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Pore Helix-S6 Interactions Are Critical in Governing Current Amplitudes
of KCNQ3 KD Channels
Frank S. Choveau, Sonya M. Bierbower, and Mark S. Shapiro*
Department of Physiology, University of Texas Health Science Center at San Antonio, San Antonio, Texas
ABSTRACT Two mechanisms have been postulated to underlie KCNQ3 homomeric current amplitudes, which are small
compared with those of KCNQ4 homomers and KCNQ2/Q3 heteromers. The first involves differential channel expression gov-
erned by the D-helix within the C-terminus. The second suggests similar channel surface expression but an intrinsically unstable
KCNQ3 pore. Here, we find H2O2-enhanced oligomerization of KCNQ4 subunits, as reported by nondenaturing polyacrylamide
gel electrophoresis, at C643 at the end of the D-helix, where KCNQ3 possesses a histidine. However, H2O2-mediated enhance-
ment of KCNQ4 currents was identical in the C643A mutant, and KCNQ3 H646C produced homomeric or heteromeric (with
KCNQ2) currents similar to those of wild-type KCNQ3, ruling out this divergent residue as underlying the small KCNQ3 ampli-
tudes. In KcsA, F103 in S6 is critical for pore-mediated destabilization of the conductive pathway. We found that mutations at the
analogous F344 in KCNQ3 dramatically decreased the KCNQ3 currents. Total internal reflection fluorescence imaging revealed
only minor differential surface expression among the wild-type and mutant channels. Homology modeling suggests that the
effects of the F344 mutants arise from the disruption of the interaction between F344 and A315 in the pore helix. These data
support a secondary role of the C-terminus, compared with pore helix-S6 interactions, in governing KCNQ3 current amplitudes.
INTRODUCTION
Voltage-gated KCNQ Kþ channels are tetramers of subunits
containing six transmembrane domains (S1–S6) that play
important roles in the functions of the heart, brain, auditory,
vestibular organs, and epithelia (1). KCNQ3 can form func-
tional channels either as homomers or as heteromers with
KCNQ2, KCNQ4, or KCNQ5 (2–4). KCNQ2 and KCNQ3
have unitary conductances three to five times greater than
those of KCNQ4 or KCNQ1 (5–7), and the maximal open
probability of KCNQ3 is 10-fold greater than that of
KCNQ4 (8). However, KCNQ4 and KCNQ1 homomers
produce a Kþ current with an amplitude that is dramatically
larger than those of KCNQ2 and KCNQ3 homomers, and
KCNQ2/3 heteromers (9–12). Two major mechanisms
have been suggested to underlie the divergent expression
of KCNQ channels: 1), control over the number of channels
at the membrane by C-terminal domains (13,14); and 2),
potentiation of the current by pore and pore helix residues
(15–17). It has been suggested that an extended region
within the distal half of the C-terminus is critical for deter-
mining KCNQ current amplitudes (originally called the A
domain) (18), in which the first coiled-coiled domain (the
C-helix) is required to form functional homomeric and het-
eromeric channels, and the second coiled-coiled domain
(the D-helix) is necessary for tetramerization (19) and effi-
cient transport of channels to the plasma membrane (11).
KCNQ3 homomers yield only small currents, whereas the
coexpression of KCNQ3 with KCNQ2 yields 10-fold larger
heteromeric currents (2,10,11,15,20,21). Several laborato-
ries have suggested a parallel between the number of the
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channels at the membrane and current levels, after observ-
ing such a correlation in heterologous systems (11–13,18).
Moreover, Chung and co-workers (22) showed that KCNQ2
and KCNQ3 homomers in nerves display a predominant
axoplasmic localization, whereas coexpression of KCNQ3
with KCNQ2 greatly increased axonal surface expression.
However, other studies have not found a correlation between
surface expression and current amplitude (15–17,23).
Indeed, mutation of a single intracellular residue in the
pore intracellular vestibule of KCNQ3, A315, to a hydro-
philic threonine or serine increased current amplitudes
by ~15-fold without any significant increase in surface
expression, as measured by total internal reflection fluores-
cence (TIRF) microscopy or biotinylation assays (16).
Consistent with this, we previously suggested that most
KCNQ3 homomers are nonfunctional, or dormant, due to
an intrinsically unstable pore.

In a previous work (24), we described augmentation of
KCNQ2, KCNQ4, KCNQ5, and KCNQ2/3 currents by
hydrogen peroxide (H2O2), accompanied by an increase in
the single-channel open probability, which we suggested is
neuroprotective during cerebrovascular ischemic stroke. In
that work, we localized the H2O2 effect in KCNQ4 to
a triplet of cysteines in the S2-S3 linker. However, because
KCNQ4 (but not KCNQ3 or KCNQ2) possesses a poten-
tially cross-linkable cysteine at the end of the D-helix, we
decided to revisit this issue and to test whether oligomeriza-
tion by H2O2 at the D-helix may be at least partly respon-
sible for the large KCNQ4 current amplitudes relative to
KCNQ3 or KCNQ2 homomers.

