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Inactivation of voltage-gated Kv1 channels can be altered

by Kvb subunits, which block the ion-conducting pore to

induce a rapid (‘N-type’) inactivation. Here, we investigate

the mechanisms and structural basis of Kvb1.3 interaction

with the pore domain of Kv1.5 channels. Inactivation

induced by Kvb1.3 was antagonized by intracellular

PIP2. Mutations of R5 or T6 in Kvb1.3 enhanced Kv1.5

inactivation and markedly reduced the effects of PIP2. R5C

or T6C Kvb1.3 also exhibited diminished binding of PIP2

compared with wild-type channels in an in vitro lipid-

binding assay. Further, scanning mutagenesis of the N

terminus of Kvb1.3 revealed that mutations of L2 and A3

eliminated N-type inactivation. Double-mutant cycle ana-

lysis indicates that R5 interacts with A501 and T480 of

Kv1.5, residues located deep within the pore of the chan-

nel. These interactions indicate that Kvb1.3, in contrast to

Kvb1.1, assumes a hairpin structure to inactivate Kv1

channels. Taken together, our findings indicate that in-

activation of Kv1.5 is mediated by an equilibrium binding

of the N terminus of Kvb1.3 between phosphoinositides

(PIPs) and the inner pore region of the channel.
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Introduction

Voltage-gated potassium (Kv) channels are essential for

regulating resting membrane potential, repolarization of

action potentials, pacemaking and neurotransmitter release.

Kv channels are tetrameric complexes formed by coassembly

of four identical or homologous a-subunits. Rapid N-type

inactivation of Kv1 channels can result from binding of a

single N-terminal hydrophobic, ‘inactivation ball’ peptide of

an a-subunit to the inner pore region of the channel complex

(Hoshi et al, 1990). The inactivation ball of Shaker B (Kv1.1

of Drosophila) a-subunits is a random coil in aqueous solu-

tion (Lee et al, 1993), but forms a b-hairpin structure when

exposed to a more hydrophobic environment (Lee et al, 1993;

Fernandez-Ballester et al, 1995). There may be variation

in how inactivation ball peptides interact with the

inner pore as the NMR structures of the inactivation balls

of Kv1.4 and Kv3.4 a-subunits are clearly different (Antz et al,
1997).

An alternative structural basis of N-type inactivation of

Kv1 channels has been described. Fast inactivation can also

be mediated by the N terminus of a Kvb subunit (Rettig et al,

1994; Heinemann et al, 1996) that is tethered to the T1

domain of a Kv1 a-subunit. For example, Kvb1, Kvb2 and

Kvb3 subunits alter the activation and inactivation gating of

Kv1.5 channels (Leicher et al, 1998). The inactivation of Kv1

channels is diversified by alternative splicing of the Kvb1
gene, resulting in the isoforms Kvb1.1, Kvb1.2 and Kvb1.3.
The N terminus of Kvb1 subunits was proposed to enter the

pore of a Kv1 channel as an extended peptide (Zhou et al,

2001). In contrast, the N-terminal ball peptides of Kv

a-subunits were proposed to form a compact hairpin structure

that binds to the inner vestibule to occlude the pore (Antz

et al, 1997; Antz and Fakler, 1998). As illustrated by compar-

ison of the N-terminal regions of two Kva and three Kvb
subunits in Figure 1A, there is no apparent sequence

conservation for inactivation ball peptides.

Mutations in the N terminus of Kvb or Kv1 subunits can

prevent their ability to inactivate Kv channels. For example,

deletion of 10 amino acids from the N terminus of Kvb1.3
(Uebele et al, 1998) causes a loss of function as does the L7E

mutation in Shaker B a-subunits (Hoshi et al, 1990). Cysteine
residues at position 7 of Kvb1.1 (Rettig et al, 1994), position 6

of Kv3.4 (Stephens and Robertson, 1995) or position 13 of

Kv1.4 (Ruppersberg et al, 1991) confer a redox sensitivity to

channel inactivation. The loss of function by L7E or L7R in

Shaker B (Hoshi et al, 1990) can be mimicked by phospho-

rylation of Y8 that prevents formation of a functional hairpin

structure (Encinar et al, 2002). In addition, N-type inactiva-

tion of Kv1.5/Kvb1.3 channels is modulated by protein

kinase C (Kwak et al, 1999) and inactivation of Kv1.1/

Kvb1.1 is antagonized by intracellular Ca2þ (Jow et al,

2004). However, the molecular mechanisms and structural

basis of Kva–Kvb interactions that mediate these effects are

poorly understood.

N-type inactivation of Kv3.4 alone or inactivation of Kv1.1

mediated by Kvb1.1 are antagonized by PIP2 (Oliver et al,

2004). For Kv3.4, binding of PIP2 to residues R13 and K14 of

the N terminus appears to mediate this effect (Oliver et al,

2004). Although all three Kvb1 isoforms introduce N-type

inactivation, they differ in inactivation kinetics, intracellular
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modulation and expression pattern. This diversity plus cel-

lular regulation helps to tune Kþ channels to serve specific

function.

We recently identified residues in the pore region of Kv1.5

that interact with Kvb1.3 (Decher et al, 2005). Blockade of

Kv1.5 by drugs such as S0100176 and bupivacaine can be

modified by Kvb1.3. Accordingly, site-directed mutagenesis

studies revealed that the binding sites for drugs and Kvb1.3
partially overlap (Gonzalez et al, 2002; Decher et al, 2004,

2005). In the present study, we used a mutagenesis approach

to identify the residues of Kvb1.3 and Kv1.5 that interact with

one another to mediate fast inactivation. We also examined

the structural basis for inhibition of Kvb1.3-mediated inacti-

vation by PIP2. Taken together, our findings indicate that

when dissociated from PIP2, the N terminus of Kvb1.3 forms

a hairpin structure and reaches deep into the central cavity of

the Kv1.5 channel to cause inactivation. This binding mode

of Kvb1.3 differs from that found earlier for Kvb1.1, indicat-
ing a Kvb1 isoform-specific interaction in the pore cavity.

