the following 
three observations and reports, might explain how KChIPs accelerate 
the S6 gating of Kv4s, including CSI and recovery from inactivation. 
First, one KChIP1 stabilizes the S6 conformation as well as the N termi-
nus from the neighbouring subunit of Kv4.2. Second, one KChIP1 also 
interacts with two T1 domains from neighbouring subunits26,27 (Fig. 2b). 
Third, previous functional studies have suggested that the T1–S1 linker 
of Kv4 dodecameric channels undergoes major conformational shifts 
tightly coupled to movements of the S6 tail54,55, although we do not 
know what the T1 conformational change is. Together, these structural 
features mediated by KChIP1 may allow synchronized and accelerated 
S6 gating to enable fast CSI and recovery (Extended Data Fig. 14a).

Modulation by DPP6. DPP6S reportedly accelerates the activation, 
inactivation, and recovery of K4 channels38. In the Kv4.2–DPP6S com-
plexes, the single-spanning transmembrane helix of DPP6S apparently 
stabilizes the structure of S1 and S2 helices because it simultaneously 
interacts with the lower half of S1 and the upper half of S2 (Fig. 4a, b). 
DPP6S reportedly accelerates both the outward and the inward move-
ments of the Kv4.2 gating charge after depolarization and repolari-
zation, respectively28. Among the hypotheses to explain the voltage 
dependency in voltage-gated channels, the hypothesis that S4 slides 
on the surface formed by S1 and S2 depending on the membrane po-
tential might be most likely13.Therefore, the stabilization of the S1–S2 
conformation may facilitate the movement of the S4 helices upon de-
polarization and repolarization, which could explain the fast kinetics 
of activation and recovery from the closed inactivated state (Extended 
Data Fig. 14b).

Previous studies suggest that DPP6S accelerates both OSI and CSI 
of Kv4s39,56 (Extended Data Fig. 14b). The acceleration of OSI by DPP6S 
could involve the N-terminal intracellular domain of DPP6S and the 
N terminus of Kv4s39; however, both regions are disordered in the 

structure of Kv4.2–DPP6S and further investigations are required. 
Previous studies suggest that the dynamic interaction of the S4–S5 
linker and the S6 gate is the molecular basis of CSI12,22. Therefore, the 
acceleration of CSI by DPP6S could be, at least in part, attributed to the 
accelerated conformational change of S4 as discussed above (Extended 
Data Fig. 14b).

Modulation in the Kv4 macromolecular ternary complex. Native 
Kv4s form macromolecular ternary complex with KChIPs and DPPs. 
The structure of the Kv4.2–DPP6S–KChIP1 dodecameric complex 
(Fig. 1a) supports the additive contribution of KChIPs and DPPs to the 
modulation of Kv4s in the ternary complex. KChIP1 and DPP6S interact 
with distinct structures of Kv4.2 to modulate its gating kinetics in dif-
ferent manners (Figs. 1a, 2, 4a). In addition, KChIP1 and DPP6S do not 
interact with each other. Overall, the modulatory mechanisms of Kv4.2 
by KChIP1 and DPP6S are different, and therefore, native Kv4s form 
ternary macromolecular complexes with both KChIPs and DPPs to 
exhibit eliminated OSI, accelerated CSI and fast recovery rate from CSI5 
(Extended Data Fig. 14c). Structurally mechanistic elucidations of CSI 
will further clarify the mechanisms of modulation by KChIPs and DPPs.

