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BIOPHYSICS

The conductance of KCNQ2 and its pathogenic variants
is determined by individual subunit gating

Andy Hinojo-Perez11', Jodene Eldstrom?t, Ying Dou? Allan Marinho-Alcara'%,
Michaela A. Edmond’, Alicia de la Cruz3s, Marta E. Perez Rodriguez3, Maykelis Diaz-Solares’,

Derek M. Dykxhoorn", David Fedida?*, Rene Barro-Soria'*

KCNQ2 channel subunits form part of the M-current and underlie one of the major potassium currents throughout
the human nervous system, regulating resting membrane potentials, shaping action potentials, and impeding
repetitive neuronal firing. However, how individual subunits within tetramers control channel functionality re-
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mains unresolved. Here, we investigate (i) whether opening of KCNQ2 channels requires a concerted step or can
result from independent subunit activation and (ii) how individual subunits regulate gate opening and conduc-
tance. The E140R mutation in the S2 segment prevents activated voltage sensor conformations, but concatemeric
constructs containing up to three E140R subunits retain KCNQ2-like currents. The underlying single-channel
currents show subconductance levels resulting from limitations in inner gate dimensions, determined by the
number of activated subunits and their spatial arrangement. Channel opening is allosteric and requires activation
of only a single subunit, which can accentuate the influence of clinically relevant heterozygous mutations at

threshold voltages.

INTRODUCTION

Potassium channels, including members of the voltage-gated potassium
family Kv7.1 to Kv7.5, also known as KCNQ channels (1, 2), play key
inhibitory roles in excitable cells by dampening membrane excitability
(3, 4). The unique biophysical properties of KCNQ2 to KCNQ5
channels, including a hyperpolarized activation potential, slow
activation and deactivation kinetics, and a lack of inactivation, allow
these channels to regulate the membrane resting potential, shape
action potential repolarization, and reduce repetitive neuronal burst
firing (3, 5, 6). Mutations in KCNQ channels cause hyperexcitability-
related disorders, including cardiac arrhythmias, pain, and epileptic
encephalopathies linked to delayed psychomotor development and
cognitive impairment comorbidities (7-12). While native neuronal
KCNQ channels are mainly composed of heterotetrameric combina-
tions of KCNQ2/3 (more recently also by KCNQ2/5 and KCNQ3/5
subunits) (3, 4, 13, 14), homotetrameric assemblies of channel sub-
units (e.g., KCNQ2 channels) have also been shown to generate the
M-current in neurons (14, 15), particularly during early developmental
stages (16, 17). However, the contribution of each subunit to the
overall functionality of the channel remains unknown. Answering
this question is crucial to understanding the functional consequences
of heterozygous channels that incorporate KCNQ subunits with clini-
cally relevant pathogenic variants.
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Recent cryo-transmission electron microscopy (cryo-EM) struc-
tures of KCNQ2 channels (18) show that similar to other Kv channels
(19), KCNQ2 channels are tetrameric complexes with six trans-
membrane segments (S1 to S6) per subunit. The S5-S6 of the four
subunits together form a centrally located pore domain that is
flanked by the four voltage-sensing domains (VSDs), each com-
posed of S1 to S4, oriented in a domain-swapped tetrameric archi-
tecture with the VSD of one subunit directly adjacent to the pore
domain of a neighboring subunit. The C-terminal end of the S6 seg-
ments forms the gate (20), while the fourth transmembrane segment
functions as the voltage sensor (VS) (21-25). In response to depo-
larization, the VSs move outward from their resting states to acti-
vated states that trigger channel opening and allow K* conductance
(26). While crystallographic and cryo-EM high-resolution struc-
tural studies of KCNQ2 have provided detailed information about
different channel domains in the activated/closed apo state or bound
to different modulators, at present, they provide less information
about dynamic changes in functional conformations that occur dur-
ing voltage-dependent activation.

To understand how individual subunits work together and the
impact that mutated subunits have on channel gating, it is important
to assess the extent of the individual contribution of each subunit to
the initiation of channel opening and the voltage-dependent char-
acteristic of opening probability. Many voltage-gated K channels
require VS movements in multiple subunits to open the gate, as
exemplified by the original Hodgkin and Huxley description of
squid axon K* channel gating (27). This gating scheme, extended to
other K* channels including Shaker and mammalian Kv channels,
requires further concerted steps in the activation process to couple
the rate of closed-state transitions with the rate of exponential
current growth upon channel opening (28-31). The nature of these
steps appears complex, with intersubunit interactions, especially
between side chains of the S4-S5 linker and the distal S6 domains
(32, 33) seeming critical for the final cooperative gating transitions
in both Shaker-like Kv channels and the archetypal Shaker channel
itself (34, 35).
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Other channels like large conductance Ca**-activated K* chan-
nels (BK), hyperpolarization-activated cyclic nucleotide-gated K*
and Na't channel 2 (HCN2), and KCNQ1 channels use different
gating mechanisms that do not require multiple VS movements to
open the gate (36-41). These channels show a constitutive conduc-
tance at negative voltages (42-44) that reflects a spontaneous fluc-
tuation between closed and open states even in the absence of their
respective ligands (45), and they operate as allosteric molecules
where recruitment of additional activated VS in separate subunits
favors subsequent gate opening. While KCNQ1 channels and the
cardiac KCNQ1/KCNEI channels that do not require activation
of all four VSs to conduct (36, 46) gate allosterically (47), little is
known of other KCNQ-— subfamily members, including neuronal
KCNQ2 channels.

In this study, we investigate whether the opening of neuronal
KCNQ2 channels requires a concerted movement of the VS in all
four subunits or whether VS movement in a single subunit is suffi-
cient to promote gate opening and K* conduction. We also deter-
mine how constraining the movement of VSs in different subunits
affects the voltage dependence of channel opening and regulates
channel conductance. We use the E140R mutation in the S2 segment
of KCNQ2, in homomeric constructs, to restrict VS movement and
to prevent activated conformations of individual channel subunits.
We find that KCNQ2 channels do not require a concerted move-
ment of all four subunits to open. Rather, channel opening can occur
with activation of only a single VS, and patch clamp data and model-
ing indicate that recruitment of additional VSs does not facilitate
further opening, suggesting an absence of positive allosteric cou-
pling that is observed in other channels (36, 37, 42). Single-channel
recordings of tetrameric channel assemblies containing different
numbers of activatable VSs reveal notable subconductance states
such that the larger the number of VSs restrained in the resting state
(E140R), the smaller the unitary conductance of KCNQ2 channels.
Understanding the dynamics and contribution of individual sub-
units to voltage-dependent gating may allow us to better predict
pathological mechanisms of action with heterozygous mutations
and consequently guide the development of precision therapy for
KCNQ channelopathies.

RESULTS

Homomeric KCNQ2 channels bearing the E140R mutation
are nonfunctional

In our previous study (21), we reported VS movement in KCNQ2
channels using the fluorescent probe Alexa Fluor 488 maleimide
attached to the F192C site in the S3-S4 loop (hereafter, Q indi-
cates a KCNQ2 subunit and Q* is the KCNQ2 subunit with the
fluorescent probe attached), which indicated that the steady-state
voltage dependence and the time course of VS movement closely
correlated with channel opening/closing (21) (fig. S1). This close
correlation between VS movement and activation gating suggests
that unlike in many voltage-gated potassium channels, movement
of multiple VSs is not required to open the KCNQ2 channel.
Rather, in KCNQ2 channels, two alternatives might explain the
close correlation in the time and voltage dependence of fluores-
cence and current: (i) one in which all four VS subunits move in
a concerted manner to open the channel or (ii) one in which the
movement of an individual VS might be sufficient to lead to
pore opening.
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To test the ability of individual VSs to facilitate activation gating
in KCNQ2 channels, we designed plasmids in which we could con-
trol the subunit composition of the KCNQ2 channel by encoding
concatemers of KCNQ2. These constructs contain different combi-
nations of wild-type (wt) KCNQ2 subunits (referred to as Q) and
immobile VSs that hold the E140R mutation (referred to as Q;). The
E140R mutation in the S2 segment of KCNQ2 is proposed to restrict
VS movement via electrostatic repulsion, thereby preventing acti-
vated conformations (Fig. 1A) (48). We reasoned that if all four VSs
must be activated to open the KCNQ2 channel gate, then channels
bearing even one VS with restricted movement (i.e., containing the
E140R mutation) will ensure that the channel remains closed. In
contrast, if one VS in the activated state is sufficient for channel
opening and all four VSs move independently from one another,
then the presence of even one wt VS would permit channel function.
wt KCNQ2 channels (Q) and channels containing the E140R muta-
tion in all four KCNQ2 subunits (Q;) were expressed in Xenopus
oocytes and currents recorded using two-electrode voltage clamp
(TEVC) electrophysiology (Fig. 1, A to C). Oocytes expressing the
E140R channel produced negligible currents similar to those seen in
the water-injected oocytes (Fig. 1, C and D), in agreement with a
previous report (48). Despite the lack of current, biotinylation as-
says in oocytes detected similar levels of expression of the E140R
channel and wt KCNQ2 at the plasma membrane (Fig. 1E and fig. S2
showing uncropped blot), suggesting that E140R did not interfere
with trafficking. In addition, voltage clamp fluorometry (VCF) of
channels comprised of four labeled E140R mutant subunits (Q;*)
showed no voltage-dependent fluorescence signals (Fig. 1, F and G).

