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Abstract

CLC proteins transport chloride (CI7) ions across cellular membranes to regulate muscle
excitability, electrolyte movement across epithelia, and acidification of intracellular organelles.
Some CLC proteins are channels that conduct CI~ ions passively, whereas others are secondary
active transporters that exchange two CI~ ions for one H*. The structural basis underlying these
distinctive transport mechanisms is puzzling because CLC channels and transporters are expected
to share the same architecture based on sequence homology. To solve this puzzle we determined
the structure of a mammalian CLC channel (CLC-K) using cryo-electron microscopy. A conserved
loop in the CI™ transport pathway shows a structure markedly different from that of CLC
transporters. Consequently, the cytosolic constriction for CI~ passage is widened in CLC-K such
that the kinetic barrier previously postulated for CI=/H* transporter function would be reduced.
Thus, reduction of a kinetic barrier in CLC channels enables fast flow of CI~ down its
electrochemical gradient.

Introduction

CLC proteins, which transport CI~ or other similar ions such as fluoride (F7) and nitrate
(NO3™) across membranes, form a large family of membrane-spanning proteins that are
ubiquitously found from bacteria to multicellular organisms (for reviews, ref. 1-3). In
eukaryotes CLC proteins control membrane potential in muscle, transepithelial electrolyte
flow in kidney, and regulation of pH and ion composition of intracellular organelles. Defects
in CLC genes cause several hereditary diseases in humans?, including myotonia congenita?,
Bartter syndromes®, Dent’s disease®, and osteopetrosis’.

Functionally CLC proteins can be divided into two distinct subgroups: “Cl™-channels” and
“CI7/H* transporters”. Channel-type CLC proteins catalyze passive permeation of CI~ ions
down a CI~ electrochemical gradient across the membrane8:2. By contrast, CLC transporters
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exchange CI~ ions and protons (H*) in opposite direction with a stoichiometry of 2 CI™:1 H*
(i.e. CI7/H* antiporters)10-12, This coupled movement of the two ion species enables active
transport of one species across an “uphill” electrochemical gradient when the other moves
across a “downhill” gradient. Channel-type CLC proteins transport CI~ ions faster than
transporter-type CLC proteins'3-14, Despite such differences, they exhibit significant
homology in amino acid sequence and therefore are expected to share a common structural
architecture. This fact challenges the traditional view that channels and transporters have
largely unrelated structures.

CLC proteins are homodimers with each subunit bearing a separate transport pathway?®15:16,
Crystal structures of CLC CI=/H* transporters from bacteria and eukaryotic algae
Cyanidioschyzon merolae have identified three consecutive CI™-binding sites referred to as
the external, central and internal sites, the first two of which are fundamental to our current
understanding of the transport mechanism16-18, The amino acids surrounding the external
and central sites, including a glutamate residue (denoted “gating” glutamate, Glugate) and
tyrosine and serine residues (denoted Tyrc and Serc, respectively) are conserved in both
transporters and channels and thus offer few clues as to the molecular distinction between
CLC transporters and channels. While mutations of these residues convert transporters to
passive, channel-like conductors by uncoupling H* and CI~ transport, native CLC channels
have somehow accomplished uncoupling in a different manner associated with higher
conductancel®-14, Despite conservation of primary sequences, the fundamental mechanistic
distinction between CLC channels and transporters suggest that tertiary structural
differences must exist between the two.

Characterization of bovine CLC-K

We screened several CLC channels and identified a bovine CLC-K channel as a promising
candidate. CLC-K shows 84% amino acid sequence identity with the human CLC-K channel
orthologues (CLC-Ka and CLC-Kb) and much less with Escherichia coli (EcCLC; 22%
identity) and C. merolae (CmCLC; 32% identity) transporters. Expressed mainly in Henle’s
loop, CLC-K channels play an important function in renal salt reabsorption®19:20 and thus
are potential targets of diuretic agents?L.

