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Modulation of voltage-gated potassium (Kv) channels by auxiliary subunits is central
to the physiological function of channels in the brain and heart"?. Native Kv4
tetrameric channels form macromolecular ternary complexes with two auxiliary
B-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 potentials' . However, the modulatory mechanisms of Kv4 channel complexes
remain largely unknown. Here we report cryo-electron microscopy structures of the
Kv4.2-DPP6S-KChIP1dodecamer complex, the Kv4.2-KChIP1and 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
boththe 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 Sé6 helices
within the tetramer. By contrast, unlike the reported auxiliary subunits of
voltage-gated channel complexes, DPP6S interacts with the S1and 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. KChIP1and 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-gatedion channels often form macromolecular complexes that
consist of a pore-forming a-subunit and auxiliary subunits*®”. Auxiliary
subunits not only regulate subcellular localization, but also modulate
the gating properties of the a-subunit for the physiological functions
of channelsin neurons and muscle cells. However, the mechanisms of
modulation by auxiliary subunits remain mostly unknown, whereas
theionselectivity and voltage-dependent activation and inactivation
mechanisms have been extensively studied®’.

Among 12 subfamilies of Kv channels, Kv4 (Kv4.1-Kv4.3) channels
mediate the transient outward A-type current, whichis characterized
by fastactivationat subthreshold membrane potentials, fastinactiva-
tion and fast recovery from the inactivated state**. 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 potentials?*.In cardiomyocytes, Kv4 controls the early repolari-
zation phase of the action potential'®. Kv4s exhibit aunique 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 Kvl channels™®

(Extended Data Fig. 1). After depolarization and S6 gate opening, Kvl
entersthe N-typeinactivationstate in which the N-terminal ‘inactivation
ball’ of the a-or B-subunit occludes the pore™®” (Extended DataFig. 1).
Although the N terminus of Kv4 reportedly serves as the inactivation
ball when Kv4 is expressed alone?®, 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 kinetics'??** (Extended Data Fig. 1).
Kv4s require both of two auxiliary B-subunits—cytoplasmic KChIPs
andsingle-passtransmembrane DPPs—to achieve the native A-type cur-
rent, particularly with the unique voltage dependence of inactivation
kinetics characteristic of CSl and fast recovery from inactivation®?.
KChIPs reportedly inhibit N-type inactivation, but accelerate CSl and
recovery™?*?, 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 ball?*?, These studies support the
model that KChIP prevents N-type inactivation through sequestering
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Fig.1|Structures of Kv4.2 alone and the Kv4.2-KChIP1, Kv4.2-DPP6S and
Kv4.2-DPP6S-KChIP1complexes. a, Overall structures of the Kv4.2-alone
tetramer, Kv4.2-KChIP1octamer, Kv4.2-DPP6S octamer and Kv4.2-DPP6S-
KChIP1dodecamer (left to right). Four Kv4.2 subunits are coloured blue, four
KChIP1subunits are coloured yellow and four DPP6S subunits are coloured
magenta.b, Structural comparison of the Kv4.2 Nand C terminiin the presence
(right) and absence (left) of KChIP1. Protomers of Kv4.2 alone and three
complexes are shown. Although bothNand Cterminiare disorderedin Kv4.2
alone and inthe Kv4.2-DPP6S complex (left), both terminiareresolvedin the

the N terminus of Kv4s?® (Extended Data Fig. 1b). However, it remains
unknown how KChIP modulates other gating properties of CSl and
recovery. DPP6 has been shownto accelerate the ‘gating charge’ move-
ment of Kv4.2, suggesting that DPP6 expedites the movement of the S4
voltage-sensing helix directly or indirectly®®. 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 A 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 A x 75 A x 100 A
and both N- and C-terminal regions (amino acids 1-39 and 437-630)

d

alone Kv4.2-KChlIP1
-DPP6S  Kv4.2-DPP6S-KChIP1

alone
Kv4.2-KChIP1

Kv4.2-KChIP1and the Kv4.2-DPP6S-KChIP1complexes (right).c, The
intracellular S6 helix of Kv4.2 alone bends at the interface on the T1-S1linker
(dashed ellipse) and is subsequently disordered. By contrast, the S6 helix of the
Kv4.2-KChIP1complex extends straight toward KChIP1.d, Close-up view of the
superimposedimagein the dashed ellipsein c. Theintracellular S6 of Kv4.2
starts bending from A419 and extend away from the T1-S1 linker in Kv4.2 alone
andinthe Kv4.2-DPP6S complex. However, itkeeps a close distance to the
T1-Sllinker without bending in the Kv4.2-KChIP1and the Kv4.2-DPP6S-KChIP1
complexes.

aredisordered (Fig.1a, b, Supplementary Fig. 2a). The structure of the
Kv4.2-KChIP1complex has dimensions of around 105 A x105 A x100 A
(Fig. 1a, Supplementary Fig. 2b), which are consistent with the previ-
ous negative-stain electron microscopy structure of Kv4.2-KChIP2 at
21 Aresolution?. As observed in the previous crystal structures of the
Kv4.3 T1 domain-KChIP1 complex®*%, 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-KChIP1show that the Kv4.2 protomer com-
prises an N-terminal cytoplasmic domain with an N-terminal hydro-
phobic segment of approximately 40 residuesinlength (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 DataFig. 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 inadomain-swapped manner, whereby the S1-S4 volt-
age sensor interacts with S5 of the pore domain from the neighbouring
subunit*** (Supplementary Fig. 2b, Extended DataFig. 5a,b).Itadopts
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Fig.2 | Tripartiteinteractions of the Kv4.2 N terminus, Kv4.2 C terminus
and KChIP1. a, Overall structure of the Kv4.2-KChIP1complex. The two
neighbouring Kv4.2 subunits and one KChIP1subunit are coloured yellow, red
and blue, respectively. The C-terminal cytoplasmic S6 helix stops at S450 when
itreachesthe bottom of the complex. The interaction site of Kv4.2 and KChIP1
ishighlighted by a dotted box. A magnified view from the direction of the arrow
ispresentedinb.b, c, Comparison of the Kv4-KChIP1complex 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)-KChIP1complex (c; Protein Data Bank (PDB)
code: 2NZ0) are shown. The neighbouring Kv4 subunits are coloured red and