Results

Identification of residues important for Kvb1.3 function

using cysteine- and alanine-scanning mutagenesis

Wild-type (WT) Kv1.5 channels activate rapidly and exhibit

almost no inactivation when cells are depolarized for 200ms

(Figure 1B, left panel). Longer pulses cause channels to

inactivate by a slow ‘C-type’ mechanism that results in an

B20% decay of current amplitude during 1.5 s depolariza-

tions to þ 70mV (Figure 1B, right panel). At this potential,

inactivation is monoexponential with a time constant of

B0.8 s. Co-expression of Kv1.5 with Kvb1.3 subunits intro-

duces an additional, rapid component (‘N-type’) of inactiva-

tion (Figure 1C). As reported previously (Uebele et al, 1998),

Kvb subunit-induced fast inactivation is eliminated when

Kvb1.3 is truncated by the removal of residues 2–10

(Kvb1.3D2–10; Figure 1C).

To assess the importance of specific residues in the N

terminus of Kvb1.3 for N-type inactivation, we made

individual mutations of residues 2–11 of Kvb1.3 to alanine

or cysteine and co-expressed these mutant subunits with

Kv1.5 subunits. Alanine residues were substituted with

cysteine or valine. Substitution of native residues with alanine

or valine introduces or retains hydrophobicity without dis-

turbing helical structure, whereas substitution with cysteine

introduces or retains hydrophilicity. In addition, cysteine

residues can be subjected to oxidizing conditions to favour

crosslinking with another cysteine residue. Representative

currents recorded in oocytes co-expressing WT Kv1.5 plus

mutant Kvb1.3 subunits are depicted in Figure 2A and B.

Mutations at positions 2 and 3 of Kvb1.3 (L2A/C and A3V/C)

led to a complete loss of N-type inactivation (Figure 2A–D). A

similar, but less pronounced, reduction of N-type inactivation

was observed for A4C, G7C and A8V mutants. In contrast,

mutations of R5, T6 and G10 of Kvb1.3 increased inactivation

of Kv1.5 channels (Figure 2A and B). The effects of all the

Kvb1.3 mutations on inactivation are summarized in Figure

2C and D. In addition, the inactivation of channels with

cysteine substitutions was quantified by their fast and slow

time constants (tinact) during a 1.5-s pulse to þ 70mV in

Figure 2E. In the presence of Kvb1.3, the inactivation of Kv1.5

channels was bi-exponential. With the exceptions of L2C and

A3C, cysteine mutant Kvb1.3 subunits introduced fast inacti-

vation (Figure 2E, lower panel). Acceleration of slow inacti-

vation was especially pronounced for R5C and T6C Kvb1.3
(Figure 2E, lower panel). The more pronounced steady-state

inactivation of R5C and T6C (Figure 2A and B) was not

caused by a marked increase of the fast component of

inactivation (Figure 2E, upper panel).

Kvb1.3 mutations change inactivation kinetics

independent of intracellular Ca2þ

Rapid inactivation of Kv1.1 by Kvb1.1 is antagonized by

intracellular Ca2þ . This Ca2þ -sensitivity is mediated by the

N terminus of Kvb1.1 (Jow et al, 2004), but the molecular

determinants of Ca2þ -binding are unknown. The mutation-

induced changes in the rate of inactivation could potentially

result from an altered Ca2þ -sensitivity of the Kvb1.3 N

terminus. Application of the Ca2þ ionophore ionomycine

(10 mM) for 3min removed rapid inactivation of Kv1.1/

Kvb1.1 channels (Figure 3A). However, this effect was not

observed when either Kv1.5 (Figure 3B) or Kv1.1 (Figure 3C)

was co-expressed with Kvb1.3 subunits. Thus, alternative

splicing of Kvb1 can alter its Ca2þ -sensitivity.

Mutant Kvb1.3 subunits that disrupt inactivation retain

ability to alter voltage-dependent gating of Kv1.5

channels

We reported earlier that although mutation of specific resi-

dues in the S6 domain of Kv1.5 could disrupt N-type inacti-

vation, these mutations did not alter the ability of Kvb1.3 to

cause shifts in the voltage dependence of channel gating

(Decher et al, 2005). This finding suggests that WT Kvb1.3
can bind to and affect Kv1.5 gating without blocking the pore.

Can mutant Kvb1.3 subunits that no longer induce fast

N-type inactivation still cause shifts in the gating of Kv1.5?

This question was addressed by comparing the voltage
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Figure 1 N-type inactivation of Kv1.5 by Kvb1.3. (A) Alignment of
the N termini of Kvb isoforms and of N-type inactivating Kv3.4 and
Shaker channels. (B) Kv1.5 currents during short and long voltage
steps to þ 70mV, illustrating slow time course of C-type inactiva-
tion. (C) Superimposed current traces in response to depolariza-
tions applied in 10-mV increments to test potentials ranging from
�70 to þ 70mV for Kv1.5 alone, co-expressed with Kvb1.3 or with a
Kvb1.3, which lacks the N-terminal amino acids 2–10.
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dependence of activation and inactivation of Kv1.5 when co-

expressed with WTand mutant Kvb1.3 subunits. WTsubunits

shifted the voltage required for half-maximal activation by

�15mV and the voltage dependence of inactivation by

�11mV (Figure 4A and B). Mutant Kvb1.3 subunits retained

their ability to cause negative shifts in the half-points of

activation and inactivation, albeit to a variable degree

(Figure 4A and B). These findings suggest that point muta-

tions in the N terminus of Kvb1.3, including those that

eliminated N-type inactivation, did not disrupt co-assembly

of Kvb1.3 with the Kv1.5 channel.