We first examined CLC-K channel activity by two-electrode voltage clamp experiments
(Extended Data Fig. 1a—e). Because previous studies have shown that many CLC-K
channels require a B-subunit called barttin to detect their CI~ transport activity?2:23, we
performed experiments with and without co-expression of barttin. As previously reported for
human CLC-K channels?2, bovine CLC-K showed robust currents when expressed in
Xenopus laevis oocytes together with barttin. Similar results were obtained when patch
recordings were performed on mammalian cells (Extended Data Fig. 1f). The currents were
Cl™-specific as the reversal potential approached the Nernst equilibrium potential of CI~
ions. Similar to other CLC-K channels studied?2-25, bovine CLC-K displayed a linear
current-voltage (I-V) relationship (Extended Data Fig. 1e—f). This contrasts with the other
major CLC channel subgroups including CLC-0 and CLC-1, which show strong voltage-
dependent gating526:27, This difference in gating properties is determined by the amino
acid identity in the Glugaee position. In CLC-K, the equivalent residue is a valine (Val166).
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Replacing Gluggte with a neutral amino acid in CLC-0 and CLC-1 abolish the voltage
dependence and make the I-V relationship linear, similar to CLC-K channels!?:26.28: and
conversely, mutation of Val166 to Glu reintroduces voltage dependence in CLC-K channels,
while their activity (conductance) otherwise remains comparable to wild type23-25,

Previous data have shown that barttin plays an essential role in trafficking channels to the
plasma membrane?2:25.29, We found that cell surface expression of bovine CLC-K requires
coexpression of barttin (Extended Data Fig. 1g). To further test if barttin is required for
activity, we purified bovine CLC-K and reconstituted it into lipid vesicles. Isolated bovine
CLC-K showed robust channel activity in fluorescence-based flux assays'8-30, indicating
that channel function does not require barttin (Figure 1a and b).

Cryo-electron microscopy (cryo-EM)

CLC-K’s small molecular weight (~150 kDa) poses significant challenges towards high-
resolution structure determination by cryo-EM. Therefore we raised monoclonal antibodies
to increase the effective molecular mass. The complex of the channel and antigen-binding
fragments (Fab) produced well-defined particle images, of which recognition was facilitated
by the associated Fab molecules (Extended Data Fig. 2a). Three-dimensional (3D)
classification of particles yielded two major groups with significantly different dimer
arrangements: while the main group (Class 1) is similar to arrangements previously seen in
CLC transporter structures, the second group (Class 2) deviates from this (Extended Data
Fig. 2c; see below). Individual 3D reconstructions of the two classes using C2 symmetry
yielded density maps with ~3.7 A and ~3.9 A overall resolutions, respectively (Extended
Data Fig. 3). The maps, especially of Class 1, were of sufficient quality to allow modeling of
almost the entire channel and Fab’s variable domains (Figures 1c, d, and Extended Data Fig.
4). The local resolution estimation of the Class 1 map indicates that a large portion of the
transmembrane (TM) domain is beyond 3.5 A resolution, whereas peripheral regions of the
cytosolic domain and the Fab fragments are at lower resolution (Extended Data Fig. 3d).

Flexibility of the TM dimer interface

Comparison of the two structures of CLC-K (Classes 1 and 2) indicates that conformational
differences are mostly due to rigid-body movements of the two TM domains (Figure 2).
While the cytosolic domains of the two classes superimpose well, the TM domains show a
~6° tilt relative to each other. The static nature of the cytosolic domain is also suggested by
the fact that a crystal structure of an isolated human CLC-Ka cytosolic domain dimer31
almost perfectly fits into our EM density maps.