adepolarized S4 up and S6 open conformationin both Kv4.2 alone and
Kv4.2-KChIP1*°-32 (Extended DataFigs. 5b, 6). The C-terminalintracel-
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-S1linker inthe structure of the Kv4.2-KChIP1com-
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 resultsin
apartial loss of interaction between the intracellular S6 helix and the
T1-Sllinker (Fig.1d, Extended DataFig. 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
arethus predicted tolack secondary structure (Fig. 1b, Extended Data
Fig. 5a, f), suggesting their flexibility. As in the Kv1.2 structure®®*, the
tetrameric TLdomain of Kv4.2 islocated under the tetrameric channel
pore domains at a distance of 25 A—provided by the long T1-S1 linker
and thelongintracellular S6 helix—thus creating sufficient space for K*
ionstolaterally 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 T1and transmembrane domains is different from that in
Kv1.2, owing to the distinct orientation of the T1-S1 linker following
the T1domain (Extended DataFig. 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-KChIPlinteraction

KChIP1s arelaterally anchored next to the Tl domains of Kv4.2, consist-
entwiththe previous crystal structures of the Kv4.3 T1 domain-KChIP1
complex®? (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 thananopeninactivated (OSI) mechanism like
Kv1.2, as previously discussed for Kv4.3?*?. The present structure of the
full-length Kv4.2-KChIP1complex reveals that the C terminus of Kv4.2
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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 ofashorthelixand aloop (S472-D495), which occupies the
hydrophobicspace generated by the Kv4.2 N terminus (Kv4.2-N) and KChIP1
(b).d, Inter-subunitinteraction of the Kv4.2 N and C termini. Residues involved
intheinteraction are shown. Two neighbouring Kv4.2 subunits are coloured
redand yellow.e, Interaction of the Kv4.2 C terminus (red) and KChIP1 (blue).
Residuesinvolvedintheinteractionare shown.f, The Kv4.2 intracellular S6
helixis captured by KChIP1and the Kv4.2 C terminus. Residuesinvolvedinthe
interaction are shown.

tightly interacts withboth KChIP1and the N terminus ofKv4.2 (Figs. 1a,c,
2b, d-f). The C-terminal cytoplasmic Sé helix continuously extends
from the transmembrane S6 helix and terminates at S450, whichislocal-
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 Sé6 helix (around $S450)
is captured by KChIP1directly and indirectly, through the hydrophobic
interactions between Kv4.2 (Y444),Kv4.2 (H479-1482-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 aprevious study that suggested that the Kv4 C-terminal regionis
involved in modulation by KChIPs*. The amino acid sequence of the
C-terminal helix segment (5473-T489) perfectly matches the dendritic
targeting motif thatis conserved in the Shal family of potassium chan-
nels—including Kv4—suggesting that this motif has a dual function as
aKChIP-binding site and a dendrite localization signal®*.

Toexamine how theinteraction of KChIP1with 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-
ingin 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
theinactivation of wild type Kv4.2 at the early phase of depolarization
(OSI), but accelerates inactivation during the late phase (CSI)'**%
(Fig.3a, Extended DataFig.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.3|Influence of Kv4.2-KChIP1linterface 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
kinetics (n =8independent experiments). b-e, Comparisons of therecovery
rate frominactivation in wild-type Kv4.2 with (black) or without (black and
dashed) KChiIP1, and in each mutant Kv4.2 (F474A/H478A (b), H480A (c), L482A/
L485A (d) and H491A/F493A/V494A (e)) with (coloured) or without (coloured
and dashed) KChIP1. The currents were elicited by a two-pulse protocol (inset)

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). Inaddition, whereas KChIP1
produced a negative voltage shift to activate wild type Kv4.2 in the
conductance-voltage relation, as described in previous reports®, 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, weassessed the effects of these mutations onvoltage-dependent
inactivation. KChIP1 shifted the inactivation curve of the wild type to
the positive direction, indicating a relative destabilization of the inacti-
vated state® (Extended DataFigs. 7f-i, 8). Although KChIP1shifted 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 Cterminusisimportant 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 KChIP1reportedly accelerates the recovery frominac-
tivation of Kv4s?. 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).
KChIP1accelerated therecovery rate of the L482A/L485A mutant, but
more weakly compared to the wild type (Fig. 3d, Extended DataFig. 8),
whereasit did not affect the recovery rate of the H491A/F493A/V494A
mutant (Fig. 3e, Extended Data Fig. 8). KChIP1 accelerated the recov-
eryrate of the F474A/H478A and H480A mutants even more strongly
than the wild type, together with an ‘overshoot’ current®**’ (Fig. 3b, c,

Hyperpolarized duration (ms) Hyperpolarized duration (ms)

using prepulses (500 ms) and test pulses (100 ms) at40 mV with aninterpulse
interval (At) of the duration from10 to 490 ms at-100 mV. The fractional
recovery ateach 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 KChIP1and Kv4.2(H480A) with KChIP1 conditions,
only dataobtained using prepulses from 10 msto 90 ms were used for
single-exponential fits, owing to reduced fractional recovery atlonger
prepulses.