Pore instability is thought to underlie C-type inactivation
of many Kþ channels, involving structural rearrangements
of the selectivity filter (SF) (25–27). In KcsA, a recent study
doi: 10.1016/j.bpj.2012.04.019
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highlighted an intrasubunit coupling between S6 (F103) and
the pore helix (T74 and T75), as well as I100 in the neigh-
boring subunit, that promotes C-type inactivation by allow-
ing a network of interactions among residues W67, E71, and
D80 that destabilizes the SF (27). A number of lines of
evidence suggest that a similar mechanism may be involved
in KCNQ3 gating. Thus, a parallel network of interactions
between the pore helix and the SF has been suggested to
underlie the small amplitude of KCNQ3 homomeric
currents, manifested by an intrinsically unstable pore that
can be wholly stabilized by a single mutation (A315T
or A315S) in the intracellular vestibule (16,17). In our
companion study (17), we explore the effects of mutation
of I312 in KCNQ3, which our modeling suggests is critical
to the stabilizing network of interactions between the pore
helix and the SF. That work presents data that further
support this unstable-pore hypothesis and builds more
evidence for the parallel between C-type inactivation of
KcsA and putatively dormant KCNQ3 channels.

In this study, we focus on the role of S6-pore helix inter-
actions and a D-helix cysteine in governing KCNQ3 current
amplitudes. Using native nondenaturing polyacrylamide gel
electrophoresis (PAGE) assays, we found H2O2 oligomeri-
zation of KCNQ4 subunits localized to C643 at the end of
the D-helix, but such in vitro oligomerization was not asso-
ciated with determining the current amplitudes of KCNQ3
or KCNQ4. We then focused on a phenylalanine at position
344 in KCNQ3 (analogous to F103 in KcsA) by studying the
effects of mutating KCNQ3 at this position. To test for
differential membrane protein expression, we performed
TIRF assays. The results of homology modeling suggest
that pore helix-S6 interactions play a critical role in govern-
ing KCNQ3 channel function. We conclude that the D-helix
is only weakly implicated in governing KCNQ3 amplitudes
compared with the pore-helix-S6 region.
MATERIALS AND METHODS

For details about the materials and methods used in this work, see the Sup-

porting Material.
RESULTS

Reactive oxygen species induces oligomerization
of KCNQ4 subunits mediated by a cysteine
at position 643, but this residue does not
govern current amplitudes

In a study by Howard et al. (19), the crystal structure of the
KCNQ4 coiled-coiled D-helix highlighted some residues
that were suggested to play a critical role in channel oligo-
merization of KCNQ4 (but not KCNQ3) by promoting
salt-bridge formation. In that work, the F622L single
mutation, or the D631S, G633E double mutation in the
D-helix of KCNQ3, resulted in greater tetramerization of
Biophysical Journal 102(11) 2499–2509
the D-helix when assayed biochemically; however, macro-
scopic KCNQ3 currents were not enhanced for either
mutant when measured by electrophysiology in oocytes.
Interestingly, KCNQ4 possesses a cysteine at position 643
at the end of the coiled-coil D-helix, whereas KCNQ3 has
a histidine. We wondered whether C643 in KCNQ4 might
promote channel oligomerization by forming intersubunit
disulfide bonds. As a probe, we used hydrogen peroxide
(H2O2), a strong reactive oxygen species (ROS) that is
known to induce disulfide bonds between nearby cysteines.
We biochemically assayed oligomerization by performing
native PAGE on whole-cell lysates from Chinese hamster
ovary (CHO) cells transfected with wild-type (WT) or
mutant KCNQ4 subunits tagged with the myc epitope. Olig-
omerization was assayed on lysates from cells incubated in
H2O2 alone (500 mM for 15 min), H2O2 followed by the
reducing agent dithiothreitol (DTT, 2 mM for 15 min), or
only a sham rinse. The gels were then immunoblotted
with anti-myc antibodies.