The absence of voltage-dependent current and fluorescence sig-
nals from Q; mutants suggests that the E140R mutation restrains VS
in a nonactivated (down) position. Further support for this idea was
obtained by testing the accessibility of the KCNQ2-F192C residue
alone (Q*), and in the background of the E140R mutant (Q;*), to
extracellular tetramethyl-rhodamine C5-maleimide (TMRM) either
in a low-K* “N-methyl-p-glucamine (NMDG)” or a high-K* solu-
tion (to keep the membrane at hyperpolarized or depolarized volt-
ages, respectively; Fig. 1H). The rate of TMRM labeling of F192C
(Q*) was almost twice as fast in the high—KJr solution as in the NMDG
solution (Fig. 1H, compare closed and open black circles). This sug-
gests that the accessibility of residue F192C depends on the confor-
mational state of the VS. In contrast, the rate of TMRM labeling of
Q;* was similarly slow in both depolarizing (high K*) and hyperpo-
larizing (low K*) solutions (Fig. 1H, compare closed and open red
squares) with similar labeling rates seen for F192C (Q¥) in the hyper-
polarizing solution. Together, these data suggest that the VS likely
remains in the down (resting) state in E140R (Q;*) channels.

KCNQ2 channels bearing two E140R mutated VSs

are functional

Tandem KCNQ2 dimers containing E140R and/or wt subunits were
labeled with Alexa Fluor 488 at position F192C (*) (Fig. 2). Dimers
containing one unlabeled and one labeled wt subunit (QQ*) pro-
duced channels with voltage-dependent fluorescence changes, F(V),
that correlated with the negatively shifted F(V') relationship of chan-
nels with all four subunits labeled (Q*; Fig. 2D, dashed lines) (21)
and G(V) curves that were minimally right shifted compared to the
G(V) curve of Q* channels (Fig. 2, A and D, and Table 1). Note that
the gating curve of labeled KCNQ2 (Q*) channels is left shifted com-
pared with unlabeled wt KCNQ2 (Q) channels (Fig. 2, D and E,
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Fig. 1. The E140R mutation impairs KCNQ2 channel function. (A) Schematic of S4 activation in wt KCNQ2 (Q) channels and when the S4 movement is impeded by the
E140R mutation (Qj). (B to D) Current traces from oocytes expressing (B) wt KCNQ2 (Q) and (C) KCNQ2-E140R channels (Q;) or (D) water-injected oocytes using the voltage
protocol shown above. Sweep-to-sweep intervals were 15 s. (E) Western blot of surface fraction or total lysate extracted from water-injected oocytes and oocytes ex-
pressing Q and Q; channels. The Na/K ATPase and f-actin are shown as controls. (F) Current (black) and fluorescence (cyan) traces from Alexa Fluor 488-labeled KCNQ2-
E140R-F192C (Q;*) channels using the voltage protocol in (A). Cartoons depict channel assemblies: wt KCNQ2 (Q, black circles), KCNQ2-E140R (Q;, red circles), and Alexa
Fluor 488-labeled KCNQ2-E140R-F192C (Q;*, cyan cartoons attached to red circles). (G) Normalized G(V) (black circles) and F(V) (cyan circles) curves from Qi* channels.
Normalized G(V) curves from Q (squares) and unlabeled Q (triangles) channels are shown for comparison. The midpoint of activation for the wt KCNQ2 (Q fitis GV, /, g = —41.7 + 1.9 mV.
Means + SEM.n = 8to 21. (H) TMRM labeling of water-injected oocytes (gray) and oocytes expressing the KCNQ2-F192C residue alone (Q*) and in E140R mutant (Qi*) in
high-K* and low-K* (NMDG) solutions. Data were fit with single exponentials, and labeling rates (k) were 3.7 + 1.7 (Q* in high K*), 2.2 + 2.6 (P = 0.04) (Q* in NMDG),
1.8 + 1.4 (P = 0.01) (Q;* in high K*), and 1.95 + 1.85 fluorescence units/min (P = 0.003) (Q;* in NMDG). Means + SEM. P values indicate statistical difference from Q* in
high-K* solution. P values are not different between Q* in low-K* (NMDG) solution and Q;* in high-K* or low-K* (NMDG) solution. It was not possible to fit an exponential
to water-injected oocyte data (gray). a.u., arbitrary units.
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Table 1. Biophysical properties of single and concatemeric KCNQ2 constructs. Summary data for half-activation voltage (V,,) for each of G(V)and F(V)
relationships and unitary conductance (g). X. laevis, HEKt (human embryonic kidney 293t cell line), tsA201 (transformed human kidney 293 cell line), and Itk
(Itk- mouse fibroblasts). wt KCNQ2 subunit (Q), E140R subunit (Q;), Alexa Fluor 488 maleimide-labeled F192C (Q*), and cysteine substitutions (Q°). k is the slope
of the activation curve fitted with the Boltzmann equation (Eq. 2) (see Materials and Methods). Values are means + SEM. n represents the number of cells

analyzed. Statistical significance between GV, FV;/,, and slope factors (k) was determined using a one-way ANOVA and a Bonferroni post hoc test (P < 0.05)

compared with oocytes before application of MTSET and ($) compared with QQQQ in X. laevis, (&) compared with QQQQ in tsA201 cells, (@) compared with
QQQQ in HEKt cells, and (#) compared with Q in X. laevis.
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(Continued)
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black dashed lines), as we have described in detail (21). Expression of
dimers containing labeled wt and unlabeled E140R in different sub-
units (Q*Q;), which would produce tetramers having two labeled wt
subunits and two unlabeled E140R subunits, displayed ionic cur-
rents and fluorescence signals similar to those from wt KCNQ2
channels containing only two labeled subunits (QQ*; Fig. 2, A and B,
and Table 1). Notably, the F(V) relationship of Q*Q; dimers closely
correlated with its G(V) curve and fell within the voltage-dependent
range of F(V) and G(V) relationships of QQ* channels (Fig. 2, D and
E, and Table 1). Expression of tandem dimers containing unlabeled
wt and fluorescently labeled E140R in different subunits (QQ*)),
which, when assembled as tetramers, will contain two Alexa Fluor-
labeled VSs that are restrained in the resting state and two unlabeled
wt KCNQ2 subunits, displayed negligible voltage-dependent fluo-
rescence signals but produced currents with similar kinetics and
midpoints of activation to wt KCNQ2 channels (both expressed as
single Q and dimers QQ) (Fig. 2, C and F, and Table 1).