Insight into closed-state inactivation of Kv4.2. The structural cor-
relates of Kv4 in closed-state inactivation (CSI) remain unknown. Pre-
vious studies have proposed that the interaction between the S4–S5 
linker and S6 in Kv4s, which couples the S4 movement to S6 gating 
in Kv1, might be lost following the upshifted movement of S4 during 
depolarization12,21,22 (Extended Data Fig. 1b). Indeed, the amino acid 
sequences of Kv4 around the S4–S5 linker and S6 on the intracellular 
side are unique among the Shaker-related Kv subfamilies (Kv1–Kv4) 
(Supplementary Fig. 12a), and mutations of these regions affect the CSI 
kinetics of Kv421,22 (Supplementary Fig. 12b). In addition, the open con-
formation of Kv4.2 complexes revealed several Kv4-specific residues 
involved in the intra-subunit interactions between the S4–S5 linker and 
S6, as well as the inter-subunit interactions between the S4–S5 linker 
and S5 (Supplementary Fig. 12a, c, d). Further study of this ‘pre-closing’ 
conformation may lead to elucidating the mechanism of CSI. Together, 
future structural studies of the resting and closed inactivated states 
will provide more mechanistic insights into Kv4 channel gating, CSI 
and modulation by auxiliary subunits.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The cryo-EM density maps and atomic coordinates have been deposited 
in the Electron Microscopy Data Bank (EMDB). The accession codes for 
the maps are EMD-31433 (Kv4.2–KChIP1-whole (map A)), EMD-31009, 
(Kv4.2–KChIP1-whole (map A)), EMD-31005 (Kv4.2–KChIP1-TM (map B)),  
EMD-31013 (Kv4.2–DPP6S-whole (map E)), EMD-31011 (Kv4.2–DPP6S-TM 
and cyto (map F)), EMD-31012 (Kv4.2–DPP6S-TM and EC (map G)), 
EMD-31019 (Kv4.2–DPP6S–KChIP1-whole (map H)), EMD-31016 (Kv4.2–
DPP6S–KChIP1 (TM and cyto (map I)), EMD-31018 (Kv4.2–DPP6S–
KChIP1-TM and EC (map J)) and EMD-31399 (Kv4.2 alone (map X)).  
The PDB accession codes for the coordinates are 7F3F7E84 (Kv4.2–
KChIP1-whole), 7E83 (Kv4.2–KChIP1-cyto), 7E7Z (Kv4.2–KChIP1-TM), 
7E8B (Kv4.2–DPP6S-whole), 7E87 (Kv4.2–DPP6S-TM and cyto), 7E89 
(Kv4.2–DPP6S-EC), 7E8H (Kv4.2–DPP6S–KChIP1-whole), 7E8E (Kv4.2–
DPP6S–KChIP1-TM and cyto), 7E8G (Kv4.2–DPP6S–KChIP1-EC) and 
7F0J (Kv4.2 alone). For detail, see also Extended Data Table 1, Extended 
Data Figs. 3, 4, 9, 10.
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Extended Data Fig. 1 | Kv4-specific gating mechanism. Comparison of the 
inactivation mechanisms between Kv4 and Kv1. R: resting state; C: closed 
activated state; O: open activated state; OSI: open inactivated state (open state 
inactivation); CSI: closed inactivated state (closed state inactivation). Upon 
depolarization, Kv4 adopts CSI to become inactivated. CSI involves the closure 
of the S6 gate. OSI plays a minor role in Kv4 inactivation, although it is the main 
pathway to become inactivated in Kv1. Upon repolarization, Kv4 returns to the 
resting state (R) from CSI with the milliseconds order of the fast recovery rate 
whereas Kv1 returns to the resting state from OSI with the tens of seconds of the 
slow recovery rate. For a detailed schematic explanation, please see (b) below. 
a. Gating model of Kv4 without auxiliary subunits. Upon depolarization, the S4 
(green) adopts the “up” conformation (closed activated: C), and then the S6 
gate opens via the interaction with the S4-S5 linker (orange) to form the open 

activated conformation (O). After activation, Kv4 takes two distinct 
inactivation pathways. Open activated Kv4 (O) goes to an open inactivated 
state (OSI) through the occlusion of the pore by its own N-terminus (N-ball), 
which is characterized by fast inactivation kinetics and called N-type 
inactivation or open state inactivation (OSI). However, the open inactivated 
state of Kv4 (OSI) is not stable, and Kv4 reverts to a closed activated state (C) 
and then goes to a closed inactivated state (CSI). This process is characterized 
by slower inactivation kinetics than OSI and referred to as closed state 
inactivation (CSI) through the S6 closing and S4 conformational change. It 
should be noted that CSI is still a fast millisecond-order process. As a result, 
during depolarization Kv4 accumulates in a closed inactivated state (CSI). 
Upon repolarization, Kv4 recovers from CSI to the resting state (R) through the 
sliding down of S4 and the conformational change of S6.