Interaction of PIP2 with R5 of Kvb1.3
The most pronounced gain of Kvb1.3-induced inactivation

was observed after mutation of R5 or T6 to cysteine or

alanine. To further explore the role of charge at position 5

in Kvb1.3, R5 was substituted with another basic (K), a

neutral (Q) or an acidic (E) amino acid. Introduction of

neutral or negatively charged residues at position 5 acceler-

ated Kvb1.3-induced fast inactivation, without increasing

the relative contribution of the fast component (Figure 5A

and B). In contrast, the conservative exchange R5K did not

alter inactivation (Figure 5B, lower panel). All of the R5

mutant Kvb1.3 subunits retained their ability to cause nega-

tive shifts in the half-points of activation and inactivation

(Figure 5C).

PIP2 antagonizes N-type inactivation of Kv3.4 by binding

to its N-terminal residues R13 and K14 and immobilizing the

inactivation ball (Oliver et al, 2004). PIP2 also removes fast

inactivation of Kv1.1 channels by immobilization of Kvb1.1
(Oliver et al, 2004). We tested whether the R5C or T6C

mutations in Kvb1.3 altered the binding affinity of PIP2 for

the Kvb1.3 N terminus (residues 1–33). A lipid-binding assay

was performed using N-terminal Kvb1.3 GST fusion proteins

and fluorescently labelled liposomes with incorporated

PI(4,5)P2, as described earlier (Soom et al, 2001). The PIP2-

binding affinity (expressed as relative arbitrary units) of R5C

or T6C N-terminal Kvb1.3 fusion proteins was reduced com-

pared with WT fusion proteins (Figure 5D). Specifically, the

fluorescence signal was reduced by 90% for R5C and 41% for

T6C Kvb1.3. The reduction in PIP2-binding affinity for the
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Figure 2 Scanning mutagenesis of the Kvb1.3 N terminus. Superimposed currents elicited by depolarizations applied in 10-mV increments to
test potentials ranging from �70 to þ 70mV for Kv1.5 co-expressed with Kvb1.3 containing either (A) alanine or (B) cysteine mutations as
indicated. (C, D) Relative inactivation plotted as a ratio of steady-state current after 1.5 s (Iss) to peak current (Imax) for alanine/valine or
cysteine point mutations of the Kvb1.3 N terminus. A value of 1.0 indicates no inactivation; a value of 0 indicates complete inactivation.
(E) Kinetics of inactivation for Kv1.5 and Kv1.5/Kvb1.3 channel currents determined at þ 70mV. Labels indicate cysteine mutations in Kvb1.3.
Upper panel: relative contribution of fast (Af) and slow (As) components of inactivation. Lower panel: time constants of inactivation. For (C–E),
*Po0.05; **Po0.005 compared with Kv1.5 plus wild-type Kvb1.3 (n¼ 4–13).
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prevent Kvb1.3-induced N-type inactivation of Kv1.5 (B) or
Kv1.1(C).
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T6C mutant might be caused by impairment of electrostatic

PIP2 interaction with the neighbouring residue R5.

PIP2 (10mM) eliminated Kvb1.3-induced N-type fast inac-

tivation of Kv1.5 measured in inside-out macro-patches from

Xenopus oocytes (Figure 5E, left panel and 5F). In contrast,

PIP2 only partially attenuated the fast channel inactivation

mediated by R5C Kvb1.3 (Figure 5E, right panel and 5F). PIP2
antagonized Kv1.5 inactivation by Kvb1.3 in a concentration-

dependent manner (Figure 5G). Attenuation of Kvb1.3-
induced inactivation was also observed for 10mM PIP and

PIP3 (Figure 5H). In contrast, inactivation was only partially

antagonized by these phosphoinositides (PIPs) when Kv1.5

was co-expressed with R5C Kvb1.3 (Figure 5I). Thus, the

sensitivity of Kv1.5 channels to Kvb1.3 is modulated by PIPs,

and R5 is a key residue for this functional modulation.

Endogenous PIP2 modulates Kv1.5/Kvb1.3 channels

Next, we tested whether a depletion of endogenous PIP2 can

modulate inactivation of the Kv1.5/Kvb1.3 channel complex.

Kv1.5, Kvb1.3 and the Gq-coupled a1A-adrenoreceptor were

co-expressed in Xenopus oocytes. We have shown earlier that

activation of a1A-adrenoreceptors by methoxamine triggers

Gq-coupled inhibition of the K+ channel TASK-1 in oocytes

(Putzke et al, 2007). Stimulation of the a1A-receptor with

1 mMmethoxamine accelerated inactivation and led to a small

but significant reduction in steady-state current amplitude of

the Kv1.5/Kvb1.3 channel complex. Currents were reduced

by 10.5±1.9% (n¼ 8). However, receptor stimulation

might not be sufficient to globally deplete PIP2 from the

plasma membrane of an Xenopus oocyte, especially if the

channel complex and receptors are not adequately coloca-

lized in the cell membrane, an argument used to explain why

stimulation of several Gq-coupled receptors (bradykinin BK2,

muscarinic M1, TrkA) did not cause the expected shift in the

voltage dependence of HCN channel activation (Pian et al,

2007).

