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Summary

KCNQ1, also known as Kv7.1, is a voltage-dependent K* channel that regulates gastric acid
secretion, salt and glucose homeostasis and heart rhythm. Its functional properties are regulated in
a tissue-specific manner through co-assembly with beta subunits KCNE1-5. In non-excitable cells
KCNQ1 forms a complex with KCNE3, which suppresses channel closure at negative membrane
voltages that otherwise would close it. Pore opening is regulated by the signaling lipid PIP2. Using
cryo-EM we show that KCNE3 tucks its single membrane spanning helix against KCNQ1, at a
location that appears to lock the voltage sensor in its depolarized conformation. Without PIP2, the
pore remains closed. Upon addition, PIP2 occupies a site on KCNQ1 within the inner membrane
leaflet, which triggers a large conformational change that leads to dilation of the pore’s gate. It is
likely that this mechanism of PIP2 activation is conserved among Kv7 channels.
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Activation of the KCNQ1-KCNE3-CaM complex by PIP2

KCNQ1-KCNE3-

In Brief

Cryo-EM structures of the human voltage-dependent potassium channel KCNQ1 in complex with
its ancillary subunit KCNES3, in the presence or absence of the PIP2 activating cofactor, provide
insight into how PIP2 binding leads to channel opening.

Introduction

KCNQ1 (also known as Kv7.1 or KvLQT1) is widely distributed throughout different
organs such as heart (Barhanin et al., 1996; Sanguinetti et al., 1996), colon (Preston et al.,
2010; Schroeder et al., 2000), inner ear (Warth and Bleich, 2000), testis (Manderfield and
George, 2008), kidney (Zheng et al., 2007) and stomach (Grahammer et al., 2001), and plays
essential roles in human physiology (Abbott et al., 2014; Jespersen et al., 2005). KCNQ1 is
the pore-forming subunit of the slow-delayed rectifier potassium channel (/) in the human
heart and therefore is vital for maintaining cardiac rhythm (Barhanin et al., 1996;
Sanguinetti et al., 1996). KCNQ1—in complex with KCNE3—provides the driving force for
proximal tubular and intestinal sodium absorption, gastric acid secretion and intestinal
cAMP-induced chloride secretion (Al-Hazza et al., 2016; Julio-Kalajzic et al., 2018; Nakano
and Shimizu, 2016; Preston et al., 2010). Mutations in the kcng1 gene or pharmacological
disruption of KCNQ1 channel function cause human diseases such as long-QT syndrome,
short-QT syndrome, atrial fibrillation, diabetes mellitus and deafness (Nakano and Shimizu,
2016; Peroz et al., 2008; Thevenod, 2002).

KCNEs (KCNEZ1-5, also called minK-related peptides, MiRPs) are single transmembrane-
spanning beta-subunits of potassium channels that modulate KCNQL1 functional properties
and cellular localization (Abbott et al., 2014; McCrossan and Abbott, 2004; Roura-Ferrer et
al., 2010). To fulfill its diverse roles in both excitable and nonexcitable cells, KCNQ1 is
always found in association with one or more KCNE subunits /in vivo. All five KCNE
subunits can interact with KCNQ1, resulting in channel complexes with a wide range of
functional properties (Van Horn et al., 2011). For example, KCNEL1 right-shifts the voltage
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dependence of KCNQL1 activation (that is, causes the channel to activate at more positive
voltages), slows its activation and deactivation, increases the single channel conductance and
eliminates inactivation. KCNE4 on the other hand is an inhibitor of KCNQL1 activity
(Grunnet et al., 2002).

KCNES3 alters the voltage sensitivity of KCNQ1 such that the current-voltage (1-V)
relationship is almost linear over physiological membrane potentials (Barro-Soria et al.,
2015; Schroeder et al., 2000). A linear I-V relationship contrasts the more typical non-linear,
step function-like 1-V curve exhibited by most other Kv channels, including KCNQL1 in the
absence of KCNES3. Linearity of the KCNQ1-KCNE3 I-V curve gives rise to K*
conductivity in non-excitable cells such as polarized epithelial cells of the colon, small
intestine and airways. KCNE3 is thought to stabilize the S4 segment of KCNQL1 voltage
sensors in an activated state, which in turn locks the channel open at negative voltages that
would otherwise cause it to close (Barro-Soria et al., 2015; Barro-Soria et al., 2017). In
addition, a plausible mechanism has been proposed, suggesting that D54 and D55 of
KCNES3 stabilize the KCNQ1 S4 in its activated conformation through electrostatic
interactions with arginines on S4 (Barro-Soria et al., 2015; Choi and Abbott, 2010).
However, a concrete structural description of how KCNE3 does this is still missing.

The channel activity of KCNQL1 is also regulated by the signaling lipid phosphatidylinositol
4,5-bisphosphate (P1P2) (Loussouarn et al., 2003). PIP2 functions as a cofactor of KCNQ1
and is required for the activation of KCNQ1 homo-tetramers as well as its complexes with
different KCNEs (Zaydman and Cui, 2014). PIP2 likely acts by coupling the voltage sensor
domain to the pore domain of KCNQ1 because in the absence of PIP2 the voltage sensors
move but the pore does not open (Zaydman et al., 2013). Our previous structural study
offered a hypothesis for the site of PIP2 binding (Sun and MacKinnon, 2017). Now we test
this hypothesis and in addition describe the conformational changes that ensue once PIP2
binds.

