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BIOPHYSICS

Structures and an activation mechanism of human
potassium-chloride cotransporters

Yuan Xie'*, Shenghai Chang'?*, Cheng Zhao', Feng Wang?, Si Liu®, Jin Wang®,

Eric Delpire®’, Sheng Ye*”*, Jiangtao Guo'®*

Potassium-chloride cotransporters KCC1 to KCC4 mediate the coupled export of potassium and chloride across the
plasma membrane and play important roles in cell volume regulation, auditory system function, and y-aminobutyric
acid (GABA) and glycine-mediated inhibitory neurotransmission. Here, we present 2.9- to 3.6-A resolution
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structures of full-length human KCC2, KCC3, and KCC4. All three KCCs adopt a similar overall architecture, a
domain-swap dimeric assembly, and an inward-facing conformation. The structural and functional studies
reveal that one unexpected N-terminal peptide binds at the cytosolic facing cavity and locks KCC2 and KCC4 at
an autoinhibition state. The C-terminal domain (CTD) directly interacts with the N-terminal inhibitory peptide, and
the relative motions between the CTD and the transmembrane domain (TMD) suggest that CTD regulates
KCCs' activities by adjusting the autoinhibitory effect. These structures provide the first glimpse of full-length
structures of KCCs and an autoinhibition mechanism among the amino acid-polyamine-organocation transporter

superfamily.

INTRODUCTION

Encoded by the Solute Carrier 12 (SLC12) gene family, the human
cation-chloride cotransporters (CCCs) mediate coupled movement
of CI” with K" and/or Na" across the plasma membrane and are
critical for maintaining K*, Na" and CI~ homeostasis (1, 2). CCCs
can be divided into two major branches (3, 4), the sodium-dependent
cotransporters NKCC1 to NKCC2 and NCC (SLC12A1 to SLC12A3),
and the sodium-independent cotransporters KCC1 to KCC4 (SLC12A4
to SLC12A7). NKCCs and NCC import Cl into the cell driven by
the transmembrane Na* gradient, while KCCs export intracellular
Cl™ using an energy stored in the K" electrochemical potential.
CCCs transport electroneutral substrates across membrane, with
stoichiometry of 1 K*:1Cl™ for KCCs, 1Na™:1Cl" for the NCC, and
1 K*:1Na*:2ClI” for NKCCs (1).

CCCs are widely expressed and found in tissues such as brain,
kidney, intestine, lung, muscle, heart, etc. By modulating ionic
homeostasis, CCCs contribute to a variety of physiological processes,
such as salt reabsorption in kidney (5); salt secretion in lung, stom-
ach (6, 7), and intestine (8); auditory system function (9); cell volume
regulation of erythrocytes (10) and other cells (11); and y-aminobutyric
acid and glycine-mediated inhibitory neurotransmission (12, 13).
Mutations in CCCs lead to various human diseases. Loss-of-function
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mutations in human NCC and NKCC2 result in salt-wasting disorders
such as Gitelman syndrome and Bartter syndrome (14, 15), where-
as dysfunction of KCC3 causes Andermann syndrome or hered-
itary motor and sensory neuropathy with agenesis of the corpus
callosum (HMSN/ACC), a rare neurodegenerative genetic disorder
associated with various degrees of agenesis of the corpus callosum (16).
Besides, mutations in KCC2 result in two types of human epilepsy,
idiopathic generalized epilepsy (17), and epilepsy of infancy with
migrating focal seizures (18, 19). Therefore, CCCs are important
drug targets for the treatment of hypertension, epilepsy, and other
neurological diseases. The diuretics furosemide and thiazide have
been clinically used as antihypertensive drugs by reducing the activity
of NKCC2 and NCC, respectively (20, 21). Using high-throughput
screening assays, several groups have developed KCC-specific
antagonists (22, 23), as well as a KCC2-specific agonist CLP257 and its
prodrug CLP290, which increase the plasma membrane expression of
KCC2 and reduce intracellular CI” concentration in the animal model,
making them potential drugs for the treatment of epilepsy (24-26).

The four KCCs share conserved structural features, including
the amino acid-polyamine-organocation superfamily fold of the
transmembrane domain (TMD), an extracellular domain (ECD)
mainly formed by a large loop between transmembrane helix 5 (TM5)
and TM6, and the C-terminal domain (CTD), which follows TM12
(27-29). The CTD regulates expression, trafficking (30, 31), and
activity of KCCs by phosphorylation and dephosphorylation (32-34).
The modulation of CCCs activity by the CTD is further supported
by the fluorescence resonance energy transfer (FRET) assays, which
showed that the regulation of NKCC1 activity accompanies a large
movement between the CTD dimer (35, 36).