A second method was used to test functional VS activation and
opening of mutant channel constructs containing heterogeneous
VSs with the E140R mutation (Fig. 3). Previously (21), we mapped
the extracellular excursion of VS residues during membrane depo-
larization in KCNQ2 channels using cysteine-scanning mutagenesis
and state-dependent [2-(trimethylammonium)ethyl] methanethio-
sulfonate bromide (MTSET) modification approaches. We showed
that external MTSET application modifies a stretch of ~9 amino ac-
ids, including the first gating charge (R198), in the open state but not
in the closed state, which suggests that these residues move from a
membrane-buried position in the resting state to the extracellular
space during channel activation. MTSET modification and the ap-
pearance of ionic currents in cysteine-substituted residues of the VS

Hinojo-Perez et al., Sci. Adv. 11, eadr7012 (2025) 5 March 2025

Qaakk 37 - s

can therefore be used to probe the VS movement and role of E140R-
containing VSD when they are components of channels along with
wt KCNQ2 subunits. In a similar manner to the KCNQ2 dimers used
for VCF, we created two concatemeric constructs in which the R198C
mutant (denoted as Q°) was introduced either in adjacent subunits
(Q°Qy) or in the same KCNQ?2 subunits containing the E140R muta-
tion (QQ;°), as is shown in the cartoons in Fig. 3A. Similar to our
previous work (21), external application of 100 pM MTSET to oo-
cytes expressing dimers of the R198C mutant (Q°Q°) increased the
current amplitude, accelerated the kinetics of current activation, and
left shifted the G(V) relationship in the open state (at +20 mV) but
not in the closed state (at —140 mV) (Fig. 3, A to D, top panels).
These changes in gating properties upon MTSET application suggest
that the R198 amino acid is not accessible in the closed state (with a
resting-state VS) but becomes accessible in the open state (activated
VS). Similarly, currents from oocytes expressing the Q°Q; dimer
could be modified in the presence of 100 pM MTSET in a state-
dependent manner, suggesting that the two R198C subunits (Q°)
could move from the resting to active state independent of the two
restrained E140R subunits (Q; Fig. 3, A to D, middle panels). In
contrast, application of 100 pM MTSET to oocytes expressing the
QQ:€ dimers resulted in no current changes in either the open or
closed states (Fig. 3, A to D, bottom panels). The observation that
QQiC channels containing both the E140R and R198C mutations in
the same subunit(s) are prevented from modification in the presence
of MTSET shows that the E140R mutant truly restrains S4 movement.
However, this restraint on movement imposed on the Q;¢ subunit
does not prevent activation of the adjoined wt KCNQ2 subunits in the
QQiC channels. Oocytes expressing the QQiC dimer exhibited ionic
currents and G(V') curves similar to those from oocytes expressing
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Fig. 2. KCNQ2 channels bearing two E140R mutations are functional. (A to C) Representative current (upper) and fluorescence (lower) traces from Alexa Fluor
488-labeled F192C (*) QQ* (triangles)-, Q*Q; (squares)-, and QQ;* (circles)-linked dimers for voltage steps between —160 and +60 mV in steps of 20 mV from a holding
potential of —80 mV, followed by a —40-mV tail potential. In (B) and (C), a prepulse to —120 mV was used to deactivate the S4s more completely. Cartoons depict the channel
assembly in the constructs: wt KCNQ2 subunit (Q, black circles), E140R subunit (Q;, red circles), and Alexa Fluor 488 maleimide-labeled F192C (Q*, black or cyan cartoons
attached to circles). Black lines between circles indicate tethers between subunits. (D to F) Normalized G(V) (open symbols and solid line from a Boltzmann fit) and F(V)
(closed symbols and solid line from a Boltzmann fit) curves from labeled QQ* (triangles), Q*Q; (squares), and QQ;* (circles), respectively. In (D) to (F), dotted and dashed-dotted
lines represent the G(V) curves of single Q and dimers of QQ, respectively, for comparison. The midpoints of activation for the fits are as follows: GV, , oo+ = —74.4 £ 2.8 mV,
FVij2 0qr = =827 £29mV (0 =6), GV, 5q:q = —78.1 £5.1mV, Vi 201 =864 £1.6mV (n =3), GV1/zQQ( =-59.1+1.1mV (n=7), and FV1/ZQQT = not determined;
and GV, ), q =417+ 1.9mV (n=21),GV; ; oo = —41.0 £22mV (0 = 8), GV, , oo = =771 £2.7mV,and FV, , o = =87.1 £3.9mV (n = 10; fig. S1) (shown in Table 1).

Data represent means + SEM.

wt KCNQ2 (Q) and dimeric (QQ) constructs (Fig. 3D, dotted and
dashed lines, respectively). Collectively, the VCF and cysteine acces-
sibility results on dimeric constructs indicate that KCNQ2 channel
opening can occur in the presence of two E140R-containing sub-
units, and thus, channels can open with a minimum of two func-
tional wt VSs.

Subunits with the E140R mutation are not excluded from
channel assembly

The normal incorporation of subunits containing the E140R muta-
tion into channel complexes was tested by assessing the sensitivity of
channels to the channel blocker ML252 (fig. S3). Previous work has
shown that compared to wt KCNQ2 channels (Q), the introduction of
the mutation W236F (W/F) strongly attenuates the channel’s sensitiv-
ity to ML252 (49). While 10 pM ML252 completely blocked the cur-
rent from dimers of wt KCNQ2 channels (QQ-linked dimers), it only
blocked QW/F dimers by ~5% (fig. S3, AtoDand I, n = 7 to 8). Ex-
pression of dimers containing wt and W236F mutations in different

Hinojo-Perez et al., Sci. Adv. 11, eadr7012 (2025) 5 March 2025

subunits (QQW/F), which would produce tetramers having two wt
and two W236F subunits, displayed a reduced sensitivity to ML252
(~50% reduction in peak current) compared to wt (QQ) (fig. S3, A, B,
E, F and I, n = 6). Application of 10 pM ML252 to dimers containing
the E140R and W236F mutations in the same subunit linked to a wt
subunit (QQ;W/F), which would produce tetramers having two wt
and two E140R-W236F subunits, exhibited similar ML252 sensitivity
to that of QQW/F dimers (~45% reduction in peak current; fig. S3, G
to I, n = 5). This result indicates that subunits containing the E140R
mutation are not excluded from the channel complex during assem-
bly and show identical ML252 responsiveness to wt subunits, which
suggests a uniform population of expressed channels.

KCNQ2 channels open with a single activatable VS domain

To investigate the minimum number of VSDs required to open KCNQ2
channels, we produced concatemers of four KCNQ2 subunits con-
taining variable numbers of VSs with the E140R mutation as shown
in Fig. 4. These included constructs that were made up entirely of
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wt KCNQ2 subunits (QQQQ), constructs containing one E140R
(QQ;QQ), two E140R (QQ;QQy), or three E140R subunits (QQ;Q;Q;).
We expressed these tetramers in mammalian cells (i) because only
two of the tetrameric constructs reliably expressed in oocytes (fig.
S4), possibly due to the instability of the long-chain complemen-
tary RNAs of the tetramers, and (ii) to better compare whole-cell
macroscopic currents with single-channel measurements obtained
from mouse Iltk— fibroblast cells (see Fig. 5). Expression of QQQQ
tetrameric constructs in tsA201 (transformed human kidney 293 cell
line) cells produced currents with steady-state conductance-voltage
G(V) curves that were minimally right shifted compared to tetramers
recorded in oocytes (Fig. 4, A and E, fig. S4, and Table 1). When com-
pared to the wt tetrameric channels (QQQQ), we found that the
other three E140R-bearing tetrameric channels, whether expressed in
mammalian cells or oocytes, displayed no significant differences in
their G(V) curves and slopes (Fig. 4F, fig. S4, and Table 1). Notably,
while expression of QQQQ tetrameric constructs in tsA201 cells pro-
duced a larger current density than the QQ;Q;Q; mutant (fig. S5A),
no differences in activation/deactivation kinetics or delay in channel
activation was observed (fig. S5, B to D). Currents from the tetra-
meric constructs bearing one or three Q; subunits were inhibited by
the KCNQ2 channel blockers TEA (10 mM) or XE991 (30 pM)
in both oocytes and mammalian cells (fig. S6), suggesting that the
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E140R mutation did not affect the tetrameric KCNQ2 architecture.
To test whether the location of the E140R mutation within the tetra-
meric construct affected macroscopic currents, we also introduced
two E140R subunits in adjacent positions within the tetramer (i.e.,
QQQIQj). The QQQ;Q; channels had a similar half-activation voltage
(GVy)2) to tetrameric channels in which the two E140R subunits are
separated by a wt subunit (Fig. 4, C, D, and E, and Table 1), suggesting
that the position of the E140R mutations within the tetramer does not
substantially affect the voltage dependence of channel opening. Col-
lectively, these data indicate that KCNQ2 channels can open even
when only a single VS can activate.