Extended DataFig. 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 withalarge
extracellular domain and ashortintracellular segment®**. DPPs report-
edly accelerate the activation, inactivation and recovery of Kv4s*,
DPPs modulate Kv4s through their single transmembrane helices and
shortintracellular segments**, 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 C1symmetry, two different classes of structures
were obtained, withtwo or four DPP6S molecules integrated in the com-
plex (Extended DataFigs. 9,10), which s consistent with the previous
stoichiometric analysis of the Kv4-DPP complex*2. 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 C2symmetry inthe 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-
tionsare4.2 Aand 4.5 A 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 A and 3.9 A for the Kv4.2-DPP6S and
Kv4.2-DPP6S-KChIP1complexes, respectively (Extended Data Figs. 9,
10). The dimeric crystal structure of the DPP6S extracellular domain*®
was used asaguide to construct the atomic models of the Kv4.2-DPP6S
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Fig.4|Theinteraction 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 onasingle voltage-sensing domain. DPP6S
interacts with S1and S2 of the Kv4.2 voltage sensor. b, Residues in Kv4.2 S1-S2
facingtheinterface on DPP6S are shown. c-e, Normalized and superposed
currenttraces of wild-type Kv4.2 (grey) and each mutant Kv4.2 (black) (VI9OW
(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

and Kv4.2-DPP6S-KChlIP1structures (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). Inthe extracellular region, two DPP6S dimers
float above the channel core. Within the intracellular part, most of the
N-terminalintracellular segment of DPP6S (around 30 amino acids) is
notresolved, 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-KChlP1 (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
theKv4.2Nand Cterminias well as the intracellular Sé6 helix (Fig.1b, d,
Extended Data Fig.11a-c).

Kv4.2-DPPé6S interaction

Inthe 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 Kv4.3*°, Recently, two potassium channel structures (Kv7.1
andSlol) incomplex with amodulatory transmembrane 3-subunit have
beenreported***.Inboth the Kv7.1-KCNE3 and Slo1-4 complexes, the
B-subunitassociates with the transmembrane interface between neigh-
bouring a-subunits (Extended Data Fig.12). The structure of the Kv4.2-
DPP6S complextherefore represents adistinctinteractionmode among
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Hyperpolarized duration (ms)

Hyperpolarized duration (ms)

(n=8independent experiments).f-h, Comparison of the recovery rate from
inactivationinwild-type Kv4.2 with (black circle) or without (white circle)
DPP6S, and in each mutant Kv4.2 (V186W (f), VI90W (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 currentamplitude of the test pulse by the amplitude of
the prepulse. Symbols and barsrepresent mean +s.e.m. (n=8).Linesrepresent
single-exponential fits.

the potassium channel complexes reported thusfar. Theinteraction of the
Kv4.2-DPP6S complex somewhat resembles that of voltage-gated sodium
channels, such as the Nav1l.4-p1and Nav1l.7-f31 complexes, in which the
Bltransmembrane helixinteracts with SO and S2 of Nav (Extended Data
Fig.12),and therefore their modulation mechanisms could be similar*¢*,
However, the specific involvement of S1in the Kv4.2-DPPéS interaction
suggests the unique modulatory mechanisms of Kv4.

Although the side chains of the DPP6S transmembrane helix could
notbe easily assigned owing to the lack of characteristic density (Sup-
plementary Figs. 6-8), the Kv4.2-DPP6S structure revealed seven
hydrophobic residues in S1and 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-DPPé6S 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, SupplementaryFig.9). As reported previ-
ously>®, 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 (V1I90Win S1;and A228W and C231Win S2) were
inactivated more slowly than the wild type in the presence of DPP6S
(Fig.4c-e,Extended DataFig. 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, ).



We next assessed the mutational effects on voltage-dependentinac-
tivation (Extended DataFigs. 8,13h-n, Supplementary Fig.10). DPP6S
shifted theinactivation curves of the wild type to the negative direction
with the steeper voltage dependence, indicating relative stabilization
of theinactivated state® (Extended Data Figs. 8,13h-n). Five mutants
(T182W, V186 W, F194W, A228W and C231W) showed a similar negative
voltage shiftin 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 VI9OWin S1and A235Win S2 mutants to the positive direction
(Extended DataFigs. 8,13j, n), suggesting that the S1and 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-
tion® (Fig. 4f-h, Extended DataFigs. 8,130-u, Supplementary Fig. 11).
However, the VI9OW and C231W mutants exhibited slower recovery
rates than the wild type in the presence of DPP6S, even though the
V190W mutant alone recovered faster thanthe wild type in the absence
of DPP6S (Fig. 4g, h, Extended Data Fig. 8). The VI86W 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 throughinteractions with the
S1and 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 withinthe tetramer, preventing N-type inactivation but promot-
ing fast CSl and recovery. On the other hand, DPP6S may accelerate the
voltage-dependent movement of the S4 helices by stabilizing the S1-S2
conformation. KChIP1and DPP6S do not directly interact with each other,
andtheyinteract with distinct structures of Kv4.2tomodulateits gating
kinetics in different manners. Therefore, our results suggest that these
twodistinct modes of modulation additively contribute to evoking A-type
currents fromthe native Kv4 macromolecular complex by eliminating OSI,
and accelerating CSland fastrecovery from CSI ('Discussion'in Methods).
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Methods