Previously, structures of NKCC1, KCC1, and KCC4 reveal the
overall architecture, ion binding sites, and different oligomeric
states of the CCC family (37-40), yet, the full-length structures of
KCCs remain unknown. In addition, as the structures of human
NKCC1 and KCC1 and mouse KCC4 all lose the CTDs, whether the
dynamic feature of the CTD is functionally relevant awaits further
study. In this study, we report full-length structures of human KCC2,
KCC3, and KCC4, observe an autoinhibition by the N-terminal
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peptide, and reveal diverse dimeric assembly, which may be impli-
cated in the regulation of the transporters’ activity.

RESULTS AND DISCUSSIONS

Structure determination and overall structures of KCC2,
KCC3, and KCC4

We determined electron cryo-microscopy (cryo-EM) structures of
the full-length human KCC2a isoform at 3.4-A resolution, KCC3a
at 3.6-A resolution, and KCC4a at 2.9-A resolution (Fig. 1, A to C,
figs. S1 to S3, and table S1). In all three maps, the ECDs, TMDs, and
CTDs are well resolved, resulting in ~80% sequence coverage of the
transporter for each model. In addition, the 3D classifications
identified additional classes, one class of KCC2 with only the ECD/
TMD (KCC2 class II, KCC2C2), one of KCC3 with the ECD/TMD
and lower-quality CTD (KCC3 class II, KCC3C2), and one of KCC4
with only the CTD (KCC4 class II, KCC4C2; figs. S1 to S3). These
three classes were refined to 5- to 8-A resolutions. The higher-
resolution KCC2, KCC3, and KCC4 share a similar overall architec-
ture and dimerization assembly, with a root mean square (RMS)
deviation of 0.97 A over 877 Ca atoms within one subunit between
KCC2 and KCC3 and 0.88 A over 884 Co, atoms between KCC2 and
KCC4. During the following discussion, unless otherwise men-
tioned, we will focus on the structure of KCC2.

In a KCC2 dimer, the twofold axes of the TMDs and CTDs coin-
cide and are perpendicular to the membrane surface. The CTD
from one subunit attaches to the TMD of the opposing subunit at
the cytosolic surface of the membrane, displaying a domain-swap
organization (Fig. 1A). The dimerization is mainly attributed to the
extensive interactions between two CTDs, as well as the hydrophobic
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interactions mediated by TM11 and TM12 helices in the TMDs
(Fig. 1A). The two ECDs are apart from each other by the shortest
atom-to-atom distance of about 8 A and not involved in the dimeric
interactions.

As previously revealed by the KCC1 structure (38), KCC2 adopts
a LeuT-like fold in the TMD, with an inverted repeat structure
formed by TM1-5 and TM6-10 (Fig. 1D). All KCC2, KCC3, and
KCC4 are in an inward facing conformation, and the intracellular
facing cavity of KCC2 and KCC4 is occluded by a clearly resolved
N-terminal peptide (Fig. 1E and fig. S4). The ECD, formed by the
two ordered linkers between TM5-6 and TM7-8, sits on top of the
extracellular surface of the TMD. The long TM5-6 linker maintains
a relatively rigid architecture by two conserved disulfide bonds, two
pairs of antiparallel B strands, several short a helices, and the glyco-
sylation at multiple Asn residues (Fig. 1E). The TMD and the CTD
are connected through TM12 and the scissor helix (Fig. 1E), which
was first observed in the zebrafish NKCC1 structure (39).

The highly conserved TMD and ion binding sites among

KCC family

KCC2 displays a very high structural similarity to KCC1 in the
TMD region, with an RMS deviation of 0.74 A over 396 Ca atoms
(Fig. 2A). Superimposition of KCC2 onto KCCI1 reveals that the
first 11 transmembrane helices, including key residues for ions
coordination, align well (Fig. 2B), indicating that KCC2 shares a
similar substrate recognition and transport mechanism. Because of
the resolution limit, we were unable to unambiguously assign K* or
Cl ions in the KCC2 structure. TM12 in KCC2 adopts a different
orientation and forms a ~20° angle with that of KCC1 (Fig. 2A). In KCC2,
TM12 contacts TM3, TM10, and TM8-9 linker with hydrophobic
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Fig. 1. Overall structures of human KCC2, KCC3, and KCC4. (A to C) Side views of three-dimensional reconstructions (upper) and cartoon representations (lower) of
human KCC2 (A), KCC3 (B), and KCC4 (C), with each subunit colored individually. All N-acetylglucosamines (NAGs) are shown as sticks. The gray bars on either side of the
structure define the position (top and bottom) of the cell membrane. (D) Topology arrangement of the KCC2. (E) Structure of one KCC2 subunit in side view. Each domain

is colored the same as in (D).
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Fig. 2. Structures of the TMD. (A) The structural superimposition of KCC2 (cyan) and KCC1 [gray; Protein Data Bank (PDB) 6KKU] at the TMD. In the KCC1 structure, K*and
CI™ are shown as purple and orange spheres, respectively. (B) K and CI™ bind at similar positions in KCC2 and KCC1. (C) In KCC4 map, the densities of the K*, CI~, and their
coordination residues at the contour level of 5c. (D) The extracellular gate of KCC2 is sealed by salt bridges (dash lines).

residues, whereas in KCC1, TM12 is detached and interacts with
TM9 from the opposing subunit (38).

