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(Background: The gating mechanisms of KCNQI channels are poorly understood.
Results: A thermodynamic mutant cycle analysis indicates that each subunit produces an incremental contribution to channel

Conclusion: KCNQI channels do not undergo concerted but sequential gating transitions in both the absence and the presence

Significance: Contrary to Shaker channels, KCNQI channel gating is not concerted and weakly cooperative.

N

J

The co-assembly of KCNQ1 with KCNE1 produces I, a K*
current, crucial for the repolarization of the cardiac action
potential. Mutations in these channel subunits lead to life-
threatening cardiac arrhythmias. However, very little is known
about the gating mechanisms underlying KCNQ1 channel acti-
vation. Shaker channels have provided a powerful tool to estab-
lish the basic gating mechanisms of voltage-dependent K* chan-
nels, implying prior independent movement of all four voltage
sensor domains (VSDs) followed by channel opening via a last
concerted cooperative transition. To determine the nature of
KCNQ1 channel gating, we performed a thermodynamic
mutant cycle analysis by constructing a concatenated tetrameric
KCNQ1 channel and by introducing separately a gain and a loss
of function mutation, R231W and R243W, respectively, into the
S4 helix of the VSD of one, two, three, and four subunits. The
R231W mutation destabilizes channel closure and produces
constitutively open channels, whereas the R243W mutation dis-
rupts channel opening solely in the presence of KCNE1 by right-
shifting the voltage dependence of activation. The linearity of
the relationship between the shift in the voltage dependence of
activation and the number of mutated subunits points to an
independence of VSD movements, with each subunit incremen-
tally contributing to channel gating. Contrary to Shaker chan-
nels, our work indicates that KCNQ1 channels do not experi-
ence a late cooperative concerted opening transition. Our data
suggest that KCNQ1 channels in both the absence and the pres-
ence of KCNE1 undergo sequential gating transitions leading to
channel opening even before all VSDs have moved.

The KCNQ (Kv7) subfamily of voltage-gated potassium
channels (Kv)?> comprises five members that play important

* This work was supported by the Deutsch-Israelische Projektkooperation
(DIP) fund (Deutsche Forschungsgemeinschaft) and the Israel Science
Foundation (ISF Grant 488/09).

"To whom correspondence should be addressed. Tel.: 972-3640-5116; Fax:
972-3640-9113; E-mail: battali@post.tau.ac.il.

2The abbreviations used are: Kv, voltage-gated K™ channels; VSD, voltage
sensor domain; LQT, long QT syndrome; Con’, KCNQ1 concatenated tetra-
meric construct.

34212 JOURNAL OF BIOLOGICAL CHEMISTRY

functions in different tissues including heart, brain, epithelia,
and inner ear (1-4). KCNQI can interact with either one of the
five KCNE auxiliary 8 subunits, resulting in different channel
functional characteristics (5, 6). Co-assembly of KCNQ1 with
KCNEL1 generates the I potassium current, which plays a
major role in the repolarization of the cardiac action potential
(7, 8). Mutations in either KCNQ1 or KCNE1 genes lead to
life-threatening cardiac arrhythmias such as thelong QT (LQT)
or short QT syndromes (3).

When expressed alone, KCNQI1 « subunits produce a
delayed rectifier K current that undergoes a hidden inactiva-
tion (9, 10). This inactivation is revealed by a hook of the tail
current, which reflects recovery from inactivation. However,
co-expression of KCNQ1 with the KCNE1 S subunit leads to a
dramatic slowing of the activation kinetics, a positive shift in
the voltage dependence of activation, and a suppression of inac-
tivation (7-10). In addition, this interaction with KCNEI also
causes an increase in unitary channel conductance, leading to
increased macroscopic current amplitude (11, 12). The subunit
stoichiometry of KCNQ1 and KCNEL in the I, channel com-
plex is still debated. An assembly of two KCNE1 subunits with
four KCNQ1 pore-forming subunits was suggested (13, 14),
whereas other studies proposed a flexible stoichiometry of
subunits with up to four KCNE1 molecules associating with
tetrameric KCNQ1 « subunits (15, 16).

Likein all voltage-gated cation channels, each KCNQ1 mono-
mer is composed of six transmembrane segments with a volt-
age-sensor domain (S1-S4) and a pore domain (55-S6). The
voltage sensor domain (VSD) is endowed with charged amino
acids, also called gating charges, which undergo conforma-
tional motions following alterations of the membrane electric
field. The VSD provides an electromechanical coupling device
that drives the opening of the channel pore. X-ray crystallo-
graphic studies of voltage-gated K" channels in their open state
conformation have described the VSD architecture as a module
of four membrane-spanning segments with the S3b helix and
the charge-bearing S4 helix forming a helix-turn-helix struc-
ture, termed the paddle motif, which is buried in the membrane
and moves at the protein-lipid interface (17, 18).
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In multisubunit channel proteins, conformational changes
may give rise to cooperativity in ligand binding or voltage gat-
ing. In voltage-dependent Shaker K™ channels, it is generally
recognized that the independent movement of all four VSDs is
followed by a last concerted cooperative transition that opens
the channel (19 -27). Despite numerous studies performed on
Shaker and other Kv channels, very little is known about the
putative cooperative mechanisms underlying /,; channel gat-
ing. Do the voltage-induced conformational changes in the
KCNQI tetrameric complex give rise to cooperativity in chan-
nel opening? Do they involve concerted or sequential confor-
mational transitions in intersubunit interactions, and if so, are
they affected by KCNE1? To determine the nature of subunit
interactions along KCNQI activation gating and their modula-
tion by KCNE1, we performed a thermodynamic mutant cycle
analysis. For this purpose, we constructed a concatenated tetra-
meric KCNQI channel and introduced separately a gain of
function mutation and a loss of function mutation, R231W and
R243W, respectively, into the S4 helix of the VSD of one, two,
three, and four subunits. Our results indicate that in both the
absence and the presence of KCNEL, there is a linear relation-
ship between the shift in the voltage dependence of activation
and the number of mutated subunits, suggesting that each sub-
unit produces an incremental contribution to channel gating.
Thus, in contrast to Shaker-like K* channels, KCNQ1 channels
do not undergo a late cooperative concerted opening. Instead,
they experience sequential gating transitions with independent
VSD movements and can open even when only one VSD
assumes an activated conformation.