We found that H2O2 markedly augmented oligomeriza-
tion of KCNQ4 subunits, with dimers and tetramers being
the most obvious forms seen (KCNQ4 WT; Fig. 1 A). The
extent of oligomerization returned to control levels by
DTT treatment, consistent with reversible disulfide bonds.
As expected if H2O2 acts to cross-link cysteines, the
H2O2-induced augmentation was completely abolished by
replacement of all 11 cysteines in KCNQ4 with alanines
(KCNQ4 C-less; Fig. 1 A). When only C112, C175, and
C643 were left unmutated, H2O2 and DTT had the same
effect as on the WT channels, suggesting that one or more
of these cysteines are involved in H2O2-induced oligomeri-
zation. Individual introduction of cysteines at these three
positions in the C-less KCNQ4 background revealed that
the enhancement of oligomerization was due to the cysteine
at the 643 position, because only that mutant displayed
H2O2-induced oligomerization similar to that observed for
WT KCNQ4 (KCNQ4 C643; Fig. 1 A).

To determine whether C643 plays a critical role in
governing KCNQ4 current amplitudes by regulating func-
tional tetramerization, we performed two sets of experi-
ments. In the first set, we tested the effect of replacing this
cysteine by an alanine (C643A) on KCNQ4 current ampli-
tudes (Fig. 1, B–D). This mutation modestly but signifi-
cantly decreased current amplitudes (Fig. 1, B and C). For
cells transfected with KCNQ4 or KCNQ4 (C643A), the
current densities were 153 5 13 pA/pF (n ¼ 15) and
104 5 15 pA/pF (n ¼ 19, p < 0.05), respectively. The
voltage dependence of activation was not significantly
affected (Fig. 1 D). We previously suggested that a triplet
of cysteines (C156, C157, and C158) in the S2-S3 linker
is involved in the enhancement of KCNQ4 currents by
oxidative modification induced by H2O2 (24). However,
given the C643 locus for H2O2-induced oligomerization
identified above, we tested the effect of the C643A mutation
on H2O2-induced augmentation of KCNQ4 currents under



FIGURE 1 H2O2 induces oligomerization of

KCNQ4 channels by intersubunit disulfide bonds

between cysteines at the 643 position, but this

residue is not a key factor in determining channel

currents. (A) Representative immunoblots for cells

transfected with the indicated WT or mutant myc-

tagged KCNQ4 channels that were subjected to

either sham rinse, H2O2 (500 mM, 15 min) alone,

or H2O2 followed by DTT (2 mM, 15 min). (B)

Representative perforated patch-clamp recordings

from KCNQ4 and KCNQ4 (C643A). Cells were

held at �80 mV and voltage steps were applied

from �80 to 60 mV in 10 mV increments every

3 s. (C) Bars show summarized current densities

at 60 mV for the indicated channels under perfo-

rated patch-clamp (n ¼ 15–19; *p < 0.05). (D)

Voltage dependence of activation measured from

the normalized amplitudes of the tail currents

at �60 mV, plotted as a function of test potential

(n ¼ 14–17).
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perforated-patch whole-cell clamp. As previously de-
scribed, bath-application of 500 mM H2O2 increased the
KCNQ4 current density by 2.1 5 0.2-fold (n ¼ 7, p <
0.001), which was completely reversed by 2 mM DTT
(Fig. 2, A and C). Importantly, KCNQ4 C643A displayed
unaltered H2O2 sensitivity, with the current density
augmented by H2O2 by 2.2 5 0.3-fold (n ¼ 7, p < 0.001;
Fig. 2, B and C). These data show that C643 is not involved
in H2O2 enhancement of KCNQ4 currents, even though it is
the locus of the H2O2-induced oligomerization seen in our
in vitro assay.

Finally, to determine the role of this D-helix cysteine in
enabling large macroscopic currents, we replaced the histi-
dine at the analogous 646 position in KCNQ3with a cysteine
and tested the effect of this substitution on homomeric
KCNQ3 and heteromeric KCNQ2/3 currents. However, we
found that KCNQ3 (H646C) currents displayed a current
density (12.5 5 1.7 pA/pF, n ¼ 8) similar to that of WT
KCNQ3 channels (14.4 5 1.3 pA/pF, n ¼ 11), and
KCNQ3 (H646C) subunits expressed with WT KCNQ2
yielded a current density (91 5 8 pA/pF, n ¼ 12) similar
to that of WT KCNQ2þQ3 (92.2 5 7.0 pA/pF, n ¼ 12;
Fig. 3 C). The H646C mutation in KCNQ3 also did not
significantly affect the voltage dependence of activation
for KCNQ3 homomers or KCNQ2/3 heteromers. For
cells transfected with KCNQ3 or KCNQ3 (H646C), the
half-activation potentials were �39 5 3 mV (n ¼ 9)
and�425 2 mV (n¼ 6), respectively. For cells transfected
with KCNQ3 WT þ KCNQ2 or KCNQ3 (H646C) þ
KCNQ2, the half-activation potentialswere�29.752.9mV
(n ¼ 12) and �27.2 5 2.3 mV (n ¼ 12), respectively
(Fig. 3 D). These data rule out the divergent residue at the
643/646 position as underlying the small KCNQ3 versus
large KCNQ4 currents. Taken together, our data argue
against a role of putative disulfide bonds at the 643 position
at the end of the coiled-coil D-helix in governing KCNQ4
current amplitudes or KCNQ4 channel function.
Mutations at the position 344 in the S6 domain
have dramatic effects on homomeric KCNQ3
currents