The Kv1.5/Kvb1.3 channel complex expressed in Xenopus

oocytes has a more pronounced inactivation when recorded

from an inside-out macropatch (Figure 5E, left panel) as

compared with two-electrode voltage-clamp recordings

(Figure 1C, middle panel). Iss/Imax was significantly de-

creased from 0.40±0.02 (Figure 2C) to 0.24±0.04

(Figure 5G) in an excised patch. This effect might be partially

explained by PIP2 depletion from the patch. Therefore, we

performed inside-out macropatches from Xenopus oocytes

and applied poly-lysine (25 mg/ml) to the inside of the

patch to deplete PIPs from the membrane (Oliver et al,

2004). Poly-lysine enhanced the extent of steady-state

inactivation, decreasing the Iss/Imax from 26.0±5.0 to

10.5±4.3% (Figure 5J). Taken together, these findings indi-

cate that endogenous PIPs are important determinants of the

inactivation kinetics of the Kv1.5/Kvb1.3 channel complexes.

Co-expression of mutant Kv1.5 and Kvb1.3 subunits

In an attempt to determine the structural basis of Kvb1.3
interaction with the S6 domain of Kv1.5, single cysteine

mutations were introduced into each subunit. Our previous

alanine scan of the S6 domain (Decher et al, 2005) identified

V505, I508, V512 and V516 in Kv1.5 as important for inter-

action with Kvb1.3. Here, these S6 residues (and A501) were

individually substituted with cysteine and co-expressed with

Kvb1.3 subunits containing single cysteine substitutions of

L2–T6. Potential physical interaction between cysteine resi-

dues in the a- and b-subunits was assayed by changes in the

extent of current inactivation at þ 70mV (Figure 6).

N-type inactivation was eliminated when L2C Kvb1.3 was

co-expressed with WT Kv1.5 or mutant Kv1.5 channels with

cysteine residues in pore-facing positions (Figures 2B and

6A). Co-expression of L2C Kvb1.3 with I508C Kv1.5 slowed

C-type inactivation, whereas C-type inactivation was en-

hanced when L2C Kvb1.3 was co-expressed with V512C

Kv1.5 (Figure 6A). For A3C Kvb1.3, the strongest changes

in inactivation were observed by mutating residues V505,

I508 and V512 in Kv1.5 (Figure 6B). For A4C Kvb1.3, the

extent of inactivation was changed by co-expression with

Kv1.5 subunits carrying mutations at position A501, V505 or

I508 (Figure 6C). The pronounced inactivation observed after

co-expression of R5C Kvb1.3 with WT Kv1.5 was significantly

reduced by the mutation A501C (Figure 6D). A501 is located

in the S6 segment close to the inner pore helix. The strong

inactivation of Kv1.5 channels by T6C Kvb1.3 was antago-

nized by cysteine substitution of A501, V505 and I508 of

Kv1.5 (Figure 6E). Taken together, these data suggest that R5

and T6 of Kvb1.3 interact with residues located in the upper

S6 segment of Kv1.5, whereas L2 and A3 apparently interact

with residues in the middle part of the S6 segment.

Mutations located deep in the pore of Kv1.5 reduce R5C

Kvb1.3 gain of function

To investigate further whether R5 of Kvb1.3 interacts with

specific residues in the upper region in S6 of Kv1.5, we co-

expressed R5C Kvb1.3 with Kv1.5 subunits harbouring single
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alanine mutations. In addition, R5C Kvb1.3 was paired

with T480A or A501V Kv1.5 subunits (Figure 7A). These

co-expression studies confirmed the putative interaction

between R5 and A501, identified with the A501C mutation

(Figure 6D) and revealed potential interactions of R5 with

V505 and T480 (Figure 7A). We also studied several double

alanine mutations in S6 (V505A/I508A, V505A/V512A

and I508A/V512A). The double mutation V505A/I508A
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Figure 5 Phosphoinositide-binding to R5 of Kvb1.3 prevents N-type inactivation. (A) Superimposed current traces in response to depolariza-
tions applied in 10-mV increments to test potentials ranging from �70 to þ 70 for Kv1.5 co-expressed with Kvb1.3 subunits with indicated
mutations of R5. (B) Kinetics of inactivation for Kv1.5 and Kv1.5/Kvb1.3 channel currents determined at þ 70mV (n¼ 4–13). Labels indicate
mutations of R5 in Kvb1.3. Upper panel: relative contribution of fast (Af) and slow (As) components of inactivation. Lower panel: time
constants of inactivation. (C) Half-points (V1/2) for activation (left panel) and inactivation (right panel) of current determined for oocytes
expressing Kv1.5 channels alone or when co-expressed with WT or R5 mutant Kvb1.3 subunits (n¼ 4–13). For (B, C), *Po0.05; **Po0.005
compared with Kv1.5 alone. #Po0.05; ##Po0.005 compared with Kv1.5þKvb1.3 WT. (D) In vitro PIP2-binding assay of N-terminal Kvb1.3
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10mM PIP2 only partially antagonizes inactivation introduced by R5C Kvb1.3 (right panel). (F) R5C mutation in Kvb1.3 blunts the slowing of
fast inactivation induced by a 15 s application of PIP2 to inside-out macro-patches (n¼ 6–8). (G–J) Effect of PIPs on relative inactivation of
current in inside-out macropatches plotted as a ratio of steady-state current after 1.5 s (Iss) to peak current (Imax). For all experiments n¼ 4–7.
(G) [PIP2]-dependent reduction of inactivation of Kv1.5/Kvb1.3 channel current. (H) At 10 mM, PIP, PIP2 and PIP3 have equivalent effects on
WT Kv1.5/Kvb1.3 channel inactivation. (I) At 10 mM, PIP, PIP2 and PIP3 have similar but reduced effects on Kv1.5/R5C Kvb1.3 channel
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For (G–J) *Po0.05 compared with Kv1.5 alone by Student’s t-test.
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eliminated N-type inactivation induced by R5C (Figure 7B),

whereas the other double mutations had no discernable effect

on fast inactivation (Figure 7B and C). Thus, the enhanced

N-type inactivation induced by R5C Kvb1.3 was only

attenuated by single-residue mutations when they were

located in the upper S6 segment or the pore helix (e.g.