EXPERIMENTAL PROCEDURES

Molecular Biology—Template DNA encoding human
KCNQ1 was first cloned into the pGEM vector to generate the
mutant subunits. Mutations were introduced using standard
PCR techniques with Pfu DNA polymerase. All PCR-amplified
mutant products were verified by DNA sequencing. To per-
form the thermodynamic mutant cycle analysis, the wild-type
(WT) KCNQI concatenated tetrameric construct (Con’) was
first built into the pGEM vector, where subunits D,, D,, D5, and
D, were connected by flexible linkers (8 glycines), each harbor-
ing unique restriction sites, EcoRI, Xbal and HindIII, respec-
tively (see Fig. 14). The concatenated construct was confined
by BamHI and BstEII restriction sites upstream and down-
stream, respectively. Using this cassette, each subunit could be
removed and mutated separately by cut and paste with a pair of
restriction enzymes. For example, the D, subunit could be cut
and paste using BamHI and EcoRI restriction enzymes. WT
Con’ was subsequently used as a template for constructing the
various mutant subunit combinations. The Con’ was then
inserted into the pcDNA3 vector to allow eukaryotic expression
in CHO and HEK 293 cells.

Cell Line Culture, Cell Culture, Transfection, and Western
Blot—Chinese hamster ovary (CHO) cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 2 mMm glutamine, 10% fetal calf serum, and antibiotics and
incubated at 37 °C in 5% CO0,. Cells were seeded on poly-p-
lysine-coated glass coverslips in a 24-well multiwell plate and
transiently transfected with Transit LT1 transfection reagent
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(Mirus). pIRES-CD8 was co-transfected as a surface marker.
For Western blotting, HEK 293 cells were grown as CHO cells
and transfected using the calcium phosphate method. Cells
were washed in PBS and lysed with a buffer containing 50 mm
Tris-HCI (pH 7.5), 150 mMm NaCl, 0.1% Triton X-100, 1 mm
EDTA, 1 mMm PMSF, and a protease inhibitor mixture (1 h at
4. °C, under rotation). Cell lysates were cleared by centrifuga-
tion (10,000 X g for 15 min, 4 °C). Equal amounts of lysate
proteins were resolved by 8% SDS-PAGE, and blots were
reacted using rabbit anti-KCNQI1 antibodies (Alomone Labs).

Electrophysiology—Electrophysiological recordings were per-
formed 40 h after transfection, using the whole-cell configuration
of the patch clamp technique. Transfected cells were visualized
using anti-CD8 antibody-coated beads. Data were sampled at 5
kHz and low pass-filtered at 2 kHz (Axopatch 200A amplifier
with pCLAMP9 software and a four-pole Bessel low pass filter,
Molecular Devices). For voltage clamp measurements, the
patch pipettes were pulled from borosilicate glass (Warner
Instruments Corp.) with a resistance of 3—-7 megaohms and
were filled with (in mm): 130 KCI, 5 Mg-ATP, 5 EGTA, 10
HEPES, pH 7.3 (adjusted with KOH), and sucrose was added to
adjust osmolarity to 290 mosmol. The external solution con-
tained (in mm): 140 NaCl, 4 KCI, 1.2 MgCl,, 1.8 CaCl,, 11 glu-
cose, 5.5 HEPES, pH 7.3 (adjusted with NaOH), and sucrose was
added to adjust osmolarity to 320 mosmol.

Thermodynamic Mutant Cycle Analysis—Data analysis was
performed using the Clampfit program (pClamp9, Axon
Instruments), Microsoft Excel, and Prism 5.0 (GraphPad). All
data are expressed as mean * S.E. Conductance (G) obtained
from steady-state currents was calculatedas G = I/(V — V). G
was then normalized to the maximal conductance. Activation
curves were fit to a single Boltzmann distribution according to
G/G o = 1/{1+ exp((Vgo — V)/s), where V is the voltage at
which the current is half-activated, and s is the slope factor. For
the thermodynamic analysis, the difference in Gibbs free energy
(AG,) was calculated according to AG, = 0.2389zFV/,, where
z = RT/F, (s is the slope factor and R, T, and F have their usual
thermodynamic meaning). Standard errors of z and AG, were
calculated using linear error propagation as described (52). The
change in free energy difference between WT KCNQ1 and the
mutant was computed by AAG, = AG,mut — AG,wt. High-
order thermodynamic coupling analysis was performed as out-
lined previously (27-29). Briefly, second-order coupling free
energy, reflecting coupling between two subunits, was calcu-
lated as A*G (a,b) = AG,, — AG, according to a thermodynamic
square consisting of the WT tetrameric construct, two single
subunit mutants, and a double subunit mutant (see Fig. 1A4).
Third-order coupling free energy A*G((a,b),c) was calculated as
the difference between the second-order coupling energies of
two subunits (a,b) in the presence or absence of a third mutated
subunit (c). The third-order coupling energy represents the
effect of a third subunit on the interaction between two other
subunits. The fourth-order intersubunit coupling free energies
A*G(1,2)(3,4) reflect the energetic impact of the interaction
between the (3,4) subunit pair on the intersubunit coupling free
energy between the (1,2) subunit pair.
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FIGURE 1. Characterization of the KCNQ1 concatenated tetrameric construct without and with KCNE1. A, top panel, scheme of the KCNQ1 concatenated
tetrameric channel construct (Con’), where subunits D,, D,, D;,and D, are connected by flexible linkers. Each linker (8 glycines) harbors a unique restriction site.
Bottom panel, example of a thermodynamic mutant cycle analysis used to estimate the second-order intersubunit coupling free-energy between subunit pairs.
w and m stand for wild-type and mutant subunits, respectively. B, conductance-voltage relations of WT monomeric and WT concatenated tetrameric KCNQ1
constructs in the absence or presence of KCNE1. Data were fit with a single Boltzmann function. C, representative current traces of WT monomeric and WT
concatenated tetrameric KCNQ1 constructs in the absence or presence of KCNE1. CHO cells were held at —90 mV. For KCNQ1, the membrane voltage was
stepped for 1 s from —60 mV to +50 mV in 10-mV increments and then repolarized for 0.5 s to —60 mV. In the presence of KCNET, the membrane voltage was
stepped for 3 s from —50 mV to +60 mV in 10-mV increments and then repolarized for 1.5 s to —60 mV. D, Western blot showing lysates from HEK

293-transfected empty vector (Mock) and KCNQ1 monomeric and concatenated tetrameric constructs.