Cordero-Morales et al. (28,29) have described a network of
hydrogen bonds among residues W67, E71, and D80 in
KcsA that governs the stability of the SF and thus regulates
C-type inactivation in those channels. That group recently
suggested that a phenylalanine at the 103 position, in close
proximity to the C-terminal end of the KcsA pore helix, is
necessary to allow the channels to be locked in a nonconduc-
tive conformation (27). F103 mutations were found to affect
KcsA gating in a side-chain size-dependent way, with
substitutions of F103 by small side-chain residues (F103A
and F103C) limiting entry into the C-type inactivated state,
whereas the larger F103W substitution allowed the channel
Biophysical Journal 102(11) 2499–2509



FIGURE 2 H2O2 induced enhancement of

KCNQ4 and KCNQ4 (C643A) currents. (A and

B) Plotted are the amplitudes of KCNQ4 and

KCNQ4 (C643A) currents, while H2O2 (500 mM),

or DTT (2 mM) were bath-applied, as indicated by

the bars. Representative traces are shown in the

insets. Cells were held at �80 mV and 2-s voltage

steps were applied to 40 mV every 3 s. (C) Bars

show summarized data. Irel is defined as IH2O2/I0
or IDTT/I0, where IH2O2 and IDTT have the obvious

meanings, and I0 is the current before application

of H2O2 or DTT. For all, n ¼ 7; ***p < 0.001.
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to inactivate (27). Interestingly, KCNQ3 also possesses
a phenylalanine at the analogous position (F344). We thus
hypothesized that the F344 mutation might likewise
affect KCNQ3 pore stability, as manifested by the amplitude
of KCNQ3 currents. To test this hypothesis, we studied
the effect of those mutations on KCNQ3 currents by perfo-
Biophysical Journal 102(11) 2499–2509
rated-patch whole-cell clamp (Fig. 4). Indeed, the F344A,
F344C, and F344W mutations strongly decreased the
current density (Fig. 4 B). For CHO cells transfected with
KCNQ3, KCNQ3 (F344A), KCNQ3 (F344C), and KCNQ3
(F344W), the current densities at 60 mV were 13.9 5
2.1 pA/pF (n ¼ 9), 4.6 5 0.9 pA/pF (n ¼ 7, p < 0.01),
FIGURE 3 Effects of the H646C mutation on

homomeric KCNQ3 and heteromeric KCNQ2 þ
Q3 currents. (A and B) Representative perforated

patch-clamp recordings from cells transfected

with WT KCNQ3, KCNQ3 (H646C), KCNQ2 þ
WT Q3, or KCNQ2 þ Q3 (H646C). As shown in

the inset, cells were held at �80 mV and voltage

steps were applied from �80 to 60 mV in 10 mV

increments. (C) Bars show summarized current

densities at 60 mV for the indicated channels

(n ¼ 8–11). (D) Voltage dependence of activation

measured from the normalized amplitudes of the

tail currents at �60 mV, plotted as a function of

test potential (n ¼ 6–12).



FIGURE 4 Effects of F344 mutations on KCNQ3 currents. (A) Represen-

tative perforated patch-clamp recordings from cells transfected with WT or

mutant KCNQ3 channels. The pulse protocol used is as described in Fig. 3.

(B) Bars show summarized current densities at 60 mV for the indicated

channels (n ¼ 7–9; **p < 0.01, ***p < 0.001).

FIGURE 5 TIRF microscopy indicates that the effects of pore-region

mutations result in only small differences in membrane expression of chan-

nels. (A) Shown are fluorescent images from TIRF microscopy of CHO

cells expressing the indicated YFP-tagged channels. In all cases, CHO cells

were transfected with a total of 2 mg cDNA. (B) Bars show summarized data

for each channel type (n ¼ 47–86; ***p < 0.001).
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3.9 5 0.6 pA/pF (n ¼ 8, p < 0.001), and 4.0 5 0.3 pA/pF
(n ¼ 7, p < 0.001), respectively. Due to the small amplitude
of all such homomeric KCNQ3 currents, we were not able to
assess changes in channel voltage dependence induced by
the F344 mutations. In contrast to KcsA, the effects of the
mutations did not correlate with side-chain size. Moreover,
they had opposite effects compared with KcsA, i.e., the
F344 mutations decreased KCNQ3 currents instead of aug-
menting them, as in KcsA. These results suggest that the
phenylalanine at the 344 position may play a role in stabi-
lizing the SF of KCNQ3, in similarity to the effects of anal-
ogous mutations in Kv1.2 (27).
Small differences in plasma-membrane
expression do not explain the effect
of pore-region mutations