Results and Discussion

Structure of the hKCNQ1gp-KCNE3-CaM complex

We first carried out structural studies of the “PIP2-free” hKCNQ1gm-KCNE3 complex
together with calmodulin (CaM), which is likely a structurally obligate subunit of KCNQ1
(Ghosh et al., 2006; Sachyani et al., 2014; Shamgar et al., 2006). The N-terminal and C-
terminal loops of human KCNQ1 were truncated to obtain a biochemically stable construct
(hereafter called hLKCNQ1gp,). Full-length KCNE3 was tagged with mCherry fluorescence
protein at its N terminus to monitor the intactness of the protein complex during purification.
CaM was also overexpressed, although endogenous CaM from the HEK293S GnTI™ cells
used for protein expression may already be sufficient (Figure S1A) (Goehring et al., 2014).
The resulting hKCNQ1gp-KCNE3-CaM complex has an almost linear activation curve in
electrophysiological recordings from Chinese Hamster Ovary (CHO) cells, manifesting
functional features similar to those described in previous reports (Gao et al., 2008; Kroncke
et al., 2016; Mazhari et al., 2002; Van Horn et al., 2011) (Figure 1A).
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The structure of the “PIP2-free” hKCNQ1gp-KCNE3-CaM complex was determined at a
resolution of 3.1 A using single-particle cryo-EM analysis with C4 symmetry imposed
(Figure S1B-S1D, Table S1). Structural studies were carried out in the presence of 4 mM
EGTA. The final cryo-EM map allowed de novo model building (Figure 1B and 1C). In the
presence of KCNE3 the architecture of human KCNQ1-CaM is similar to that of the
Xenopus complex (Sun and MacKinnon, 2017) and thus we use the same nomenclature for
secondary structure elements (Figure S2A). The channel complex has dimensions ~70 A x
70 A x 110 A (Figure 1C). KCNQ1 adopts a “decoupled” configuration with activated
voltage sensors and a closed pore as expected in the absence of PIP2. The interface between
KCNQ1 and CaM is conserved between the two species (Figure S2C). The overall RMSD
between the human and Xenopus KCNQ1-CaM monomer is about 1.1 A (Figure S2B).

The cryo-EM density permitted building of a model of KCNES3 that included the
transmembrane helix, a cytosolic helix and the connecting loop (amino acids 53 to 99). The
remainder of KCNE3 was not resolved, presumably owing to structural disorder; the cryo-
EM density of the cytoplasmic helix is weaker than that of the transmembrane helix. Of
note, the structural model of KCNES3 in the complex deviates from an NMR structure of
KCNES3 in the absence of KCNQ1 with an RMSD between the two structures of 7.6 A
(Figure S2F) (Kroncke et al., 2016) The structural differences undoubtedly reflect the
separate contexts in which these structures were determined, one by itself and the other in a
complex with the channel.

Four KCNE3 molecules are bound to one KCNQ1 tetramer. The number of KCNE subunits
that can associate with the KCNQL1 tetramer has been debated (Chen et al., 2003; Morin and
Kobertz, 2008; Murray et al., 2016; Nakajo et al., 2010; Plant et al., 2014). Previous
investigations into the stoichiometry between KCNQ1 and KCNEL1 (a paralog of KCNE3)
have proposed either a fixed KCNQ1:KCNEL1 stoichiometry of 4:2 or the possibility of
multiple stoichiometries ranging from 4:1 to 4:4. During the structural reconstruction of the
hKCNQ1gpm-KCNE3-CaM complex we carried out 3D refinement without imposing
symmetry restraints; the results support a 4:4 stoichiometry (Figure S1B), thus
demonstrating that a 4:4 stoichiometry can occur.

Modulation of KCNQ1 by KCNE3

To document the influence of KCNE3 on the structure of KCNQ1 we also determined the
cryo-EM structure of hKCNQ1gpm-CaM in the absence of KCNES at a resolution of 3.1-A
(Figure S3, Table S1). When aligning the pore domain of these two structures, we observe a
~T7-degree counterclockwise rotation of the voltage sensors relative to the pore in the
KCNE3-bound complex, when viewed from the extracellular side (Figure S2E). This
rotation moves the voltage sensor domains of KCNQZ1 slightly away from the pore domain,
allowing space for the KCNE3 subunits.

The interface between KCNE3 and KCNQZ1-CaM consists of two parts: cytosolic
interactions between KCNE3 and CaM (Figure S2D) and transmembrane interactions
between KCNE3 and KCNQZ1 (Figure 2A). At the cytosolic interface, KCNE3 lies on the
top of a surface shaped by two neighboring CaM subunits Figure S2D). At the
transmembrane interface KCNES3 is tucked into a cleft formed by three KCNQ1 subunits.
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The mainly hydrophobic surface of this cleft is lined by S6 from one subunit, S5 and the
pore helix from a second subunit, and S1 and S4 from a third subunit (Figure 2B). The
extracellular half of KCNES3 lies in-between S1 and S6, consistent with previous
biochemical data showing that residues flanking the extracellular end of the KCNE1
transmembrane helix could be crosslinked to S1 and S6 of KCNQL1 by introducing disulfide
bonds (Figure S2G). Therefore, we expect that KCNE1 and KCNE3 occupy a similar
location in the complex. We note, however, that some homologous residue pairs that could
be strongly crosslinked in a previous study are quite far away in the hHKCNQ1gp-KCNE3-
CaM complex (Chung et al., 2009). While it is possible that KCNE1 and KCNE3 can bind
differently to KCNQ1, we think it is also likely that crosslinks sometimes occur between
distant residues (Figure S2G).