E140R subunits reduce single-channel conductance

We next assessed the functional consequences of preventing one,
two, or three VSDs from reaching activated conformations in KCNQ2
channels at the single-channel level. First, we measured the single-
channel current of wt KCNQ2 channels using a tandem dimer (QQ)
and found that QQ channels open with a maximal peak amplitude
0f 0.53 + 0.02 pA at 0 mV (Fig. 5, A and B), as previously reported
(50, 51). We also tested the F192S mutant to see whether (and how)
this would enhance expression as suggested by a previous report
(21). Channels with F192S in each of the four subunits (Q"**®) had
the same single-channel current amplitude as wt QQ channels at
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0 mV (0.50 + 0.02 pA; fig. S5) and were indistinguishable from wt
at the single-channel level. Restraining either one, two, or three sub-
units from activation by including one, two, or three E140R mutat-
ed subunits led to a stepwise decrease in peak single-channel
current. Thus, the currents from tandem constructs containing only
one restrained subunit, QQ;QQ, had smaller openings than QQ,
0.36 + 0.01 pA at 0 mV (Fig. 5, A and B), but restraining an addi-
tional subunit (QQQ;Q;) further reduced the opening to 0.23 +
0.003 pA. Last, the tandem construct with three E140R-containing
subunits (QQ;Q;Q;) had the smallest single-channel current am-
plitude of 0.126 + 0.007 pA at 0 mV and openings became notice-
ably briefer.

To investigate the importance of opposing versus adjacent E140R-
containing subunits, we also tested the QQ;QQ; construct and found
that this configuration produced similarly small single-channel
currents (0.133 + 0.005 pA at 0 mV), as did channels made up of
either three restrained VSs (QQ;Q;Q;) or the dimers Q;Q* and QQ;*
(Fig. 6, A to C, and fig. S7).

Markov kinetic models of KCNQ2 activation

The electrophysiological recordings from channel constructs with in-
creased numbers of E140R mutant VSDs all showed robust currents,
similar shape, and half-activation voltage V,, (Fig. 4), which suggests
that activation of a single VS is sufficient to open KCNQ2 channels.
In addition, there appears little change in the shape or Vy, of the
G(V) relationships between the different Q* and Q; constructs (Fig.
2). In formulating a model for KCNQ2 activation, the experiments
suggest that a direct activation-to-opening pathway is required for
each VS, and as there appears no energetic advantage in having more
than one active VSD [G(V') unchanged; Fig. 4F], positive allosteric
regulation of the opening step once VSs are activated is not required.
In our prior study of fluorescence from labeled KCNQ2-F192C (Q*)
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and mutant Q*-R198Q channels (21), it was difficult to separate
more than one component of the fluorescence activation time course
during VS activation and any further rearrangements upon pore
opening that might change the fluorophore microenvironment could
not be clearly defined, probably due to the similar voltage depen-
dencies of the overall F(V)) and G(V) relationships. However, the Q*-
R198Q mutant seemed to better separate the first and second F(V)
components (2I). Similarly, in related KCNQ1 channels, when the
G(V) and F(V) relationships are separated widely by coexpression
with KCNE], a second, channel opening-related VS fluorescence
component becomes apparent (36, 47, 52). In our KCNQ2 models,
we included this second fluorescence component so that fluorescence
associated with the horizontal VS transitions was denoted F1 and
that associated with the opening transition F2.

These experimentally defined properties are reflected in model
schemes and transition rate constants shown in Fig. 7A for labeled
KCNQ2-F192C (Q*) channels, for dimers of Q*Q;, and tetrameric
constructs of KCNQ2 where three of the four subunits contain the
E140R mutation (Q;) and only one activatable Q* subunit remains
(Q*Q;Q;Qy). Fits to the fluorescence activation time course and
steady-state fluorescence-voltage, F(V), relationships of Q* (fig. S1)
(21) were used to derive exponential relationships versus voltage for
a and P (see Materials and Methods, Eq. 1) and obtain rate constants
for horizontal model transitions, which define independent VS acti-
vation kinetics (see Materials and Methods). The o and p rate con-
stants were then incorporated into a computer model of Q* to
optimize  and y opening/closing transition rate constants (Fig. 7A)
via iterative minimization of differences to Q* G(V) and F(V) ex-
perimental data (fig. S1).

Rate constants were used to generate steady-state G(V)) and F(V)
relationships for comparison with the experimental data (symbols in
Fig. 7B) and model current and fluorescence waveforms (Fig. 7C).
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The G(V) relations for the Q* models overlay each other and fit the
experimental relationship closely. The F(V) relationships for models
that contain increasing numbers of Q; subunits are shallower and
diverge from each other at the foot of the curves, as expected from
the rate constant multipliers in each model that define the speed of
horizontal transitions. Notably, as for the G(V)s, the model F(V)
relationship fits the Q* F(V) experimental data points well (Figs. 2D
and 7B and fig. S1). When the relationships are replotted on a semi-
log scale, it can be seen how well the models fit experimental data
at very low open probabilities, a region where the o and p rate con-
stants determined from fluorescence tracings are uncontaminated
by fluorescence from opening transitions (Fig. 7D). The contribu-
tion of F1 and F2 to the overall F(V) relationship for Q* is shown in
Fig. 7E. It can be seen that F1 and F2 share a very similar voltage
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dependence and that the simulated F2 comprises about 25% of the
total fluorescence at 0 mV.

Gating effects of individual subunits containing
disease-causing mutations

Next, we investigated the functional gating of KCNQ2 channels bear-
ing disease-associated gain-of-function (GOF) and loss-of-function
(LOF) mutant subunits. If KCNQ2 channels can open when a single
VS can activate, then in channels made up of heterogeneous subunits,
the shape of the G(V) relationship and half-activation voltage (V1/2)
will be affected by VS displaying different activation voltage depen-
dencies. Thus, channels containing three wt subunits and one mutated
subunit with a hyperpolarized Vy; (i.e., a GOF gating mutation) will
open at voltages more hyperpolarized than channels entirely made up
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of wt subunits, whereas channels containing three wt subunits and one
mutated subunit with a depolarized Vy,, (i.e., LOF gating mutation)
will open at a similar V), to wt channels but should show saturation of
conductance at more positive potentials. To test this, we produced
tetrameric KCNQ2 constructs made up of three wt (Q) subunits and
either the GOF mutation [R201C (53, 54), QQQQRra0ic] or the LOF
mutation [R214W (21, 55), QQQQr214w) (Fig. 8).

Consistent with a GOF gating phenotype (54), expression of
QQQQr201c tetramers produced currents with voltage-independent
(around 20% remained open at negative voltages) and voltage-dependent
components and a V), more hyperpolarized than wt QQQQ channels
(Fig. 8, A, B, and E, and Table 1). Similarly, KCNQ2 dimers containing
the severe GOF R198Q (56) in one subunit (QQriesq) displayed hyper-
polarized Vy, values and an elevated foot of the G(V) curve compared
to wt QQ channels (fig. S8). In contrast, the V7, of QQQQgz214w chan-
nels was only minimally depolarized compared to those of wt QQQQ
tetramers (Fig. 8, C and E, and Table 1), as the QQQQga14w’s V1, re-
mained largely governed by most wt subunits in the presence of the
single LOF R214W subunit. Notably, currents from tetrameric constructs
bearing the R214W mutation and three inhibitory E140R subunits, to
restrict VS movement in all but the R214W subunit (Q;Q;QiQro14aw)»
displayed more depolarized V), values than wt QQQQ channels (Fig. 8, D
and E, and Table 1), since the Q;Q;iQ;Qrz214w’s voltage dependence of
opening was solely governed by the LOF R214W phenotype.