In the 2.9-A resolution structure of KCC4, one potassium and
two chloride ions are clearly observed (Fig. 2C). These three ions
and their coordination residues are identical to those in KCCI. This
strict structural conservation between KCCs confirms our previous
assignment of ion binding sites in KCC1 (38) and is a testament to
the importance of preserving their structure to catalyze K-Cl cotrans-
port across the membrane.

KCC2 is in an inward facing conformation, with the extracellu-
lar gate occluded by TM7-8 linker and sealed by salt bridges formed
between Arg'*” in TM1b and Glu*** in TM3 and between Lys**® in
TM7-8 linker and Asp>”® in TM10 (Fig. 2D). As the salt bridges are
highly conserved across KCCs and participate in the extracellular
gating, mutations in these residues will disrupt the transport cycles
and reduce the transport activity, as revealed by the functional stud-
ies on KCC3 and KCC4 (40, 41). A mutation of Arg207 in human
KCC3 (equivalent to Arg'** in KCC2) into Cys or His breaks the
salt bridge Arg?”-Glu?®’ and causes the Andermann syndrome
(42, 43).

An autoinhibition state of KCC2

In KCC2, the cytosolic vestibule, formed by TM1a, TM5, TM6b,
and TMS, is occupied by an N-terminal peptide covering residues
Val® to Asn'”” (Fig. 3A). The N-terminal peptide inserts into the
cavity from the cleft between TM1a and TM5 along the membrane
surface, bends by ~110° at Pro”*, and goes down toward the CTD
(Fig. 3A). This peptide can be divided into three segments, namely
two helices N1 (Val®! to Asn”®) and N2 (Ser®® to Asn'??) and a linker
L12 (Tyr’ to Gly”) in between (Fig. 3B and fig. S4B). N1 helix
interacts with TM1a and TM5 mainly by hydrophobic interactions
(Fig. 3C), whereas L12 establishes an extensive interaction network
with TM1a, TM6b, and TM8 by hydrogen bonds. Specifically,
Arg*® and Arg™’ tightly hold the peptide as a lock, by forming two
strong hydrogen bonds with the carbonyls of Leu’* and Pro®
(Fig. 3D). The side chain of GIn® also forms two strong hydrogen
bonds with the amide groups of Ser*** and Gly*** (Fig. 3D). N2 helix
contains multiple charged or polar residues and interacts with
the TMD through hydrogen bonds (Ser’®-Arg™® and Arg”-Asn>>*)
and the n-m interaction between His'"' and Tyr'®* (Fig. 3E). In
addition, below N2 helix, the CTD displays a positive electrostatic
surface, where the negatively charged residues (Glu102 and Glu105)
in N2 helix and a negative electrostatic potential via the helix dipole
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effect of the N2 helix establish electrostatic interactions with the
CTD (Fig. 3F).

To assess the function of the N-terminal peptide, Xenopus laevis
oocytes were injected with complementary RNA (cRNA) encoding
wild-type or mutant KCC2, and the K" influx was determined in
individual oocyte. As seen in Fig. 3G, a sizable K" influx was mea-
sured in oocytes injected with wild-type KCC2, compared to that
measured in water-injected oocytes. This is consistent with the
activity of KCC2 under regular isosmotic conditions. Sin§le amino
acid substitution of the conserved residues Tyr”', Thr’?, Asn®,
Leu™, GIn®, and His'" all stimulated the KCC2 function, indicat-
ing that the peptide is inhibitory in nature (Fig. 3G). Mutants of the
nonconserved residues Ser’® and Arg” in N2 helix show lower ex-
pression levels, while they maintain similar measured activities to
the wild type (fig. S4, A and F). In addition, the substitution of two
Glu residues (Glu'? + Glu'®®) in the N2 helix into Ala residues also
significantly enhanced the KCC2 function (Fig. 3G). As the two
acidic residues contribute to the electrostatic interactions between
N2 and CTD, this result suggests that CTD probably stabilizes the
autoinhibition state of KCC2.

The N-terminal peptide bound at the cytosolic facing cavity
inhibits the function of KCC2 by two ways. First, the N-terminal
peptide blocks the intracellular solvent access to the substrate-binding
sites in the inward facing conformation (Fig. 3H). Second, the
structure comparison of KCC1 in inward- and outward-facing
conformations reveals that KCC1 undergoes concerted inward
movements of TM8 helix, the intracellular loop between TM6b and
TM?7, and the short helix between TM2 and TM3 (IL23) when the
intracellular gate closes (44). In KCC2, the N-terminal peptide
forms direct interactions with TM8, IL23, and the TM6b-7 loop
and, therefore, constrains their inward movements and locks the
transporter in the inward facing state (Fig. 3, D, E, and H). The se-
quence in the N-terminal peptide, especially in the L12 region, is
highly conserved in the KCC family, indicating a common autoin-
hibition mechanism (fig. S4A). In the KCC4 structure, a similar
autoinhibitory peptide is clearly resolved in the cytosolic facing cavity
(fig. S4D), while in KCC3, scattered densities are observed in the
cytosolic vestibule, suggesting a low occupancy of the N-terminal
peptide (fig. S4C).