The two distinct structural classes show that some flexibility seems to exist at the interface
between the two TM domains (Figure 2 and Extended Data Fig. 5a). This was somewhat
unexpected considering the substantial interface area (~1800 A2), but in retrospect the
finding seems compatible with the demonstration that mutations at the interface cause
dissociation of ECCLC into monomers32. The extent of change on the dimer that allows this
conformational difference is small. For example, a ~1.0 A shift of TM helix al and
rearrangement of specific side chains (Extended Data Fig. 5a) appears sufficient. In Class 2,
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TM helices across the dimer interface appear slightly less tightly packed than those of Class
1 (Extended Data Fig. 5a). Corroborating this impression, the shape complementarity index
of the interface drops from 0.63 in Class 1 to 0.52 in Class 2. An additional difference was
observed at the N-terminus of the channel, where the Class 2 map shows extra density in
which we could build 12 amino acids as an amphipathic helical extension lying parallel on
the membrane surface (Extended Data Fig. 5b). This density is invisible in the Class 1 map,
implying disorder within this region. Careful comparison between the CI~ transport
pathways of the two classes did not reveal significant differences.

The inter-subunit rearrangement of TM domains in the two CLC-K classes might be relevant
to other CLC proteins: recent NMR and crosslinking data show that inter-subunit distances
change during the transport cycle of ECCLC33, Such subunit rearrangements might also
underlie a form of gating in CLC channels known as “slow” gating, in which the protopores
within each subunit open and close simultaneously1®27:34, This possibility is strengthened
by the discovery of several dominant disease mutations in CLC-1 that are located on the
dimer interface and influence slow gating3®.

Architecture of the CLC-K channel

The overall structure of CLC-K is similar to crystal structures of CLC transporters16-18
(Figure 3a and Extended Data Fig. 6a). Superposition of the Class 1 CLC-K TM domains
with the corresponding region of CmCLC (over 362 Ca atoms) or ECCLC (over 361 Ca
atoms) shows a root mean square deviation (RMSD) of 1.5 A and 1.8 A, respectively. These
values are comparable to an RMSD of 1.6 A between CmCLC and EcCLC (over 356
residues).

While absent in ECCLC, both CLC-K and CmCLC possess a cytosolic domain containing
cystathionine-p-synthase (CBS) domains, a common feature of eukaryotic CLC proteins.
The isolated monomeric cytosolic domains of CLC-K and CmCLC are superimposable (1.7
A RMSD), but the two-fold axis between the cytosolic domains is skewed ~20° with respect
to that of the transmembrane domains (Figure 3a). Conformational differences on the
subunit interface and tilting of the cytosolic domains implies a degree of plasticity between
structural components in CLC proteins.

On the extracellular side, the segment connecting TM helices aK and aM (residues 341 to
394) forms a novel structure in CLC-K (Figure 3b). Tightly packed with four short a.-
helices, this segment is shaped into a globular domain that resides within the extracellular
funnel. Sequence comparison suggests that a similar feature is present in other CLC
channels but not in transporters (Extended Data Fig. 6e). Several disease-causing mutations
of CLC-1 and CLC-Kb channels map to this region (Figure 3c; Extended Data Fig. 6e). The
CLC-K structure exhibits an elongated crevice between the extracellular and TM domains
(Figure 3b). This crevice houses an extracellular loop (a.l-J) that bridges the ends of TM
helices al and a.J, which are separated by ~40 A on the CLC dimer interface. Although the
low resolution of this region precluded modeling, the density is continuous. The linker
reaches deep into the extracellular funnel of CLC-K, with its tip reaching to within 8 A of
the CI™ selectivity filter (Extended Data Fig. 6b—d), suggesting a potential regulatory role in
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channel function. Perhaps relevant, the al-J loop has been implicated in binding calcium
(Ca%*) ions, which are known to enhance CLC-K channel currents29-38. Future studies in the
presence of CaZ* are needed to address such activation.