RESULTS

Concatenated Tetrameric KCNQ1 Channels Display Similar
Properties to Those of the Monomeric Construct—To perform
the thermodynamic mutant cycle analysis, the WT KCNQI1
concatenated tetrameric construct (Con’) was first built into
the pGEM vector, where subunits D;, D,, D,, and D, were con-
nected by flexible linkers (8 glycines), each harboring unique
restriction sites (Fig. 1A). WT Con’ was subsequently used as a
template for constructing the various mutant subunit combi-
nations. WT Con’ was then inserted into the pcDNAS3 vector to
allow eukaryotic expression in CHO and HEK 293 cells. This
strategy enabled us to cut and paste mutated subunits in any
chosen combination. Concatenated tetrameric channel con-
structs were previously used for examining homo- and hetero-
tetrameric assembly, cooperativity in intersubunit interactions,
and inactivation (19, 27, 30-33). To ensure that our construct
was expressed as a concatenated tetrameric channel protein, we
compared its expression in HEK 293 cells with that of the
monomeric KCNQ1 protein by examining its molecular mass
in SDS-PAGE under reducing conditions followed by Western
blotting. The monomeric KCNQ1 construct appeared as a
main immunoreactive band of about 70 kDa accompanied by
higher molecular mass aggregates and a minor degradation
band product of about 37 kDa. In contrast, the Con’ construct
expressed a major high molecular mass immunoreactive band
of more than 280 kDa, roughly corresponding to the tetrameric
channel protein (Fig. 1D). To validate the functional use of the
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Con'’ construct, the electrophysiological properties of the WT
monomeric construct and WT concatenated tetrameric
KCNQ1 were compared in transfected CHO cells using the
whole-cell patch clamp technique (Fig. 1, Band C). Results indi-
cate that in both the absence and the presence of KCNE], the
WT Con’ exhibited similar kinetic properties and similar volt-
age dependence to those of the monomeric KCNQ1 construct
(WT monomeric KCNQ1, V,, = —28.6 £ 0.5 mV;s = 10.8 =
0.4mV,n =6, WT Con’, V5o = —30.6 = 0.6 mV;s = 8.7 = 0.5
mV, n = 6; WT monomeric KCNQ1+KCNEL, V., = 13.9 £
0.6 mV;s =15.6 = 0.7 mV, n = 10; WT Con'+KCNEL, V,, =
115+ 09 mV;s =174 £ 1.0 mV, n = 12) (Fig. 1, Band C). A
similar hooked tail current that reflects recovery from inactiva-
tion was observed in the WT Con’ and the monomeric KCNQ1
construct (9, 10) (Fig. 1C). Thus, the concatenated tetrameric
KCNQI1 channel retained the biophysical properties of the
monomeric construct, thereby validating its functional use to
explore subunit interactions upon channel gating.

Each KCNQI Subunit Endowed with a Gain of Function
Mutation in the VSD Produces an Incremental Gating
Perturbation—To determine the possible cooperative nature of
subunit interactions involved in KCNQI1 gating and to explore
whether VSD motions occur in a sequential or concerted man-
ner in the absence and presence of KCNE1, we introduced
mutations that dramatically disturb channel gating in the S4
segment of the voltage sensor and applied a thermodynamic
mutant cycle analysis (Fig. 14) (27-29). Two different muta-
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FIGURE 2. R231W-bearing KCNQ1 subunits produce a gradual left-shift in the voltage dependence of activation. A, representative current traces of Con’,
with one, two, three, and four subunits harboring the R231W mutation. CHO cells were held at —90 mV.The membrane voltage was stepped for 3 s from —130
mVor —110mVto +50 mVin 20-mV increments and then repolarized for 1.5 s to —60 mV.Band C, conductance-voltage relations of the different combinations
of R231W-bearing subunits in Con’. Data were fitted with a single Boltzmann function, except for Con’D, , ;R231W, Con'D, , ,R231W, and Con'D, 5 ,R231W
where connecting lines are shown. Fitting parameters are summarized in Tables 1 and 2. D, linear regression analysis of the different Vs, values versus the

number of R231W mutated subunits, * = 0.68, P, = 0.0009.

tions were made separately, a gain of function mutation and a
loss of function mutation.

The gain of function mutation, R231W, was generated at the
second arginine of the S4 helix. We and others previously
showed that mutating this residue by tryptophan or alanine
destabilizes channel closure and produces time- and voltage-
independent constitutively open channels, even in the presence
of KCNE1, suggesting that the loss of the positive charge at this
position prevents the channel from closing and dominates the
effect of KCNEL1 (34—37). Interestingly, a cysteine mutation of
this same residue, R231C, was shown to cause LQT1 syndrome
and familial atrial fibrillation (38). When we sequentially intro-
duced the mutation R231W into an incremental number of
VSDs, we observed upon KCNQ1 expression alone three mea-
surable effects (Fig. 2, A-C, Fig. 3, A and B, Table 1). (a) The first
effect was a progressive left-shift of the voltage dependence of
channel activation (V) (WT Con’, Vg, = —26.6 £ 0.8 mV, n =
9; Con'D;R231W, Vg, —364 * 09 mV, n 11;
Con'D, ,R231W, V;, = —51.8 + 22 mV, n = 12). (b) The
second effect was an increased voltage-independent con-
ductance fraction G,;,,, given by the horizontal asymptote of
the Boltzmann function (WT Con’, G, ;, = 0.098 = 0.021,
n = 9; Con'D,R231W, G,.. = 0.202 = 0.014, n = 11;
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Con'D, ,R231W, G, = 0.466 * 0.026, n = 12; Con'D, , ,
R231W and Con'D, , 5 ,R231W G, = 1,n = 12-13; Fig. 2, B
and C). Consequently, the left-shift in steady-state activation
(Vo) was accompanied by an increased fractional constitutive
conductance, G,,;,. The more negative the V,, the larger the
G nin (Fig. 3C). (¢) The third effect was an increasing component
of the constitutive current measured by the ratio of the instan-
taneous current over the steady-state current, 1, /I (Fig. 3B;
WT Con', I /I, = 027 * 0.02 Con'D,R231W, I, /I, =
036 * 0.03; Con'D,,R231W, I, /I, = 048 * 0.04;
Con'D, , 5R231W, I, /I, = 0.83 * 0.02; Con'D, , ; ;R231W,
L, JI,=0.99 £ 0.01; n = 9-12). With the increasing number of
mutated VSDs, the KCNQ1 current progressively lost its time
and voltage dependence such that it was impossible to deter-
mine the V;, values in the concatenated constructs bearing
three and four mutated VSDs, Con'D,,;R231W,
Con'D, , ,R231W, Con’'D, ; ,R231W, and Con'D, , 5 ,R231W
(Figs. 2, A—C, and 3, A and B). We observed a linear relationship
between the V;, values of the G-V curves and the number of
mutated subunits, suggesting independence of the VSD
motions (Fig. 2D). Some positional effect was noticed with the
concatenated constructs bearing two mutated VSDs, notably
the pairs where the mutation was introduced in two diagonally
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FIGURE 3. R231W-bearing KCNQ1 subunits produce a gradual increase in the instantaneous component of the current and in the fractional consti-
tutive conductance. A, representative traces of Con’ harboring the indicated combinations of R231W mutated subunits. The membrane voltage was stepped
for 3 sfrom —130 mV or —110 mV to +50 mV in 20-mV increments and then repolarized for 1.5 s to —60 mV. B, the constitutive current, /;,../,,, was measured
at +50 mV by the ratio of the instantaneous current over the steady-state current of the indicated combinations of subunits harboring the R231W mutation.
C, forall Con’R231W combinations, the fractional constitutive conductances, G,,,;,, given by the horizontal asymptote of the Boltzmann function, were plotted

versus their respective V;, values.

