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ABSTRACT Voltage-gated K1 channel activation is proposed to result from simultaneous bending of all S6 segments away
from the central axis, enlarging the aperture of the pore sufficiently to permit diffusion of K1 into the water-filled central cavity.
The hinge position for the bending motion of each S6 segment is proposed to be a Gly residue and/or a Pro-Val-Pro motif in
Kv1–Kv4 channels. The KCNQ1 (Kv7.1) channel has Ala-336 in the Gly-hinge position and Pro-Ala-Gly. Here we show that
mutation of Ala-336 to Gly in KCNQ1 increased current amplitude and shifted the voltage dependence of activation to more
negative potentials, consistent with facilitation of hinge activity that favors the open state. In contrast, mutation of Ala-336 to Cys
or Thr shifted the voltage dependence of activation to more positive potentials and reduced current amplitude. Mutation of the
putative Gly hinge to Ala in KCNQ2 (Kv7.2) abolished channel function. Mutation-dependent changes in current amplitude, but
not kinetics, were found in heteromeric KCNQ1/KCNE1 channels. Mutation of the Pro or Gly of the Pro-Ala-Gly motif to Ala
abolished KCNQ1 function and introduction of Gly in front of the Ala-mutations partially recovered channel function, suggesting
that flexibility at the PAG is important for channel activation.

INTRODUCTION

X-ray crystallographic studies of several bacterial K1 chan-

nels have provided valuable insights into the structural basis

of K1 channel function. These channel structures revealed the

first glimpses of the molecular configuration of the closed

(KcsA) and open (MthK) states of ion channels (1,2). The x-ray

and electron microscopic structures of KvAP, an archae-

bacterial channel (3), led to the proposal of a novel and con-

troversial (4–6) mechanism of voltage sensor movement in a

voltage-gated K1 (Kv) channel. However, introduction of a

His into the S4-segment of Shaker channels can generate a

proton channel, arguing against a paddle model (7). More

recently, based on site-directed spin labeling and electron

parametric resonance spectroscopy experiments, Cullo et al.

(8) proposed a model of Shaker B in the open state which

includes membrane spanning kinked S3 and S4 a-helical

formation. In addition, several open and closed state models

have been generated based on experimental data that also

refute the paddle model (9–11).

Comparison of the KcsA and MthK x-ray structures

strongly suggested that channel opening involves movement

of the inner helices (equivalent to the S6 domains in a six-

transmembrane domain Kv channel) away from the central

cavity via a hinge-like motion centered at a Gly residue that

is highly conserved in K1 channels (Fig. 1 A). Indeed align-

ment of 112 out of 116 K channel sequences revealed the

presence of a Gly in a homologous position (12). However,

the universality of the Gly-hinge hypothesis is challenged by

some biophysical studies and the fact that a few channels

have an Ala at the hinge position, a residue that usually

stabilizes the structure of an a-helix. For example, KCNQ1

(but not KCNQ2-5) and Drosophila EAG channels have an

Ala in the hinge position.

The alternative model for Kv channel activation is based

on biophysical studies that demonstrate gated access and

binding of intracellularly applied Cd21 to engineered Cys

residues (13,14). This model proposes that the upper half

of the S6 domain containing the highly conserved Gly is

relatively immobile and that bending or twisting of S6 nearer

the intracellular end of the pore mediates channel opening

and closing (Fig. 1 B). The location of the S6 bend in this

model is a Pro-Val(Ile)-Pro motif that is highly conserved in

Kv1-KvX channels but is Ile-Phe-Gly in EAG and ERG

channels and Pro-Ala-Gly in KCNQ channels (Fig. 1).

Here, we used a site-directed mutagenesis approach to

assay the relative importance of the putative gating hinge

(Ala-336) and the putative Pro-Ala-Gly bend of the S6

domain in the activation of channels formed by assembly

of KCNQ1 subunits alone or in combination with KCNE1

b-subunits. Mutation of Ala-336 affected current amplitude,

single channel properties, and voltage-dependent gating.

Mutation to Ala of the Pro or Gly in the Pro-Ala-Gly motif

abolished KCNQ1 channel function. Our findings suggest

that the Pro-Ala-Gly motif is more important than the
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putative Gly-gating hinge in the S6 domain for activation of

KCNQ1 channels.

MATERIALS AND METHODS

Molecular biology

The molecular biological procedures were the same as previously described

(15). HumanKCNQ1 and humanKCNQ2were mutated at positions Ala-336

(KCNQ1) and Gly-301 (KCNQ2) and at sites 342–347 in KCNQ1 by

polymerase-chain-reaction-based site-directed mutagenesis with cloned Pfu-

polymerase. All constructs were confirmed by automated DNA sequencing.