The position of KCNE3 suggests a plausible explanation for why it prevents closure of
KCNQ1 at negative voltages, thus rendering the I-V relation approximately linear. We
observe that KCNES3 directly contacts the bottom of S4 when the voltage sensor adopts its
up (depolarized) conformation (Figure 2C). If the contact stabilizes S4 in this conformation,
then it would diminish the tendency for S4 to move downward toward the cytoplasm at
hyperpolarizing membrane voltages. Likewise, the position of KCNE3 might destabilize S4
in its downward conformation. In either case, KCNE3 seems well poised to favor a
depolarized conformation of the voltage sensor. This explanation is consistent with a voltage
clamp fluorometry study, which showed that KCNE3 primarily affects the movement of S4
to modify the voltage-dependent gating of KCNQ1 (Barro-Soria et al., 2015). However, the
molecular details of the locking mechanism we describe are distinct from an earlier model,
in which D54 and D55 of KCNE3 were proposed to interact with R228 or R237 on S4
(Barro-Soria et al., 2015; Choi and Abbott, 2010). In the structure, we observe that distances
between D54 and R228 of 19.7 A, between D55 and R228 of 27.4 A, between D54 and
R237 of 25.6 A and between D55 and R237 of 30.6 A are too great to mediate the proposed
electrostatic interactions.

Melman and colleagues showed that it is possible to modify KCNES3 so that its influence on
KCNQ1 gating is similar to that of KCNE1 (Melman et al., 2001; Melman et al., 2002). The
modification they made was mutation of amino acids Thr71, Val72 and Gly73 to the
corresponding amino acids — Phe, Thr, Leu — found in KCNEL1. In the structure, these amino
acids reside deep inside the membrane, where KCNES3 interacts with helices S1, S4 and S5
(Figure 2E). How this segment of the KCNE transmembrane helix confers specific gating
properties onto KCNQL1 is unclear.

Structure of hLKCNQ1g\-KCNE3-CaM in the presence of PIP2

Because KCNE3 modifies KCNQ1 such that voltage-dependent closure does not occur
across the physiological range of voltages, the KCNQ1-KCNE3-CaM channel essentially
functions as a ligand-gated ion channel, with the ligand being the signaling lipid PIP2. To
demonstrate PIP2 activation of hHKCNQ1gp-KCNE3-CaM we used a liposome flux assay
(Su et al., 2016). Proteoliposomes were reconstituted with a high concentration of K* (160
mM KCI) and then diluted into K*-free solution with ionic strength held constant with 160
mM NaCl. Fluorescence decrease due to K* efflux was observed only when both
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hKCNQ1gpm-KCNE3-CaM and PIP2 were present in the vesicles, indicating that the purified
channel complex is activated by PIP2 in vitro (Figure 3A).

We determined a cryo-EM structure of hHKCNQ1gp-KCNE3-CaM with PIP2 in nanodiscs at
an overall resolution of 3.9 A (Figure 3C and Figure S4, Table S1) (Denisov and Sligar,
2016; Nath et al., 2007). hKCNQ1gm-KCNE3-CaM was first purified in detergent and then
reconstituted into lipid nanodiscs containing soybean polar extract and brain PIP2 (Figure
3B). Following data collection and image analysis the map showed the highest quality
density in the transmembrane domain and in cytoplasmic helices HA and HB, allowing side
chain assignment in these regions. Because the density in most other areas, including the
CaM N-lobe, was too poor to ensure accurate sequence registration, we initiated model
building by docking the model of the PIP2-free structure into the map. It was immediately
evident that the PIP2-bound hKCNQ1gpm-KCNE3-CaM channel exhibited large
conformational changes relative to the PIP2 structure (Figure 1B and 3C).

PIP2-binding site and conformational changes induced by PIP2

Density consistent with PIP2 is observed near a loop that connects S4 to the S4-S5 linker of
KCNQL1 (Figure 4B). The binding site contains multiple amino acids with positive-charged
side chains contributed by SO, the S2-S3 loop and the S4-S5 linker of KCNQ1 and possibly
more distant interactions with amino acids from KCNE3 (Figure 4A and Figure 4C). The
location of PIP2 binding is consistent with biochemical and mutational studies that
concluded PIP2 interacts with these same regions (Choveau et al., 2018; Eckey et al., 2014;
Kasimova et al., 2015; Telezhkin et al., 2013; Zaydman et al., 2013). Several studies
implicated also the importance of the junction between S6 and the HA helix, the HB helix
and the linker connecting these helices of KCNQ1 (Choveau et al., 2018; Tobelaim et al.,
2017; Zaydman et al., 2013). The residues at the junction between S6 and HA may be
important for the PIP2-induced conformational changes discussed below. However, the sites
on HB or the linker connecting the HA and HB helices are not easily explained by our cryo-
EM structure. KCNES3 also comes in close proximity to PIP2, suggesting that it might
influence PIP2 regulation (Li et al., 2011).