TABLE 1

Gating parameters of concatenated KCNQ1 and its mutants expressed alone

Vi, (half-activation voltage) and z (equivalent gating charge) were derived by fitting with a single Boltzmann function and are expressed as mean * S.E. AG,, AAG,, and their
standard errors were calculated as described under “Experimental Procedures.” —, not detectable.

Mutation
Subunits R231W R243W
mutated Vso z AG, AAG, n Vso z AG, AAG, n
mV kcal/mol keal/mol mV keal/mol keal/mol

WwWT —26.6 = 0.8 2.7%0.2 —1.67 £0.01 9 —26.6 = 0.8 2.7 0.2 —1.67 = 0.01 9
D, —36.4 *+ 1.0 25%0.2 —2.12 £0.01 —0.45 £ 0.02 11 —26.8 £0.2 24+ 0.0 —1.45 = 0.00 0.22 £0.01 16
D, —32.6 =23 2.0*0.3 —1.51 £0.02 0.16 = 0.02 14 —25.8 £0.7 22*+0.1 —1.33 £ 0.01 0.34 £0.01 18
D, —36.4 = 2.2 23*04 —1.95 £ 0.02 —0.28 £ 0.02 11 —26.7 £ 0.5 25*+0.1 —1.54 = 0.01 0.13 £0.01 12
D, —35.7 £ 0.6 3.1%02 —2.56 £0.01 —0.89 £0.01 12 - - - - -
D, —51.8 22 25*04 —2.93 £ 0.04 —1.26 £ 0.04 12 —262=*1.1 2.8+ 0.3 —1.68 = 0.01 —0.01 = 0.01 6
D, —384 *+ 3.2 3.3%1.0 —2.90 £ 0.06 —1.23 £ 0.06 17 —272 %20 3.6 £0.9 —2.28 = 0.04 —0.61 = 0.04 8
D, —44.3 +2.3 3.5%£0.9 —3.57 £0.06 —1.9 £ 0.06 17 - - - - -
D,, —47.6 =09 1.9*0.1 —2.08 £0.01 —0.40 £ 0.01 17 —295=*13 32*04 —2.14 = 0.02 —0.47 = 0.02 19
D,, —35.1*+0.9 1.8 £0.1 —1.47 £0.01 0.20 = 0.01 13 - - - - -
Dy, —41.7 =21 24 *04 —2.33 £0.03 —0.66 = 0.03 11 - - - - -
Diys - - - - 10 —26.7 £2.0 35*0.8 —2.16 = 0.03 —0.49 = 0.04 10
Dy, - - - - 12 - - - - -
D4 - - - - 19 - - - - -
Dysa —49.7 = 3.7 1.8 £04 —2.04 £0.03 —0.36 £ 0.03 13 - - - - -
D - - - - 13 —21.1*24 35*1.0 —1.71 = 0.03 —0.04 = 0.04 11

1,2,3,4

facing subunits (Con’'D, ;R231W and Con'D, ,R231W) whose
Vs, values were more depolarized than those of adjacent
mutated subunits pairs (Fig. 2B, Table 1). As expected, when
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compared with KCNQI alone, the co-expression of KCNE1
produced a right-shift in the voltage dependence of activation
and thereby partially restored the time and voltage dependence,

VOLUME 287+-NUMBER 41+-OCTOBER 5, 2012
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FIGURE 4. R231W-bearing KCNQ1 subunits in the presence of KCNE1 produce a gradual left-shift in the voltage dependence of activation. A, repre-
sentative current traces of Con’, with one, two, three, and four subunits harboring the R231W mutation, in the presence of KCNE1. The membrane voltage was
stepped for 3 s from —130 mV or —110 mV to +50 mV in 20-mV increments and then repolarized for 1.5 s to —60 mV. B and C, conductance-voltage relations
of the different combinations of R231W-bearing subunits in Con’, in the presence of KCNE1. Data were fitted with a single Boltzmann function. D, linear
regression analysis of the different Vs, values versus the number of R231W mutated subunits, in the presence of KCNET; r* = 0.89, P, < 0.0001.

which was lost in the concatenated constructs bearing one,
two, or three mutated VSDs such as Con'D;R231W,
Con'D, ,R231W, and Con'D, , ;R231W (compare Fig. 2, A-C,
Fig. 3, A and B, and Table 1 with Fig. 4, A-C, Fig. 5, A and B, and
Table 2). However, KCNE1 was unable to restore the time and
voltage dependence of the constitutive current generated by the
concatenated construct bearing all four mutated VSDs,
Con'D, , 5 ,R231W (Fig. 4, A and C). Remarkably, KCNEI1 co-ex-
pression did not change fundamentally the mechanistic features
underlying KCNQ1 activation gating. With an increasing number
of mutated VSDs, an incremental effect on channel gating was
easily detected in the presence of KCNEL1 (Figs. 4, A—C, and 54,
Table 2). A gradual left-shift of the voltage dependence of channel
activation was noticed (WT Con'+KCNEL, V;, =25.0 = 0.6 mV,
n = 14; Con'D;R231W+KCNE], V,, = —3.1 £ 0.8 mV, n =
7; Con'D, ,R231W+KCNEL, Vyy = —27.9 + 28 mV, n = 17;
Con'D, , ;R231W+KCNEL, Vyy = —69.6 * 69 mV, n = 17;
Con'D, , 5 ,R231W+KCNEL, V5, = —106.0 * 4.8 mV, n = 13).
As with KCNQ1 alone, we found in the presence of KCNE1 a
linear relationship between the Vj, values and the number of
mutated subunits, suggesting independence of the VSD motions
even with KCNEL1 (Fig. 4D). Similarly, a correlation was observed
between the left-shift in steady-state activation (V5,) and the

OCTOBER 5,2012+VOLUME 287+NUMBER 41

increased fractional constitutive conductance, G, (Fig. 5C).
Hence, an increasing component of the constitutive current

was measured (WT Con’'+KCNE1L, [ /I, = 0.03 = 0.0];
Con'D,R231W+KCNE1, I, /I, = 012 * 003; Con'D,,
R2IW+KCNEL, [, /I, = 026 =+ 005 Con'D,,,

R231W+KCNEL, I, /I, = 052 * 002 Con'D,,,,R231W+
KCNEL, [, /I, = 0.96 = 0.01; n = 7-17). In the presence of KCNEL1,
a moderate positional effect was noticed with the concatenated con-
structs bearing two mutated VSDs when considering the V,and [, ./
I, values, with Con'D, ;R231W displaying a more depolarized V5,
and a lower constitutive current when compared with the other con-
catenated mutated pairs (Figs. 4B and 5B, Table 2).