Western blot

To identify the fraction of KCNQ1 channel proteins inserted in the plasma

membrane, surface proteins were tagged with Sulfo-NHS-LC-Biotin and

isolated by NeutrAvidin-mediated precipitation of the biotinylated protein.

Briefly, intact oocytes were incubated in 1 mg/ml Sulfo-NHS-LC-Biotin

(Pierce Chemical, Rockford, IL) for 30 min at room temperature. After five

10-min washes in normal frog Ringer’s solution, intact oocytes were

homogenized with a Teflon pestle in H-buffer (20 ml/oocyte; 100 mM NaCl,

20 mM Tris-HCl, pH 7.4, 1% Triton X-100, 1 mM phenylmethylsulphonyl

fluoride plus a mixture of protease inhibitors (Complete tablets, Boehringer,

Ingelheim, Germany) and were kept at 4�C for 1 h on a rotator. After cen-

trifugation for 60 s at 16,000 3 g, the supernatants were supplemented

with 20 ml washed immobilized NeutrAvidin Biotin-Binding Protein

(Pierce, IL) and incubated at 4�C for 3 h on the rotator. The beads were

then pelleted by a 120 s spin at 16003 g and washed three times in H-buffer.

The final pellets were boiled in 40ml sodium dodecylsulphate-polyacrylamide

gel electrophoresis (SDS-PAGE) loading buffer (0.8 M b-mercaptoethanol,

6% SDS, 20% glycerol, 25 mM Tris-HCl, pH 6.8, 0.1% bromphenol blue).

The samples were Western blotted and probed with an affinity-purified goat

polyclonal KCNQ1 antibody directed against a peptide mapping at the

carboxy terminus of KCNQ1 (sc-10646, Santa Cruz Biotechnology, Santa

Cruz, CA).

Oocyte expression

Xenopus laevis frogs were anesthetized by immersion in a 0.2% tricaine

solution and Stage V and VI oocytes collected, injected with ;50 nl of

cRNA, and incubated at 17�C for 3–4 days as previously described (15).

Individual oocytes were injected with ether 5 ng of KCNQ1 cRNA alone or

with 5 ng KCNQ1 cRNA plus 1 ng of KCNE1 cRNA. For weakly expressing

KCNQ1 mutant (L-342A and A-344C) channels, oocytes were injected with

10 ng KCNQ1 cRNA with or without 2 ng of KCNE1 cRNA.

Electrophysiology

Standard two-electrode voltage-clamp techniques (16) were used to record

whole cell currents in Xenopus oocytes at room temperature (22�C–23�C).
Data were acquired and analyzed using pCLAMP 8.0 software (Axon

Instruments, Sunnyvale, CA). Graphic analyses were made using Origin 6.0

software (Microcal-Additive, Friedrichsdorf/Ts, Germany). For voltage

clamp experiments, oocytes were bathed in ND96 solution containing (in

mM): 96 NaCl, 4 KCl, 1.8 MgC12, 0.1 CaC12, 5 HEPES; pH 7.6. Pipettes

were filled with 3 M KCl and had resistances of 0.5–1 MV.

For patch clamp measurements in the cell-attached mode, the vitelline

layer was removed from the oocytes after short exposure to a hyperosmotic

shrinking solution. The cell-attached current measurements were performed

as described before (19) using an EPC9 amplifier and Pulse software

(HEKA, Lambrecht, Germany). The patch pipettes had resistances between

0.5 and 2 MV when filled with a solution containing (in mM): 10 KCl, 90

K-glutamate, 5 MgSO4, 5 Hepes; pH 7.3. The extracellular solution

FIGURE 1 Putative hinge and bend points in the

S6 domain of a Kv channel. (A) Sequence alignment

of several potassium channels. The selectivity filter,

gating hinge (boxed red), and PAGmotif (marked by

§) are noted. (B) Pore loop and S6 a-helical segment

of KcsA and MthK are overlaid (left). Homology

models of hKCNQ1 based on the solved structures of

KcsA and MthK of the same region and a KcsA-

based model with deviated S6 at the PAG-motif are

shown in the right-hand panel. (C) Variable flexibil-
ity of the gating hinge could lead to a variable ap-

erture of the intracellular pore.
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contained (in mM): 10 KCl, 90 K-glutamate, 2 EGTA, 1 MgSO4, 5 Hepes;

pH 7.3. In this solution, the resting potential of the oocytes was near 0 mV.

Recordings were made at room temperature 3–4 days after injection of

oocytes with cRNA. Currents were low-pass filtered at 2.2 kHz and digitized

at 6.7 kHz.