Dimerization of CTDs
The CTD of KCC2 is an o/ protein and can be further divided into
two structurally related subdomains. Each subdomain contains five
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Fig. 3. The N-terminal autoinhibition of KCC2. (A) Side view structures of the ECD/TMD (cyan color) and the CTD (pink) from the opposing subunit. The N-terminal
peptide is colored in yellow. Numbers show the TM helices lining the cytosolic vestibule. (B) Secondary structure assignment of the N-terminal peptide. (C) Hydrophobic
interactions between N1 and TM1a/TM5. (D) Interactions between L12 and TM1a/TM8. Dash lines show hydrogen bonds. (E) Interactions between N2 and the TMD. Dash
lines show hydrogen bonds or the - interaction. (F) Electrostatic interactions between N2 and CTD, with CTD shown as cartoon and stick (left) and electrostatic potential
surface modes (right). (G) K" influx in Xenopus laevis oocytes injected with wild-type (WT) and mutant KCC2 complementary RNA and measured under isotonic conditions.
The Western blot shows that the WT and mutants have similar expression levels. (H) The intracellular and the side views of the cytosolic vestibule with or without the
N-terminal peptide. The N-terminal peptide is shown as yellow, TM1a and TM6b as pink, and the rest TMD as cyan surface model.

parallel B strands. The 10 B strands form a continuous central
sheet, surrounded by eight o helices (Fig. 4A). In KCC2, along frag-
ment between B8 and o7 harbors multiple phosphorylation sites
and regulates the transporter’s activity (3). Unfortunately, this frag-
ment was unresolved in the current maps of KCC2. The CTD of
KCC2 resembles those of zebrafish NKCC1 (39) and the prokary-
otic CCC homolog MaCCC (45). Compared with KCC2, zebrafish
NKCCI1 contains two additional helices between B8 and 07 and one
between B5 and 6, whereas MaCCC loses o7 (fig. S5, A and B).
The dimerization of CTDs is mainly mediated by hydrophobic
interactions, involving the scissor helix, a3-p4 linker, a3 helix, and
B3-03 linker from both subunits (Fig. 4B). First, the two antiparallel
scissor helices directly interact with each other by the hgdrophobic
packing at residues Leu®”, Ala®”>, Ala®®, Ala®°, and Leu®® (Fig. 4C).
Second, a3-B4 linkers containing residues “**LGGL’** form exten-
sive hydrophobic interactions with the scissor helices (Fig. 4D).
Third, a pair of His"”® residues from a3 helices form n-r interac-
tions (Fig. 4D). Fourth, two hydrogen bonds are formed by Ser’”!

Xie et al., Sci. Adv. 2020; 6 : eabc5883 11 December 2020

and Asp775 in the 3-a3 linker (Fig. 4E). Last, the dimerization of
CTDs is further stabilized by the domain-swap organization between
the scissor helix and the rest of the CTD (Fig. 4B). The dimerization
of KCC2 CTD is similar to that of zebrafish NKCC1 but different
from that of MaCCC, which is preserved in solution and in the con-
text of the full-length transporter (fig. S5, C and D) (45).

The CTD interacts with the TMD at the junction of TM12 and the
scissor helix, where an ~80° turn is formed by the conserved motif
¥5GDG®. Formed by three hydrogen bonds Lys***-Arg™, Glu®®*-
Gly’*, and Asp®®-Asn®?, the interactions between the CTD and
TM12 remain weak (Fig. 4F). In the structures of human NKCC1, KCC1,
KCC2C2, and mouse KCC4, CTDs were completely unresolved, prob-
ably due to the dissociation of the CTD from the TMD (37, 38, 40).

Diverse dimerization of the TMD in KCCs

The higher-resolution structures of KCC2, KCC3, and KCC4 have
the same dimeric arrangement as zebrafish NKCC1 in the TMD,
with the dimer interface formed by TM11 and TM12 (Fig. 5A and
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Fig. 4. The dimeric CTD of KCC2. (A) The cartoon model of the CTD, with secondary structures labeled. (B) The dimeric assembly of CTDs. Two subunits are colored in
cyan and pink, individually. The key secondary structure participating in the dimeric organization are labeled. (C and D) Zoom-in views of the hydrophobic interactions at
the dimer interface. (E) Hydrogen bonds (dash lines) between $3-a3 linkers from two subunits. The hydrogen bond donor and acceptor groups are labeled. (F) Interac-

tions between TM12 and CTD. Dash lines show the hydrogen bonds.

fig. S6A). In KCC2, conserved hydrophobic residues Phe®*, Trp®*®,
and Leu®* contribute to the dimeric interactions at the junction of
TMI11 and TM12, below which a large hydrophobic cavity is formed
by TM11, TM12, and the TM10 C-terminal end from two subunits
(Fig. 5B). In general, the dimeric interactions in the TMD are weak
in KCC2 and KCC4 (fig. S6C). In KCC3, the larger distance be-
tween two subunits further attenuates the dimeric interactions in
the TMD (fig. S6B).