So far, for the mutant R231W, the correlation between the
number of mutated subunits with the left-shift in steady-state
activation (V5,) as well as the increase in fractional constitutive
conductance (G,,;,) and constitutive current (1, /1) suggests
an independence of VSD movements, with each subunit incre-
mentally contributing to channel gating. Thus, contrary to
Shaker channels, the data imply that KCNQ1 channels in both
the absence and the presence of KCNE1 do not experience a
late cooperative concerted opening but rather undergo sequen-
tial gating. However, it could be argued that these mechanistic

features were observed only because the gain of function muta-

min
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FIGURE 5. R231W-bearing KCNQ1 subunits in the presence of KCNE1 produce a gradual increase in the instantaneous component of the current and
in the fractional constitutive conductance. A, representative traces of Con’ harboring the indicated combinations of R231W mutated subunits in the
presence of KCNE1. The membrane voltage was stepped for 3 s from —130 mV or —110 mV to +50 mV in 20-mV increments and then repolarized for 1.5 s to
—60 mV. B, the constitutive current, /;,,/I,,, was measured at +50 mV by the ratio of the instantaneous current over the steady-state current of the indicated
combinations of subunits harboring the R231W mutation co-expressed with KCNE1. C, for all Con’R231W combinations co-expressed with KCNET, the
fractional constitutive conductances, G,;,, were plotted versus their respective Vs, values.

TABLE 2
Gating parameters of concatenated KCNQ1 and its mutants expressed with KCNE1

Vi (half-activation voltage) and z (equivalent gating charge) were derived by fitting with a single Boltzmann function and are expressed as mean * S.E. AG,,, AAG,,, and their
standard errors were calculated as described under “Experimental Procedures.” —, not detectable.

Mutation
. R231W + KCNE1 R243W + KCNE1
Subunits
mutated Vso z AG, AAG, n Vso z AG, AAG, n
mV keal/mol keal/mol mV keal/mol keal/mol

WwWT 25.0 £ 0.6 1.8 £0.1 1.01 = 0.00 14 25.0 £ 0.6 1.8 £0.1 1.01 = 0.00 14
D, —3.1+0.8 1.5*0.1 —0.11 = 0.00 —1.12 = 0.00 7 38.6 £ 0.6 1.9*0.1 1.67 = 0.03 0.66 = 0.03 18
D, 113+ 1.6 1.6 £0.1 0.42 = 0.00 —0.59 = 0.01 27 35+0.7 1.8 £0.1 1.42 = 0.03 0.40 = 0.03 26
D, —04*+0.8 1.7 £0.1 —0.02 = 0.00 —1.03 = 0.00 15 29.0 £ 0.4 1.9*0.1 1.27 = 0.02 0.26 = 0.02 23
D, —99+21 1.2 0.1 —0.27 = 0.00 —1.28 = 0.00 14 - - - - -

D,, —279 *28 1.2 £0.2 —0.77 = 0.01 —1.79 = 0.01 17 61.6 £ 2.0 1.5£0.1 2.10 £0.16 1.09 = 0.16 12
D, —299*29 14 *0.2 —0.94 = 0.01 —1.95 £ 0.01 16 68.1 £1.3 1.8 £0.1 2.79 £0.12 1.78 = 0.12 9

D, —384 28 1.2£0.2 —1.03 = 0.01 —2.05 £ 0.01 14 - - - - -

D, 2.8%1.0 1.0 £0.0 0.07 = 0.00 —0.95 £ 0.00 23 44.0 = 0.8 14 *+0.1 1.42 = 0.04 0.41 = 0.04 24
D,, —14.3 £0.8 1.1 £0.0 —0.36 = 0.00 —1.37 £ 0.00 13 - - - - -

D;, —24.4*13 1.2 0.1 —0.68 = 0.00 —1.69 = 0.00 11 - - - - -

D3 —69.6 £ 6.9 1.3*+04 —2.09 = 0.04 —3.10 = 0.05 17 973 £2.3 1.0 £0.1 2.31 = 0.30 1.30 = 0.30 6

Disa —62.0 £ 6.4 0.9 £0.2 —1.26 = 0.02 —2.27 £ 0.02 18 - - - - -

Disa —721*£9.2 1.2 05 —2.06 = 0.05 —3.07 £ 0.05 18 - - - - -

Dysy —55.3 £4.7 0.8 0.1 —1.03 = 0.01 —2.05 £ 0.01 15 - - - - -

D —106.0 = 4.8 25+ 1.8 —6.03 = 0.29 —7.05 £ 0.29 13 - - - - 15

1,2,3,4

tion (R231W) was introduced in the VSD of KCNQ1 and thus at the end of the pore-forming S6 helix. Because this mutation
may not reflect the general behavior of the channel. To rule out  lies far from the VSD, we assumed that it should minimally
this possibility, we mutated a residue, L353K, in the gate region  disturb the VSD function, whereas largely affecting the gate
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FIGURE 6.L353K-bearing KCNQ1 subunits produce a gradual left-shift in the voltage dependence of activation. A, representative current traces of Con’,
with one, two, three, and four subunits harboring the L353K mutation. The membrane voltage was stepped for 3 s from —130 mV or =110 mV to +50 mV in
20-mVincrements and then repolarized for 1.5 s to —60 mV. B, conductance-voltage relations of the different R231W-bearing subunits in Con’. Data were fitted
with a single Boltzmann function, except for Con’D, , 5 ,L353K. Fitting parameters are summarized in Table 3. C, linear regression analysis of the different Vs,
values versus the number of L353K mutated subunits; r* = 0.87, P, = 0.06. D, representative current traces of Con'D,L353Kand Con’D, , 5L353K, in the presence
of KCNET1. E, conductance-voltage relations of the different L353K-bearing subunits in Con’ in the presence of KCNE1. Data were fitted with a single Boltzmann

function. Fitting parameters are summarized in Table 3.

opening. Interestingly, a proline mutation of this same residue,
L353P, was shown to cause a Romano-Ward type of LQT1 syn-
drome (39). When we sequentially introduced the mutation
L353K into an incremental number of subunits, we observed
upon KCNQ1 expression alone a progressive left-shift in
steady-state activation (Vj,), which was accompanied by an
increased fractional constitutive conductance and constitutive
current (WT Con’, Vg, —266 * 08 mV, n = 9
Con'D,L353K, V;, = —44.5 * 1.9 mV, n = 6; Con'D, ,L353K,
Vo= —48.7*2.0mV,n=8;Con'D, , ;1.353K, V;, = —53.5
2.0 mV, n = 9; Fig. 6, A and B, Table 3).