Datareporting

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-8xHis-tagged Kv4.2, C-terminally Flag-tagged Kv4.2,
N-terminally 8<His-GFP-tagged KChIP1, N-terminally Flag-tagged
KChIP1and C-terminally 8xHis-tagged DPP6S were subclonedinto the
pEG BacMam expression vector. Recombinant baculoviruses of Kv4.2,
KChIP1and DPP6S were generated in Spodoptera frugiperda Sf9 cells
(American Type Culture Collection, CRL-1711), using the Bac-to-Bac sys-
tem (Invitrogen). Cultures (3.21) of HEK293S GnTI  cells (1 x 10°-1.5 x 10°
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-8xHis
only, Kv4.2-Flag:8xHis-GFP-KChIP1(1:2), Kv4.2-GFP-8xHis:DPP6S—
8xHis (1:1), or Kv4.2-GFP-8xHis:Flag-KChIP1:DPP6S-8xHis (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-KchlP1, Kv4.2-DPP6S or Kv4.2-DPP6S-KChIP1
complexeswere collected and resuspended in 80 ml of buffer consist-
ing of 50 mM Tris, pH 7.4,150 mM KCl and 2 mM CaCl, with protease
inhibitor cocktails (Roche), sonicated, and centrifuged at10,000g for
10 min. The supernatant was further ultracentrifuged at 40,000 rpm
for1hto 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 KCI, 2 mM CaCl, and 1.5% DDM-0.3% CHS
with protease inhibitor cocktails. The cells expressing Kv4.2 alone
were collected and directly solubilized by anincubation at4 °Cfor1h
in 50 mM Tris buffer, pH 7.4, containing 150 mM KCl, 2 mM CaCl, 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
1h. The resin was washed with 50 mM Tris buffer, pH 7.4, containing
500 mMKCI, 2 mM CaCl, and 0.03% GDN. The GFP tag was cleaved by
TEV protease overnight at4 °Cin wash buffer. The Kv4.2 alone and Kv4.2
complexes were further purified by size-exclusion chromatography on
aSuperose 610/300 GL increase column (GE Healthcare) equilibrated
with 50 mM Tris buffer, pH 7.4, 150 mM KCI, 2 mM CacCl, and 0.03%
GDN. Peak fractions were pooled, concentrated to 1.5-2 mg ml using
a100-kDa MWCO centrifugal device (Amicon), and ultracentrifuged
at4,000g 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-pl portions of protein sam-
pleswere applied onthegrids, blotted for 4 s with blot force 10 at 100%
humidity, and frozen in liquid ethane cooled with liquid nitrogen by
usinga Vitrobot Mark IV (FEI). Grids were first subjected to Talos Arctica
(FEI) withaK2directelectron detector (Gatan) to screen good ones for
data collection using EPU (v.1.19) (FEI). Then, grids were subjected to
TitanKrios (FEI) microscopy withaK3 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 A2 per 48 frames by the standard mode and datasets of Kv4.2 alone
were collected with a total dose of around 50 electrons per A% per 64
frames by the CDS mode, using SerialEM (v.3.7.10)*% in the counting
mode with a pixel size of 0.83 A and defocus range of 0.8 t0 1.6 pum. 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 Coot*. 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 (2I12R). 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_refine.
The poreradius was calculated with HOLE (v.2.2.004)%". 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 humanKv4.2 (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 vector™. 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
sizeat stage V or VIwere selected and microinjected with 50 nl of cRNA
solution. They were then incubated for 1-2 days at 18 °Cin MBSH buffer,
containing 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO;, 10 mM HEPES,
0.3 mM Ca(NO;),, 0.41 mM CaCl,, and 0.82 mM MgSO,, pH 7.6, sup-
plemented with 0.1% penicillin-streptomycin solution (Sigma-Aldrich,
P4333)%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

lonic 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 CacCl,, 1 mM MgCl, 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 MQ and filled with 3 M
KCI. Generation of voltage-clamp protocols and data acquisition were
performed using a Digidata 1550 interface (Molecular Devices) con-
trolled by the pClampex10.7 software (Molecular Devices). Datawere
sampled at 10 kHz and filtered at 1 kHz by the pClampfit10.7 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 currentamplitude obtained in the experiment, assum-
ing alinear 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 (V,, ,c.)
and the effective charge (z,.) in Extended DataFig. 8.

Recovery frominactivation. The currents were elicited by atwo-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 (z,..) in Extended Data Fig. 8. For
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the Kv4.2 (F474A/H478A) with KChIP1and 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 atlonger prepulses.

Voltage-dependent prepulse inactivation. The holding potential
was -100 mV. After 5 s of prepulses from =120 mV to 0 mV with10-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 currentamplitude 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 (V,,...) and the effective charge
(Zinac) in Extended Data Fig. 8.

Statistical analysis

The electrophysiological data were expressed asmean + 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
software®,

Discussion

Modulation by KChIP1.KChIPs reportedly prevent OSland accelerate
CSland recovery frominactivation™*** (Fig. 3, Extended DataFig. 7a,
Supplementary Fig. 5). The structural comparison between Kv4.2 alone
and the Kv4.2-KChIP1complex provides insight into how KChIPs modu-
late the gating of Kv4s. Inthe Kv4.2-KChIP1complex, 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-typeinactivation. Moreover, while S6 gating helices adopt a
more flexible conformation with weaker interaction with T1-S1linkers
in the structure of Kv4.2 alone, KChIP1 stabilizes these structures and
enhances their interactions in the structure of Kv4.2-KChlIP1. 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 KChIP1stabilizes 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 subunits**% (Fig. 2b).
Third, previous functional studies have suggested that the T1-S1linker
of Kv4 dodecameric channels undergoes major conformational shifts
tightly coupled to movements of the Sé6 tail***, although we do not
know what the T1conformational changeis. Together, these structural
features mediated by KChIP1may allow synchronized and accelerated
S6 gating to enable fast CSland recovery (Extended Data Fig. 14a).

Modulation by DPP6. DPP6S reportedly accelerates the activation,
inactivation, and recovery of K4 channels®. In the Kv4.2-DPP6S com-
plexes, the single-spanning transmembrane helix of DPP6S apparently
stabilizes the structure of S1and S2 helices because it simultaneously
interacts with the lower half of S1 and the upper half of S2 (Fig. 4a, b).
DPP6Sreportedly accelerates both the outward and the inward move-
ments of the Kv4.2 gating charge after depolarization and repolari-
zation, respectively®®. Among the hypotheses to explain the voltage
dependency in voltage-gated channels, the hypothesis that S4 slides
on the surface formed by S1and S2 depending on the membrane po-
tential might be most likely.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
ofactivationand recovery fromthe closed inactivated state (Extended
DataFig.14b).

