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Introduction
The voltage-gated potassium channel superfamily (Kv) contains 12 families,
each of which comprise several family members. The Kv channels form
tetramers among the members of one family but, as a rule, not with the
members of the other families.
The exception are the so-called silent subunits - Kv5, 6, 8 and 9. They are
classiﬁed as silent because they cannot form heteromers among each other, but
must be co-expressed with Kv2. Nevertheless, the silent subunits have the

In this study, we will in focus on
Kv6.4 subunits. While Kv6 is
ubiquitously expressed, their
physiological role is not clear. They
apparently do regulate Kv2
expression and function when coexpressed.

Kv6.4 mutation linked to migraine
inhibits Kv2.1 expression

We began narrowing down on the relevant residues by alignment of the
regions that are well known to strongly inﬂuence gating behaviour of Kv. This
led to the identiﬁcation of 3 principal residues :
P419 had been investigated previously by Psiupati et al. (2018) and has not
been investigated here. It is likely responsible for the steric hindrance leading
to the 2:2 stoichiometry as suggested by the authors of that study.
Y345 in the S4
The 4th gating charge in Kv2.1 is in Kv6.4 replaced by a tyrosine. This
replacement is speciﬁc to Kv6 channels and does not occur in the other silent
subunits Kv5, 8 or 9.












same hexahelical structure as the
other voltage-gated cation channels.

Kv2.1R306Y and Kv6.4Y345R

Kv2.1 :vvQifRimRilRilKlaRhstg
Kv1.1 :ilRviRlvRvfRifKlsRhskg
Shaker:ilRviRlvRvfRifKlsRhskg
Kv1.2 :ilRviRlvRvfRifKlsRhskg
Kv6.1 :vlRvlRalRilYvmRlaRhslg
Kv6.2 :vlRllRalRvlYvmRlaRhslg
Kv6.4 :vlRvlRalRilYvmRlaRhslg
Kv6.3 :tlRvlRmmRifYviKlaRhfig
Kv8.1 :ivQvlRllRalRmlKlgRhstg
Kv9.1 :vvQvfRlmRifRvlKlaRhstg
Kv5.1 :avQalRimRiaRifKlaRhssg

Kv2.1
Non-silent Kv1.1
Shaker
subunits
Kv1.2
Kv6.1
Kv6.2
Silent
subunits Kv6.4
Kv6.3
Kv8.1
Kv9.1
Kv5.1

:pipiivnnFseFyk
:pvpvivsnFnyFyh
:pvpvivsnFnyFyh
:pvpvivsnFnyFyh
:pvtsifhtFsrSyl
:pvtsifhtFsrSys
:patsifhtFshSyl
:pitfiyhsFvqCyh
:piaiindrFsaCyf
:pitiifnkFshFyr
:pihpiinnFvrYyn

The mutation Kv6.4 L360P has been
identiﬁed in patients suﬀering under bouts of
migraine [E. Bocksteins, 2015]. This position
is located in the C-terminal S4-S5 linker
proximal the S5.

Co-expression of Kv2.1-R306Y with Kv6.4-Y345R does not recover the
phenotype of Kv2.1-Kv6.4 wildtype heteromers.

Kv2.1R306Q
To identify whether the charge neutralization alone is responsible for the shift of
activation and inactivation or whether other physicochemical parameters of
tyrosine play a role, we tested the more conservative mutation Kv2.1-R306Q.
Both conductance and inactivation were also shifted to more polarized potential
to even a larger extent than Kv2.1-R306Y. This holds true in the presence of
Kv6.4. We were unable to express Kv2.1R306Q-6.4Y345R.

Co-expression of Kv6.4-L306P
led to signiﬁcantly reduced
expression of Kv2.1 signiﬁcantly
more than Kv6.4 wildtype.
Conductance and Inactivation
voltage relations of the remaining
channels were identical to Kv2.1
wildtype, suggesting that the low
expression arises from Kv2.1
homotetramers.

S460 replaces a phenylalanine in the Kv2.1 channel that has been shown
previously to be important for electromechanical coupling (Haddad et al.,
2011).

The mutation L360P has been linked
to increased occurrence of migraine.

The residues were replaced with the corresponding positions in Kv2.1.

Kv2.1/6.4 heteromers form in a 2:2
stoichiometry. Co-expression of
Kv6.4 leads to a strong
hyperpolarization of Kv2.1
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75kD

inactivation in comparison to the Kv2.1 homotetramer. Activation is not
signiﬁcantly shifted, but loses apparent gating charge.