Data analysis

Tail current analyses at a potential of �120 mV was used to assess the

voltage dependence of KCNQ1 channel activation and inactivation (17,18).

Tail currents were fitted to a biexponential equation of the form

IðtÞ ¼ as expð�t=tsÞ � af expð�t=tfÞ1 a0;

with a fast time constant tf and a slow time constant ts, their respective

amplitudes, as and af, and a steady-state current, a0. A relatively larger fast

component, af, indicates the presence of a more pronounced ‘‘hook’’ in the

tail current, representing recovery of channels from inactivation (19) and

was of variable magnitude for mutant KCNQ1 channels. The slower

component was extrapolated to the start of the tail pulse, and the esti-

mated amplitude was used to determine the voltage dependence of channel

activation.

The activation curves obtained by plotting normalized tail current

amplitudes (Itail) versus test potential were fitted to a standard Boltzmann

equation of the form

Itail ¼ 1=11 eðV � V1=2Þ=k;
where V1/2 is the voltage of half-maximal activation and k is the slope factor.

Nonstationary noise analysis was used to estimate single channel

conductance (20). From a holding potential of �70 mV, test pulses were

applied to160mV for 400ms, followed by a repolarizing pulse to�100mV

for 800 ms. Tail currents during deactivation were analyzed using custom

software (available on website www.ge.cnr.it/ICB/conti_moran_pusch/

programs-pusch/software-mik.htm). Variance-current relationships were

fitted to

s
2 ¼ �I

2
=N1 iI;

FIGURE 2 Mutation of Ala-336 alters properties of KCNQ1 channel currents. (A) KCNQ1 currents recorded from Xenopus oocytes. Currents in the upper

panel were elicited from a holding potential of�80 mV with pulses applied in 10 mV increments to potentials ranging from�120 to180 mV. Currents in the

lower panel were elicited from a holding potential of �80 mV with pulses to 40 mV and then deactivated by pulses from �140 to �40 mV applied in 20-mV

increments. Lower traces were scaled to the same size to facilitate comparison. A-336P resulted in very small currents (;0.2 mA at 40 mV), which could not be

kinetically analyzed. (B) Current-voltage (I-V) relationship for WT and mutant channels. Currents were measured at the end of 2-s pulses and mean values 6

SE are depicted (n ¼ 11–13). (C) Voltage dependence of KCNQ1 channel activation determined by tail current analysis. The data were fit to the Boltzmann

equation and values were KCNQ1A-336G: V1/2¼�17.96 0.6, k¼ 13.26 0.5; KCNQ1A-336: V1/2¼�3.76 1–2, k¼ 21.16 1.1; KCNQ1A-336C: V1/2¼
�8.86 1.6, k ¼ 20.46 1.6, and KCNQ1 A-336T: V1/2 ¼ 64.96 13.2, k ¼ 42.76 4.8 (n ¼ 11–13). (D) Currents measured at170 mV are plotted versus the

side-chain volume of the residues at KCNQ1 position 336 (n ¼ 11–13). (E and F) Time constants for activation of KCNQ1 currents. The activating phase of

currents was fit to two exponentials, and the fast and slow components were plotted versus voltage (n ¼ 7–13). (G) Effect of mutation of residue Ala-336 on

time constant of deactivation (tdeactivation) as a function of voltage (n ¼ 3–13).
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where s2 is the variance, I is the macroscopic current, N is the number of

channels, and i is the single channel current amplitude. Open state prob-

ability (po) was calculated according to

I ¼ iNpo:

Data are presented as mean 6 SE.

Molecular modeling

The Kv1.2 structure (17) was retrieved from the NCBI Protein Data Bank

(2A79). A three-dimensional (3D) structural model of the S5/H5/S6

domains of KCNQ1 was constructed on homology. The KCNQ1 homology

model was generated using Swiss-Model (http://www.expasy.org/swiss-

mod/SWISS-MODEL.html). Energy minimization was performed with

GROMOS96 force field.