The binding of PIP2 leads to large conformational changes in KCNQ1 (Figure 5). The S6
and HA helices, which form a helix-loop-helix structure in the “PIP2-free” state, become a
single continuous long helix (Figure 5A). This transition causes CaM to rotate almost 180
degrees, release its interaction with the voltage sensor, and move towards the central axis of
the molecule. The linker connecting S6 to the HA helices (here called the “RQKH motif”)
undergoes a structural rearrangement from a loop to a helix. The RQKH motif is absolutely
conserved in sequence among KCNQL1 orthologs and paralogs (KCNQ1-5) (Figure S5E),
suggesting the possibility of a similar PIP2-gating mechanism for the entire KCNQ family.

Correlated with the above conformational changes, the C-terminal half of S6 bends at the
conserved “PAG” segment in the presence of PIP2, which has been identified as an
important gating element (Figure 5B) (Boulet et al., 2007; Seebohm et al., 2007). The bend
causes the cytoplasmic pore entrance to dilate (Figure 5C). The region near Ser349,
proposed to form the inner gate, expands from ~1 A to >3.5 A (Figure 5C) (Sun and
MacKinnon, 2017). Similar opening mechanisms through bending of S6 have also been
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observed in other channels (Hite and MacKinnon, 2017; Hite et al., 2017; Lee and
MacKinnon, 2018). The narrowest region of the ion conducting pathway remains ~2.5 A
radius. Since a hydrated K* ion is larger than that (radius ~ 4 A), we are left to wonder
whether the pore can dilate further, or whether K* can diffuse across this region because the
side chains are sufficiently dynamic. This situation of ‘a little narrower than expected’ has
occurred so repeatedly in various ion channels under conditions that should render
conductivity, we wonder whether the diffusion of ions through a sufficiently dynamic region
is analogous to the diffusion of molecular oxygen to heme in hemoglobin (Hansen et al.,
2011; Lee and MacKinnon, 2018; Park and MacKinnon, 2018; Perutz and Mathews, 1966;
Takayanagi et al., 2013; Whorton and MacKinnon, 2013).

Because we determined the PIP2-free structure in detergent micelles (digitonin) and the
PIP2-bound structure in nanodiscs, we repeated the structural comparison under conditions
in which the only difference is the presence or absence of PIP2. To this end we determined
the structure of hKCNQ1gpm-KCNE3-CaM in nanodiscs without PIP2 at a resolution of 6.2
A. The “PIP2-free” hKCNQ1gm-KCNE3-CaM model docks almost perfectly into the map
(Figure S5A). Thus, PIP2 drives the conformational change. We also examined the effects of
PIP2 on KCNQL1 in the absence of KCNE3 and found that it produced the same
conformational change (Figure S5B). To better appreciate the magnitude of conformational
changes caused by the binding of PIP2, we made movies connecting the PIP2-free and PIP2-
bound structures of the hKCNQ1gp-KCNE3-CaM complex (Movie S1 and S2).

The PIP2-mediated conformational change helps to rationalize the functional effects of
certain disease-causing mutations, for example R555H (Figure S5D). R555 is located on the
HC helix of KCNQ1, which interacts with the CaM C-lobe in the PIP2-bound state. In
cellular electrophysiological studies this mutant channel exhibits markedly reduced /x;
current without altering channel trafficking (Aromolaran et al., 2014). The structures suggest
that R555H might disrupt interactions between HC and CaM that are important for
stabilization of the open KCNQ1-KCNEZ1 complex. The reduced channel activity then leads
to a long-QT syndrome.

Conclusion

KCNQL1 is a voltage-dependent K* channel of physiological importance. In non-excitable
cells it forms a complex with KCNE3 that suppresses channel closure at negative membrane
voltages that otherwise would close it. Conductivity of the pore is largely regulated by the
signaling lipid PIP2: in the absence of PIP2 the channel closes and in its presence it opens.
This paper addresses two central questions. First, how does KCNE3 prevent voltage-
dependent closure of KCNQ1? And second, how does PIP2 open the KCNQ1-KCNE3-CaM
complex? The answer to the first question is, KCNES3 tucks its single membrane spanning
helix against KCNQ1 in such a way that it appears to stabilize the up conformation of the
voltage sensor, locking it in its ‘open’ configuration. The answer to the second question is,
binding of PIP2 orchestrates global conformational changes that open the pore. The PIP2
binding site involves SO, the S2-S3 loop, the S4-S5 linker of KCNQ1 and possibly the
juxtamembrane region of KCNE3. Through its interaction with these regions, PIP2 brings

Cell. Author manuscript; available in PMC 2021 January 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sun and MacKinnon

Page 8

about a large conformational change in the cytoplasmic domain and opening of the ion
conducting pathway through expansion of the S6 helices.

Star Methods

Lead Contact and Materials Availability

All unique/stable reagents generated in this study are available from the Lead Contact
(Roderick MacKinnon: mackinn@rockefeller.edu) with a completed Materials Transfer
Agreement.