Extended Data Fig. 2 | Expression and purification of Kv4.2 alone and the 
Kv4.2–KChIP1, Kv4.2–DPP6S and Kv4.2–DPP6S–KChIP1 complexes. 
a, Fluorescence-detection size exclusion chromatography (FSEC) analyses of 
the Kv4.2 α-subunit alone or in complex with KChIP1 or DPP6S. The human 
full-length Kv4.2 alone showed a relatively broad but still monodisperse peak. 
When co-expressed with KChIP1 or DPP6S, Kv4.2 showed a monodisperse and 
sharp peak with high expression. b. FSEC analyses of the Kv4.2–KChIP1, Kv4.2–
DPP6S, and Kv4.2–DPP6S–KChIP1 complexes. c. Representative size-exclusion 
chromatography (SEC) profile of the Kv4.2 alone (left) and SDS-PAGE of the SEC 

peak fractions stained by Coomassie Brilliant Blue (CBB) (right). Fractions 
indicated by red bars were pooled for cryo-EM grid preparation.  
d. Representative SEC profile of the Kv4.2–KChIP1 complex (left) and SDS-PAGE 
of the SEC peak fractions stained by CBB (right). Fractions indicated by red bars 
were pooled for cryo-EM grid preparation. e. Representative SEC profile of the 
Kv4.2–DPP6S complex (left) and SDS-PAGE of the SEC peak fractions stained by 
CBB (right). f. Representative SEC profile of Kv4.2–DPP6S–KChIP1 complex 
(left) and SDS-PAGE of the SEC peak fractions stained by CBB (right).
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Extended Data Fig. 3 | Cryo-EM micrograph, data processing and electron microscopy map of Kv4.2 alone. Each step of data processing leading to the final 
structure of Kv4.2 alone and representative images of cryo-EM micrograph and 2D classes are shown.



Extended Data Fig. 4 | Cryo-EM micrograph, data processing and electron microscopy map of the Kv4.2–KChIP1 complex. Each step of data processing 
leading to the final structure of Kv4.2-KChIP1 complex and representative images of cryo-EM micrograph and 2D classes are shown.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Structures of the Kv4.2 α-subunit protomer in the 
presence and absence of KChIP1 and comparison with the Kv1.2-2.1 
chimera. a. Structure of the Kv4.2 α-subunit protomer in the Kv4.2–KChIP1 
complex. The T1 domain is located beneath the transmembrane domain at a 
distance of 25 Å. Note that the transmembrane S6TM helix further extends 
toward the intracellular region, as indicated by the S6cyto (to S450) and 
C-terminal segment (S472-D495). Residues 496-630 are disordered and most of 
this region is predicted to lack secondary structure (f). b. Structural 
comparison of Kv4.2–KChIP1 with the Kv1.2-2.1 chimera, superimposed by 
transmembrane domains. The overall structure of the transmembrane domain 
of Kv4.2 is similar to the structures of the Kv1.2-2.1 paddle chimera. Note that 
the two T1 domains do not superimpose on each other. The Kv1.2-2.1 chimera 
does not have an intracellular S6 helix. c. The intracellular S6 helix of Kv4.2 
alone bends at the interface on the T1-S1 linker (dashed ellipse) and is 
subsequently disordered. In contrast, the S6 helix of Kv4.2–KChIP1 complex 
extends straight toward KChIP1. d. Close-up view of the superimposed image in 
the dashed ellipse in (c). The intracellular S6 of Kv4.2 starts bending from A419 