The CI- transport pathway

The TM domain of each subunit contains an hourglass-shaped penetration with extracellular
and cytosolic “funnels” tapering toward a constriction halfway across the membrane where
the selectivity filter is located. The filter consists mainly of aN, aF, and aD helices, whose
N-termini point towards the CI~ transport pathway in such a manner as to generate an
electrostatically positive environment (Figure 4a). In the constriction six amide nitrogen
atoms are positioned to coordinate completely or partially dehydrated CI™ ions in a cage-like
manner in the external (Seyt) and the central (Sgep) sites (Extended Data Figure 7a). These
structural features are similar to those of ECCLC and CmCLC (Figure 4c and Extended Data
Fig. 7a). Likewise, a conserved Tyrc (Tyr520), whose side chain is expected to interact with
a Cl™ ion bound in Scgp, is positioned at essentially the same location (interposed between
the selectivity filter and cytosolic funnel) as in ECCLC and CmCLC. An invariant
conformation of Tyrc observed across multiple different structures16-18.37.38 syggests that it
is likely a stationary element of CLC proteins rather than a dynamic one, as proposed33:39:40,

One major structural difference exists between the CLC-K channel and CLC transporters:
the cytosolic loop (aC-D) connecting aC to aD, which contains Serc, adopts a unique
conformation (Figure 4b, d). In the CLC transporter structures this loop reaches toward Tyrc
with the side chain of Serc directed towards Scepn, Where its hydroxyl group interacts with a
bound CI~ ion. In the CLC-K structures Serc (Ser121) and the preceding Gly120 residues
are flipped away from Sce, and instead are directed towards the cytosol. In addition, the
“elbow” connecting a.C to the loop is significantly shifted towards the cytosol. The same
conformation was revealed in both Class 1 and Class 2 maps, which were reconstructed from
completely independent particles (Extended Data Fig. 7b).

Although density for a CI™ ion bound to Sy was absent in the density maps (determined in
the presence of ~100 mM CI7), we observed weak density in the Scg, site, which likely
corresponds to a Cl~ ion (Extended Data Fig. 8). A CI™ ion at this position would be
expected to make anion-dipole interactions with two amide nitrogen atoms and the phenyl
group of Tyrg, as in CLC transporters, but not with the hydroxyl group of Ser121 because of
its displacement in the CLC-K structures. Instead, unique to the CLC-K channel, additional
anion-dipole/quadrupole interactions*! are provided by Tyr425 and Phe519 whose aromatic
side-chains direct their edges towards Scen. The third CI™ binding site (S;,;) in ECCLC and
CmCLC, which we believe represents a vestibule ion and is not critical to the mechanism of
CI7/H* exchange, is not seen in CLC-K. Instead, a density peak possibly due to a Cl~ ion is
present at a different, adjacent position surrounded by the side chains of Thr523, Tyr425,
and Lys527 (Extended Data Fig. 8).

The displacement of the aC-D loop substantially reshapes the cytosolic vestibule of the ClI™-
conduction pathway. In all transporter structures, Serc is located between S¢e, and Sipt,
forming a narrow (1-1.5 A radius) constriction together with Tyrc, which would prevent CI~

Nature. Author manuscript; available in PMC 2017 August 30.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

Park et al. Page 6

ions (~1.7-1.8 A radius) from freely moving between Scen and Sin: (o the cytosol) (Figure
5). Thermal motions of polypeptides may transiently widen this constriction to allow CI~
transfer. On the other hand, our new EM structures indicate that such a constriction is largely
removed in the CLC-K channel due to the displacement of Serc. Cytosolic CI™ ions would
be able to access S¢e through a continuous, although still relatively narrow, vestibule
without much restriction (Figure 5a). In addition to lowering the barrier for CI™ ion
movement, the displacement of the a.C-D loop also exposes a highly positive surface in the
cytosolic vestibule (Extended Data Fig. 9). Such electrostatic potential may enhance the CI~
transport activity of the channel by increasing the local concentration of CI™ ions in this
region.

Summary

The structures of CLC-K demonstrate that this CLC channel exhibits a significant difference
in the ion transport pathway from transporter-type CLCs. The displacement of the aC-D
loop (Figure 6) provides a structural explanation for the higher conductance of CLC
channels by lowering a kinetic barrier. Although it remains to be demonstrated, we suspect
that a similar mechanism is likely present in other CLC channels to enable fast
Cl~conduction.