To determine whether the effects of F344 mutations are due
to differences in plasma-membrane expression of KCNQ3
channels, we measured the plasma-membrane expression
for WT and mutant KCNQ3 channels by examining indi-
vidual CHO cells using TIRF microscopy. Under TIRF illu-
mination, we can selectively excite fluorophores located
within ~300 nm of the plasma membrane, whereas any
molecules located deeper in the cytoplasm will not be illu-
minated (30). We expressed YFP-tagged WT and mutant
KCNQ3 channels in CHO cells, and estimated the mem-
brane abundance of the channels by measuring the pixel
intensity of images taken under TIRF illumination. Fig. 5 A
shows representative TIRF images. The emission was quan-
tified as described in our companion article (17). The results
are summarized in Fig. 5 B, which shows that the decrease
of the current density is not due to a lower expression of
mutant KCNQ3 channels in the plasma membrane. We
also studied the surface expression of KCNQ3 (H646C)
channels. Surprisingly, the YFP emission from KCNQ3
(H646C) subunits was significantly decreased compared
with WT KCNQ3, suggesting that the H646C mutation
decreased the number of KCNQ3 channels at the plasma
membrane without affecting the current density, as observed
in Fig. 3 C. These results reinforce the idea that the
C-terminus plays only a secondary role in KCNQ3 channel
expression.
Mutations at the 344 position in the S6 domain
in KCNQ3 also reduce current amplitudes
from KCNQ3 (A315T) currents

Because the introduction of a hydrophilic threonine or
serine at the 315 position dramatically increases KCNQ3
current amplitudes (15–17), wewondered whether the desta-
bilizing effect of mutating F344 to A, C, or W would also
occur in the A315T background. Moreover, unlike KcsA,
KCNQ3 channels have an alanine at the 315 position (T74
in KcsA). To test this, we evaluated the effect of F344A,
F344C, and F344W mutations made in the KCNQ3
(A315T) background. We found that all F344 mutations
Biophysical Journal 102(11) 2499–2509
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strongly decreased the current density from KCNQ3
(A315T) channels (Fig. 6 A). For cells transfected with
KCNQ3 (A315T), KCNQ3 (A315T-F344A), KCNQ3
(A315T-F344C), and KCNQ3 (A315T-F344W), the current
densities at 60 mV were 174 5 16 pA/pF (n ¼ 11), 4.3 5
0.7 pA/pF (n ¼ 7, p < 0.001), 57 5 6 pA/pF (n ¼ 8, p <
0.001), and 41 5 5 pA/pF (n ¼ 7, p < 0.001), respectively
(Fig. 6 B). All mutants displayed a voltage dependence of
activation that was unchanged from KCNQ3 (A315T)
(Fig. 6C). These results indicate that the destabilizing effects
of mutating F344 in KCNQ3 dominate over the stabilizing
effect of introducing a threonine at the 315 position. We
then proceeded to perform further homology modeling to
gain structural insight into these results.
van der Waals interactions between F344
and the 315 position are required to stabilize
KCNQ3 channels in a conductive conformation

Cuello and co-workers (27) showed that F103A and F103C
mutations (F344 in KCNQ3) destabilize the nonconductive
conformation of KcsA. On the contrary, we showed that the
equivalent mutations strongly decreased WT KCNQ3
currents, as well as those from KCNQ3 (A315T) channels.
We hypothesized that similar van der Waals interactions
exist in KCNQ3 channels, but in this case act to stabilize
the SF in a conductive conformation. Among the solved
Biophysical Journal 102(11) 2499–2509
KcsA, KvAP, and Kv1.2 crystal structures, KcsA is the
only channel that has a phenylalanine at the analogous posi-
tion as KCNQ3 and in which such interactions have been
described so far; thus, we used that channel as the template
for our modeling. We modeled the region of the pore of
KCNQ3 using the structure of KcsA (31) as the template.
For each channel, the predicted structure of the SF and asso-
ciated pore-helix, the predicted hydrogen bonds between
them, and the predicted van der Waals interactions between
S6 at position 344 and the pore helix are shown in Fig. 7.
Homology modeling suggests that a phenylalanine at the
344 position is close enough to alanine at the 315 position
to allow for van der Waals interactions in WT KCNQ3
(Fig. 7 A). This proximity between A315 and F344 fits
with the hypothesis that the interaction between these resi-
dues is critical for stabilizing KCNQ3 channels in a conduc-
tive conformation. Consistent with this notion, the distance
between A315 and the residue at the 344 position increases
when the native phenylalanine is mutated to small side-
chain residues such as alanine or cysteine, and becomes
too large for both residues to maintain close contact
(Fig. 7, B and C). In contrast, tryptophan has a side chain
as long as that of phenylalanine. Consequently, we could
expect the F344W mutation to have little effect. Unexpect-
edly, though, we observed that this mutation resulted in an
effect similar to that observed with mutation to an alanine
or a cysteine. However, the modeling predicts that the
FIGURE 6 Effects of F344mutations onKCNQ3