The KCC2C2 structure, although determined at 5.2-A resolu-
tion, clearly represents a different dimeric assembly in the TMD
(Fig. 5C and fig. S1). The KCC2C2 dimerization is mediated solely
by two almost parallel TM12 helices from two subunits (Fig. 5D).
The structural alignment shows no visible conformational differ-
ence within one subunit between KCC2 and KCC2C2. The dimeric
arrangements of KCC2 and KCC2C2 differ from that of KCC1
dimer, which forms a hydrophobic hole at the dimer interface by
hydrophobic interactions between TM12 and TM9 from the oppos-
ing subunit (Fig. 5, E and F). When KCC2, KCC2C2, and KCC1
dimers are aligned at one subunit, there are ~90° rotation for the
other subunit of KCC2C2 and ~150° rotation for KCCI, relative to
that of KCC2 (Fig. 5F). KCC3C2 adopts a similar dimeric assembly
as KCC2C2 in the TMD (Fig. 6A and figs. S2 and S6D). In KCC4C2,
by contrast, the TMD remains unresolved, while the CTD is of
decent quality (figs. S3 and S6E), indicating the relative motions
between CTD and TMD. Are these particles of KCC2, KCC3, and
KCC4 in class II of any functional significance? The structural rear-
rangement of KCC3C2 CTD provides clues.

Relative motions between the CTD and the TMD

In the KCC3C2 map, densities connecting CTD and TMD are miss-
ing; yet the shape and size of densities at the CTD region allow us to
confidently dock the CTD model and reconstruct the full-length
transporter (Fig. 6A). To compare the structural difference between
KCC3 and KCC3C2, we align two structures at the CTD dimer
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(Fig. 6B). Around TM12 in each subunit, the TMD of each KCC3C2
subunit undergoes a ~77-A counterclockwise rotation viewed from
the extracellular side, along with a 6- to 7-A shift away from the
CTD, relative to that in KCC3 (Fig. 6B). In the high-resolution
structures of KCC2, KCC3, and KCC4, the CTD is positioned just
under the TMD, exposing a large area for the TMD to attach (Figs. 1,
A to C, and 6C). In particular, the CTD of KCC2 interacts with N2
helix by electrostatic interactions and probably stabilizes the trans-
porter in the autoinhibition state (Fig. 3F). However, in the KCC3C2
structure, the TMD rotates to the right side of the CTD, and the
potential interactions between the CTD and N2 helix are eliminated
(Fig. 6D). Therefore, structural rearrangement in the TMD may re-
duce the autoinhibition effect by disrupting interactions between
the N-terminal inhibitory peptide and the CTD. The relative posi-
tion of the CTD to the TMD from the opposing subunit in KCC3C2
resembles that in zebrafish NKCC1 (Fig. 6E) (39).

How this relative motion between the CTD and the TMD is in-
duced remains unknown. The linker between TM12 and the scissor
helix seems important for the domain organization of the CTD and
the TMD. In zebrafish NKCCI, the scissor helix sits at the left side
of TM12 (39), whereas in KCC2, KCC3, or KCC4, it is at the right
side of TM12 (Fig. 6F).

Previously, we determined the dimeric KCC1 structures without
visible CTD densities (38), and the recently reported structures of hu-
man NKCC1 and mouse KCC4 also lost the CTD densities (37, 40).
Here, the structures of KCC2C2, KCC3C2, and KCC4C2 provide
further evidence to support the view that the mobility of the CTD
relative to the TMD is an intrinsic feature of CCCs function. The
high-resolution structures of KCC2 and KCC4 provide an autoin-
hibitory state of KCCs. The scattered densities in the cytosolic facing
cavity in KCC3 suggest a mixture of the N-terminal peptide-bound
and -unbound states (fig. S4C). In KCC2C2, the densities for L12
and N2 helix in the cytosolic cavity are weakened, indicating a par-
tial dissociation of the inhibitory peptide in the absence of the CTD

50f10



SCIENCE ADVANCES | RESEARCH ARTICLE

hydrophobic12’ )
cavity

KCC2
subunit B

11
KCC2C2
subunit B

N Keel a=~90°
Subunit A Subunit B . SubunitB subunit B B =~60°
Fig. 5. The dimeric assembly of the TMD. (A) The TMD structure of KCC2 dimer. TM11 and TM12 involved in the dimeric assembly are labeled. (B) Hydrophobic interac-
tions at the dimer interface of the TMD. Side chains of residues involved in the hydrophobic interactions are shown as stick models. (C) Superimposition of the map (gray)
and cartoon model (pink) of KCC2C2 dimer. (D) The TMD structure of KCC2C2 dimer. (E) The TMD structure of KCC1 dimer. Subunit A in KCC2C2 dimer (D) and KCC1 (E) is
shown at the same orientation of that in KCC2 dimer (A). (F) Different dimer interfaces at TMD between KCC2, KCC2C2, and KCC1. Three structures are aligned at the
subunit A, and only that of KCC2 is shown. TM11 and TM12 from three subunits B are shown as cartoon models.