and extend away from the T1-S1 linker in the Kv4.2 alone. However, it keeps a 
close distance to T1-S1 linker without bending in the Kv4.2–KChIP1 complex.  
e. In the Kv4.2–KChIP1 complex, the intracellular S6 and T1-S1 linker interact via 
electrostatic interactions (right). In the Kv4.2 alone, the intracellular S6 largely 
dissociates from the T1-S1 linker (left). f. Prediction of the secondary structure 
of Kv4.2 by PSIPRED. Most of the region consisting of residues 496-630 is 
predicted to lack secondary structure. g. Structural comparison of Kv4.2–
KChIP1 with the Kv1.2-2.1 chimera, superimposed by the T1 domains. The two T1 
domains fit very well, but the transmembrane domains do not. h. Different 
directions of the C-terminal part of T1 domains, resulting in distinct topologies 
between Kv4.2 and the Kv1.2-2.1 chimera. Side (left) and top (right) views of the 
T1 domains are shown. i. Superimposition of the protomers of Kv4.2 alone and 
the Kv4.2-KChIP1 complex shows that the T1 domains of Kv4.2 overlap and 
retain the same topology in the presence and absence of KChIP1. j. When the 
Kv4.2-T1 domain is aligned with the Kv1.2-T1 topology (shown by translucent 
structure), the Kv4.2 S6 helix clashes with KChIP1 and does not interact with a 
T1-S1-linker.



Article

Extended Data Fig. 6 | Kv4.2 adopts the S4 up and S6 open conformation.  
a. Structures of the voltage sensors (S1-S4) from Kv1.2-2.1, Kv4.2 alone, Kv4.2–
KChIP1, Kv4.2–DPP6S, and Kv4.2–DPP6S–KChIP1. S4 helices are coloured. Arg/
Lys gating charges as well as other key residues are shown with side chains. The 
positions of positively charged amino acid residues in the S4 helix relative to a 
phenylalanine residue in the S2 helix indicates that the present S4 helix of Kv4.2 
adopts the depolarized “up” conformation in all of four structures.  
b. Alignment of S4 amino acid sequences among the closely related Kv1 to Kv4. 
c. Radii of the pores of Kv4.2 alone, Kv4.2–KchIP1, and the Kv1.2-2.1 chimera, 
calculated using the HOLE program. d. The density map of the Kv4.2–KChIP1 
complex at the selectivity filter shows the averaged densities of potassium ions 

and water. The S6 helix forming the pore adopts an open conformation, with 
the selectivity filter occupied by dehydrated K+ ions and water molecules, 
through the close interaction with the S4-S5 linker, as observed in the Kv1.2 
structure30 (Extended Data Figs. 5a, b). The previous electrophysiological 
studies reported that upon depolarization, Kv4s adopt the closed 
conformation (i.e. CSI) at all physiologically relevant membrane potentials 
within a cell11–18 (Extended Data Fig. 1). This discrepancy could be attributed to 
the micelle which is likely to facilitate the open conformation. Similar 
inconsistent example was observed in the cryo-EM structure of the HCN 
channel in a hyperpolarized conformation in which the pore is closed while it is 
open within a cell57.



Extended Data Fig. 7 | Influence of Kv4.2–KChIP1 interface mutations on 
KChIP1 modulation of activation and inactivation. a. Normalized and 
superposed current traces of WT with (black) or without (gray) KChIP1 elicited 
by test pulses of 40 mV for the qualitative comparisons of inactivation kinetics 
(n = 8 independent experiments). b–e. Peak conductance-Voltage (Gp-V) 
relationships of WT with (black circle) or without (white circle) KChIP1, and 