(A315T) currents. (A) Representative perforated

patch-clamp recordings from cells transfected

with KCNQ3 (A315T), KCNQ3 (A315T-F344A),

KCNQ3 (A315T-F344C), or KCNQ3 (A315T-

F344W). The pulse protocol used is as described

in Fig. 3. (B) Bars show summarized current densi-

ties at 60 mV for the indicated channels (n¼ 7–11;

***p < 0.001). (C) Voltage dependence of activa-

tion measured from the normalized amplitudes of

the tail currents at –60 mV, plotted as a function of

test potential (n ¼ 7–11).



FIGURE 7 Comparison of the structures of the pore region of WT (A)

and mutant KCNQ3 (B–D) predicted by homology modeling. Shown are

the predicted structures of the SF and associated pore-helix with the pre-

dicted hydrogen bonds between them and the predicted structure of the

S6 domain, with key amino acid side chains shown as van der Waals

spheres.

FIGURE 8 Comparison of the structure of the pore region of KCNQ3

(A315T) (A) and double mutants (A315T-F344) (B–D) predicted by

homology modeling. Shown are the predicted structures of the SF and asso-

ciated pore-helix with the predicted hydrogen bonds between them and the

predicted structure of the S6 domain, with key amino acid side chains

shown as van der Waals spheres.
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F103W mutation will also disrupt the interaction between
residues at the 315 and 344 positions (Fig. 7 D), probably
because tryptophan adopts a different rotamer orientation
compared with phenylalanine. In our modeling, we did not
bias the orientation of any of the rotamers. Instead, the struc-
ture of WT and KCNQ3 (F344W) predicted by the energy
minimization algorithm suggests that the aromatic ring of
phenylalanine points toward to the nitrogen atom of alanine
at the 315 position, whereas that of tryptophan points toward
to V341 in another subunit, preventing tryptophan from
making contact with A315.

We then performed a similar analysis for the F344A,
F344C, and F344W mutants in the A315T background as
we performed for the F344 mutants of WT KCNQ3. Again,
homology modeling predicts that the van der Waals interac-
tions between F344 in S6 and T315 in the pore helix
(Fig. 8 A) will be abolished by the F344A, F344C, or
F344W mutations (Fig. 8, B–D). These predictions suggest
that the decrease of the current density is due to the disrup-
tion between S6 and the pore helix. Finally, a similar reor-
ientation of the aromatic ring of tryptophan is suggested
to disrupt the interaction between residues at the 315 and
344 positions. We conclude that a coupling between S6 at
F344 and A315 in the pore helix, mediated by van der Waals
interactions, may be a key factor in governing KCNQ3
channel current amplitudes.
DISCUSSION

A number of researchers have investigated the mechanisms
underlying the small KCNQ3 current amplitudes. Two
major mechanisms have been suggested to be involved in
the differential amplitude of their macroscopic currents.
The first one is differential surface expression, controlled
Biophysical Journal 102(11) 2499–2509
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by the A domain of the distal C-terminus (11). The crystal
structure of the D-helix of KCNQ4 indicates that the
KCNQ3 coiled-coiled A-domain tail (the D-helix) is
divergent at a number of critical positions that hinder tetra-
merization (19). In particular, the presence of four phenylal-
anines (one from each subunit) in the coiled-coiled core of
the KCNQ3 D-helix was suggested to prevent a stable
tetramer, and the F622L mutation to convert the D-helix
of KCNQ3 into a form that biochemical analysis indicates
is predominantly tetrameric. A similar analysis indicated
that the lack of appropriate salt bridges in the KCNQ3
D-helix hinders tetramerization, and that the D631S/
G633E double mutation, suggested to restore this salt bridge,
promotes tetrameric in vitro properties to the KCNQ3
D-helix. However, neither mutation in the full-length
KCNQ3 led to a functional augmentation of KCNQ3 current
amplitudes when the channels were expressed in Xenopus
oocytes (19), suggesting that the A-domain is critical for
channel assembly but is not the key factor in governing
KCNQ current amplitudes.