Experimental Model and Subject Details

Cell lines—Chinese hamster ovary (CHO)-K1 cells were cultured in DMEM/F-12 medium
(GIBCO) supplemented with 10% fetal bovine serum at 37°C. S f9 cells were cultured in
Sf-900 Il SFM medium (GIBCO) at 27°C. HEK293S GnTI™ cells were cultured in Freestyle
293 medium supplemented with 2% fetal bovine serum at 37°C.

Method Details

Cloning, expression and purification of hLKCNQ1gy-KCNE3-CaM and
hKCNQ1gpm-CaM—DNAs encoding human KCNQ1 (Homo sapiens. NP_000209.2),
KCNE3 (Homo sapiens. NP_005463) and CaM (Homo sapiens. NP_001734.1) were
synthesized by Genewiz /nc. To improve the biochemical and thermal stability of KCNQ1,
the N-terminal and C-terminal regions were truncated, leaving a construct (\KCNQZ1gpn)
with residues 76-620. EcoR | and Xho | sites were used for cloning the hKCNQ1gm
construct into a BacMam expression vector with a C-terminal green fluorescent protein
(GFP)-6xHis tag linked by a preScission protease site. Full-length KCNE3 (Homo sapiens.
NP_005463) was cloned into a BacMam expression vector with an IL2 signal peptide
followed by a mCherry2 fluorescence protein tag. CaM was cloned into a BacMam
expression vector without any tags (Figure S1A).

Recombinant baculoviruses of hHKCNQ1gpy, KCNE3 and CaM were generated separately
using the Bac-to-Bac system according to manufacturer's instructions (Invitrogen). Then P3
virus mixture of hHKCNQ1gp:CaM (9:1) or hKCNQ1gpm:KCNE3:CaM (5:5:1) was used for
transduction of HEK293S GnTI™ cells for protein expression. Briefly, for 1L cultures of
HEK?293S GnTI~ cells (1.5-3x106 cells/mL) in Freestyle 293 media (Gibco) supplemented
with 2% FBS (Gibco), about 100 ml P3 virus mixture was used. Infected cells were
incubated at 37°C overnight, and protein expression was induced by adding 10 mM sodium
butyrate. Cells were cultured at 30°C for another 48-60 hrs before harvest (Goehring et al.,
2014).

4L of cell pellet was resuspended in 75 ml lysis buffer (20 mM HEPES pH7.4, 150 mM
KCI, 4 mM EGTA, 2 uM leupepetin, 1 uM pepstatin, 100 pM PMSF, 3 uM E-64 and 1
pg/mL aprotinin), and then solubilized by adding 70 ml detergent mixture LMNG/CHS (8:1
mass ratio, 2% stock solubilized in 20 mM HEPES pH7.4, 150 mM KClI) to a final
concentration of 1 % while stirring at 4°C for 2 hrs. Solubilized hKCNQ1gp-CaM or
hKCNQ1gpm-KCNE3-CaM was separated from the insoluble fraction by high-speed
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centrifugation (38,000q for 1 hr), and incubated with 4 ml CNBR-activated sepharose beads
(GE healthcare) coupled with 4 mg high-affinity GFP nanobodies (GFP-NB) (Kirchhofer et
al., 2010). The GFP tag was cleaved by preScission protease 2hr or overnight at 4°C, and
hKCNQ1gpm-CaM or hKCNQ1gpm-KCNE3-CaM complex was further purified by size-
exclusion chromatography with a Superose 6, 10/300 GL column (GE Healthcare)
equilibrated with 20 mM HEPES pH7.4, 150 mM KCI, 4 mM EGTA, 0.06% Digitonin. The
peak fractions were pooled, concentrated to 5-6 mg/ml using a 100-kDa MWCO centrifugal
device (Ambion) and immediately used for cryo-EM grid preparation.

Reconstitution of Nanodiscs—To prepare the lipid stock, soybean polar lipid extract
(Soy-PL, Avanti) or Soy-PL:brain PIP2 (Avanti) mixture (1:1 mass ratio) dissolved in
chloroform was dried as a thin film in a glass tube using an argon stream. Next, the lipid film
was solubilized in 20 mM HEPES pH 7.4 with 0.8% DDM/CHS mixture (DDM:CHS=5:1),
resulting in a final concentration of 10 mM lipid as calculated from the average molecular
weight of the lipid species.

Protein complex was reconstituted with MSP2N2 and Soy-PL or mixture of Soy-PL and
brain PIP2 in a final ratio of 1:3:450, which was prepared in the following manner (Denisov
and Sligar, 2016). hHKCNQ1gp-CaM or hKCNQ1gpm-KCNE3-CaM eluted from the GFP-NB
column was mixed with the DDM-CHS solubilized lipid, which was incubated for 30min at
4 degree to form mixed lipid-detergent micelles. Next, MSP2N2 was added to the protein-
lipid mixture for another 30min incubation before an equal volume of freshly activated bio-
beads SM2 were added to remove the detergent from the system. The resulted mixture was
incubated at 4°C overnight with constant rotation. Bio-beads were removed, and the
reconstituted mixture was further purified using size-exclusion chromatography with a
Superose 6, 10/300 GL column (GE Healthcare) equilibrated with 20 mM HEPES pH7.4,
150 mM KCI and 4 mM EGTA. The peak fractions were pooled, concentrated to 5-6 mg/ml
using a 100-kDa MWCO centrifugal device (Ambion). For cryo-EM grid preparation, the
concentrated protein sample is mixed with 120 mM Fos-Choline-8 at a volume ratio of 1:50
immediately before freezing.