DISCUSSION

Activation of a single VSD can open KCNQ2 channels
Knowledge of the detailed voltage-sensing mechanisms by which
KCNQ2 gates has the potential to improve our understanding of
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how disease-causing mutations disrupt channel function. However,
the kinetics and voltage-dependent contribution of individual VSD
transitions to the overall channel gating have remained poorly de-
scribed, in part, because of technical limitations in examining indi-
vidual VS rearrangements and the use of coexpression systems that
mask individual subunit function. In the current study, we overcame
these challenges by using concatenated dimeric and tetrameric con-
structs containing different numbers of the E140R mutation in the
S2 domain, previously shown to prevent VSs from reaching activat-
ed conformations (48), to control the number of activatable VSs and
assess the impact on channel gating. Incorporation of E140R into all
four subunits produced nonconducting channels despite surface
membrane localization (Fig. 1), likely due to electrostatic clashes
with positive charges in the S4 domain of the VS (48) that prevent
channel activation and thus, gate opening. Constraining all four
KCNQ2 subunits in the tetrameric channel (all four VSDs contain-
ing E140R, Q;) abolished VS movement as measured by loss of VCF
signals. Thus, by incorporating the E140R variant in the S2 trans-
membrane domain, we were able to constrain VS movement in
KCNQ2 channels in a targeted manner.

With concatenated constructs, we tracked VS movement (fluores-
cence) in tandem dimers containing mixed wt and E140R VSs and
correlated this with channel opening (ionic current). We found that
labeled VS (*), either in the same (QQ¥*;) or opposite subunits (Q*Q;)
to the E140R mutation, produces robust KCNQ2-like currents, but
voltage-dependent fluorescence indicative of VS movement is only
detected in those channels containing labeled wt subunits (Q*Qy),
consistent with the E140R mutation preventing the E140R-VSs from
reaching the activated state (Fig. 2). In addition, while Q*Q; and
QQ*; channels had midpoints of current activation—GV;,,—that
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for F2(V), V42 and k values are —73.4 and 14.4 mV, respectively. See Materials and Methods for rate constants.

followed their respective GV, of homomeric labeled Q* and unla-
beled wt channels (Fig. 2 and fig. S1) (21), QQ* channels exhibited
GV values that were slightly more depolarized than those of labeled
channels and unlabeled channels, suggesting that VS movements of
freely movable wt subunits are independent. Cysteine accessibility
experiments were used to verify our VCF results. Since MTSET mod-
ified channels containing the R198C probe (Q°) in a state-dependent
manner only if the mutation is expressed in the opposing subunit
from E140R (QcQ;) (Fig. 3), we concluded that R198C-VSD, but not
E140R-VSD within the heterogeneous VS channel assembly, can
move from the resting (membrane buried) unmodified state to an
activated (extracellular space) modifiable state. Regardless of the
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positioning of the R198C probe, either in the same or opposite sub-
unit as the E140R mutation, both Q°Q; and QQS; channels produce
measurable currents, as if the wt (Q) and wt-like VSDs (Q°) move
independently from the restrained E140R (Q;)-bearing subunits.
Lastly, whole-cell (Fig. 4) and single-channel recordings (Figs. 5 and
6) from heterogeneous channels containing as many as three VSDs
restrained in the resting state and only one activatable VSD subunit
(QQ;QiQ;) show that the channel can conduct.

These findings are in agreement with a body of data from KCNQ1
channels. Meisel and colleagues (57) used thermodynamic mutant
cycle analysis of GOF and reduced-function KCNQ1 S4 mutations
placed in one, two, three, or four S4 domains to show that the
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movement of individual VSs contributed sequentially to channel
conductance. As well, VCF studies of linked concatemers of KCNQ1
subunits support loose coupling between VSs and the gate (38), and
when the pore is locked in the open state, VSs can still move be-
tween the resting and activated states (58). Last, our recent whole-
cell and single-channel recordings have shown that the Ix, (KCNQ1/
KCNE1) channel complex can open and conduct current before all
four VS domains have moved, with a minimum of one activatable
VSD (36, 47).

Models incorporating independent VS movement

fit the data

Collectively, our results indicate that in the tetrameric KCNQ2 channel
complex, only one VS is required to move to allow ion conduction
at the whole-cell and single-channel levels, negating the require-
ment for a concerted transition of all four activated VSs to allow the
channel to conduct. A model was built to reflect this experimental
reality, with a resting state, four horizontally connected activatable
VS states, and a single parallel lower tier of open states (Fig. 7A).
Voltage-dependent kinetic constants for VS activation were derived
from Q* oocyte fluorescence data (fig. S1) and for the opening tran-
sitions by optimizing model fits to current and fluorescence steady-
state G(V') and F(V) relationships. The foot of the F(V) relation is
quite shallow, and good fits to this region using a single fluorescence
component associated with horizontal transitions in the model gave
a too-shallow relationship at the top of the curve compared with
experimental data. We consistently found that including a second
fluorescence component associated with the opening transition (a
steeper F2, k = 14.4 mV in Fig. 7E) gave a much better fit to the
overall F(V) relationship for F192C-KCNQ2. The decreased slope
of the Q* F(V) relationship compared with the G(V) relationship at
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P, values less than 0.5 (Fig. 7, B and D) reflects the kinetics of the
voltage-dependent opening step, which are subtly different from
rate constants defining VS-activating transitions. Using these rate
constants in the simpler models with only two or a single activatable
VS simulates the overlap of oocyte G(V) and F(V') data from Q* and
Q*Q; (Fig. 2 and fig. S1) and reproduces the lack of significant G(V)
shifts between QQQQ, QQQ;Q;, and QQ;Q;Q; channels expressed
in tsA201 cells (Fig. 4). The midpoints of current activation (GV},,)
from channels bearing one, two, or three restricted VSDs all fall
within the voltage range of the GV, of wt KCNQ2 channels (Fig. 4).

Allosteric regulation of the opening transition of activated KCNQ2
VS subunits is not required in any of the models to simulate the G(V)s,
which supports the broad applicability of our models and sets it apart
from other ion channels where positive allosteric modulation of
subunit activation is required to accurately simulate channel gating
(37,42, 47). Analysis of the activation of the BK channel (42) showed
that a higher open probability could be achieved with the activation
of more VS domains, and better fits of model to experimental data
were obtained with a positive allosteric model of activation gating
rather than one incorporating a late concerted step. In KCNQ1 (46)
and the Ix; (KCNQ/KCNEL1) channel complex (47), allosteric activa-
tion models are also required to accurately simulate the activation
kinetics and steady-state current and fluorescence relationships with
membrane voltage.

The lack of positive allosteric regulation in KCNQ2 opening
[present in KCNQ1 (36)] may be explained from the distinctive struc-
tural arrangements of the VSD subunits and associated calmodulin
(CaM) proteins between KCNQ2/CaM and KCNQ1/CaM complex-
es (fig. S9). As shown in the recent cryo-EM structures of KCNQ2
and KCNQ4 bound to CaM [KCNQ2/CaM (59) and KCNQ4/CaM
(60)], there appears to be more space between VSD subunits in the C
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terminus for the A-B helices and bound CaM than the narrow spaces
between activating subunits found in the KCNQ1/CaM complex (fig.
S9). This wider space in between VSD subunits of the KCNQ?2 chan-
nel may facilitate the rest/active transitions of individual VS to
open the channel without requiring cooperative engagement of sub-
sequent VS activation, as suggested for KCNQ1/CaM channels (fig.
S9, A to D).

Single-channel recordings reveal subunit-dependent
conductance states

Single-channel recordings from tetrameric KCNQ2 channel assem-
blies containing variable numbers of activatable VSs revealed differ-
ent subconductance states such that the larger the number of VSDs
containing the E140R mutation, the smaller the unitary conductance,
as fewer VSs are able to activate. Thus, channels containing three
VSDs restrained in the resting state and only one activatable VSD
subunit (QQ;Q;Q;) have a smaller conductance and briefer openings
than wt or channels bearing only one restrained VSD (Fig. 5). How-
ever, KCNQ2 channels bearing two activatable and two restrained
VSDs exhibit different unitary conductance depending on the spatial
configuration of the restricted VSDs. Concatemers containing two
restrained VSDs (E140R) across from each other (QQ;QQ;) have a
similar conductance to channels bearing three restrained VSDs
(QQiQiQ; Fig. 6B). In contrast, concatemers containing E140R sub-
units next to each other (QQQ;Q;) exhibit a markedly larger conduc-
tance compared to both QQiQQ; and QQ;Q;Q; constructs (Fig. 5).