V505, A501 and T480; Figure 7A and C). The reduction in

inactivation was the more pronounced the deeper the muta-

tions were located in the pore cavity (Figure 7C).

Co-expression of WT Kv1.5 with Kvb1.3 cysteine

mutants under oxidizing conditions

Exposure of oocytes to the membrane-permeable oxidizing

agent, t-butyl HO2 (100 mM) had no significant effect on WT

Kv1.5/Kvb1.3 channel inactivation (Figure 8A). However,

oxidation of channels formed by co-expression of Kv1.5

with R5C or T6C Kvb1.3 subunits caused B20-fold increase

in current magnitude, when analysed at the end of a 1.5 s

pulse to þ 70mV (Figure 8B and C). Oocytes co-expressing

Kv1.5 and L2C or A3C Kvb1.3 were also relatively unaffected

by oxidation, whereas A4C Kvb1.3 had an intermediate

sensitivity (Figure 8C). Redox sensitivity was correlated

with the extent of inactivation induced by the specific muta-

tion in Kvb1.3. Unfortunately, these effects prevented cross-

linking experiments as an aid to identify specific residue

interactions between Kvb1.3 and Kv1.5. However, the pre-

vention of R5C-mediated channel inactivation by t-butyl HO2

were utilized to gain further evidence that this residue is

located deep within the pore. When 100 mM t-butyl HO2 was

applied to Kv1.5/R5C Kvb1.3 channels that were inactivated

by a prolonged pulse to þ 40mV, only partial relief of

inactivation was achieved (Figure 8D). Inactivation was

nearly completely removed when the cell was subsequently

held at �80mV for 3min before recording another voltage

step to þ 40mV (Figure 8D, right panel). Summary data for

multiple cells (n¼ 8) are plotted in Figure 8E. The oxidation-

induced alteration of R5C channel gating does not require
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pulsing. When oocytes were held at �80mV during perfusion

with t-butyl HO2, currents were maximally increased during

the first pulse to þ 40mV, and this effect was fully reversible

upon washout of t-butyl HO2 from the bath solution

(Figure 8F). The relatively rapid reversal indicates that the

C5 in Kvb1.3 was probably oxidized to a sulphinic or sul-

phonic acid (Claiborne et al, 2001; Poole et al, 2004), rather

than forming a disulphide bridge with another Cys in the

same or another Kvb1.3 subunit. These findings suggest that

when Kvb1.3 subunit is bound to the channel pore, it is

protected from the oxidizing agent.

Double-mutant cycle analysis of Kv1.5–Kvb1.3
interactions

The experiments summarized in Figures 6D and E, and 7A–C

predict that R5 and T6 of Kvb1.3 interact with residues in

the upper S6 segment, near the selectivity filter of Kv1.5.

In contrast, for Kvb1.1 and Kv1.4 (Zhou et al, 2001), this

interaction would not be possible because residue 5 interacts

with a valine residue equivalent to V516 that is located in the

lower S6 segment (Zhou et al, 2001). To identify residues of

Kv1.5 that potentially interact with R5 and T6, we performed

a double-mutant cycle analysis. The Kd values for single
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Figure 8 Effects of oxidation on WTand cysteine mutant Kv1.5/Kvb1.3 channels. (A) t-Butyl HO2 (100mM) has no effect on WT Kv1.5/Kvb1.3
current elicited by 1 s pulse to þ 70mV. Currents were normalized to the peak amplitude before the addition of t-butyl HO2. (B) Normalized
currents of Kv1.5/R5C Kvb1.3 before and after the application of 100 mM t-butyl HO2. (C) Change in Kv1.5/Kvb1.3 channel current magnitude
induced by 100 mM t-butyl HO2. Mutations of Kvb1.3 are indicated on X-axis. (D, E) State-dependent modification of inactivation by oxidation.
Kv1.5/R5C Kvb1.3 current was first recorded with a voltage step to þ 40mV (D, left panel). Subsequently, the oocyte was held at þ 40mV
while the cell chamber was perfused with 100mM t-butyl HO2 (D, middle panel). The oocyte was then clamped to �80mV for 3min before
another voltage step to þ 40mVwas recorded (D, right panel). (E) Change in current amplitude induced by oxidation when oocytes were held
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inactivation was recovered after washout of t-butyl HO2. (G) Double-mutant cycle analysis of channels with indicated mutations in Kv1.5 and
Kvb1.3 subunits.
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mutations (a or b subunit) and double mutations (a and b
subunits) were calculated to test whether the effects of

mutations were coupled. The apparent Kd values were calcu-

lated based on the time constant for the onset of inactivation

and the steady-state value (% inactivation; see Materials and

methods). Figure 8G summarizes the analysis for the co-

expressions that resulted in functional channel activity.