Previous studies suggest that DPP6S accelerates both OSIand CSI
of Kv4s***¢ (Extended DataFig. 14b). The acceleration of OSI by DPP6S
could involve the N-terminal intracellular domain of DPP6S and the
N terminus of Kv4s*; 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 Sé gate is the molecular basis of CSI'>*2, Therefore, the
acceleration of CSIby DPP6S could be, at least in part, attributed to the
accelerated conformational change of S4 as discussed above (Extended
DataFig.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 Kv4sinthe ternary complex. KChIP1and DPP6S interact
with distinct structures of Kv4.2 to modulate its gating kinetics in dif-
ferent manners (Figs. 1a, 2, 4a). In addition, KChIP1and DPP6S do not
interact witheach other. Overall, the modulatory mechanisms of Kv4.2
by KChIP1and DPP6S are different, and therefore, native Kv4s form
ternary macromolecular complexes with both KChIPs and DPPs to
exhibit eliminated OSI, accelerated CSland fast recovery rate from CSI®
(Extended DataFig.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 Sé6 gating
in Kvl, might be lost following the upshifted movement of S4 during
depolarization>*?? (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 (Kvl-Kv4)
(Supplementary Fig.12a), and mutations of these regions affect the CSI
kinetics of Kv4?* (Supplementary Fig.12b). Inaddition, the open con-
formation of Kv4.2 complexes revealed several Kv4-specific residues
involvedintheintra-subunitinteractions between the S4-S5linker and
S6, as well as the inter-subunit interactions between the S4-S5 linker
and S5 (Supplementary Fig.12a, ¢, 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.
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Extended DataFig.1|Kv4-specific gating mechanism. Comparison ofthe
inactivation mechanisms between Kv4 and Kv1. R: resting state; C: closed
activated state; O: open activated state; OSI: openinactivated state (open state
inactivation); CSI: closed inactivated state (closed state inactivation). Upon
depolarization, Kv4 adopts CSIto becomeinactivated. CSlinvolves the closure
ofthe S6 gate. OSI plays aminor rolein Kv4 inactivation, althoughitis the main
pathway tobecomeinactivated in Kvl. Uponrepolarization, Kv4 returnsto the
restingstate (R) from CSIwith the milliseconds order of the fast recovery rate
whereas Kvlreturnsto the resting state from OSIwith the tens of seconds of the
slowrecoveryrate. Foradetailed 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
gateopensviatheinteraction with the S4-S5linker (orange) to formthe open
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activated conformation (O). After activation, Kv4 takes two distinct
inactivation pathways. Openactivated Kv4 (O) goesto an openinactivated
state (OSI) through the occlusion of the pore by its own N-terminus (N-ball),
whichis characterized by fastinactivation kinetics and called N-type
inactivation or openstateinactivation (OSI). However, the openinactivated
state of Kv4 (OSI) is not stable, and Kv4 reverts to a closed activated state (C)
andthengoestoaclosedinactivated state (CSI). This processis characterized
by slower inactivation kinetics than OSland referred to as closed state
inactivation (CSI) through the S6 closing and S4 conformational change. It
should be noted that CSlis still a fast millisecond-order process. Asaresult,
during depolarization Kv4 accumulatesinaclosed inactivated state (CSI).
Uponrepolarization, Kv4 recovers from CSIto the resting state (R) through the
sliding down of S4 and the conformational change of Sé6.
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a, Fluorescence-detection size exclusion chromatography (FSEC) analyses of
theKv4.2 a-subunit alone orin complex with KChIP1or DPP6S. The human
full-length Kv4.2 alone showed arelatively broad but stillmonodisperse peak.
When co-expressed with KChIP1or 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-KChIP1complexes. c. Representative size-exclusion
chromatography (SEC) profile of the Kv4.2 alone (left) and SDS-PAGE of the SEC
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Extended DataFig. 5|Structures of the Kv4.2 a-subunit protomerinthe
presence and absence of KChIP1and comparison with the Kv1.2-2.1
chimera.a.Structure of the Kv4.2 a-subunit protomer in the Kv4.2-KChIP1
complex. The Tldomainislocated beneath the transmembrane domainata
distance of 25 A. Note that the transmembrane S6.,, helix further extends
toward theintracellularregion, asindicated by the S6.,,, (to S450) and
C-terminal segment (S472-D495). Residues 496-630 are disordered and most of
thisregionis predicted tolack secondary structure (f). b. Structural
comparison of Kv4.2-KChIP1with the Kv1.2-2.1chimera, superimposed by
transmembrane domains. The overall structure of the transmembrane domain
of Kv4.2issimilar to the structures of the Kvl.2-2.1 paddle chimera. Note that
thetwo T1domains do notsuperimpose on eachother. TheKvl.2-2.1chimera
doesnothave anintracellular S6 helix. c. Theintracellular S6 helix of Kv4.2
alonebendsattheinterface onthe T1-S1linker (dashed ellipse) and is
subsequently disordered. In contrast, the S6 helix of Kv4.2-KChIP1complex
extends straight toward KChIP1.d. Close-up view of the superimposed image in
the dashed ellipsein (c). Theintracellular S6 of Kv4.2 starts bending from A419

and extend away from the T1-S1linker in the Kv4.2 alone. However, it keeps a
close distance to T1-S1linker without bending in the Kv4.2-KChIP1complex.
e.Inthe Kv4.2-KChIP1complex, theintracellular S6 and T1-Sllinkerinteract via
electrostaticinteractions (right). In the Kv4.2 alone, the intracellular S6 largely
dissociates from the T1-S1linker (left). f. Prediction of the secondary structure
of Kv4.2 by PSIPRED. Most of the region consisting of residues 496-630 is
predictedtolack secondary structure. g. Structural comparison of Kv4.2-
KChIP1with the Kvl.2-2.1chimera, superimposed by the T1 domains. The two T1
domainsfit very well, but the transmembrane domains do not. h. Different
directions of the C-terminal part of TLdomains, resulting in distinct topologies
betweenKv4.2 and the Kvl.2-2.1chimera. Side (left) and top (right) views of the
T1domainsare shown.i.Superimposition of the protomers of Kv4.2 alone and
the Kv4.2-KChIP1complex 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-T1domainis aligned with the Kvl.2-T1topology (shown by translucent
structure), the Kv4.2S6 helix clashes with KChIP1and does notinteract witha
T1-S1-linker.
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Extended DataFig. 6 |Kv4.2adopts 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 residuesin the S4 helix relativeto a
phenylalanineresidueinthe S2 helixindicates that the present S4 helix of Kv4.2
adoptsthedepolarized “up” conformationin all of four structures.