RESULTS

To determine the potential importance of Ala-336 in gating

of KCNQ1 channels, we first mutated this residue to Gly, the

amino acid that is present in most other Kv channels,

including KCNQ2-5 (Kv7.2–5). The A-336G KCNQ1 chan-

nel current was larger than the wild type (WT) KCNQ1

channel current at all test potentials (Fig. 2, A and B). In
contrast, mutation of Ala-336 to the larger residues Cys or Thr

reduced current magnitude relative to WT channels. Tail cur-

rent analysis was used to estimate the voltage dependence of

channel activation. The activation curve of A-336G channels

had a steeper slope and a more negative half-point (V1/2) than

WT, A-336C, or A-336T channels (Fig. 2 C). The current

magnitude at the highest voltage examined (170 mV) was

inversely related to the volume of the amino acid side chain

(Fig. 2 D). The time constants of activation were also

dependent on the residue at position 336 (Fig. 2, E and F).
The rank order for the time constant of activation was Gly,

Ala , Cys ¼ Thr. The rate of deactivation for WT and

mutant channels was similar at all potentials except�40 mV,

where A-336C and A-336T KCNQ1 channels were slower

than WT or A-336G channels (Fig. 2 G). Together these data
indicate that current magnitude and the voltage dependence

and kinetics of KCNQ1 channel gating is dependent on

FIGURE 3 KCNQ1-KCNQ2 chimera

activate rapidly, inactivate to a different

degree, and gate faster with a Gly at the

gating hinge position. (A) Shown are

current traces from KCNQ1, KCNQ2,

KCNQ2 point mutant KCNQ2-G-301A,

and KCNQ1/KCNQ2-chimera. The chi-

mera KCNQ1S6Q2 was constructed by

splicing the S6 segment from KCNQ2

(black region) into the homologous posi-

tion in KCNQ1. The chimera KCNQ2S6Q1
was constructed by splicing the S6 segment

from KCNQ1 into the homologous position

in KCNQ2 resulting in an inverse chimera.

Further, in this chimera the Ala at the

putative hinge position was mutated to Gly

as indicated by the circle in the lower

cartoon. Representative current traces of

the constructs measured with the same

pulse protocols as in Fig. 2 are shown

below the cartoon. The horizontal scale

bars indicate 1 s, the vertical 5 mA. (B)

Peak current amplitudes of KCNQ1 (cir-
cles), KCNQ2 (squares), KCNQ1S6Q2

(triangles), Q2-S6Q1 (solid diamonds),

and Q2-A-336GS6Q1 (open diamonds)
channels were measured and plotted versus

voltage. (C) Initial tail current amplitudes

were determined and normalized to the

maximal initial tail current amplitude. The

data were fit to the Boltzmann equation and

values were KCNQ2: V1/2 ¼ �23.0 6 1.0,

k ¼ 14.2 6 0.9, n ¼ 10; Q1S6Q2: V1/2 ¼
�24.8 6 3.1, k ¼ 10.8 6 2.7, n ¼ 10;

Q2S6Q1: V1/2 ¼�11.86 1.7, k¼ 22.36 1.7, n¼ 7, and Q2S6Q1-A-336G: V1/2 ¼ 0.86 1.7, k¼ 25.46 1.8, n¼ 7. Symbols are used as in panel B. (D) The

rising/activating phase of KCNQ1, KCNQ2, Q2S6Q1, and Q2A-336GS6Q1 current traces at depolarizing pulses were fit to a single exponential function, and
the time constants of channel activation (tactivation) are shown. The rising and decaying phases of KCNQ1S6Q2 current traces at depolarizing pulses were fit to a

double exponential. The values of the fast increasing phase describe channel activation. The time constants of activation (tactivation) are plotted versus test pulse

voltages. Symbols used as in panel B. (E) The deflection of tail current traces upon channels’ closure were fit to a single exponential function, and the time

constants (tdeactivation) of channel deactivation are shown. Usage of symbols is as in panel B. Mean data are shown with error bars as mean 6 SE.
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side-chain volume of the residue located in position 336. The

smaller residues Gly and Ala enabled faster gating than

the larger residues Cys or Thr. These findings indicate that

the presence of a Gly in this key position can facilitate

channel gating and current amplitude.

To further test the importance of Ala-336 as a gating hinge

we mutated this residue to Pro, a change expected to introduce

a joint-like hinge into the a-helix. Pro has a side-chain volume

that is similar to Thr (Pro: 42 Å3, Thr: 45 Å3) but its side chain

is less flexible. The mutant A-336P was nonfunctional (Fig. 2

A), suggesting that the presumed introduced flexure of the S6

a-helix was not conducive to KCNQ1 channel activation.

KCNQ2-5 channels have a Gly in the position equivalent

to Ala-336 of KCNQ1. G301A KCNQ2 channel currents

could not be detected over a voltage range from �120 to

160 mV (Fig. 3 A). Therefore, we constructed two chimeric

channels by introducing the S6 segment from KCNQ2 into

KCNQ1 (KCNQ1S6Q2) or the S6 from KCNQ1 into

KCNQ2 (KCNQ2S6Q1). KCNQ1S6Q2 channels were func-
tional and had a voltage dependence of activation compa-

rable to WT KCNQ2 (Fig. 3, A and C). However, unlike WT

KCNQ1 and WT KCNQ2, these chimeric channels activated

faster, inactivated by ;90% at the end of a 2 s pulse to 140

mV and had a current size comparable to WT KCNQ1 (Fig.