Surprisingly, no strong deviation from unity for O was

observed for R5C and T6C in combination with A501C,

despite the effects observed on the steady-state current

(Figure 6D and E). In addition, only small deviations from

unity for O were observed for R5C co-expressed with V505A,

although the extent of inactivation was altered (Figure 7A).

The highest O values were for R5C in combination with

T480A or A501V. These data, together with the results

shown in Figures 6 and 7, suggest that Kvb1.3 binds to the

pore of the channel with R5 near the selectivity filter. In this

conformation, the side chain of R5 might be able to reach

A501 of the upper S6 segment, which is located in a side

pocket close to the pore helix.

Model of the Kvb1.3-binding mode in the pore of Kv1.5

channels

Our data suggest that R5 of Kvb1.3 can reach deep into the

inner cavity of Kv1.5. Our observations are difficult to

reconcile with a linear Kvb1.3 structure as proposed for

interaction of Kvb1.1 with Kv1.1 (Zhou et al, 2001).

The Kv1.5 residues proposed to interact with Kvb1.3 are
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highlighted in Figure 9A. The energy-optimized model of the

first 11 residues of the Kvb1.3 N terminus is shown in

Figure 9B. The side chain of R5 points towards A3 leading

to a compact hairpin structure that would easily fit into the

inner cavity of the Kv1.5 pore. This Kvb1.3 structure was

manually positioned within the confines of the Kv1.5 central

cavity before calculating energy-minimized binding poses.

Figure 9C illustrates the docking of Kvb1.3 with a single

Kv1.5 subunit. The residues in Kv1.5 described earlier as

important for interaction with Kvb1.3 (Decher et al, 2005) are

highlighted with van der Waals surfaces. Figure 9D depicts

the docking of Kvb1.3 with two subunits, displaying impor-

tant Kv1.5 residues as ball and stick model. A stereo-view of

the docking with two Kv1.5 subunits is shown in Figure 9E.

In the docking shown, the backbone of the Kvb1.3 hairpin at

position R5 and the residues T6 are in close proximity

(2.74 Å) to T480 of the selectivity filter.

Next, we tested whether bulky side-chains at key residues

in the N terminus of Kvb1.3 affect inactivation. Introducing a

tryptophan at positions R5 and T6 (at the tip of the proposed

hairpin) enhanced inactivation (Figure 10A) as observed for

other substitutions of these residues, consistent with the

backbone of R5, and not its bulky side chain interacting

with the selectivity filter. Kvb1.3 has two Gly residues located

at positions 7 and 10. Mutation of G10 to Ala or Cys (Figure 2)

or Trp (Figure 10B) did not reduce the ability of Kvb1.3 to

induce inactivation. In contrast, although mutation of G7 to

Ala had no functional consequence (Figure 2A), substitution

with Cys significantly reduced inactivation (Figure 2B).

Mutation of G7 to a much bulkier and hydrophobic Trp

completely eliminated inactivation (Figure 10B), indicating

the requirement for a small residue in this position located

near the start of the hairpin loop.

Discussion

Occlusion of the central cavity by an inactivation peptide is

the mechanism of rapid, N-type inactivation of Kv channels

(Hoshi et al, 1990). Depending on the specific Kv channel, the

inactivation peptide can either be the N terminus of the

Kv a-subunit or a separate, tethered Kvb subunit. Considering

their common function, the N-terminal regions of Kv1.4,

Kv3.4 or Shaker B a-subunits and the three Kvb1 subunit

isoforms have a surprisingly low sequence homology. NMR

structures of Kv1.4 and Kv3.4 indicated earlier that Kva
inactivation peptides can adopt different tertiary structures.

Using systematic site-directed mutagenesis, we studied the

mode of binding of Kvb1.3 subunits to Kv1.5 channels.

Comparing earlier work with our new findings suggests

that the mode of binding of Kvb1.x subunits to Kv channels

exhibit significant variability. We also found that Kvb1
isoforms are differentially modulated by Ca2þ and PIP2.

We have identified an arginine residue (R5) located in the

proximal N terminus of Kvb1.3 subunits as a likely binding

site for intracellular PIP2. Binding of PIPs to R5 prevents

N-type inactivation mediated by Kvb1.3. Although Kvb1.1
is also sensitive to PIP2, the first 10 amino acids of this

subunit do not include an arginine residue. Thus, the PIP2
sensor of Kvb1.1 remains to be discovered. In our lipid-

binding assay, the N terminus of Kvb1.3 binds PIP2 with

high affinity. For the N terminus of Kvb1.3, we observed a

strong PIP2-binding signal with 5mol% of PIP2. With the

same assay, addition of 10 and 35mol% PIP2 was required for

significant binding to the Kv3.4 and Kv1.4 N termini (Oliver

et al, 2004). In addition, we were able to show that a single

residue substitution in the Kvb1.3 N terminus can almost

completely abolish PIP2-binding. When bound to PIP2,

Kvb1.3 may be positioned near the channel pore, but incap-

able of blocking the channel. This putative resting state might

correlate with the pre-bound or pre-blocking state (O0), as

was proposed earlier for Kvb1 subunits (Zhou et al, 2001).

Binding of Kvb1.3 to the O0 state might induce shifts in the

voltage dependence of steady-state activation and C-type

inactivation, even for mutant forms of Kvb1.3 that are no

longer capable of inducing N-type inactivation. The modula-

tion of N-type inactivation in native Kv1.x–Kvb1.3 complexes

by PIP2 might be important for the fine-tuning of neuronal

excitability. As a result, fluctuations in intracellular PIP2
levels due to Gq-coupled receptor stimulation might be

relevant for the inactivation of Kþ channels and thus, for

electrical signalling in the brain.