Electrophysiology—Chinese hamster ovary (CHO) cells, cultured in DMEM-F12
(Gibco) with 10% FBS and L-glutamine, were transfected with the hLKCNQ1gp and KCNE3
expression plasmid (1:2 mass ratio) with lipofectamine 3000 reagent (Thermo Fisher
Scientific). A medium exchange was carried out after 4hr incubation with lipofectamine
reagent. 48 hrs following transfection, the media was replaced with bath solution and
experiments were performed at room temperature using whole-cell patch clamp techniques
with polished borosilicate glass pipettes with resistance between 2-4 MQ. All recordings
were carried out using pClamp10.5 software (Molecular Devices), an Axopatch 200B
amplifier (Molecular Devices), and an Axon digidata 1550 digitizer (Molecular Devices).
Data were filtered at 1 kHz and digitized at 10 kHz.

The bath solution contains 10 mM HEPES-Na pH 7.2, 20 mM KCI, 130 mM NaCl, 5 mM
glucose, 2 mM MgCl, and 1 mM CaCl,, and the pipette solution was 10 mM HEPES-Na pH
7.2, 50 mM KF, 100 mM KCI, 5 mM EGTA. Data was processed using Origin 9 (OriginLab
Corp.).
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Flux assay—L.ipid mixtures, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) and 1-palmitoyl-2-oleoyl-snglycero-3-phospho-(1'-rac-glycerol) (POPG) at a 3:1
ratio (w/w) or POPE, POPG and P1(4,5)P2 at a 3:1:0.1 ratio were dried under an argon
stream, and placed in a vacuum chamber overnight. Dried lipids were suspended by
sonication in buffer containing 20 mM Tris pH 8 and 160 mM KCI. DDM was added and
mixed with the lipid suspension for 1 hour at room temperature. The final DDM
concentration was 10 mM and the lipid concentration 10 mg/ml. Purified channel complex
was added to the lipid/DDM mixture at a protein-to-lipid ratio of 1:250 (w/w). After 30-min
incubation at room temperature, SM2 biobeads (Bio-Rad) were added to remove DDM by
incubating the mixture at 4 °C overni ght.

Proteoliposome vesicles were collected, briefly sonicated and diluted 25 times in buffer
containing 20 mM Tris pH 8 and 160 mM NaCl and prior to the assay. 6 pl vesicles was
mixed with 6 ul ACMA solution (7.5 uM) and 12 pl buffer (20 mM Tris pH 8 and 160 mM
NaCl). Fluorescence was recorded every 5 seconds (AEx = 410 nm, AEy; = 490 nm) using a
plate reader (Tecan Infinite M1000). After the ACMA fluorescence stabilized, K* flux was
initiated by addition of 6 pl CCCP (40 uM). At the end of the assay, 2 uM valinomycin was
added to release K* from all vesicles and yield a minimum baseline fluorescence.

Cryo-EM analysis—Cryo-EM grids were prepared with a Vitrobot Mark 1V (FEI).
Quantifoil R1.2/1.3 holey carbon gold grids were glow-discharged for 15s. Then 3.6 pL of
5-6 mg/ml protein sample was pipetted onto the grids, which were blotted for 2s under blot
force 1 at 100% humidity and frozen in liquid nitrogen cooled liquid ethane. The grids were
loaded onto a 300 keV Titan Krios (FEI) with a K2 direct electron detector (Gatan).

Images of all datasets except the hLKCNQ1gp-KCNE3-CaM with PIP2 were recorded with
SerialEM (Mastronarde, 2005) in super-resolution mode with a super resolution pixel size of
0.515 A and a defocus range of —1.1 to —2.4 um. Data were collected with a dose rate of 8
electrons per physical pixel per second, and images were recorded with a 12.5 s exposure
and 250 ms subframes (50 total frames). The hKCNQ1gpm-KCNE3-CaM with PIP2 was
collected on Krios #2 equipped with a Cs corrector, energy filter and K2 detector in Simons
Electron Microscopy Center, NYSBC. Images were recorded in super-resolution mode with
a super resolution pixel size of 0.545 A and a defocus range of —1.1 to —2.2 um. Dose rate is
set at 8 electrons per physical pixel per second, and images were recorded with a 10 s
exposure using 200 ms subframes.