b. Alignment of S4 amino acid sequences among the closely related Kvl to Kv4.
c.Radiiofthe pores of Kv4.2 alone, Kv4.2-KchlIP1, and the Kvl.2-2.1 chimera,
calculated using the HOLE program. d. The density map of the Kv4.2-KChIP1
complexattheselectivity filter shows the averaged densities of potassiumions

and water. The S6 helix forming the pore adopts an open conformation, with
theselectivity filter occupied by dehydrated K" ions and water molecules,
through the close interaction with the S4-S5linker, as observed in the Kv1.2
structure®® (Extended DataFigs. 5a, b). The previous electrophysiological
studies reported that upon depolarization, Kv4s adopt the closed
conformation (i.e. CSI) at all physiologically relevant membrane potentials
withinacell"™® (Extended DataFig.1). This discrepancy could be attributed to
the micelle whichis likely to facilitate the open conformation. Similar
inconsistentexample was observed in the cryo-EM sstructure of the HCN
channelinahyperpolarized conformationinwhichthe poreis closed whileitis
openwithinacell®.
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Extended DataFig.7|Influence of Kv4.2-KChIP1interface mutations on each mutant with (coloured symbol) or without (coloured open symbol)
KChIP1 modulation ofactivationandinactivation.a. Normalized and KChIP1obtained from Supplementary Fig. 5a. Symbols and bars represent

superposed current traces of WT with (black) or without (gray) KChIP1 elicited meansts.e.m. (n=8).f-i. Comparison of the voltage-dependent prepulse
by test pulses of 40 mV for the qualitative comparisons of inactivation kinetics inactivation for WT with (black circle) or without (white circle) KChIP1, and
(n=8independent experiments). b-e.Peak conductance-Voltage (Gp-V) each mutantwith (coloured symbol) or without (coloured open symbol)
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Extended DataFig. 8 |See next page for caption.
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Extended DataFig. 8| Summary of parameters for wild-type Kv4.2 and
Kv4.2 mutants and inactivation kinetics obtained at40 mV.a. The number
ofthe half-activation voltage (V;,, ...) and effective charge (z,.,) of the voltage-
dependentactivation experiments obtained by single Boltzmann fittings, the
inactivation voltage (V,,,..c.) and effective charge (z;,,.,) of the recovery from
inactivation experiments obtained by single Boltzmann fittings, and the
recovery time constant (t..) of the recovery frominactivation 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

KChIP1compared to WT with KChIP1, and each mutant with DPP6S compared
to WT with DPP6S. For Kv4.2 F474A/H478A with KChIP1and Kv4.2 H480A with
KChIP1conditions, only data obtained using prepulses from 10 msto 90 ms
were used for single-exponential fits to calculate the recovery time constant
owing toreduced fractional recovery at longer prepulses (marked as¥).

b. Fractional contribution of the slow inactivation component (A,,/(Agew +
Ap,e0) at40 mV. c. The slow (7,,,; white) and fast (zq,; gray) inactivation time
constantsat40 mV.Bars represent means s.e.m. (n = 8).Inactivation time
constants (7., and 7,,) and the corresponding amplitude (A, and A,) were
obtained by fitting the inactivation time course to a sum of two exponentials.
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Extended DataFig.9|Cryo-EM micrograph, dataprocessing and electron resolution of each part. The local resolutions of each density map and model
microscopy map of the Kv4.2-DPP6S complex. Focused refinement at buildingat TMregion are shownin Supplementary Fig. 6.
TMe-intracellular part and TM-extracellular part was applied toimprove the



3,078 micrographs
MotionCorr
CTFfind
Particle autopick

871,545 particles
l 2D classification

276,493 particles

BECE0

l 3D classification (C2)

i Wy g
v —-— -
70,252 51,972 44,629 36,405 28,843 44,392

P

Ly W ;@! To
4 ;)Zf Wihs s

5,229 micrographs
MotionCorr
CTFfind
Particle autopick

1,438,394 particles

l 2D classification

482,317 particles

3D classification (C2)

b P w

v @
YYBLY

56,411 70,307 81,619 80,746 119,704

P
=1

~

3,530

166,853

Join Star (240,383 particles)

\iD classification (C1)

73,530

Refine 3D (C2)
(without mask)
—

= e

Side

S 0
Side\:’g '&\g

e
,g’l 139,524
particles

%@

l Refine 3D (C2)

53,803

with whole mask
map H

<Focused Refinement>

Refine 3D (C2) with
TM and DPP6S mask

i B2
4&\@

Refine 3D (C2) with
TM and Cytosolic

mask
.

Postprocess

overlay

l Postprocess

. Y
Kiﬂ% 45A

map J

Final resolution = 4.5 Angstroms

48,104 37,617 36,999 63,860

Final resolution = 4.5 Angstroms

Fourier Shell Correlation

02
000 005 010 015 020 025 030 035 040 045 050

resolution (1/A)

<Local resolution>

map H
Whole mask

map J
TM and DPP6S mask

map |
TM and Cytosolic mask

Top

Side

Resolution (A)
26

Fourier Shell Correlation
Fourier Shell Correlation

35

43

52
60

02
000 005 010 015 020 025 030 035 040 045 050

resolution (1/A) resolution (1/A)

Extended DataFig.10|Cryo-EM micrograph, dataprocessing andelectron
microscopy map of the Kv4.2-DPP6S-KChIP1complex. Focused refinement
at TM-intracellular part and TM-extracellular part was applied toimprove the

.
000 005 010 015 020 025 030 035 040 045 050

resolution of each part. Model building at TMregionisshownin
Supplementary Fig. 7.