Thus, as with the mutant R231W, the gain of function
mutant L353K progressively loses its time and voltage depen-
dence with the increasing number of mutated subunits such
that it was impossible to determine the V;, values in the con-
catenated constructs bearing four mutated subunits (Fig. 6A).
Similarly, we found a linear relationship between the V., values
and the number of mutated subunits (Fig. 6C). Interestingly, the
presence of KCNE1 completely abolishes the effect of the muta-
tion (Fig. 6, D and E, Table 3).

OCTOBER 5,2012+VOLUME 287+NUMBER 41

Each KCNQI Subunit Endowed with a Loss of Function
Mutation Induces an Incremental Gating Perturbation in the
Presence of KCNEI—The loss of function mutation, R243W,
was introduced at the fourth arginine in the S4 helix, a residue
corresponding to R6 in Shaker channels. We previously showed
in a monomeric KCNQI construct that when expressed alone,
the mutant R243W expresses functional K* currents that
appear very similar to those of WT KCNQ1. However, co-ex-
pression of R243W with KCNE1 dramatically reduces the cur-
rents by producing a right-shift in the voltage dependence of
activation (36). The importance of residue Arg-243 for proper
channel function is underscored by the existence of naturally
occurring long QT mutations (R243C and R243H) leading to
profound perturbations in channel gating in the presence of
KCNE1 (40, 41). Thus, mutant R243W is very useful for evalu-
ating more specifically the impact of KCNE1 on channel gating
because of its silent feature when expressed alone and its per-
turbing effect in the presence of KCNEL.

When we sequentially introduced in the concatenated tetra-
meric construct the mutation R243W into an incremental
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TABLE 3

Gating parameters of concatenated KCNQ1 and L353K mutant expressed without and with KCNE1

V5, (half-activation voltage) and z (equivalent gating charge) were derived by fitting with a single Boltzmann function and are expressed as mean = S.E. AG,,, AAG,, and their
standard errors were calculated as described under “Experimental Procedures.” —, not detectable.

Mutation
. L353K L353K + KCNE1
Subunits
mutated Vso z AG, AAG, n Vso z AG, AAG, n
mV cal/mol keal/mol mV kecal/mol keal/mol
WwWT —26.6 = 0.8 2.7 *0.2 —1.67 £ 0.01 9 25.0 = 0.6 1.8*+0.1 1.01 = 0.00 14
D, —445=*19 24 *04 —2.51 £ 0.03 —0.84 = 0.03 6 155+ 1.2 1.9*0.1 0.67 = 0.00 —0.35 = 0.01 9
D,, —48.7 £ 2.0 32=*0.8 —3.54 £ 0.06 —1.86 = 0.06 8 6.6 = 0.6 2.1*0.1 0.32 = 0.00 —0.70 = 0.00 9
Dy,s —535=*2.0 4.6 = 1.8 —5.72 £ 0.15 —4.05 £ 0.15 9 6.8 = 0.5 2.1 0.1 0.33 = 0.00 —0.68 = 0.00 11
Dyssa - - - - 7 10.3 £ 0.7 2.1*0.1 0.50 = 0.00 —0.52 = 0.00 8
A Con’D,R243W B 14
@ con'WT
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FIGURE 7.R243W-bearing KCNQ1 subunits produce a gradual right-shift in the voltage dependence of activation. A and C, representative current traces
of Con’, with the indicated combinations of subunits harboring the R243W mutation in the absence (A) or presence (C) of KCNE1. CHO cells were held at —90
mV. The membrane voltage was stepped for 1s (A) or 3 s (B) from —60 mV to +50 mV in 10-mV increments and then repolarized for 0.5 s to —60 mV. Band D,
conductance-voltage relations of the different combinations of R243W-bearing subunits in Con’ in the absence (B) and presence (D) of KCNE1. Data were fit
with single Boltzmann function. Fitting parameters are summarized in Tables 1 and 2. E, linear regression analysis of Vs, values versus the number of R243W

mutated subunits in the presence of KCNE1, r* = 0.93, P, = 0.037.

number of VSDs, we did not observe significant changes in the
V5o and slope values when compared with WT Con' in the
absence of KCNE1 (Fig. 7, A and B, Table 1). In contrast,
the presence of KCNELI induced an incremental right-shift of
the voltage dependence of channel activation with the increas-
ing number of mutated VSDs (WT Con’+KCNE1, V,, =
25.0 £ 0.6 mV, n = 14; Con'D,R243W+KCNE1, V;, = 38.6 =
0.6 mV, n = 18; Con'D, ,R243W+KCNEL, V,, = 61.6 = 2.0
mV, n = 12; Con'D, , ;R243W +KCNE1, V,, = 97.3 + 2.3 mV,
n = 6) (Fig. 7, C and D, Table 2). The right-shift was so large
with all four mutated VSDs that we were unable to detect sig-
nificant currents upon voltage steps larger than +150 mV and
thus to determine the corresponding V5, value (Fig. 7C). We
observed alinear relationship between the V, values of the G-V
curves and the number of mutated subunits (up to three
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mutated VSDs) again suggesting independence of the VSD
motions (Fig. 7E). Similar to the gain of function mutation
R231W, a positional effect was noticed when considering the
Vo values between the concatenated constructs bearing two
mutated VSDs, with Con’D, ;R243W displaying a smaller
right-shift when compared with Con’'D,,R243W and
Con'D, ;R243W (Fig. 7D).

Thermodynamic Mutant Cycle Analysis of Intersubunit
Interactions—Our steady-state electrophysiological data clearly
suggest a sequential activation gating scheme for KCNQLI in both
the absence and the presence of KCNEL. The use of thermody-
namic mutant cycle analysis can further help to assess the
nature of this channel activation process and discriminate
between sequential versus concerted conformational transi-
tions. For the thermodynamic analysis, the difference in Gibbs
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FIGURE 8. Thermodynamic mutant cycle analysis. A and B, the change in free energy difference between the WT and mutants (AAG, in kcal/mol) was
calculated for the Con’ with the different combinations of subunits harboring the R231W mutation in the absence (A) and presence of KCNE1 (B). C, the change
in free energy difference between the WT and mutants (AAG, in kcal/mol) was calculated for the Con’ with the different combinations of subunits harboring
the R243W mutation in the absence and presence of KCNE1. D, second-, third-, and fourth order coupling free energies (in kcal/mol) between the indicated

subunits, calculated as described under “Experimental Procedures.”