W KCc3c2
W Kce3

F
W Kcesc2 ™12 TM12
W Zebrafish NKCC1

&

2 Linker’

Scissor helices ~ Scissor helices
W Kcec3c2 MKces M Zebrafish NKCC1

Fig. 6. Motions between the TMD and the CTD of CCCs. (A) Superimposition of the map (gray) and cartoon model (blue) of KCC3C2. (B) Structural comparisons of KCC3
(light orange) and KCC3C2 (blue) with the CTD dimer aligned. (C) In the KCC3 structure (light orange), CTD interacts with the putative N-terminal inhibitory peptide (cyan).
(D) In the KCC3C2 (blue), after rotation, potential interactions between CTD and the N-terminal inhibitory peptide (cyan) are disrupted. In (C) and (D), the N-terminal
inhibitory peptide is adapted from KCC2 and is shown as cyan surface model. (E) Structural comparisons of human KCC3C2 (blue) and zebrafish NKCC1 (magenta) with the
CTD dimer aligned. TMDs in NKCC1 are in similar positions as those in KCC3C2, taking into account that the twofold axes of the TMDs and CTDs in NKCC1 do not coincide.
(F) Structural arrangement of the TM12 and scissor helices in KCC3 (light orange), KCC3C2 (blue), and zebrafish NKCC1 (magenta). The linker between TM12 and scissor
helices are colored in green.
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(fig. S4E). Similarly, without the CTD, no N-terminal peptide was
resolved in the high-resolution structures of human KCCI1 dimer
and mouse KCC4 monomer (38, 40). KCC3C2 is captured in one
specific state with relatively stable TMD and CTD. On the basis of
these structures, we propose that the CTD regulates the KCCs’ ac-
tivity by motions relative to the TMD, which affects the binding of
the N-terminal inhibitory peptide at the cytosolic facing cavity
(fig. S7). The motions may involve the CTD dimer’s dissociation,
as revealed by these CCC structures without visible CTD and sug-
gested by the FRET assays on NKCC1 (35, 36). Because the di-
merization of full-length KCCs is mainly mediated by CTD instead
of the TMD, the CTD dimer’s dissociation will induce rearrange-
ment of the TMD, which can explain the diverse dimeric assembly
of the TMD.

MATERIALS AND METHODS

Protein expression and purification

Human KCC2a, KCC3a, and KCC4a were cloned, expressed, and
purified following similar procedures. The human SLC12A5, SLCI2A6
and SLCI2A7 genes encoding KCC2a, KCC3a and KCC4a were
synthesized (Generalbiol) and cloned into a BacMam expression
vector containing an N-terminal FLAG tag and a C-terminal Strep
tag II. All three KCCs were heterologously expressed in human em-
bryonic kidney (HEK) 293F cells (Life Technologies) using the BacMam
System (Thermo Fisher Scientific). The baculovirus was generated
in Sf9 cells (Life Technologies) following the standard protocol and
was used to infect HEK293F cells at a ratio of 1: 20 (virus: HEK293F,
v:v), supplemented with 10 mM sodium butyrate to boost protein
expression.

Cells were cultured in suspension at 37°C for 48 hours and then
harvested by centrifugation at 3000g. The cell pellet was resuspended
in buffer A [30 mM tris-HCI (pH 8.0) and 150 mM KCl] supplemented
with a protease inhibitor cocktail (2 ug ml™* deoxyribonuclease I, 2 ug
ml ™! pepstatin, 2 ug ml™* leupeptin and 2 ug ml™* aprotinin, and 1 mM
phenylmethylsulfonyl fluoride) and homogenized by sonication on
ice. All three KCCs were extracted with 1% (w:v) lauryl maltose
neopentyl glycol (LMNG; Anatrace) supplemented with 0.2% (w:v)
cholesteryl hemisuccinate (CHS; Anatrace) by gentle agitation for
2 hours at 4°C. After extraction, the supernatant was collected fol-
lowing a 60-min centrifugation at 48,000g and incubated with Anti-
DYKDDDDK G1 Affinity Resin (GenScript) with gentle agitation.
After 2 hours, the resin was collected on a disposable gravity col-
umn (Bio-Rad) and washed in buffer B (buffer A + 0.005% LMNG +
0.02% CHS) for 10-column volumes. The detergent was then changed
to 0.02% glyco-diosgenin (GDN), and the protein sample was eluted
with FLAG peptide (0.2 mg/ml) in buffer C (buffer A + 0.02%
GDN). The protein sample was further purified by size-exclusion
chromatography on a Superose 6 10/300 GL column (GE Health-
care) preequilibrated with buffer C. The protein peak fractions were
collected and concentrated to appropriate concentrations (6 mg/ml
for KCC2, 13 mg/ml for KCC3, and 9 mg/ml for KCC4) for cryo-
EM analysis.