Our work here is in full agreement in both aspects.
We show that replacement of the native cysteine (C643)
with an alanine, at the end of the D-helix in KCNQ4, abol-
ished KCNQ4 oligomerization induced by H2O2 when
measured in vitro. However, this substitution led only to
a slight decrease of KCNQ4 current amplitudes when the
channels were functionally tested. Moreover, the H646C
mutation did not modify KCNQ3 homomeric and hetero-
meric KCNQ2/3 current amplitudes. Furthermore, our
TIRF assays showed that the number of KCNQ3 channels
at the plasma membrane decreased in the presence of the
H646C mutation, but the current amplitude was not altered,
arguing against a correlation between surface expression of
channels and current amplitudes. Consistent with this,
Etxeberria and co-workers (15) did not find such a correla-
tion between current amplitudes and surface expression of
various KCNQ2 and KCNQ3 chimeras and point mutants,
and suggested that pore regions of the channels are involved
in governing KCNQ current amplitudes. Moreover, coex-
pression of WT KCNQ3 channels with KCNQ3 (A315T),
which is known to increase current amplitudes by ~15-
fold, did not modify the ability of channels to form tetramers
(23). In accord with those results, our laboratory has sug-
gested that a dramatic increase in current amplitudes arises
from a network of interactions between the pore helix
(T315 and I312) and the lower part of the SF, which prevents
the SF structure from locking closed (16). Thus, we hypoth-
esized that although KCNQ3 homomers are well expressed
at the membrane, most of them are in a nonconductive
conformation. This mechanism predicts that I312 is critical
to this process, and we investigated that issue in our
companion study (17).

Much work has suggested that a nonconductive confor-
mation of Kþ channels is due to a constriction of the SF
induced by a C-type inactivation process (32,33). In
Biophysical Journal 102(11) 2499–2509
KcsA, two networks of interactions have been postulated
to underlie C-type inactivation (27,28,34). The first one is
located at the top of the SF, where interactions between
D80 and W67 in KcsA (D321 and W308 in KCNQ3) are
stabilized by the E71 residue (I312 in KCNQ3), converting
channels to a structural variant in which C-type inactiva-
tion occurs (28). Our homology modeling predicts that
a network of interactions between the pore helix (I312)
and the top of the SF leads to constriction of the SF
(17). The second network involves van der Waals interac-
tions between F103 in S6, the pore helix (T74, T75), and
I100 in the adjacent subunit. Disrupting this network of
interactions stabilizes the KcsA pore in a conductive
conformation (27). KCNQ3 channels also possess a phenyl-
alanine at the equivalent position (F344). Here, we found
that mutations at the F344 position dramatically decreased
KCNQ3 currents, suggesting that F344 in also intimately
involved in pore stabilization in KCNQ3 homomers.
TIRF studies revealed only small differences of YFP-
tagged channels that cannot explain the differential current
amplitudes, suggesting that other mechanisms are domi-
nant. To gain insight into the molecular mechanism
involved in this phenomenon, we performed homology
modeling of the S6 domain and the pore region of WT
and mutant KCNQ3 channels, using KcsA as a template.
The modeling suggests that the decrease of current in the
F344 mutants is due to the disruption of the van der
Waals interactions between F344 in S6 and the pore helix
at A315. However, the impact of the pore helix-S6 interac-
tions on the structure of the SF remains to be elucidated
in KCNQ3 homomers. In addition, we cannot yet conclude
with certainty that a coupling between S6 at F344
and A315 in the pore helix, mediated by van der Waals
interactions, is a key factor in governing KCNQ3 channel
permeation without comparing the open probability and
single-channel current amplitudes of the WT and mutant
channels. Finally, our homology modeling does not have
the capability to evaluate the structural rearrangements of
the SF due to the disruption of the pore helix-S6 interac-
tions. One explanation could be that the previously
described network of hydrogen bonds between the pore
helix and the SF (16) is destabilized by the disruption of
the pore helix-S6 interactions, affecting the stability of
the conductive state of the SF. Another hypothesis is that
residues between the pore helix and the top of the SF, as
described in the companion article (17), are close enough
to make interactions, locking channels in the closed,
nonconductive state. Consistent with this notion, in
KcsA, introducing the mutation F103A in the background
of the inactivating mutant E71H abolished the inactivated
conformation, suggesting that interactions between the
pore helix (D80) and the top of the SF (W67 and E71)
are destabilized by mutation of F103. In agreement with
this, the crystal structure of the E71H-F103A shows that
the SF is in a conductive conformation (27).
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In our modeling, we did not bias the orientation of any of
the rotamers. At first glance, we were surprised that the
substitution of Phe-344 with the similarly sized tryptophan
had such a sizable effect on current amplitudes. Instead,
the structure of WT and F344W KCNQ3 predicted by the
model suggests that the aromatic ring of phenylalanine
points toward to the nitrogen atom of alanine at the
315 position, whereas that of tryptophan points toward to
V341 in another subunit, preventing tryptophan from
making contact with A315. However, this subtle yet impor-
tant difference in rotamer configuration involved in the
F344W substitution precisely parallels the state-dependent
rotamer configuration of F103 shown by the open- and
closed-state crystal structures of KcsA (27). In those struc-
tures, the aromatic ring of F103 changes its rotamer config-
uration as a consequence of channel opening, with an
orientation parallel to the S6 helix in the closed state but
a configuration clashing with I100 in the neighboring
subunit in the open state, destabilizing the pore. This molec-
ular mechanism was recently accurately modeled with
the use of free-energy molecular-dynamics simulations
(35).The mechanism by which W344 destabilizes KCNQ3
channels may be identical, involving a steric clash with
the V341 of the neighboring subunit, the analogous residue
to I100 in KcsA. Apparently, this molecular mechanism is
well conserved among a variety of Kþ channels, as previ-
ously suggested (27).
FIGURE 9 Structural rearrangements of the pore region involved in KCNQ3