3, A, B, and D). KCNQ2S6Q1 channel currents were large,

had a voltage dependence of activation comparable to WT

KCNQ1, activated and deactivated faster than WT KCNQ1

and WT KCNQ2, and did not exhibit macroscopic inacti-

vation (Fig. 3, A–E). Finally, introduction of the A-336G

equivalent mutation into the KCNQ2S6Q1 chimera enhanced

the rates of activation and deactivation but was otherwise

similar to the chimeric channel without the putative hinge

mutation (Fig. 3, A–E). These data indicate that the putative

gating hinge function of this key residue may be dependent on

other interactions determined by the entire S6 domain.

The observed effects on current amplitudes could be due

to an increased incorporation of A-336G KCNQ1 and

decreased incorporation of A-336C and A-336T KCNQ1

channels into the plasma membrane. This hypothesis was

tested by Western blot analysis of surface KCNQ1 protein.

No obvious differences in expression levels of KCNQ1

membrane protein were observed (Fig. 4 A). Therefore, the
changes in current density caused by mutation of Ala-336

were more likely caused by mutation-induced alterations in

single channel properties. We performed nonstationary noise

analysis on WT and A-336G KCNQ1 channels. By analyz-

ing the mean-variance plot of 150 consecutively recorded

depolarizing pulses (Fig. 4 B), the A-336G mutant KCNQ1

channels were found to have a significantly increased open

probability (0.73, n ¼ 6) compared to WT channels (0.49,

n ¼ 9) (Fig. 4 C). The single channel amplitude (i) declined
slightly, but not significantly, from 0.46 6 0.04 pA for WT

to 0.32 6 0.05 pA for A-336G (Fig. 4 D).
Coexpression of KCNQ1 with the b-subunit KCNE1

produced a slow delayed rectifier K1 current, IKs, with

increased current magnitude, a slowed rate of activation, no

apparent inactivation, and an increased single channel con-

ductance (21–24). We tested the hypothesis that some of

the effects mediated by KCNE1 were due to its interaction

with the putative gating hinge of KCNQ1. WT and mutant

KCNQ1 channels were coexpressed with KCNE1 and the

resulting IKs was recorded using 7-s pulses to potentials

ranging from�70 to170 mV. The slow kinetics of activation

of the mutant IKs channels were similar, but the magnitude of

the heteromeric WT and mutant IKs channel currents exhibited
the same rank order as that observed for homotetrameric

KCNQ1 channels: A-336G . WT . A-336C . A-336T

(Fig. 5, A and B). The increase in current as a function of the

volume of the residue side-chain volume for IKs (Fig. 5 C) was
similar to the relationship noted for KCNQ1 alone (Fig. 2 D).
The increase in current magnitude induced by coexpression

with KCNE1 was ;10-fold for WT and the mutant channels

(Fig. 5 D). Coexpression of KCNE1 shifts the voltage

dependence of KCNQ1 activation to more positive potentials,

and this gating effect was not markedly altered by mutation of

A-336 (Fig. 5 E). Thus, coexpression with KCNE1 did not

alter the effects on KCNQ1 channel function associated with

mutation of the putative gating hinge residue.

Another key region identified as important for Kv channel

gating is the Pro-Val(Ile)-Pro motif located near the intra-

cellular end of the S6 domain (13,25). In KCNQ1 channels

this motif (residues 343–345) is modified to Pro-Ala-Gly

(Fig. 6 A). We previously reported that mutation of Pro-343

or Gly-345 to Ala rendered the channels nonfunctional (26).

In Fig. 6 B we show that P-343A and G-345A mutant

FIGURE 4 Western blot demonstrating surface protein expression and

noise analysis of the KCNQ1 channels. (A) Samples including controls from

uninjected oocytes were separated on an SDS gel, Western-blotted, and

probed with an affinity-purified goat polyclonal KCNQ1 antibody directed

against a peptide mapping at the carboxy terminus of KCNQ1. KCNQ1

protein has an apparent molecular weight of ;78 kDa. Panel shows a

Western blot of KCNQ1 membrane protein separated by biotinylation. (B)

Plot of mean current versus variance for WT KCNQ1 tail currents measured

in cell-attached macropatches. (C and D) Open probability (po) and single

channel current amplitude (i) estimated by noise analysis. *P , 0.05.