Article

a
alone Kv4.2-KChIP1
S SBywo
\‘ ll 'Ol :
T1 domain C-terminal N-terminal
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b
alone Kv4.2-KChlIP1
c d
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Kv4.2-KChlIP1
Kv4 2-DPP6S
Kv4.2-DPP6S-KChIP1

Extended DataFig.11|Structural comparison of N-and C-terminal
conformationsinthe presenceand 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
regionsare disordered in the absence of KChIP1as observedin the structure of
Kv4.2-DPP6S and Kv4.2 alone. Both terminal regions areresolved in the
structure of Kv4.2-DPP6S-KChIP1and Kv4.2-KChIP1.b. Comparison of the
Kv4.2S6 conformations. The intracellular S6 helices of Kv4.2-DPP6S and Kv4.2
alonebend at theinterface onthe T1-S1linker (dashed ellipse inthe

Kv4.2-DPP6S  Kv4.2-DPP6S-KChIP1

Kv4.2-DPP6S

Kv4.2-DPP6S-KChIP1

superimposition

alone
Kv4.2-KChlIP1
Kv4 2-DPP6S
Kv4.2-DPP6S-KChIP1

superimposed image) and is subsequently disordered. By contrast, the S6
helices of Kv4.2-DPP6S-KChIP1and Kv4.2-KChIP1 complexes extend straight
toward KChIP1. c. Close-up view of the superimposed image in the dashed box
in (b). Theintracellular S6 of Kv4.2bend and extend away from the T1-S1linker
inthe Kv4.2-DPP6S complex and Kv4.2 alone. However, it keeps a close distance
to T1-S1linker without bending in the Kv4.2-DPP6S-KChIP1and Kv4.2-KChIP1
complexes. d. Superimposition of the four Kv4.2 structures reveals that the S6
helicesadoptanopen conformationinall structures.
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Extended DataFig.12|Kv4-specificinteraction with the transmembrane close-up views are shown (bottom). Note that asingle DPP6S interacts with
B-subunitrevealed by structural comparisons with other potassium and S1-S2 of asingle voltage-sensing domain (VSD), whereas KCNE3 and 4 interact
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sodium channel complexes. Side and top views (without extracellular

domain) of the Kv4.2-DPP6S-KChIP1, Kv7.1-KCNE3-CaM, Slo1-4, and complexes, respectively. Theinteraction of Navl.7 and lis rather similar to

Navl.7-B1-B2 complexes are shown from left to right. EC: extracellular region; that of Kv4.2-DPP6S, in that asingle f subunitinteracts with asingle VSD.
However, theinteraction of Kv4.2and DPP6Sis unique, because S1of Navl.7is
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by normalizing the peak currentamplitude of the test pulse by the test pulse
after the prepulse of -120 mV and fitted with single Boltzmann functions.
Symbolsandbarsrepresent means+s.e.m. (n=8).0-u. Comparison of the
recovery rate frominactivationamong WT with (black circle) or without (white
circle) DPP6S and each mutant with (coloured symbol) or without (coloured
opensymbol) DPP6S, obtained from Supplementary Fig.11. The fractional
recovery ateach point was determined by normalizing the peak current
amplitude of the test pulse by the amplitude of the prepulse. Symbols and bars
representmeansts.e.m. (n=8).Linesrepresentsingle-exponential fits.

Extended DataFig.13|Influence of Kv4.2-DPPé6S 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
(blackcircle) 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



S4 up
% SA down 0 S6 clos\ng
&P (2P

N-ball
resting (R) closed activated (C) open acnvated (0)
recovery

SG conformation change ‘"hlbl(lon of

90 9@

closed inactivated (CSI) open inactivated (OSI)
(N-type inactivation)

& sS4 up
s2]
34 down se closing
$S4 conformation
change

resting (R) closed actlvated ©) open activated (O)

recovery
56 conformation change

SA conformation change DPP
)( N ball
closed |nacl|valed (Csl) open inactivated (OSI)

(N-type mactlvatlon

DPP DPP DPP
&) S4 up
—
S2, — 4—
ol S4 down a S6 closing
Bos K 56 sS4 conformatlon
change
) (P W Ep
N-ball
resting (R) closed activated (C) open activated (O)
recovery SG conformation change inhibition of
S4 fe ti hi
conformation change oSl ooe
closed inactivated (CSI) open inactivated (OSI)

(N-type |nachvalton

Extended DataFig. 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 openstate 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 inactivationand
recovery.b. Model for Kv4 modulation by DPP. DPPs might stabilize the
conformation of Kv4 S1-S2 and facilitate S4 conformational change, including
S4sliding 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
preventopen stateinactivation (OSI). Asaresult, Kv4 ternary complex
preferentially inactivates froma 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 stateinactivation, and fastrecovery.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

hKv4.2-KChIP1

hKv4.2-KChIP1

hKv4.2-KChIP1

hKvd.2-DPP6S

hKv4.2-DPP6S.