To gain insight into how the placement of E140R subunits in the
channel complex might affect conductance, we created homology
structural models of KCNQ2 channels containing increasing num-
bers of VSDs in the resting state using the closed [PDB (Protein
Data Bank): 8j05] and open (PDB: 8ijk) KCNQ2 channel structures
(fig. S10) (59, 61). When the KCNQ2 channel gate is closed (no K*
permeation), the four opposing S314 residues in the S6 helices make
up the narrowest part of the inner vestibule and prevent K* ions
flowing through, as previously shown (fig. SI0A) (59, 61). Moving
only one VS to its activated state causes the S6 to twist and move
away from the inner pore, increasing the space between the S314
residues to allow some K* conduction (fig. S10C). Further activa-
tion of two, three, and all four VSs causes larger dilations of this
entrance to the inner vestibule that facilitates the larger conductance
of KCNQ2 channels. This structural model shows that KCNQ2
channels containing two restrained VSDs across from each other
(fig. SI0E) have smaller inner vestibule dimensions than those con-
taining two restrained VSD subunits adjacent to each other (fig.
S10F), which is consistent with the higher conductance observed
for the QQQ;Q; construct than for QQiQQ; in our single-channel
results (Figs. 5 and 6 and fig. S10G). These differences contrast
with what is observed in KCNQ1 + KCNEI channels where two
restrained VSDs, irrespective of their configuration within the tetra-
mer, have a similar unitary conductance (36), presumably due to the
slightly larger distances between S349 residues in the closed-state
subunits compared to KCNQ2 and lower conductance of Ixs (com-
pare figs. S10 and S11).

Our findings suggest that various subconductance levels for
KCNQ2 could arise from different numbers and arrangements of
activated VSs, which then change the effective size of the open
channel pore delimited by the four S314 residues. Together, these
studies support an allosteric gating model in which gate opening
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can occur to small or intermediate subconductance levels “over a
range of early and intermediate VS translations,” which deviates
from the canonical understanding of Kv channel gating. In the all-
points histograms of the wt and E140R mutants, extra peaks are
evident at smaller amplitudes that correspond to the main peaks of
mutant channels (see arrows in Fig. 5B). Similar gating paradigms,
whereby multiple subconductance state occupancy defines ion
permeation characteristics, have been previously observed for
drkl (62, 63) and Kir2.2 (64) K* channels and Na*-activated K*
channels (65) [of weak voltage sensitivity; (66)] and in glutamate
receptors (67). However, a gating scheme involving regulation of
subconductance levels by the number and arrangement of activated
VSs, which then determine the open pore dimensions shown
here for KCNQ2, has not been previously demonstrated in other
voltage-gated (Kv) K* channel family members and may represent
either an exception here in the highly homologous KCNQ channel
subfamily or a (yet unconfirmed) mechanism shared by Kv chan-
nels in general.

Implications of single subunit activation for the
pathophysiology of multimeric channels

All five members of the KCNQ channel family are activated by mem-
brane depolarization and phosphatidylinositol 4,5-bisphosphate and
regulated by CaM and phosphorylation (68-72). Despite these shared
properties and high structural homology, only the neuronal subfamily
members KCNQ2 to KCNQ5 have been shown to associate in different
combinations to form functional heteromeric voltage-gated K* (M-
type) channels in different neuronal areas, which allows functional
versatility in different brain regions (13, 14, 73). Here, we show that
a single activated subunit opens KCNQ2 channels and that recruit-
ment of additional VSs does not additionally favor opening energetics
(Figs. 4 and 7). If this is also the case for various combinations of
subunits in heteromeric KCNQx channels, then the V7, of the result-
ing G(V) curve may be substantially affected by subunits from the
channel type with the most hyperpolarized activation, as these would
open “first” during depolarization and contribute notably to the over-
all channel conductance (Fig. 8). This feature might be important
during development, as KCNQ2 expression appears earlier than
KCNQ3 and possibly KCNQ5 (16, 17) channels.

Our work also provides a framework for understanding the
variation in the severity of neuronal KCNQ channelopathies caused
by GOF and LOF gating mutations. If KCNQ3 and KCNQ5 can
also open upon activation of a single VS, like KCNQ?2, then in
heteromeric KCNQ2/3, KCNQ2/5, or KCNQ3/5 channels, the
voltage dependence of opening will be determined by subunits
with the most hyperpolarized V;,,. For heterozygous mutations, if
wt and mutant subunits assemble randomly, it has been predicted
that 94% of the assembled channels will contain one or more mu-
tant subunits (74-76). In the case of a LOF gating mutation in one
of the alleles, since the V7, of wt subunits is hyperpolarized com-
pared with LOF mutant subunits, the G(V) curve would be pre-
dominantly determined by the 94% of channels with one or more
wt subunits (Fig. 8, blue diamonds). The 6% of channels with four
mutant subunits would have a depolarized V,,, which will extend
saturation of the maximum conductance to more positive voltag-
es, but have a limited effect on the currents within the physiologi-
cal range (Fig. 8, blue triangles). Therefore, heterozygous channels
bearing LOF mutations will likely display mild phenotypes, as
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only 6% of the channels will have substantially depolarized half-
activation voltages.

Conversely, for heterozygous GOF gating mutations, where the
V12 of the mutant subunits is more negative than wt subunits, 94%
of the assembled channels would exhibit a pathological component
of G(V) at negative voltages (compare Fig. 8E and fig. S8, green
squares) and likely a hyperpolarized V;/, as well. Since extra cur-
rents around the resting potential and in the early activation range
of potentials are highly likely to be excitotoxic, our results suggest
that GOF heterozygous mutations in which a single active subunit is
sufficient to open the channel will exhibit a more severe phenotype
than LOF mutations.

In conclusion, our study reveals that KCNQ2 channels do not
require a concerted movement of all four subunits but rather that
channel opening can occur with activation of a single VS. Subsequent
recruitment of additional VSs does not facilitate channel opening,
indicating the absence of positive allosterism in opening. This gating
behavior has important implications for the current-voltage pheno-
types of GOF and LOF mutations. Single-channel analysis of tetra-
meric channel assemblies containing variable numbers of activatable
VSs reveals different subconductance states such that the smaller the
number of VSs restrained in the resting state, the larger the unitary
conductance of KCNQ2 channels. This gradual increase in conduc-
tance is not favored by incremental activation of additional VSs
within the tetramer, but it is determined by the progressive dilation
of the activation gate.

MATERIALS AND METHODS

Chemicals

MTSET was purchased from Toronto Research Chemicals Inc.
(Downsview, ON, Canada). Alexa Fluor 488 C5 maleimide was
purchased from Thermo Fisher Scientific (Waltham, MA). All other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Molecular biology

The full-length human KCNQ2 constructs (NCBI Reference Se-
quence: NP_742105.1; Genlnfo Identifier: 26051264) and tandem
dimers and tetramers of KCNQ2 (linkers in between subunits were
composed of 25 glycine residues) were synthesized (GenScript USA,
Piscataway, NJ) and ligated between the Bam HI and Xba I sites in
the multiple cloning site into the pGEM-HE vector for oocyte ex-
pression or the pcDNA3.1 for mammalian cell expression. The
PGEM vector had been previously modified to contain a T7 pro-
moter and 3" and 5" untranslated regions from the Xenopus p-globin
gene (77). The Kozak consensus sequence (GCCACC) and the Bg
IIT (AGATCT) or (Age I) (ACCGGT) restriction sites were added
before the start codon (ATG) of the KCNQ2 gene. Point mutations
were made in the KCNQ2 gene using the Quikchange XL site-
directed Mutagenesis kit (Agilent) according to the manufacturer’s
protocol. The correct incorporation of the specific variant was as-
sessed by Sanger sequencing (sequencing by Genewiz LLC, South
Plainfield, NJ). For oocyte experiments, the RNAs were synthesized
in vitro using the mMessage mMachine T7 RNA Transcription Kit
(Thermo Fisher Scientific) from the linearized cDNA. mRNA (40 to
50 nl) was injected into Xenopus laevis oocytes (purchased from
Ecocyte) using a Nanoject II nanoinjector (Drummond Scientific),
and electrophysiological experiments were performed 2 to 5 days
after injection.
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Cell surface biotinylation and Western blots