Conductance

Kv2.1

The aim of this study is to identify the structural determinants
causing the strong shift of the inactivation kinetics towards more
polarized potentials.
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Kv2.1

-23.7±0.4

-6.1±0.3

-4.24±0.24

18

0.426±0.010

Kv2.1-6.4

-59.9±0.8

-8.9±0.5

-2.9±0.2

12

0.448±0.016

Replacing the Gating Charge Y345R

Methods

We ﬁrst tested the eﬀect of reversing the gating charge to arginine in Kv6.4Y345R.

Xenopus oocytes
Xenopus Laevis oocytes
are injected with RNA for
the channels we are
interested in.

We inject the subunits
separately and there are
three possible
conﬁgurations. A 6.4
homotetramer is silent and doesn ’t aﬀect the measurements while a 2.1
homotetramer will interfere. To avoid that we inject a ration of 2.1:6.4 of 1:10
so that the population of 2.1 homotetramers is minimal. A 3:1 ratio of subunits
has been shown to be impossible in a previous study. [L. Möller, R. Blunck et al, Determining

Kv2.1-R306Y
//6.4

The conductance voltage relation was shifted to the WT Kv2.1 value in the
presence of Kv6.4-Y345R. However, the apparent gating charge remained lower
than in WT. Inactivation was shifted towards more depolarized potentials in
Kv6.4-Y345R but did not reach the values of Kv2.1-WT.
The opposite mutation Kv2.1-R306Y shifted the conductance voltage relation to
more polarized potentials overcoming the shift by Kv6.4. However, the apparent
gating charge is not reduced.

the correct stoichiometry: Kv2.1/Kv6.4 heterotetramers are functional in multiple stoichiometrical conﬁgurations, 2020]

Kv2.1//6.4

+1.5mV

V50 (mV)

-19.42mV

-36.2mV

Kv2.1-R306Y
//6.4Y-345R

Conductance
curves

Kv2.1//R306Q

Kv2.1

-36.8mV

Slope(k)

N

Apparent charge
(Z)

0.15±0.69

11.20±0.61

2.31±0.13

16

Kv2.1-6.4

-8.69±0.47

15.89±0.41

1.63±0.04

35

Kv2.1R306Y

-22.53±0.75

15.06±0.66

1.72±0.08

8

Kv2.1R306Y-6.4

-10.27±0.55

18.57±0.48

1.39±0.04

15

Kv2.1-6.4Y345R

-1.08±0.69

16.09±0.61

1.61±0.06

21

Kv2.1R306Y-6.4Y345R

-17.59±0.99

19.57±0.87

1.32±0.06

10

Kv2.1R306Q

-30.37±1.27

20.13±1.12

1.28±0.07

14

Kv2.1R306Q-6.4

-13.82±0.57

22.80±0.50

1.13±0.03

12

V50 (mV)

Slope (k)

Kv2.1

+

+

-

-

-

Kv6.4Gfp

+

-

-

+

-

Kv6.4GFP L360P

-

+

-

-

+

Aquaporine RFP

+

+

-

+

+

Kv2.1-R306Q
//6.4
-40.61mV

Kv2.1

Inactivation curves

After 24-48h the channels
have been expressed and
reach the membrane.

Kv2.1
-6.4-Y345R

-26.91mV

37kD
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Conclusions
The tyrosine replacing a gating charge in the S4 of Kv6.4
causes the strong shift of inactivation towards more
polarized potentials.
The charge neutralization in Kv6.4 rather than the
hydrophobicity of Y345 causes the shift in inactivation.

N

Apparent charge
(Z)

SDS-PAGE analysis of
Kv6.4-L360P resulted in a
higher expression level
despite the absence of
functional channels at the
plasma membrane
indicating a traﬃcking
defect.

Amin

Kv2.1

-23.69±0.43

-6.1±0.34

-4.24±0.24

18

0.426±0.010

Kv2.1-6.4

-59.89±0.78

-8.88±0.49

-2.91±0.16

22

0.448±0.016

Kv2.1R306Y

-71.95±1.50

-11.33±1.04

-2.28±0.21

11

0.361±0.026

Kv2.1R306Y-6.4

-86.83±1.08

-11.98±0.78

-2.16±0.14

7

0.460±0.015

Kv2.1-6.4Y345R

-48.53±0.43

-7.31±0.34

-3.54±0.16

12

0.456±0.008

Kv.2.1R306Y-6.4Y345R
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-12.68±0.62

-2.04±0.10

7

0.462±0.012
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-13.90±4.18

-1.86±0.20

12

0.353±0.055

Kv2.1R306Q-6.4

-100.50±0.65

-13.00±0.41

-1.99±0.06

6

0.343±0.011

The loss of the apparent gating charge is not aﬀected by
Y345.
The mutation Kv6.4-L360P linked to occurrence of
migraines in patients causes diminished expression of
Kv2.1-Kv6.4 heteromers due to a traﬃcking defect.

Kv2.1-F419S and Kv6.4-S460F
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