EM data acquisition

The cryo-EM grids were prepared by applying 3 ul of KCCs protein
to a glow-discharged Quantifoil R1.2/1.3 200/300-mesh copper/gold
holey carbon grid (QUANTIFOIL, Micro Tools GmbH, Germany)
and blotted for 3.0 s under 100% humidity at 4°C before being
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plunged into liquid ethane using a Mark IV Vitrobot (FEI). Micro-
graphs were acquired on a Titan Krios microscope (FEI) operated at
300 kV with a K2 Summit direct electron detector (Gatan). SerialEM
software was used for automated data collection following the stan-
dard procedure. A calibrated magnification of x49,310 was used
for imaging, yielding a pixel size of 1.014 A on images. The defocus
range was set from —1.5 to —2.5 um. Each micrograph was dose-
fractionated to 40 frames under a dose rate of 8 e”/pixel per second,
with a tg)tal exposure time of 8 s, resulting in a total dose of about
62 e /A%

Image processing

The motion correction was performed using the MotionCorr2 pro-
gram (46), and the CTF parameters of the micrographs were esti-
mated using the GCTF program (47). All other steps of image
processing were performed using RELION 3.0 (48).

For KCC2, 2,767,130 particles were automatically picked and
extracted from the full data set of 3164 micrographs. The particles
were extracted with a binning factor of 3 and were subjected to a 2D
classification. A total of 1,888,099 particles were selected for two
rounds of 3D classifications using the initial model generated by
RELION as the reference. One of the 3D classes showed good
secondary structural features, and their particles were selected, com-
bined, and reextracted into the original pixel size of 1.014 A. After
3D refinement with C2 symmetry and particle polishing with
RELION, the resulting 3D reconstruction of KCC2 from 55,026
particles yielded an EM map with a resolution of 3.4 A (fig. S1). For
KCC2C2, the 3D reconstruction from 171,657 particles yielded an
EM map with a resolution of 5.2 A (fig. S1).

For KCC3, 1,819,636 particles were automatically picked and ex-
tracted from the full data set of 2090 micrographs. The particles
were extracted with a binning factor of 3 and were subjected to a 2D
classification. A total of 1,225,521 particles were selected for two
rounds of 3D classifications using the model of KCC2 as the refer-
ence. One of the 3D classes showed good secondary structural fea-
tures, and their particles were selected, combined, and reextracted
into the original pixel size of 1.014 A. After 3D refinement with C2
symmetry and particle polishing with RELION, the resulting 3D
reconstruction of KCC3 from 84,675 particles yielded an EM map
with a resolution of 3.6 A (fig. S2). For KCC3C2, the 3D reconstruc-
tion from 44,936 particles yielded an EM map with a resolution of
7.0 A (fig. S2).

For KCC4, 1,192,986 particles were automatically picked and
extracted from the full data set of 4944 micrographs. The particles
were extracted with a binning factor of 3 and were subjected to a 2D
classification. A total of 900,777 particles were selected for two
rounds of 3D classifications using the model of KCC2 as the refer-
ence. One of the 3D classes showed good secondary structural fea-
tures, and their particles were selected, combined, and reextracted
into the original pixel size of 1.014 A. After 3D refinement with C2
symmetry and particle polishing with RELION, the resulting 3D
reconstruction of KCC4 from 95,572 particles yielded an EM map
with a resolution 0f 2.9 A (fig. S3). For KCC4C2, the 3D reconstruction
from 102,049 particles yielded an EM map with a resolution of
7.5 A (fig. S3).

The resolution was estimated by applying a soft mask around the
protein density and the gold-standard Fourier shell correlation
(FSC) = 0.143 criterion. Local resolution maps were calculated with
RELION (figs. S1 to S3).
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Model building, refinement, and validation

De novo atomic model building based on the 3.4-A resolution den-
sity map of KCC2 was performed in Coot (49). The KCC2 TMD
atomic model building using the KCC1 model as a starting tem-
plate. The amino acid assignment was achieved on the basis of the
clearly defined density for bulky residues (Phe, Trp, Tyr, and Arg). Mod-
els were refined against summed maps using phenix.real_space_refine
(50), with secondary structure restraints and noncrystallography
symmetry applied. The initial EM density map allowed us to con-
struct a KCC2 model containing residues 81 to 107, 118 to 916, and
1067 to 1135. The statistics for the models’ geometries was generated
using MolProbity (51) (table S1). All figures were prepared in
PyMoL (52) or Chimera (53).

For KCC3 and KCC4, the atomic model of KCC2 was used as a
reference for model building. The final KCC3 model contains resi-
dues 183 to 993 and 1078 to 1146, and the KCC4 covers residues 82
to 105, 116 to 913, and 1011 to 1079. For KCC2C2, KCC3C2, and
KCC4C2, the models of corresponding TMD and CTD were fitted
into low-resolution maps in Chimera.