each mutant with (coloured symbol) or without (coloured open symbol) 
KChIP1 obtained from Supplementary Fig. 5a. Symbols and bars represent 
means ± s.e.m. (n = 8). f–i. Comparison of the voltage-dependent prepulse 
inactivation for WT with (black circle) or without (white circle) KChIP1, and 
each mutant with (coloured symbol) or without (coloured open symbol) 
KChIP1 obtained from Supplementary Fig. 5c.
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Summary of parameters for wild-type Kv4.2 and 
Kv4.2 mutants and inactivation kinetics obtained at 40 mV. a. The number 
of the half-activation voltage (V1/2,act) and effective charge (zact) of the voltage-
dependent activation experiments obtained by single Boltzmann fittings, the 
inactivation voltage (V1/2,inact) and effective charge (zinact) of the recovery from 
inactivation experiments obtained by single Boltzmann fittings, and the 
recovery time constant (τrec) of the recovery from inactivation experiments 
obtained by single exponential fittings are listed as average ± s.e.m. Statistical 
significance was determined by Dunnett’s test. *, **, and *** denote P < 0.05, 
P < 0.01, and P < 0.001 for each mutant compared to WT, for each mutant with 

KChIP1 compared to WT with KChIP1, and each mutant with DPP6S compared 
to WT with DPP6S. For Kv4.2 F474A/H478A with KChIP1 and Kv4.2 H480A with 
KChIP1 conditions, only data obtained using prepulses from 10 ms to 90 ms 
were used for single-exponential fits to calculate the recovery time constant 
owing to reduced fractional recovery at longer prepulses (marked as #).  
b. Fractional contribution of the slow inactivation component (Aslow/(Aslow + 
Afast)) at 40 mV. c. The slow (τslow; white) and fast (τfast; gray) inactivation time 
constants at 40 mV. Bars represent means ± s.e.m. (n = 8). Inactivation time 
constants (τslow and τfast) and the corresponding amplitude (Aslow and Afast) were 
obtained by fitting the inactivation time course to a sum of two exponentials.
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Extended Data Fig. 9 | Cryo-EM micrograph, data processing and electron 
microscopy map of the Kv4.2–DPP6S complex. Focused refinement at 
TM-intracellular part and TM-extracellular part was applied to improve the 

resolution of each part. The local resolutions of each density map and model 
building at TM region are shown in Supplementary Fig. 6.



Extended Data Fig. 10 | Cryo-EM micrograph, data processing and electron 
microscopy map of the Kv4.2–DPP6S–KChIP1 complex. Focused refinement 
at TM-intracellular part and TM-extracellular part was applied to improve the 

resolution of each part. Model building at TM region is shown in 
Supplementary Fig. 7.
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Extended Data Fig. 11 | Structural comparison of N- and C-terminal 
conformations in the presence and absence of KChIP1. a. Structural 
comparison of the Kv4.2 protomers from Kv4.2 alone, Kv4.2–KChIP1, Kv4.2–
DPP6S, and Kv4.2–DPP6S–KChIP1, showing that both the N- and C-terminal 
regions are disordered in the absence of KChIP1 as observed in the structure of 
Kv4.2–DPP6S and Kv4.2 alone. Both terminal regions are resolved in the 
structure of Kv4.2–DPP6S–KChIP1 and Kv4.2–KChIP1. b. Comparison of the 
Kv4.2 S6 conformations. The intracellular S6 helices of Kv4.2–DPP6S and Kv4.2 
alone bend at the interface on the T1-S1 linker (dashed ellipse in the 

superimposed image) and is subsequently disordered. By contrast, the S6 
helices of Kv4.2–DPP6S–KChIP1 and Kv4.2–KChIP1 complexes extend straight 
toward KChIP1. c. Close-up view of the superimposed image in the dashed box 
in (b). The intracellular S6 of Kv4.2 bend and extend away from the T1-S1 linker 
in the Kv4.2–DPP6S complex and Kv4.2 alone. However, it keeps a close distance 
to T1-S1 linker without bending in the Kv4.2–DPP6S–KChIP1 and Kv4.2–KChIP1 
complexes. d. Superimposition of the four Kv4.2 structures reveals that the S6 
helices adopt an open conformation in all structures.