Oocytes were injected with 41.4 nl of mRNA (2 to 3 pg/pl) from wt
KCNQ2 or the KCNQ2-E140R mutation. Following incubation in
an ND96 solution for 72 hours at 18°C, the oocytes were washed
twice with phosphate-buffered saline with Ca/Mg (PBS-CM) (in
137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,,
0.1 mM CaCl,, and 1 mM MgCl,), and surface proteins from 40
oocytes per construct were labeled using EZ-Link Sulfo-NHS-SS-
Biotin (Thermo Fisher Scientific) and dissolved to a final concen-
tration of 1.25 mg ml™" in ice-cold PBS-CM. Following agitation
for 30 min, the reaction was quenched for 30 min using quenching
buffer (PBS-CM supplemented with 200 mM glycine). Next, the
oocytes were lysed using lysis buffer (150 mM NaCl, 100 mM tris-
HCI, 0.1% SDS, and 1% Triton X-100) with added Halt protease
inhibitor cocktail (1:100) (Thermo Fisher Scientific). Biotin-labeled
surface proteins were isolated and purified using Pierce Spin
Columns-Snap Cap (Thermo Fisher Scientific) with 500 pl of Pierce
NeutrAvidin Agarose added to each column (Thermo Fisher Scien-
tific). The total protein was quantified using Pierce BCA protein
assay kit (23225, Thermo Fisher Scientific). Purified surface pro-
teins or total cell lysates were separated on a 4 to 15% TGX precast
gel (Bio-Rad) at 120 V for 2 hours and transferred to a 0.2-pm
polyvinylidene difluoride membrane (Bio-Rad), with a 7-min
transfer time (25 V and 2.5 A, Trans-Blot Turbo system). Mem-
branes were incubated in LI-COR blocking buffer for 1 hour, fol-
lowed by incubation in LI-COR blocking buffer containing either
rabbit polyclonal anti-KCNQ2 (PA1-929; Invitrogen, 1:1000),
mouse polyclonal anti-f-actin (A5441; Sigma-Aldrich, 1:2000),
and mouse anti-Na™/K™ ATPase (adenosine triphosphatase; 05-
369; EMD Merck Millipore, 1:1000) at 4°C overnight. Next, the
membranes were washed 5 times for 5 min with TBST (20 mM
tris-HCI, 150 mM NaCl, and 0.1% Tween 20, pH 7.5) and incubated
with secondary antibodies [horseradish peroxidase-conjugated goat
anti-rabbit immunoglobulin G (H + L) (1:5000, 111-035-144; Jack-
son ImmunoResearch Laboratories) and goat anti-mouse im-
munoglobulin G (1:5000, G21040; Invitrogen)] in LI-COR blocking
buffer for 1 hour at room temperature in the dark. Last, the
membranes were washed 5 times for 5 min in TBST. Antibody-
bound peroxidase was detected by enhanced chemiluminescence
(Clarity Western ECL Substrate, Bio-Rad), and the chemilumi-
nescent signals were captured using a ChemiDoc imaging system
(Bio-Rad).

TEVC recordings

TEVC recordings were performed as previously described (77). A
regular ND96 solution for TEVC contained 96 mM NaCl, 2 mM
KCl, 1 mM MgCl,, 1.8 mM CaCl,, and 5 mM Hepes (pH = 7.5).
Ionic currents were recorded in TEVC using an OC-725C oocyte
clamp (Warner Instruments), low-pass filtered at 1 kHz, and sam-
pled at 5 kHz. Microelectrodes were pulled using borosilicate glass
to resistances from 0.3 to 0.5 megohms when filled with 3 M KCL
Voltage clamp data were digitized at 5 kHz (Axon Digidata 1440A;
Molecular Devices), collected using pClamp 10 (Axon Instruments).
Note that while ordinarily oocyte data using monomeric (single)
constructs would better reflect the decrease in amplitudes, this is not
the case with the tetrameric constructs because the synthesis of the
long RNA molecules is not very efficient, and it is difficult to know
how much of the complete sequence is actually being injected into
each oocyte.
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Cysteine accessibility measurements in TEVC recordings

We performed cysteine accessibility to the MTS reagent MTSET in
TEVC recordings following procedures previously described in (21).
Briefly, an ND96 solution for TEVC containing 96 mM NaCl, 2 mM
KCl, 1 mM MgCl,, 1.8 mM CaCl,, and 5 mM Hepes (pH = 7.5) was
perfused using a computer-driven, valve-controlled, home-made
perfusion system that allowed for a rapid switching (within 2 s)
between ND96 and MTS reagents during either the open or closed
protocol. We adapted the open- and closed-state protocols (23) to
study the solvent exposure of the substituted cysteines (Cys) in S3-
S4 and S4 and test whether these Cys residues were exposed in open
and/or closed channels using irreversible covalent modification by
MTSET. Briefly, cells were held at —80 mV for 1 s before stepping to
+20 mV for 12 s and then repolarized for another 12 s to —80 mV
(for the open state) or voltages between —80 and —140 mV (for the
closed state) before stepping to the test potential (+20 mV) to mea-
sure the change in currents induced by several 5-s cycles of MTS
reagents (see black rectangles in protocols on the top) (21). We
repeat 5-s MTSET application in between 25-s washouts for 8 to
12 cycles, as shown in the open and closed protocols at the top of
Fig. 3, following similar procedures described in (21). The MTSET
concentration was 100 pM. Ionic currents were recorded in TEVC as
described above. Results are presented as means + SEM (1, number
of measurements).

Voltage clamp fluorometry

VCF experiments were carried out as previously reported (21). Briefly,
aliquots of 50 ng of mRNA coding for the cysteine mutant KCNQ2-
F192C were injected into X. laevis oocytes. At 2 to 5 days after injec-
tion, oocytes were labeled for 30 min with 100 pM Alexa Fluor 488
maleimide (Thermo Fisher Scientific) in high—[K+] solution (98 mM
KCl, 1.8 mM CaCl,, 1 mM MgCl,, and 5 mM Hepes, pH 7.05) at 4°C
in the dark. The labeled oocytes were then rinsed three to five times in
dye-free ND96 and kept on ice before each recording to prevent inter-
nalization of labeled channels. Oocytes were placed into a recording
chamber animal pole “up” in an ND96 solution (pH 7.5 with NaOH),
and electrical measurements were carried out in TEVC using an
Axoclamp 900A amplifier (Molecular Devices). Microelectrodes were
pulled to resistances from 0.3 to 0.5 megohms when filled with 3 M
KCL Voltage clamp data were digitized at 5 kHz (Axon Digidata
1550B via a digital Axoclamp 900A commander, Molecular Devices)
and collected using pClamp 10 (Axon Instruments). Fluorescence re-
cordings were performed using an Olympus BX51WT upright micro-
scope. Light was focused on the top of the oocyte through a 20X water
immersion objective [numerical aperture (NA), 1.0; working distance,
2 mm] after being passed through an Oregon green filter cube (41026;
Chroma). Fluorescence signals were focused on a photodiode and
amplified with an Axopatch 200B patch clamp amplifier (Axon In-
struments). Fluorescence signals were low-pass Bessel filtered (Fre-
quency Devices) at 100 to 200 Hz, digitized at 1 kHz, and recorded
using pClamp 10. When needed, we added 100 pM LaCl; to the batch
solution to block endogenous hyperpolarization-activated currents.
At this concentration, La>" did not affect G(V') or F(V) curves from
KCNQ2 channels.

Patch clamp electrophysiology

tsA201 and HEKt (human embryonic kidney 293t cell line) cells plated
on coverslips were transfected 24 hours later using Lipofectamine2000
(Thermo Fisher Scientific) as per the manufacturer’s protocol. The

Hinojo-Perez et al., Sci. Adv. 11, eadr7012 (2025) 5 March 2025

channel constructs were transfected with green fluorescent protein
(GFP) in a 3:1 ratio. All experiments were performed 24 to 48 hours
posttransfection at room temperature. Successfully transfected cells
were identified by GFP fluorescence.