The structures offer a straightforward explanation for why some members of the CLC
protein family are channels and others are transporters (Figure 6). Previously, our group
proposed a working model for CLC transporters based on crystal structures'8:30, The model
explains the coordinated countertransport of two CI~ ions and one H* by invoking the
swinging action of a protonatable Glug,ee side chain, which both competes with CI™ ions for
Sext and Scep, in its deprotonated state and transfers H* in its protonated state*2. However, to
preclude a certain “forbidden” state, where CI~ ions could leak through a “channel-like”
pore, uncoupled from H* transfer (e.g., Figure 6a, top left), it was necessary to hypothesize a
“kinetic barrier” for ClI™ ions in the cytosolic vestibule. The CLC-K structures now suggest
that Serc and the a.C-D loop are a main constituent of the kinetic barrier in CLC transporters
and that reduction of such a kinetic barrier is a major mechanism by which CLC channels
function. This idea is further supported by the experimental observation that mutation of
Serc to Gly in EcCLC uncouples CI~ transport from H* transport with increased
throughput4,

In contrast to structures of CLC transporters where prominent densities corresponding to CI~
ions were observed in the Sey; and Sgen Sites?6-18, densities for CI~ were absent or weak in
the CLC-K structures. Low CI~ occupancy in CLC-K might be consistent with biophysical
and crystallographic observations previously made with ECCLC, in which there was found a
strong correlation between H* coupling of anion transport and anion occupancy of the
sites#344—for example, polyatomic pseudohalide ions, such as SCN~, SeCN~, and NO3™ are
robustly transported by EcCLC uncoupled from H* transport, and yet their steady-state
occupancy at both Sey; and Seen Sites was found to be very low?3, presumably due to low
affinity for the sites?®. These observations lead us to speculate that low CI~ affinity of Sey
and Scep sites in addition to a reduced kinetic barrier may contribute to the channel nature of
CLC-K.
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Serc has been implicated in determining the anion preference of CLC transporters#6:47_ In
the case of Arabidopsis thaliana CLC transporters, which prefer NO3™ to CI™ (ref. 48), the
amino acid corresponding to Serc is a Pro, and mutating it to Ser reverses the anion
preference®® (j.e. CI~ > NO3"). Similar observations were made with the human CLC-5
transporter, where mutating Serc to Pro renders transporter preference for NO3™ over CI~
(ref. 47). These effects can be explained if such mutations alter physical properties of the
protein that in turn influence the relative kinetic barrier for different ionic species. The fact
that CI7/H* CLC transporters are permeable to polyatomic pseudohalides largely uncoupled
from H* transport#346 suggests that the kinetic barrier made by Serc is ineffective for these
anions. Mutations of Serc in the CLC-0 channel also significantly affect conductance and
anion preferencel®, which might be explained by the fact that Serc still lines the narrow
cytosolic vestibule in CLC-K.

In summary, the structure of CLC-K provides an explanation for the distinction between
CLC transporters and channels. Local conformations of the ion permeation pathway can
account for the magnitude of an energy barrier, which distinguishes the CI~ conduction
pathway of CLC-K from CLC transporters. Such a lowered kinetic barrier can also explain
the channel properties of CLC-0 and CLC-1, which contain the Glugaee, by creating a
“forbidden” high CI~ conductance state in the transport cyclel8.

METHODS

No statistical methods were used to predetermine sample size. The experiments were not
randomized. The investigators were not blinded to allocation during experiments and
outcome assessment.