Extended Data Fig. 12 | Kv4-specific interaction with the transmembrane 
β-subunit revealed by structural comparisons with other potassium and 
sodium channel complexes. Side and top views (without extracellular 
domain) of the Kv4.2–DPP6S–KChIP1, Kv7.1-KCNE3-CaM, Slo1-β4, and 
Nav1.7-β1-β2 complexes are shown from left to right. EC: extracellular region; 
TM: transmembrane region; IC: intracellular region. Dotted boxes in the side 
views highlight the interface of the channel α subunits and β subunits, and 

close-up views are shown (bottom). Note that a single DPP6S interacts with 
S1-S2 of a single voltage-sensing domain (VSD), whereas KCNE3 and β4 interact 
with the interface between two neighbouring α subunits in the Kv7.1 and Slo1 
complexes, respectively. The interaction of Nav1.7 and β1 is rather similar to 
that of Kv4.2–DPP6S, in that a single β subunit interacts with a single VSD. 
However, the interaction of Kv4.2 and DPP6S is unique, because S1 of Nav1.7 is 
not involved in the interaction with β1.
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Extended Data Fig. 13 | Influence of Kv4.2–DPP6S interface mutations on 
DPP6S modulation. a-g. Peak conductance-Voltage (Gp-V) relationships of 
WT with (black circle) or without (white circle) DPP6S, and each mutant with 
(coloured symbol) or without (coloured open symbol) DPP6S obtained from 
Supplementary Fig. 9a. Symbols and bars represent means ± s.e.m. (n = 8).  
h-n. Comparison of the voltage-dependent prepulse inactivation for WT with 
(black circle) or without (white circle) DPP6S, and each mutant with (coloured 
symbol) or without (coloured open symbol) DPP6S obtained from 
Supplementary Fig. 10. The fractional recovery at each point was determined 

by normalizing the peak current amplitude of the test pulse by the test pulse 
after the prepulse of -120 mV and fitted with single Boltzmann functions. 
Symbols and bars represent means ± s.e.m. (n = 8). o-u. Comparison of the 
recovery rate from inactivation among WT with (black circle) or without (white 
circle) DPP6S and each mutant with (coloured symbol) or without (coloured 
open symbol) DPP6S, obtained from Supplementary Fig. 11. The fractional 
recovery at each point was determined by normalizing the peak current 
amplitude of the test pulse by the amplitude of the prepulse. Symbols and bars 
represent means ± s.e.m. (n = 8). Lines represent single-exponential fits.



Extended Data Fig. 14 | Model for Kv4 modulation by KChIP and DPP.  
a. Model for Kv4 modulation by KChIP. KChIPs capture the Kv4 N- and C-termini, 
thereby inhibiting open state inactivation (OSI). On the other hand, KChIPs 
stabilize the S6 conformation and might enable synchronized movement of the 
four S6 gating helices, thereby accelerating closed state inactivation and 
recovery. b. Model for Kv4 modulation by DPP. DPPs might stabilize the 
conformation of Kv4 S1-S2 and facilitate S4 conformational change, including 
S4 sliding up and down, thereby accelerating activation, inactivation, and 
recovery. c. Model for Kv4 modulation in the Kv4–DPP–KChIP ternary complex. 
KChIPs capture the Kv4 N- and C-termini of two adjacent subunits, thereby 
prevent open state inactivation (OSI). As a result, Kv4 ternary complex 
preferentially inactivates from a closed activated state (CSI). In addition, 
KChIPs stabilize the S6 conformation and accelerates S6 gating. DPPs stabilize 
the conformation of Kv4 S1-S2 and accelerates S4 conformation change 
including S4 movement upon membrane voltage shift. All together additive 
modulations by KChIPs and DPPs confer A-type current characterized as fast 
activation, fast closed state inactivation, and fast recovery.
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Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics
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