suggested to be involved in KCNQ3 gating, taken from this work and the compa
Interestingly, the phenylalanine at the 344 position in
KCNQ3 is highly conserved in KCNQ1-5 a-subunits. Muta-
tions of the analogous F340 in KCNQ1 lead to channel inac-
tivation (36,37). Based on the closed channel structure of
KcsA, homology modeling of the pore of KCNQ1 suggests
that this phenylalanine is capable of interacting with V310,
which is located in the pore helix, and with L273 in S5, and
may destabilize the open state of the pore (36). V310 of
KCNQ1 is located next to the residue homologous to
A315 of KCNQ3. Moreover, Gibor and colleagues (38)
showed that the L273F mutation causes a decrease in the
flexibility of the SF at the level of the S1 permeant ion-
binding site, mediating the inactivation process. Taken
together, these studies suggest that disruption of pore
helix-S6 interactions likely affects SF flexibility. It is quite
possible that the disruption of pore helix-S6 interactions
in KCNQ3 likewise leads to a decrease of SF flexibility,
causing destabilization of KCNQ3 channels. Finally, the
network of residues that form this interaction has also
been suggested in Kv1.2 and Shaker (27) and may also be
applicable to hERG, in which the analogous F656 in S6
has been suggested to be involved in inactivation (39).

In this study and our companion article (17), we highlight
two networks of interactions that affect the stability of the
SF, as summarized in Fig. 9. The first involves hydrogen
bonds between the pore helix and the SF. In WT KCNQ3,
I312 is free to rotate, which destabilizes the hydrogen bonds
gating. Shown is a schematic representation of the network of interactions

nion study (17). For details, see the last paragraph of the Discussion section.

Biophysical Journal 102(11) 2499–2509
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it can make with the lower part of the SF. Thus, most WT
KCNQ3 homomers are dormant, and currents are only
modest. A hydrophilic residue at position 312 (I312E,
I312K, and I312R) leads to the creation of hydrogen
bonds between this residue in the pore helix and the top
of the SF, locking channels in a nonconductive conforma-
tion (17). In contrast, a hydrophilic substitution at position
315 (A315T,S) stabilizes the position of I312 via a hydrogen
bond, and consequently stabilizes the interaction that I312
makes with the lower part of the SF, which adopts a reliably
conductive conformation. However, this conformation is dis-
rupted in the presence of a hydrophilic residue at position
312, indicating that the destabilizing effect of interactions
between the pore helix at the 312 position and the top of
the SF dominates over the stabilizing effect of interactions
between the residues in the inner vestibule at positions 312
and 315. The second network involves van derWaals interac-
tions between the S6 domain at position 344 and the pore
helix. In WT channels or the A315T mutant, this interaction
is strong, allowing a weakly stable or strongly stable SF,
respectively. However, disruption of this van derWaals inter-
action (F344A, F344C, and F344W) between the S6 domain
at position 344 and the pore helix at position 315 is inconsis-
tent with the stability of the KCNQ3 SF, even in the presence
of an isoleucine at 312 and a stabilizing threonine or serine at
position 315. Thus, the destabilizing effect of removing this
van derWaals interaction also dominates over the stabilizing
interactions between T315 and I312. We conclude that a
stable KCNQ3 conductive pathway is mediated by S6-pore
helix-SF interactions, the presence or absence of which is
largely responsible for the widely variable amplitude of
KCNQ3 currents. The intrinsically weakly unstable pore of
KCNQ3 homomers probably serves to make transcriptional
control of KCNQ2 subunit expression the master switch in
determining M-current amplitudes in the nervous system,
consistent with the large number of inherited KCNQ2 muta-
tions underlying syndromes of human epilepsy (40).
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