free energy between the closed and open states (AG,) was cal-
culated, and the change in free energy difference between the
WT and mutants (AAG, in kcal/mol) was deduced (36). For
the gain of function mutation R231W, a complete analysis of
the Con'R231W expressed alone was not possible because
Con'D, ,3R231W and Con'D,,;,R231W completely lost
their time and voltage dependence, which prevented us from
deducing their V; values (Fig. 2). Nevertheless, low AAG,, val-
ues were observed with the other concatemer constructs, rang-
ing from 0.16 to 1.9 kcal/mol (Table 1 and Fig. 84). We suc-
ceeded in performing a complete thermodynamic mutant cycle
analysis for Con'R231W co-expressed with KCNE1, where a
gradual increase in AAG,, values was observed with the incre-
mental number of mutated subunits (Fig. 88, Table 2). For
Con'D;R231W+KCNE1, AAG, = —1.12 * 0.00 kcal/mol (n =
7); Con'D, ,R231W+KCNE1, AAG, = —1.79 * 0.01 kcal/mol
(n = 17); Con’'D, , 3R231W+KCNE1, AAG, = —3.07 * 0.04
kcal/mol (n = 15); Con'D,,;,R231W+KCNE1, AAG, =
—7.05 = 0.29 kcal/mol (n = 13) (Fig. 8B, Table 2). We calcu-
lated the six second-order intersubunit interaction pairs and
the four third-order and fourth-order coupling free energies for
Con’R231W mutant combinations co-expressed with KCNE1

OCTOBER 5,2012+VOLUME 287+NUMBER 41

(Fig. 8D, Table 4). Very low values of intersubunit coupling free
energies were obtained in all cases, ranging from —0.07 to 2.32
kcal/mol, with the second-order and third-order coupling free
energies being lower than that of the fourth-order coupling free
energy (Fig. 8D, Table 4). For the loss of function mutation
R243W in the presence of KCNEL, the same trend was noticed
(A%G,, =0.03 = 0.17 (n = 12); A>G(, 5, , = —0.66 % 0.37 (1 =
6)) (Fig. 8, Cand D, Table 4). For Con'D, , ; ,R243W +KCNEI,
we could not determine the AAG, value as the right-shift was
so large that we were unable to detect significant currents
upon voltage steps above +150 mV, suggesting that the per-
turbation was very potent. Taken together, these data do not
fit with conformational transitions involving large and con-
certed quaternary rearrangements, but rather imply inde-
pendence of subunit motions and sequential, weakly coop-
erative gating transitions.

DISCUSSION

The purpose of this study was to determine the nature of sub-
unit interactions along KCNQL1 activation gating and its modula-
tion by KCNEL, using concatenated tetrameric KCNQ1 channel
constructs. Based on a complete thermodynamic mutant cycle
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TABLE 4
High-order thermodynamic mutant cycle analysis
Second-and third-order coupling free energies between the indicated subunits were

calculated as described under “Experimental Procedures.” —, not detectable.
Subunit Mutation
combination R231W R231W + E1 R243W + E1
keal/mol
A’G,, —0.97 + 0.04 —0.07 = 0.01 0.03 * 0.17
A’G,, —0.50 + 0.06 0.20 = 0.01 0.86 = 0.12
A’G,, —0.56 + 0.06 0.36 = 0.01 -
AZGZ3 —0.28 £ 0.03 0.67 = 0.01 —0.25 = 0.06
A’G,, 0.94 = 0.02 0.50 = 0.01 -
A’G,, 1.26 * 0.04 0.62 = 0.01 -
N - -1.16 005  —0.66 = 0.37
A°Gy )4 - —0.07 = 0.02 -
A°Gy g4 - —0.82 = 0.06 -
3Gama —-052+005  —095+002 -
*Goys.a - —2.32 +0.30 -

“ Intersubunit coupling free energies.

analysis of a gain of function mutation, Con'R231W, and a partial
analysis of a loss of function mutation, Con'R243W, both co-ex-
pressed with KCNEL, our results indicate that contrary to Shaker
channels, KCNQI1 channels do not experience a late coopera-
tive concerted subunit rearrangement before channel opening.
Instead, in both the absence and the presence of KCNEI],
KCNQ1 channels undergo sequential, noncooperative gating
transitions with independent VSD motions and can open even
before all VSDs have moved to an activated conformation.

Independent and cooperative models of voltage sensor
movement have been proposed to account for the activation
gating of voltage-dependent K™ channels (20, 2224, 26, 32,
42). For Shaker channels, both steady-state and kinetic studies
generally point to sequential and independent motions of the
four VSDs contributing to an activated channel closed state,
prior to a last concerted and cooperative subunit transition
leading to pore opening (20, 22-24, 26). The Shaker ILT mutant
in S4 has been very instrumental for studying the last transition
in the activation pathway because it drastically affects the cou-
pling between gating and channel opening by energetically iso-
lating the activation steps from the cooperative, voltage-inde-
pendent opening transition (20, 22, 23). Contrasting with the
numerous studies performed on Shaker-like Kv channels, very
little is known about the mechanisms underlying KCNQ1
channel activation and its modulation by the KCNE1 auxiliary
subunit. Although gating currents have been recently resolved
in KCNQ4 and KCNQ5 channels, no gating current measure-
ments have been reported yet for KCNQ1 channels (43). Inter-
estingly, a voltage clamp fluorometry methodology has been
used recently to study the voltage sensor movements upon I
channel gating (44, 45). As an alternative strategy, we used con-
catenated tetrameric KCNQI channels combined with a ther-
modynamic mutant cycle analysis to explore the nature of sub-
unit interactions along KCNQI1 gating and its modulation by
KCNEL. This approach was valuable for studying cooperative
interactions in Shaker-like Kv channel gating (19, 27, 32). The
similar biophysical properties displayed by the concatenated
tetrameric and the monomeric KCNQI1 constructs validated its
use to perform a steady-state thermodynamic mutant cycle
analysis (Fig. 1).

We first chose a striking gain of function mutation, R231W,
at the second arginine in S4 (R2), which was previously shown
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by us and others to stabilize the channel open state by convert-
ing the time- and voltage-dependent K* current into a time-
and voltage-independent leak K current when expressed as a
monomeric mutant construct (35-37). The neutralizing effect
of R2 appears to be unique for KCNQ channels because a sim-
ilar stabilizing open conformation was shown for a mutation at
the analogous position in KCNQ2 channels (R201Q) (34). Our
data indicate a gradual effect on KCNQI gating following
sequential introduction of the mutation R231W into an incre-
mental number of VSDs. This effect was reflected by a progres-
sive left-shift of the voltage dependence of channel activation
and an increasing instantaneous current (Fig. 2). Unexpectedly,
KCNE1 co-expression produced the same incremental effect
on channel gating with the increased number of mutated VSDs.
Furthermore, a linear relationship between the V, values and
the number of mutated subunits was observed, suggesting inde-
pendence of the VSD motions and lack of significant coopera-
tivity. This feature does not match with a gating model of coop-
erativity involving concerted conformational transitions of all
four VSDs, where it is predicted that the effect of only one
mutated VSD on channel gating will be similar to that produced
by all four mutated VSDs. Instead, our data are in line with a
gating model implying noncooperative, sequential VSD confor-
mational transitions, where a gradual effect on channel gating is
expected upon mutation of an incremental number of VSDs.