The variation in the amino-acid sequence of the proximal

N termini also determines the different redox sensitivities of

Kvb1.1 and Kvb1.3. Normally, Kvb1.3 subunits are redox

insensitive. However, we found that a single cysteine residue

introduced at any position between amino acids 3–11 is

sufficient to confer redox sensitivity to Kvb1.3. Also in

contrast to Kvb1.1, we found that Kvb1.3 was not sensitive

to increased intracellular Ca2þ concentrations. Thus, an

important physiological consequence of N-terminal splicing

of the Kvb1 gene might be the generation of rapidly inactivat-

ing channel complexes with different sensitivities to redox

potential and intracellular Ca2þ .

We propose that Kvb1.3 binds to the pore of Kv1.5

channels as a hairpin-like structure, similar to the N-terminal

inactivation particles of Kv1.4 and Kv3.4 a-subunits (Antz

et al, 1997). This is in contrast to Kvb1.1, which was reported

to bind to the central cavity of the Kv1 channel as a linear

peptide (Zhou et al, 2001). For Kvb1.1, interactions of residue
5 (Ile) were observed with sites in the distal S6 segment of

Kv1.4, three helix turns distal to the PVP motif (Zhou et al,

T6W
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Figure 10 Tryptophan substitutions of R5, T6, G7 and G10.
Currents shown were elicited by 200ms pulses to test potentials
ranging from �70 to þ 70mV from a holding potential of �80mV.
Peak current amplitudes were reduced by 78.8±3.1% (n¼ 8) for
R5W, by 86.1±2.8% for T6W (n¼ 9), by 12.5±1.8% for G7W
(n¼ 10) and by 60.7±2.4 % for G10W (n¼ 9).
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2001). The interaction of R5 and T6 from Kvb1.3 with the S6

segment residues high in the inner cavity and residues near

the selectivity filter of Kv1.5 is only plausible if Kvb1.3 blocks

the channel as a small hairpin, as in the energy-minimized

conformation illustrated in our model. The narrowing of the

pore by the four S6 segments near the PVP motif with a

diameter of 0.9–1.0 nm suggests that Kvb1.3 can enter the

inner cavity configured as a small hairpin. In addition, this

hairpin structure is smaller than the N-terminal ball domains

that were proposed earlier for the Kv1.4 and Kv3.4 N termini

(Antz et al, 1997). On the basis of the crystal structures

available, these inactivation balls are too large to pass the

PVP barrier and enter the inner cavity. Accordingly, these

N-terminal ball domains might bind more distally in the S6

segments and block the pore as ‘shallow plugs’ (Antz et al,

1997).

Mutation of R5 in Kvb1.3 to E, C, A, Q and W accelerated

the Kv1.5 channel inactivation. Thus, the acceleration of

inactivation by R5 mutations is independent of the size and

charge of the residue introduced. Together with our PIP2-

binding assay, these findings suggest that PIP2 immobilizes

Kvb1.3 and prevents it from entering the central cavity to

induce N-type inactivation. Our model predicts that the back-

bone of the hairpin, near R5, interacts with the selectivity

filter. This is in good agreement with our observation that the

nature of the side chain introduced at position 5 was not

relevant for the blocking efficiency of the hairpin.

N-terminal splicing of Kvb1 produces the Ca2þ -insensitive

Kvb1.3 isoform that retains the ability to induce Kv1 channel

inactivation. We propose that the N terminus of Kvb1.3 exists

in a pre-blocking state when PIPs located in the lipid mem-

brane bind to R5. We further propose that when Kvb1.3
dissociates from PIPs, it assumes a hairpin structure that

can enter the central cavity of an open Kv1.5 channel to

induce N-type inactivation.

Materials and methods

Molecular biology
Kv1.5 cDNA in the pSGEM oocyte expression vector and the
methods of site-directed mutagenesis were described earlier
(Decher et al, 2004). The Kv1.5 sequence (NM_002234) has an N
terminus with two additional residues compared with an earlier
database entry (M60451). This results in a shift of the amino acid
numbering of þ 2 when compared with older literature. Restriction
mapping and DNA sequencing were used to confirm the presence of
the desired mutation and the lack of extra mutations in the PCR-
amplified segment. Complementary RNA (cRNA) for injection into
oocytes was prepared with T7 Capscribe (Roche) after linearization
with NheI. The Kvb1.3 construct in a modified pSP64T vector was
described previously (England et al, 1995) and cRNA was made
with SP6 Capscribe (Roche) after linearization with EcoRI. The
quality and quantity of cRNA were determined by gel electropho-
resis and UV spectroscopy.

Lipid-binding assays
For the lipid-binding assay, the nucleotide sequence encoding
amino acids 1–33 of WT Kvb1.3 and mutants R5C and T6C were
subcloned with EcoRI–SalI into the pGEX4T-1 vector (Amersham
Pharmacia Biotech) to produce an in-frame GST fusion protein.
Proteins and liposomes were prepared and assayed as described
(Soom et al, 2001). Briefly, GST, GST-fused Kvb1.3 (residues 1–33),
Kvb1.3 (residues 1–33) R5C and Kvb1.3 (residues 1–33) T6C were
overexpressed in Escherichia coli strain BL-21 Codon Plus and
immobilized on GSH Sepharose according to the manufacturer’s
instructions (Amersham Pharmacia Biotech). Mixed liposomes
were prepared from PI(4,5)P2, phosphatidylcholine (PC), phospha-

tidylethanolamine (PE), cholesterol (ChS) and rhodamine-PE (Rh-
PE) to obtain a lipid composition of 5mol% PI(4,5)P2. The PE, ChS
and Rh-PE contents were always 50, 32 and 1mol%, respectively.
Immobilized GST proteins (0.01mM) were incubated with lipo-
somes with subsequent washing. Binding of liposomes to immo-
bilized proteins was quantified by fluorescence measurement using
excitation/emission wavelengths of 390/590nm (cutoff at 570 nm).
The data were corrected by subtracting the fluorescence of control
liposomes without PI(4,5)P2 from the values obtained in assays
with liposomes containing PI(4,5)P2 and normalized to the binding
of GST-fused Kvb1.3 WT peptide. Results are presented as mean±
s.e.m. of three parallel experiments.