Whole-cell voltage clamp recordings in HEKt cells were made
using an inverted Nikon microscope (Eclipse TE2000-U) custom
made for fluorescence and equipped with a 20X 0.8-NA and 40x
0.8-NA objectives. Cells were continuously perfused with a bath so-
lution (140 mM NaCl, 2.4 mM KCl, 1.3 mM MgCl,, 2.5 mM CaCl,,
10 mM Hepes, and 10 mM p-glucose, pH 7.4). Records were made
at room temperature (~22°C). Patch pipettes were pulled from boro-
silicate glass (outer diameter, 1.5 mm; inner diameter, 0.86 mm; Sut-
ter Instruments) using a horizontal puller (P-97 Sutter Instruments)
and had a resistance of 2 to 5 megohms when filled with the intracel-
lular solution (125 mM K-gluconate, 10 mM NaCl, 1 mM EGTA,
4 mM Na,-ATP, 10 mM Hepes, and 10 mM p-glucose, pH 7.4).
Voltage clamp and current clamp recordings were acquired using
an Axopatch 200B amplifier (Molecular Devices, US), digitized at
10 kHz (filtered at 5 kHz, Axon Digidata 1550; Molecular Devices),
and collected using pClamp 11 (Axon Instruments). Cells were held
at —80 mV followed by a step from —100 to +60 mV (in 10- or
20-mV steps) for 2 s, followed by a subsequent voltage step to
—50 mV before returning to the —80-mV holding potential.

Whole-cell currents in tsA201 were acquired using an Axopatch
200B amplifier, Digidata 1440A, and pClamp 10 software (Molecular
Devices, San Jose, CA). Electrode pipettes were pulled on a linear
multistage electrode puller (Sutter Instrument, Novato, CA) from
thin-walled borosilicate glass (World Precision Instruments, Sarasota,
FL) and fire polished before use. Electrode resistances were between 1
and 2 megohms, with series resistances <4 megohms. A series resis-
tance compensation of ~80% was applied to all whole-cell recordings,
with a calculated voltage error of ~1 mV/nA current. Sampling was at
10 kHz and filtered at 2 to 5 kHz (78). The bath solution contained
135 mM NaCl, 5mM KCl, 1 mM MgCl,, 2.8 mM Na-acetate, and 10 mM
Hepes (pH 7.4 with NaOH); and the pipette solution contained 130 mM
KCl, 5 mM EGTA, 1 mM MgCl,, 4 mM Na,-ATP, 0.1 mM guanosine
5’-triphosphate, and 10 mM Hepes (pH 7.2 with KOH).

Single-channel recording

Cell-attached recordings were made from mouse ltk— fibroblasts
(American Type Culture Collection catalog no. CCL-1.3; Cedarlane
Labs, Burlington, Ontario, Canada) plated on glass coverslips and
transfected 24 hours later using Lipofectamine 2000 (Thermo Fisher
Scientific). Cells were transfected with 1.5 pg of channel DNA and
0.75 pg of GFP:pcDNA3 as a marker for transfected cells. Record-
ings were acquired using an Axopatch 200B amplifier, Digidata
14404, and pClamp 10 software (Molecular Devices, San Jose, CA).
Pipettes were made from thick-walled borosilicate glass (Sutter In-
struments, Novato, CA) using a linear multistage electrode puller
(Sutter Instruments). Resistances of the electrodes after fire polish-
ing were between 30 and 80 megohms. Sylgard (Dow Corning,
Midland, MI) was applied to electrodes before use. Sampling was at
10 kHz, with low-pass filtering of 2 kHz at acquisition using a —3-dB,
four-pole Bessel filter. Records were then digitally filtered at 200 Hz
for presentation and analysis (71, 78, 79). Solutions were as follows:
The bath solution contained 135 mM KCI, 1 mM MgCl,, 1 mM
CaCl,, 10 mM Hepes, and 10 mM dextrose (pH 7.4 with KOH). The
pipette solution contained 6 mM NaCl, 129 mM MES, 1 mM MgCl,,
5 mM KCI, 1 mM CaCl,, and 10 mM Hepes (pH 7.4 with NaOH).
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Amplitudes of channel openings were determined from Gaussian
fits of all-points histograms in Clampfit 10 (Molecular Devices).
Conductance curves were plotted using Prism10 (GraphPad Soft-
ware, San Diego, CA).

Modeling

MATLAB R2023b (MathWorks, Natick, MA; RRID:SCR_001622)
was used to write scripts to simulate KCNQ?2 activation and fluores-
cence from the F192C-labeled mutant channel (fig. S1) and from
channels with up to three of the four subunits containing the S4
mutation E140R (e.g., Fig. 4). The MATLAB subroutines “ode23s”
and “fminsearchbnd” with boundaries (80), respectively, were used
to solve differential equations using a Jacobian matrix and optimize
rate constants and model fits to steady-state G(V), F(V'), and tau(V)
relationships using a bounded Nelder Mead optimization algorithm
(81, 82). Transition rates were optimized by minimizing through
iteration a scalar function that simultaneously evaluated the squared
errors (SumSq) between computed and experimental data values
(47). Where possible, boundaries limited parameter values to being
close to experimental values. Model schemes are shown in Fig. 7A,
and the subscript R or A indicates the number of resting or activated
subunits, respectively. Closed and open channel states are indicated
as “C” and “O;” respectively. Forward and backward rate constants
in model schemes are indicated as “a” and “B” for the horizontal VS
transitions, while voltage-dependent transition rates related to any
second VS movement and pore coupling in the opening step are
denoted by “6” and “y” for opening and closing rates, respectively.
To obtain a, f, 5, and y rate constants, rate versus voltage plots were
fit with Eq. 1

zVF
Rate constant (V) = rate constant (0 mV) X e &t (1)

where V and 0 refers to voltage in mV; z is the apparent valence; and
F, R, and T have their usual meanings. At room temperature (22°C),
F /RT = 0.39. After optimization, rate constants and z values used in
the model for plots in Fig. 7 were as follows: o, = 0.0161 ms™},
2y = 0.551; B = 9.41 X 10~ ms™!, z5 = —0.365; 5, = 8.92 X 107> ms™",

25 = 0.977;7, = 3.04 X 107° ms ™, z, = —0.895.

Electrophysiology data analysis

Data were analyzed with Clampfit 10 (Axon Instruments, Inc.,
Sunnyvale, CA), OriginPro 2021b (OriginLabs Northampton, MA),
and Corel-DRAW Graphics Suite 2021 software. To determine the
ionic conductance established by a given test voltage, a test voltage
pulse was followed by a step to the fixed voltage of —40 mV (tail),
and the current was recorded following the step. To estimate the
conductance g(V) activated at the end of the test pulse to voltage V,
the current flowing after the hook was exponentially extrapolated to
the time of the step and divided by the offset between —40 mV and
the reversal potential. The conductance g(V) associated with differ-
ent test voltages V in a given experiment was fitted by the relation

gV)=A+ (A= Ay) /{1+exp[(Vi,=V) /X]} ()

where A, and A, are conductances that would be approached at
extreme negative or positive voltages, respectively; V; , is the volt-
age that activates the conductance (A, +A4,) /2; and « is the slope
factor in millivolts. Because of the generally different numbers of
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expressed channels in different oocytes, we compare normalized
conductance, G(V)

G(V)=g(V)/A, 3)

Fluorescence signals were corrected for bleaching and time aver-
aged over 10- to 40-ms intervals for analysis. The voltage depen-
dence of fluorescence f(V) was analyzed and normalized [ F(V)]
using relations analogous to those for conductance (Egs. 2 and 3).

Statistics

All experiments were repeated three or more times from at least
three batches of oocytes and cells. Pairwise comparisons were
achieved using an analysis of variance (ANOVA) and Bonferroni’s
post hoc test or Student’s ¢ test, as indicated in each figure. Data are
represented as means + SEM, and “#” represents the number of
experiments.

Supplementary Materials
This PDF file includes:
Figs.S1to S11
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