K* (*Rb) influx in oocytes

Fragments of the KCC2 complementary DNA (cDNA) were sub-
cloned into pBSK™ for site-directed mutagenesis (QuikChange from
Agilent, Santa Clara, CA). After sequence confirmation of the mu-
tated DNA, fragments were reinserted into the wild-type cDNA to
create mutated full-length clones. DNA was then isolated from
60-ml cultures using a mediprep kit from QIAGEN (Valencia, CA) and
2.5 pg purified DNA was linearized with Mlul (New England Bio-
labs, Beverly, MA). Following the digestion, the DNA was purified
using a QIAquick Polymerase Chain Reaction Purification Kit
(QIAGEN) and transcribed into cRNA using the mMESSAGE
mMACHINE SP6 Transcription Kit (Life Technologies, Grand Island,
NY). RNA was then purified by precipitation with LiCl, washed
with 70% ethanol, and resuspended in diethylpyrocarbonate-treated
water. RNA quality and quantity were then assessed by denaturing
agarose gel electrophoresis and spectrophotometric methods.

Extraction of Xenopus laevis ovarian lobes was done in accor-
dance with an approved Vanderbilt University Institutional Animal
Care and Use Committee protocol and as previously described (54).
Oocytes were dissociated using collagenase D treatment [4 X 90 min
incubation at 4°C in 5 mg collagenase D (Sigma-Aldrich, St. Louis,
MO) per ml of a Ca**-free hypotonic saline (80 mM NaCl instead of
96 mM)].

Oocytes were then maintained overnight in modified L15 solu-
tion [250 ml Leibovitz L15 Ringer (Invitrogen, Carlsbad, CA), 200-ml
deionized water, 952 mg Hepes (acid form), and 44 M gentamycin
(Invitrogen; pH 7.4); 195 to 200 mosM] at 16°C. The following day,
groups of 25 to 30 oocytes were injected with 50-nl water containing
15 ng KCC2 cRNA and incubated for 3 days at 16°C. Medium was
replaced the day following the injection. KCC2 function was assessed
3 days postinjection.

We used Xenopus laevis oocytes for our functional studies be-
cause they are large cells with minimal K uptake mechanisms. Thus,
most of the signal obtained from the oocytes originates from the
heterologous expression of the transporters injected. To further en-
sure low background, we perform the K* uptake measurements in a
Na'-free solution to eliminate the participation of the endogenous
Na-K-2Cl cotransporter and, in the presence of ouabain, to eliminate
Na*/K" pump activity. Thus, K* influx is measured in a solution
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containing 96 mM N-methyl-D-glucamine-Cl, 4 mM KCI, 1 mM
CaCl,, 0.8 mM MgSO4, 5 mM Hepes, and 100 mM ouabain (pH 7.4).
The osmolarity of the solution is 200 mOsM to match the frog in-
ternal milieu. KCC2 activity is assessed through K" influx, which is
calculated from unidirectional radioisotope tracer uptake. Groups
of 20 to 25 oocytes are rinsed once with 3 ml Na'-free solution
without ouabain, preincubated for 15 min in 1 ml of same solution
containing ouabain, and then fluxed for 1 hour in 1 ml of identical
solution containing 2.5 uCi/ml radioactive Rb" as a tracer for K*
movement. As *Rb is no longer commercially available, we pur-
chased *’Rb from the Brookhaven radioisotope production facility.
The isotope has a longer half-life (86.2 versus 18.6 days for *Rb) and
has emission energies that can be detected by either gamma detector
(at 520 ke V) or liquid scintillation counting (window set to energies of
0 to 100 keV). K" influx is calculated from the amount of 3°Rb that
has entered each oocyte over a period of 1 hour and is expressed in
nmol K* oocytef1 hour™. All data points are means + SEM (n > 15).
The one-way analysis of variance (ANOVA) was used to determine
whether there are any statistically significant differences between
the means of wild-type KCC2 and mutants.

For Western blot analysis, groups of eight oocytes were homog-
enized with pipet in 240-ul lysis buffer containing 150 mM NaCl,
50 mM tris (pH 8.5), 2 mM EDTA, 0.1% SDS, 0.5% Na-12 deoxy-
cholate, and 1% CHAPS and incubated on ice for 30 min. The sam-
ples were then spun at maximum speed at 4°C for 20 min, and the
supernatant was collected and passed through a spin column to
eliminate any residual yolk. Samples (40 pl) were added to 40-ul 4x
sample buffer + dithiothreitol and denatured at 70°C for 15 min.
After separation on 7.5% polyacrylamide gel, proteins were trans-
ferred to polyvinylidene difluoride membrane, which was incubated
overnight with anti-c-Myc antibody (mouse monoclonal, clone
9E10 from Thermo Fisher Scientific).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eabc5883/DC1

View/request a protocol for this paper from Bio-protocol.
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