Super-resolution image stacks were gain-normalized, binned by 2 with Fourier cropping,
and corrected for beam-induced motion using MotionCor2 (Zheng et al., 2017). Contrast
transfer function parameters were estimated from motion-corrected summed images without
dose-weighting using GCTF (Zhang, 2016). All subsequent processing was performed on
motion-corrected summed images with dose weighting. About 3,000 particles were
manually picked and processed with reference-free 2D classification in RELION to generate
a template (Zivanov et al., 2018), which was used for particle picking using Gautomatch
(written by Kai Zhang). Auto-picked particles were visually examined to remove false
positives and were further cleaned up by multiple rounds of 2D classification in cryoSPARC
(Punjani et al., 2017).
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For hLKCNQ1gp-CaM and hKCNQ1gp-KCNE3-CaM datasets, ab /nitio reconstruction was
carried out in cryoSPARC asking for three classes. The best class is further refined by
cryoSPARC followed with local refinement in RELION. For hLKCNQ1gp-KCNE3-CaM
with PIP2 dataset, the best classes from cryoSPARC were refined in RELION followed by
3D classification without alignment, resulting in one class with continuous density for all
transmembrane helixes. Then, particles from the best class were used for Bayesion polishing
(Scheres, 2012) followed by another round 2D classification, 3D refinement and 3D
classification without alignment in RELION. Next, the classes with good densities were
combined for 3D refinement.

Model building and refinement—Either RELION or auto_sharpen of the Phenix
program (Terwilliger et al., 2018) was used for map sharpening. Models were built in Coot
(Emsley et al., 2010). First, a homology model was generated using the I-TASSER server
(YYang et al., 2015; Yang and Zhang, 2015) and docked into the cryo-EM map. From this
starting point manual rebuilding were carried out. The structural model was refined using
phenix.real_space_refine (Afonine et al., 2013) with secondary structure restraints and Coot
iteratively. Protein structure quality was monitored using the Molprobity server (Chen et al.,
2010). The resulting hKCNQ1gp-CaM structure includes KCNQ1 residues 104-218,
223-396 and 506-568 and CaM residues 6-149. The resulting hKCNQ1gpm-KCNE3-CaM
structure includes KCNQL1 residues 104-218, 222-396 and 506-569, KCNE3 residues 53-99
and CaM residues 6-149. The structure of hHKCNQ1gp-KCNE3-CaM with PIP2 includes
hKCNQL1 residues 104-218, 225-387, 506-537 and 542-562, KCNES3 residues 53-92 and
CaM residues 6-149.The pore radii were calculated using HOLE (Smart et al., 1996).
Figures were prepared using PyMOL (The PyMOL Molecular Graphics System, Version 2.0
Schrodinger, LLC.) and UCSF Chimera (Pettersen et al., 2004).

Quantification and Statistical Analysis

All reported resolutions in cryoEM studies are based upon the 0.143 Fourier Shell
Correlation criterion. Error bars in Figure 3A represent standard error of the mean for three
independent experiments.

Data and Code Availability

Data Resources—The three-dimensional cryo-EM density maps for hKCNQ1gpm-CaM,
hKCNQ1gpm-KCNE3-CaM and hKCNQ1gpy-KCNE3-CaM with PIP2 have been deposited
in the EM Database under the accession code EMDB: EMD-20965, EMD-20966 and
EMD-20967, and the coordinates for the structure have been deposited in Protein Data Bank
under accession code PDB: 6UZZ, 600 and 6VO01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Structures of human KCNQ1-CaM and KCNQ1-KCNE3-CaM complexes
without PIP2

Structural mechanism of KCNQ1 modulation by KCNE3
Structure of human KCNQ1-KCNE3-CaM with PIP2
Gating mechanism of KCNQ1 by PIP2
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Figure 1. Function validation and structure determination of hKCNQ1gpm-KCNE3-CaM
complex

(A) Voltage family current trace of the hHKCNQ1gp-KCNE3-CaM complex recorded in
CHO cells (top) and the I-V curve of the channel activation plotted at the time point
indicated by the black arrow.

(B) Side and top view of the hKCNQ1gp-KCNE3-CaM cryo-EM density map. KCNQ1,
KCNE3 and CaM are colored in blue, red and orange, respectively.

(C) Structure model of the hKCNQ1gp-KCNE3-CaM complex oriented and colored as in

(B).
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Figure 2. Interaction between KCNQ1-CaM and KCNE3
(A) Interaction between KCNQ1 and KCNE3. KCNE3 is shown as ribbons and KCNQ1-

CaM is shown as surface representation. KCNES3 interacts with three protomers of KCNQ1-
CaM colored in green, light blue and grey, respectively. The same color code is used in panel
(B), (C) and (D).

(B) Stereo view of the interaction between KCNQ1 and KCNE3 in the transmembrane
region. Side chains of residues on the interface are shown as stick and balls.

(C) Stereo view from intracellular side of the KCNQ1 and KCNES3 interface at the plane
indicated by blue arrow in (B).

(D) Interactions between S4 of KCNQ1 and transmembrane helix of KCNE3. The distances
between potential interaction residues (within 4 A) are labeled. Main chain of R243 is
shown in order to demonstrate the potential interaction between Y79 and main chain of
R243.

(E) Stereo view from extracellular side of the TVG region and its binding site in KCNQL1 at
the plane indicated by green arrow in (B).
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Figure 3. Structure of hKCNQ1gpm-KCNE3-CaM complex in the presence of PIP2
(A) Liposome based flux assay. Recordings (n=3) from PE:PG:PIP2 alone, PE:PG with

hKCNQ1gpm-KCNE3-CaM and PE:PG:PIP2 with hKCNQ1gp-KCNE3-CaM vesicles are
plotted in black, blue and green traces.