To assess more directly the effect of KCNE1 on channel gat-
ing, we introduced a loss of function mutation, at the fourth
arginine in S4, which was previously shown to have a minor
impact when expressed alone but to markedly depress the cur-
rents when co-expressed with KCNEL1 by producing a massive
right-shift in the voltage dependence of activation (36). Residue
Arg-243 resides at the boundary of the S4 helix and the S4-S5
linker, a critical interface for the functional interaction between
KCNQI1 and KCNEL. Previous work suggested that KCNE1
repacks the protein environment around S4, resulting in stark
functional consequences in the C-terminal region of S4, which
forms crucial protein-protein interactions (37). It was shown
that changes in the packing of S4 C terminus by KCNE1 disrupt
electrostatic interactions with the conserved glutamate in S2
(Glu-170) and introduce additional steric constraints that make
the region less tolerant to tryptophan mutations such as
R243W (37). Because mutant R243W unmasks its drastic gat-
ing perturbation only in the presence of KCNEL, it was very
instrumental for evaluating more specifically the impact of
KCNEL1 on channel gating. KCNE1 co-expression produced a
gradual right-shift in the voltage dependence of channel activa-
tion as a result of incremental VSD mutations. Consequently, a
linear relationship between the V,, values and the number of
mutated VSDs was observed, suggesting noncooperative,
sequential, and independent VSD motions.

Our data are in line with a recent study using voltage clamp
fluorometry to report the voltage sensor movements during
KCNQ1 channel gating (45). Similar time course and voltage
dependence were found for the fluorescence changes and for
conductance activation, suggesting that there is a one-to-one
relationship between voltage sensor movement and channel
opening, where a single VSD movement leads to gate opening
(45). However, in the presence of KCNEI, a wide separation
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between the fluorescence-voltage and conductance-voltage
curves was measured. In addition, it was found that a voltage
sensor movement can occur at large hyperpolarized potentials
only in the presence of KCNE1 (45). The data from this recent
study thus support the notion that all voltage sensors need to
move before the [, channel can open (45). Although our
results do not exclude VSD motions at hyperpolarized poten-
tials, they indicate that KCNE1 co-expression does not change
fundamentally the mechanistic process underlying KCNQ1
subunit interactions, implying sequential gating transitions and
leading to channel opening even before all VSDs have moved.
The complete thermodynamic mutant cycle analysis of
Con'R231W and the partial analysis of Con'R243W, both co-
expressed with KCNE1, support this view. As clearly illustrated
by Zandany et al. (27), for a concerted all-or-none transition of
channel activation gating, one would expect the second-, third-,
and fourth-order coupling free energies to exhibit large and
similar values (A*G ~ A3G ~ A*G). For Con’R231W+KCNEL,
the lack of invariance of the AAG, values and their gradual
increase with the incremental number of mutated subunits dis-
count a concerted cooperative mechanism of subunit interac-
tions. In addition, the very low values of intersubunit coupling
free energies and their lack of similarity, with A’G and A®G
being lower than A*G, imply a poor intersubunit coupling and
render unlikely a gating mechanism involving large, coopera-
tive, and concerted subunit rearrangements. Instead, our data
suggest independence of subunit motions and sequential, non-
cooperative gating transitions in both the absence and the pres-
ence of KCNE1. Furthermore, our data of the gain of function
mutant L353K located at the gate region and remote from the
VSD confirm the general gating behavior of KCNQ1, which
implies an incremental contribution of each subunit to channel
opening even before all VSDs have activated.

For each mutation R231W and R243W, a modest positional
effect was noticed between the concatenated constructs bear-
ing two mutated VSDs. Several possible reasons may account
for this small positional effect. (a) The first possibility involves
the inherent constraints of the concatenated constructs where
the Con’D, ; is the only combination having its N and C termini
sandwiched by linkers. Along this line, we previously showed by
FRET analysis that the C termini of adjacent KCNQ1 subunits
are in proximity and that depolarization brings the C termini of
KCNQI1 and KCNEI1 close together (46). We also found that the
intracellular N and C termini of KCNQ1 also experience a gated
motion, which brings them close together (46). In this context
and because of the intrinsic constraints of the concatemers, it is
possible that the necessary freedom for motions of the intracel-
lular N and C termini of KCNQI1 are restrained in some sub-
units, notably the Con’D, 5, and that the impact of the mutation
will slightly differ with the location of the mutated subunit. (b)
Another possibility is that the nonconcerted and sequential
nature of subunit motions may affect the tetrameric symmetry
of the channel complex with dissimilar intersubunit interaction
energies. For example, the mutated pairs in two diagonally fac-
ing subunits (Con'D, ;R231W and Con'D,, ,R231W) have their
V5o values more depolarized than those of adjacent mutated
subunits pairs (Fig. 2B, Table 1).
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In Shaker-like Kv channels, the independent subunit
motions are followed by a concerted cooperative mechanism
that implies strong intersubunit coupling, which ultimately
exerts a force on the S6 lower gate to open. The KCNQI gating
behavior is very different and may be accounted for by several
structural differences with Shaker or Kv1.2 channels. In addi-
tion to having fewer charges in S4, KCNQ1 lacks the proline in
S3 that divides the helix into S3a and S3b, and it has a shorter
S$3-S4 linker with no negative charges. Although the T1
tetramerization domain of Shaker-like channels is located in
the N terminus, the KCNQI1 tetramer assembles via its C ter-
minus, which is also endowed with a gating module that binds
calmodulin (46-49). In KCNQ1, the post-S6 gating module
corresponding to the binding of calmodulin to helix A and B at
the proximal C terminus likely plays a crucial role in exerting a
sequential strain onto the lower gate to open (47, 48, 50). Our
results are in very good agreement with two recently described
allosteric gating schemes for KCNQ1 including four horizontal
voltage-driven and five vertical voltage-independent transi-
tions (44, 51). Notably, Osteen et al. (44), using a very different
approach from us, showed by voltage clamp fluorometry that
KCNQI1 voltage sensors move relatively independently, but
that the channel can conduct before all voltage sensors have
activated. This allosteric model provides high flexibility of
KCNQI upon interaction with accessory subunits, where for
example, KCNE1 and KCNE3 subunits will shift the closed-
open equilibrium of KCNQI1 toward positive and negative
potentials, respectively (51). In this context, our data also indi-
cate that although KCNE1 exerts its well known dramatic
impact on KCNQI gating by either restricting the VSD motion
or/and modifying the coupling between the voltage sensor
motion and the opening of the lower gate, it probably does not
affect the fundamental mechanisms underlying KCNQ1 sub-
unit interactions, which imply poor intersubunit coupling and
nonconcerted sequential gating transitions.
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