Gating Hinges in KCNQ Channels 2239

Biophysical Journal 90(6) 2235–2244



channels are expressed at the surface membrane, strongly

suggesting that mutation of these residues induces functional

rather than trafficking defects. Mutation of the flanking

residues L-342 and I-346 channels were also characterized

(Fig. 6 B). I-346A channels were nonfunctional, whereas

L-342A channels expressed at about a threefold reduced

level. The half point of L-342A channel activation was �43

mV (n ¼ 6), and coexpression with KCNE1 induced the

normal changes in biophysical properties, including slowed

activation and increased current magnitude and caused a

positive shift (;15 mV) in the voltage dependence of acti-

vation (Fig. 6, C and D). A-344C channels also functionally

expressed, albeit with very small currents (Fig. 6 E) and

coexpression, with KCNE1 also led to the usual changes in

biophysical properties characteristic of IKs (Fig. 6 F, n ¼ 6).

Thus, mutation of the Pro or Gly but not Ala in the PAG

motif of KCNQ1 prevents channel activation.

We introduced Gly next to the P-343A and G-345A

mutation to reintroduce a flexible residue next to the mutated

Pro/Gly in hKCNQ1 (Fig. 7 A). This approach was used to test
if flexibility of the PAB-motif is needed to generate functional

channels. The resulting channels KCNQ1-LP342/343GA and

SG344/345GA were functional, whereas KCNQ1-AG344/

345GA was nonfunctional (Fig. 7 B). The channels KCNQ1-
LP342/343GA and SG344/345GA activated with a similar

nonsigmoidal shaped activation curve, indicating similar

effects on KCNQ1-activation gating (Fig. 7 C). We generated

a KCNQ1-3D-model on the basis of the recently solved Kv1.2

crystal structure (17). Inspection of the PAG-region (APA-

GIL347) suggests intersubunit interactions of Ile-346 with

Glu-261 and Leu-347 with Leu-262 and intersubunit interac-

tions of Leu-347 with Leu-342 (Fig. 7 D).

DISCUSSION

Two different regions of the S6 domain, a Gly hinge and a

Pro-Val-Pro motif, have been proposed to be of central

relevance in Kv channel gating. We investigated the homol-

ogous regions in KCNQ1 and KCNQ2. Mutation of Ala-336

to a Gly residue enhances channel opening of KCNQ1

channels, measured as a leftward shift in the voltage

FIGURE 5 WT and mutant KCNQ1/KCNE1 (IKs) channel currents. (A) KCNQ1 was coexpressed with KCNE1 in Xenopus oocytes. IKs was elicited from a

holding potential of�80 mV by 7-s pulses applied in 10-mV increments to potentials ranging from�120 to170 mV. Tail currents were elicited by stepping to

�120 mV. (B) I-V relationship for peak currents (n¼ 17–20). (C) Currents at170 mV plotted versus side-chain volume of residue 336 (n¼ 17–20). (D) Fold-

increase in KCNQ1 current magnitude (170 mV) induced by coexpression with KCNE1 plotted versus side-chain volume of residue 336 (n ¼ 11–20).

(E) Normalized peak tail I-V relationship for IKs (n¼ 11–25). V1/2 values were A-336G/KCNE1¼ 37.66 1.9 mV, n¼ 11; A-336/KCNE1¼ 48.36 1.3 mV,

n ¼ 11; A-336C/KCNE1 ¼ 43.1 6 2.6 mV, n ¼ 8; A-336T/KCNE1 ¼ 41.1 6 1.8 mV, n ¼ 9.
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dependence of activation and kinetics of whole-cell currents,

and an increased open probability of single channels estimated

by nonstationary noise analysis. These findings are consistent

with residue 336 acting as a hinge point for outward splaying

of S6 during channel activation. Although mutation of Ala-

336 to a Cys or Thr hampered channel opening, it was

surprising that these channels were functional at all, given the

proposed requirement for bending of S6 at this position. The

presence of a Cys or Thr would prevent helix distortion or

bending of the S6 domain. Thus, although hinging of S6 at the

precise position 336 can facilitate opening, it is not required

for KCNQ1 channel function. Instead we find a dependence of

macroscopic currents on the side-chain volume (Figs. 2 D
and 5 C) and indeed a kink might even disrupt normal

activation gating when the volume of the kink residue is large.

This is indicated by the nonfunctionality of mutant A-336P,

which can be expected to force a rigid artificial kink into

the S6-helix while introducing a relatively large Pro. How-

ever, based on our data it cannot be excluded that the S6-helix

can bend over an extended area without a precise hinge at

residue 336. Mutation of the residue analogous to Ala-336

of KCNQ1 in Shaker and G-protein activated GIRK K1

channels, and the bacterial Na1 channel NaChBac yielded

channels with strongly open-state shifted open/close state

equilibria (27–30). Interestingly, the recently published Kv1.2

crystal structure exhibits an open channel conformation with-

out any notable kink at the Gly hinge (31). Therefore, KCNQ1

might open like Kv1.2, without the need of a gating hinge.