(B) SDS-PAGE showing the reconstitution of hHKCNQ1gp-KCNE3-CaM complex in
nanodiscs containing PIP2 using MSP2N2 as the scaffold protein.

(C) Cryo-EM map and structure model of hKCNQ1gM-KCNE3-CaM in the presence of
PIP2. KCNQ1, KCNE3 and CaM are colored in blue, red and orange, respectively.

Cell. Author manuscript; available in PMC 2021 January 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sun and MacKinnon

-10KT/e

Page 20

10KT/e

W248

KCNE3

Figure 4. PIP2 binding site of the hKCNQ1gpm-KCNE3-CaM channel complex
(A) Surface charge representation (—10KT/e to 10 KT/e) of the PIP2 binding site. The

surface potential is calculated using APBS plugin in PyMOL. PIP2 binding site is zoomed in
on the right. PIP2 molecule is shown as balls and sticks.

(B) Cryo-EM density of PIP2 in the complex. Only the surrounding region of PIP2 binding
site are shown in cartoon for clarity. KCNE3 is colored in red and two neighboring KCNQ1
subunits are colored in grey and blue, respectively.

(C) Stereo view of the PIP2 binding site. The side chains of residues within 4 A of PIP2 are
shown as sticks. PIP2 is shown as balls and sticks.
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Figure 5. Conformational changes induced by P1P2

(A) Conformational change of the channel complex in one KCNQ1-CaM protomer. The
“RQKH” motif that undergoes structural rearrangement from a loop to a helix is colored in
green. S6 and HA helixes of KCNQ1 are colored in purple. CaM is shown as surface with its
N-lobe in orange and C-lobe in yellow. The rotational motion of CaM associated with the
conformational change is indicated by a cartoon with a dash arrow.

(B) Overlay of the pore domains of PIP2-free and PIP2-bound structures showing the
conformational change in the ion conducting pathway. The PIP2-free state is colored in grey
and PIP2-bound state in blue. The S6 helix bends outward upon PIP2 binding at the point of
PAG segment.

(C) Left: view of ion conducting pathways for PIP2-free and PIP2-bound states with front
and back subunits excluded for clarity. Right: radius of the pore calculated using HOLE
program. The amino acids restricting the pore are labeled.
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Key Resources Table

Page 22

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

DMEM/F-12 medium GIBCO Cat# 11330-032
SF-900 11 SFM medium GIBCO Cat# 10902-088
L-Glutamine (100x) GIBCO Cat# 25030-081
Pen Strep GIBCO Cat# 15140-122
Grace’s insect medium GIBCO Cat# 11605-094
Freestyle 293 medium GIBCO Cat# 12338-018
Fetal bovine serum GIBCO Cat# 16000-044
Lipofectamine 3000 transfection reagent Invitrogen Cat# 11668019
Cellfectin Il reagent Invitrogen Cat# 10362100
Lauryl Maltose Neopentyl Glycol (LMNG) Anatrace Cat# NG310

Cholesteryl hemisuccinate Anatrace Cat# CH210

Digitonin Millipore Sigma Cat# 300410

Critical Commercial Assays

CNBR-activated sepharose beads

GE Healthcare

Cat# 17-0430-01

Superose 6, 10/300 GL

GE Healthcare

Cat# 17-5172-01

Deposited Data

hKCNQ1gp-CaM density map This study EMD-20965
hKCNQ1gp-CaM atomic model This study PDB6UZZ
hKCNQ1gy-KCNE3-CaM density map This study EMD-20966
hKCNQ1gp-KCNE3-CaM atomic model This study PDB 6V00
fr:;():NQlEM-KCNE&CaM with PIP2 density This study EMD-20967
hKCNQ1gy-KCNE3-CaM with PIP2 atomic This study PDB 601
model

Experimental Models: Cell Lines

CHO-K1 ATCC Cat# CRL-9618
Sf9 ATCC Cat# CRL-1711
HEK293S GnTI~ ATCC Cat# CRL-3022
Recombinant DNA

Synthesized human KCNQ1 cDNA Genewiz. /Inc N/A
Synthesized Calmodulin cDNA Genewiz. /Inc N/A
Synthesized KCNE3 cDNA Genewiz. /Inc N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and Algorithms

SerialEM Mastronarde, 2005 http://bio3d.colorado.edu/SerialEM
RELION Scheres, 2012 http://www2.mrc-Imb.cam.ac.uk/relion
EMAN2 Tang et al., 2007 http://blake.bcm.edu/emanwiki/EMAN2
Blocres Cardone et al., 2013 https://Ishr.niams.nih.gov/bsoft/programs/

blocres.html

UCSF Chimera

Pettersen et al., 2004

http://www.cgl.ucsf.edu/chimera

PHENIX Afonine et al., 2013 https://www.phenix-online.org
CooT Emsley et al., 2010 Qétgt:///wwwz.mrc—lmb.cam.ac.uk/personal/pemsley/
MolProbity Chen et al., 2010 http://molprobity.biochem.duke.edu
HOLE Smart et al., 1996 http://www.holeprogram.org/
Molecular Graphics System, .
PymMOL Version 1.8 Schrodinger, LLC http://www.pymol.org
Other

Quantifoil R1.2/1.3 400 mesh gold holey
carbon grids

SPI supplies

4240G-XA
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