Two-electrode voltage-clamp
Stage IV and V Xenopus laevis oocytes were isolated and
injected with cRNA encoding WT or mutant Kv1.5 and Kvb1.3
subunits as described earlier (Decher et al, 2004). Oocytes were
cultured in Barth’s solution supplemented with 50 mg/ml gentamy-
cin and 1mM pyruvate at 181C for 1–3 days before use. Barth’s
solution contained (in mM): 88 NaCl, 1 KCl, 0.4 CaCl2, 0.33
Ca(NO3)2, 1 MgSO4, 2.4 NaHCO3, 10 HEPES (pH 7.4 with NaOH).
For voltage-clamp experiments, oocytes were bathed in a modified
ND96 solution containing (in mM): 96 NaCl, 4 KCl, 1 MgC12, 1
CaC12, 5 HEPES (pH 7.6 with NaOH). Currents were recorded at
room temperature (23–251C) with standard two-microelectrode
voltage-clamp techniques (Stuhmer, 1992). The holding potential
was �80mV. The interpulse interval for all voltage-clamp protocols
was 10 s or longer to allow for full recovery from inactivation
between pulses. The standard protocol to obtain current–voltage
(I–V) relationships and activation curves consisted of 200ms or
1.5 s pulses that were applied in 10-mV increments between �70
and þ 70mV, followed by a repolarizing step to �40mV.

The voltage dependence of the Kv1.5 channel activation (with or
without co-expression with Kvb1.3) was determined from tail
current analyses at �40mV. The resulting relationship was fit to a
Boltzmann equation (equation (1)) to obtain the half-point (V1/2act)
and slope factor (kact).

In ¼
1

1þ exp ½ðV1=2 act � VtÞ=kact�
ð1Þ

The voltage dependence of Kv1.5 inactivation was determined by
using a two-pulse protocol. A prepulse of 1 s was applied to
potentials ranging from �90 to þ 70mV and was immediately
followed by a 200ms test pulse to þ 70mV. The relative amplitude
of peak current during the test pulse was plotted as a function of the
prepulse voltage and the relationship fit to a Boltzmann function to
obtain the V1/2inact for inactivation. Other voltage pulse protocols
are described in the Results and figure legends. Data are expressed
as mean±s.e.m. (n¼number of oocytes).

Excised macropatches from Xenopus oocytes
Recordings from inside-out macropatches were performed as
described previously (Oliver et al, 2004). Pipettes (0.2–0.4MO)
were filled with extracellular solution (mM): 115 NaCl, 5 KCl, 10
HEPES and 1 CaCl2 (pH 7.2 with NaOH). Intracellular solution
contained (mM): 100 KCl, 10 EGTA and 10 HEPES (pH 7.2 with
KOH). A hypertonic solution used to shrink oocytes and facilitate
removal of the vitelline membrane contained (mM): 200
K-aspartate, 20 KCl, 1 MgCl2, 10 EGTA and 10 HEPES (pH 7.4 with
KOH).

Double-mutant cycle analysis
The double-mutant cycle parameter O (equation (2)) was calculated
to quantify the degree of coupling between two mutations, as
described previously (Hidalgo and MacKinnon, 1995; Gulbis et al,
2000).

O ¼
KWTþWT
d � Kmutþmut

d

KWTþmut
d � KmutþWT

d

ð2Þ

A value of O greater than unity indicates that the effects of two
mutations are coupled. For O values smaller than 1, the reciprocal
was taken to facilitate the display of changes from unity, as
described previously (Hidalgo and MacKinnon, 1995). The Kd

values were obtained from the apparent rate constants for binding
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(a) and unbinding (b), according to:

Kd ¼
a
b

The a and b values were obtained from the inactivation time
constant (tin) and the steady-state probability (ss) at the end of 1.5-s
pulses. For the double-cycle analysis, only the predominant (fast)
component of the inactivation was analysed:

tin ¼
1

aþ b

ss ¼
b

aþ b

Molecular modelling and docking
Molecular modelling was based on the crystal structure of the
mammalian Shaker Kv1.2 potassium channel subunit complex
(PDB 2A79) and the sequence of potassium channel subunit Kv1.5

(NP_037104). A hairpin-shaped structural model of the first 11
residues of the Kvb1.3 N terminus (AAD37855) was built and
energy-optimized (Figure 9B). Interactions of the Kvb1.3 N
terminus and Kv1.5 were determined by molecular docking. The
docking was initiated from random configurations (n¼ 200) of the
Kvb1.3 N terminus in the cytoplasmic cavity of the Kv1.5 tetramer
and performed by using simulated annealing techniques with an
initial temperature of 500K and a final temperature of 300K.
Residues of Kv1.5 facing the pore region and the Kvb1.3 N terminus
were flexible during the optimization procedure. Modelling and
docking were performed with the Insight II modules Homology,
Builder and Docking (version 8.2; Accelrys, San Diego, CA).
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