KCNQ2-5 channels have a Gly at the putative hinge

position (Fig. 1 A). Introduction of the closely related KCNQ2
S6 sequence into the homologous region of KCNQ1 produced

channels with faster activation and deactivation kinetics,

largely resembling the phenotype obtained by introduction of

Gly at position Ala-336. It is likely the KCNQ2-S6 segment

surrounded by KCNQ1 channel protein also introduces the

same flexibility at the gating hinge as the Gly in A-336G

KCNQ1 channels. Furthermore, the chimeric channel current

exhibited strong inactivation. KCNQ1 channels were pro-

posed to inactivate by a mechanism involving a fast flickering

block event of the second of two open states (32). Because fast

gating involves the selectivity filter, an increased fast flickery

block of the second open state in the chimera channel could

represent a functional link between the S6 segment and the

selectivity filter.

FIGURE 6 Mutations of residues in or near the S6 PAG motif of KCNQ1 channels. (A) sequence of the KCNQ1 S6 transmembrane segment, highlighting

location of the putative gating hinge and the PAG motif. The crosses indicate positions where mutation to Ala resulted in constructs lacking functional

expression in Xenopus oocytes (16). (B) Samples including controls from uninjected oocytes were separated on an SDS gel and KCNQ1 membrane protein

separated form intracellular protein by biotinylation and was probed by Western blot under the same conditions as in Fig. 4 A. (C) Current traces for L-342A

KCNQ1 alone and coexpressed with KCNE1. The holding potential was �80 mV, and test pulses were to voltages from �100 to150 mV, applied in 10-mV

increments; tail currents were elicited at �60 mV. The horizontal scale bars indicate 1 s; the vertical 0.5 mA. (D) I-V relationship for peak tail currents

normalized to the maximal value (n ¼ 5–6). (E) Current traces for A344C KCNQ1 alone and coexpressed with KCNE1. (F) I-V relationship for peak tail

currents normalized to the maximal value (n ¼ 3–4).
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KCNQ2 did not tolerate the relatively small change in

structure associated with mutation of the Gly hinge to an Ala

residue, suggesting an unexpected but important difference

in the mechanism of gating between KCNQ1 and other

KCNQ channels that may also involve inactivation. Inserting

the KCNQ1 S6 region into a KCNQ2 backbone resulted in

noninactivating channels with large currents. These chimeric

channels activated and deactivated faster when the putative

hinge residue was a Gly. These findings underscore the idea

that not only the specific residue at the putative gating hinge

position, but also its immediate environment determines the

importance of a hinge in KCNQ channel gating. Perhaps the

coupling between voltage sensor movement and channel

opening is tighter for KCNQ1 than KCNQ2. Although

KCNQ2 did not tolerate mutation of the gating hinge Gly to

Ala, other channels are like KCNQ1 in that they can either

tolerate mutation of the Gly to Ala (e.g., hERG, 33) or

have an Ala as the native residue in the hinge position (e.g.,

Drosophila EAG). The Gly hinge in the S6 domain is also

a critical component of normal gating of Na1 channels.

Mutation of Gly-219 to Pro in the sixth-transmembrane

domain of the bacterial Na1 channel NaChBac stabilizes the

open state as indicated by a far more negative voltage range

for activation and greatly impaired inactivation (30). Muta-

tion of Gly-219 in NaChBac to an Ala had relatively minor

effects on channel activation, similar to our observation of

Gly versus Ala in the hinge position of KCNQ1. Together,

these studies emphasize that despite the fact that the Gly

hinge is highly conserved, the qualitative importance of the

S6 hinge at this position is variable.

In a recent study it was proposed that a Gly hinge could be

of some relevance for the functional interaction of KCNQ1

a-subunits with KCNE1 b-subunits (34). However, IKs in-
duced by coassembly of A-336X KCNQ1 and WT KCNE1

subunits exhibited only minor changes in the voltage depen-

dence or kinetics compared to WT IKs, suggesting that

KCNE1 subunits altered channel gating by a mechanism

independent of a putative gating hinge.