hKv4.2-DPP6S

(EMD-31433) (EMD-31009)  (EMD-31005) (EMD-31013) (EMD-31011)  (EMD-31012)
(PDB 7F3F) (PDB 7E83) (PDB 7E7Z) (PDB 7ESB) (PDB 7E87) (PDB 7E89)
Data collection and processing Data collection and processing
Magnification 105,000 105,000 105,000 Magnification 105,000 105,000 105,000
Voltage (kV) 300 300 300 Voltage (kV) 300 300 300
Electron exposure (e-/A?) 50 50 50 Electron exposure (e-/A?) 50 50 50
Defocus range (um) 0810-16 0810-1.6 0810-16 Defocus range (m) 0810-1.6 08t0-1.6 081t0-16
Pixel size (A) 083 083 0383 Pixel size (A) 083 083 083
Symmetry imposed e c4 c4 Symmetry imposed &) c2 ]
Initial particle images (no.) 1,105,082 1,105,082 1,105,082 Initial particle images (no.) 798,126 798,126 798,126
Final ~particle images (no.) 434,29 434296 286241 Final particle images (no.) 91974 91,974 91974
Map resolution (A) 31 31 32 Map resolution (A) 42 34 40
FSC threshold 0.143 0143 0.143 FSC threshold 0.143 0143 0.143
Map resolution range (A) 29-88 2988 3.083 Map resolution range (A) 37-125 31-125 374126
Refinement Refinement
Initial model used (PDB code) Initial model used (PDB code) ~ IXFD IXFD IXFD
Model resolution (A) 34 35 59 Model resolution (A) 698 595 445
FSC threshold 05 05 05 FSC threshold 05 05 05
Model resolution range (A) Model resolution range (A)
Map sharpening B factor (A%) -179.0 -179.0 -1773 Map sharpening B factor (A?) 2026 -116.4 -178.9
Model composition Model composition
Non-hydrogen atoms 20,580 12,704 7,808 Non-hydrogen atoms 36,832 13,304 23,528
Protein residues 2484 1,496 976 Protein residues 4,548 1,632 2,908
Ligands Ligands
B factors (A%) B factors (A%)
Protein 23 357 349 Protein 809 979 13
Ligand Ligand
Ram.s. deviations Ram.s. deviations
Bond lengths (A) 0,002 0.003 0.002 Bond lengths (A) 0.003 0.003 0.003
Bond angles (°) 0535 0593 0495 Bond angles (°) 0.585 0632 0.601
Validation Validation
MolProbity score 1.86 192 190 MolProbity score 214 209 234
Clashscore 7.04 7.05 9.80 Clashscore 15.01 13.44 1930
Poor rotamers (%) 014 0.00 0.00 Poor rotamers (%) 0.05 0.00 0.04
Ramachandran plot Ramachandran plot
Favored (%) 92.34 90.71 94.36 Favored (%) 92.70 93.01 89.75

hKv4.2-DPP6S-  hKv4.2-DPP6S-  hKv4.2-DPP6S-  hKv4.2 alone
KChIP1 KChIPI KChIPI
(EMD-31019)  (EMD-31016)  (EMD-31018)  (EMD-31399)
(PDB7ESH)  (PDB 7ESE) (PDB7ESG)  (PDB7FOJ)
Data collection and processing
Magnification 105,000 105,000 105,000 105,000
Voltage (kV) 300 300 300 300
Electron exposure (e-/A%) 50 50 50 50
Defocus range (um) 0810-16 08t0-16 0810-16 08t0-1.6
Pixel size (A) 0.83 0.83 0.83 083
Symmetry imposed ] c2 ] c4
Initial particle images (no.) 2309939 2309939 2,309,939 1,507,985
Final  particle images (no.) 139,524 139,524 139,524 70,625
Map resolution (A) 45 39 4.5 29
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range (A) 40130 3.5-12.5 40153 2868
Refinement
Initial model used (PDB code) ~ 1XFD IXFD IXFD
Model resolution (A) 691 401 647 325
FSC threshold 05 05 0.5 05
Model resolution range (A)
Map sharpening B factor (A~ 225.9 -189.392 21152 94.449
Model composition
Non-hydrogen atoms 44,894 21,380 23,528 12,424
Protein residues 5,516 2,606 2,908 1,520
Ligands
B factors (A%)
Protein 101 69.1 149 335
Bond lengths (A) 0.002 0.004 0.002 0.002
Bond angles (°) 0.602 0.660 0.534 0531
Validation
MolProbity score 220 2.16 22 192
Clashscore 1810 15.86 1682 9.61
Poor rotamers (%) 0.00 0.04 0.08 0.00
Ramachandran plot
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Data collection  EPU (version 1.19), Serial EM (version 3.7.10), Clampex (version 10.7)

Data analysis RELION (version 3.0 and version 3.1), PHENIX (version 1.19), MOLREP (version 11.7), COOT (version 0.8.9.1), UCSF Chimera (version 1.14),
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The cryo-EM density maps and atomic coordinates have been deposited in the Electron Microscopy Data Bank. The accession codes for the maps are EMD-31010
(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 1)), EMD-31018 (Kv4.2-DPP6S-KChIP1-TM and EC (map J)), and EMD-31399 (Kv4.2 alone (map X)). The accession codes for
the coordinates are 7E84 (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),
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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 Fig. 3, 4, 8, 9.
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Sample size No statistical method was used to determine the sample size. For cryo-EM analyses, sample sizes were determined by the availability of
microscope time and the number of particles on electron microscopy grids enough to obtain a structure at the reported resolution. For
electrophysiological analyses, sample sizes were determined based on the previous reports of this type of study and the reproducibility of
results across independent experiments.

Data exclusions  For cryo-EM analyses, particles that did not contribute to improving map quality were excluded following the standard classification
procedures in RELION. This is standard practice for structure determination by cryo-EM. For electrophysiological analyses, recordings that
contain leak or endogenous currents were excluded. This is standard practice in electrophysiology.

Replication For cryo-EM analyses, related experiments including FSEC, purification, and SDS-PAGE were reproduced at least two times and structure
determination was completed once. For electrophysiological analyses, all data sets were pooled from at least two independent oocyte
batches.

Randomization  For cryo-EM analyses, particles were randomly assigned to half-maps for resolution determination following the standard procedures in
RELION. For electrophysiological analyses, randomization was not performed since samples were not divided into two or more groups.

Blinding For cryo-EM analyses, blinding was not applicable since this type of studies does not use group allocation. For electrophysiological analyses,
blinding was not applied since it was not technically or practically feasible to do so.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293S GnTI- (ATCC, Cat.#CRL-3022), Sf9 (ATCC, Cat.#CRL-1711)

Authentication The cell lines listed above were purchased from ATCC Cell lines and no further authentication was performed. =
3

Mycoplasma contamination Not performed i
]

Commonly misidentiﬂed lines  HEK cells are listed in the register but it does not specify which type of HEK strains. Our secondary HEL293S GnTI- cell lines
(See ICLAC register) was purchased by from ATCC, where they validated.




Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Adult female Xenopus laevis were used to obtain oocytes.
Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All electrophysiological experiments were approved by the Animal Care Committee of Jichi Medical University (Japan) under the
protocol no. 18027-03 and were performed following the institutional guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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