Although we did not determine the mechanism of altered

current amplitudes resulting from mutation of KCNQ1 Ala-

336 in detail, Western blot analysis of surface protein levels

suggested a small change in surface expression of mutant

versusWT KCNQ1 channels. Alterations in open probability

po were suggested in the case of KCNQ1 A-336G compared

to WT KCNQ1. Variable flexibility of S6 at the gating hinge

caused by mutation of Ala-336 could lead to differences in

the rate of opening and the diameter of the intracellular

aperture of the pore in the open state (Fig. 1 C). Voltage-
dependent channel opening from the energetically favored

closed state to the open state conformation is enabled by

positive work of the voltage sensor which might disrupt a

hydrogen bonding network (11,35). Ala-336 might stabilize

the hydrogen bonding network, thereby increasing the

energy required for the closed state to open state transition

as suggested from a modeling approach (11). Using Brown-

ian dynamics on a simplified model of the KcsA structure,

Chung et al. (36) predicted that reduction of the size of the

cytosolic entrance to the central cavity would lead to a re-

duced conductance. These model predictions are in agree-

ment with our experimental data and would help to explain

FIGURE 7 Introduction of glycine can re-

cover part of the function of alanine muta-

tions of residues in PAG motif of KCNQ1

channels. (A) Sequence of the KCNQ1 S6

transmembrane segment, highlighting the

PAG region and indicating positions of

double point mutations. (B) Current traces

for KCNQ1 double mutants and uninjected

oocytes. The holding potential was �80 mV

and test pulses were to voltages from�120 to

60 mV, applied in 20-mV increments, and tail

currents were elicited at �120 mV. Horizon-

tal scale bars indicate 1 s; the vertical 1 mA.

(C) I-V relationship for peak tail currents

normalized to the maximal value of KCNQ1-

LP342/343GA (square) and KCNQ1-

AG344/345GA (circle) (n ¼ 18/12). Data

did not show a sigmoidal shaped curve and

therefore were not fitted to the Boltzmann

function. Data as mean and error bars repre-

sent mean 6 SE. (D) S5 a-helical segment,

pore loop, and S6 a-helical segment of two

adjacent KCNQ2 subunits. Homology

models of hKCNQ1 based on the solved

structure of Kv1.2 of the S5–S6 region. Lower panel shows a magnified view on possibly interacting residues. Leu-347 might interact with Leu-342 from an

adjacent subunit and with Leu-262 within the same subunit. Ile-346 could interact with Cb/Cg of Glu-346. Ala-mutations of the PAG motif might be expected

to disrupt these interactions.
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the differences in current magnitude of the mutant KCNQ1

channels. However, the current amplitude of the KCNQ2

chimera with the S6 from KCNQ1 (KCNQ2S6Q1) was not
altered when the putative gating hinge residue was mutated

from Ala to Gly. Mutation of the Pro or Gly residues in the

PAG motif of KCNQ1 prevented channel activation. Pro

residues are known to induce a kink and/or swivel point in

transmembrane helices (37), and our findings are consistent

with the proposal that KCNQ1 channel activation, like many

other Kv channels (14), involves a distortion of S6 at or near

the Pro residue located near the intracellular end of the pore.

3D-homology modeling suggests inter- and intrasubunit

interactions around the PAG motif which might be disrupted

by mutation in and around the PAG and might explain the

dramatically reduced function of L-342A, P-343A, G-345A,

I-346A, and L-347A (see model in Fig. 7 D). The partial

regain of function of the mutants KCNQ1-P-343A and G-

345A by introduction of the flexible amino acid Gly shows

that flexibility of the PAG motive is important for channel

function. Maybe the reintroduced flexibility by the Gly-

mutations enables an approximate interaction of the residues

identified in the model (Fig. 7 D). An extensive study by

Labro et al. (38) evaluated the importance of Pro residues in

the gating of Kv1.5 channels and demonstrated that Pro

residues located at several positions in the S6 domain could

substitute for the native PVP motif. Labro et al. (38) also

showed that mutation of the second Pro in the Kv1.5 PVP

motif to a Gly or Ala residue caused a 158 and 1104 mV

shift, respectively, in the voltage dependence of channel

activation. Thus, although an Ala in the third position of the

PVP motif is tolerated in Kv1.5, this mutation greatly

impairs normal activation, indicating an important difference

between the molecular mechanism of Kv1.5 and KCNQ1

channel activation. Moreover, the central importance of the

Gly hinge in Shaker channels was challenged by formation

of metal bridges in positions which suggest a much less wide

opening of the bundle crossing but high importance of the

PVP motif (14). These results are in good agreement with

our findings for KCNQ1 channels.

In summary, our findings indicate that the presence of a Gly

in the S6 domain is important for the gating of KCNQ2 but

not KCNQ1 channels, which has an Ala residue (Ala-336) in

the equivalent position. The activation of KCNQ1 appears to

be more dependent on the PAG motif located closer to the

C-terminus of the S6 domain by acting as a bending point

as previously proposed for Shaker channels (10).
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