Expression constructs

Gene synthesis was used to obtain DNA segments coding bovine CLC-K (Uniprot: E1B792)
and barttin (Uniprot: ELBEP9). We note that unlike several other mammalian species, which
possess two highly homologous genes (CLCNKA and CLCNKB), only one annotated Bos
taurus CLCNK gene was found in databases. The synthesized barttin construct encodes
amino acids 1-145, excluding its C-terminal domain, which has been shown to be
dispensable for function, and contains a point mutation (Y98A), which increases currents of
CLC-K (ref. 22). For two-electrode voltage clamp experiments, a wild-type full-length CLC-
K was used. In all other experiments, CLC-K contains the deletion of a predicted
unstructured N-terminal segment (amino acids 2-26) and a mutation (N373Q) abolishing N-
glycosylation. Expression in mammalian cells was carried out with a modified pFastBac
vector (Invitrogen) expressing the CLC-K channel as a fusion to a green fluorescent protein
(GFP). The vector contains a CMV promoter, a chimeric intron, CLC-K, an HRV 3C
protease cleavage sequence, GFP, a WPRE element, and an SVV40 poly-A signal in this
order. For co-expression of barttin, a bicistronic expression cassette was used, where a DNA
segment encoding a fusion of barttin, a Flag-tag, and a porcine teschovirus 2A self-cleaving
peptide*?, was inserted between the CMV promoter and the start codon of CLC-K.
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Two-Electrode Voltage Clamp

Bovine CLC-K and barttin constructs were separately cloned into a pGEM vector containing
T7 and B-globin promoters. cRNA was synthesized /n vitro using linearized pPGEM
templates and AmpliCap-Max T7 High Yield Message Maker Kit (CellScript) according to
manufacturer’s instructions. cRNA was then purified by phenol-chloroform extraction and
ethanol precipitation, and resuspended in H,O. Xenopus laevis oocytes were injected with
2.4 ng of CLC-K cRNA and/or 2.2 ng of barttin cRNA (in a total volume of 50 nL), which
were then kept for 1 day at 16°C in ND96 solution (96 mM NaCl, 2 mM KCI, 1 mM MgCly,
1.8 mM CaCl,, 5 mM HEPES, pH 7.5) containing 50 ug/mL gentamycin before recordings.
TEVC recordings were performed at 23°C using an oocyte clamp amplifier (OC-725C,
Warner Instrument) and pCLAMP10 software (Molecular Devices). Oocytes were held at
the resting membrane potential (=50 to —20 mV), then clamped for 0.3 s to voltages between
-60 to +60 mV in 10-mV steps, followed by repolarization to the initial holding potential for
0.24 s. Pipettes were filled with 3 M KCI solution (pipette resistance 0.3-0.4 MQ), and
ND96 buffer containing 0.3 mM CaCl, was used as the extracellular solution for recordings.

Immunofluorescence and patch clamp

For immunofluorescence imaging, Chinese hamster ovary (CHO) cells (ATCC CLL-61)
were cultured on 18-mm poly-L-lysine-coated glass coverslips placed in a 12-well plate
containing DMEM/F12 medium (Gibco) supplemented with 10% fetal bovine serum (FBS;
Invitrogen). At ~30-50% confluency, cells were transiently transfected using 1.5 ug of
plasmids and 4.5 pL of FUGENE HD transfection reagent (Promega) 1 day before staining.
CHO cells for patch clamp experiments were prepared similarly except that they were grown
on 12-mm Thermanox plastic coverslips (Nunc) placed in a 35-mm dish and transfected
with using 3 pg of plasmids and 9 UL of FUGENE HD 1-2 days before recording.

To perform non-permeabilized immunofluorescence staining, 600 pL of 1 mL medium was
removed from the well, and 40 uL of anti-bovine CLC-K hybridoma supernatant (clone
16E3 at ~10 pg/mL; see below) was added to the well. After 30-min incubation in a 5%
COg-incubator, cells were washed 3 times with fresh medium and once with phosphate-
buffered saline (PBS) at 37 °C, and then fixed with 4% paraformaldehyde (in PBS) at 23 °C
for 20 min (hereafter, all procedures were done 23 °C). Fixed cells were washed twice with
PBS and blocked with 2% FBS for 30 min. Coverslips were incubated for 1 hour with
secondary anti-mouse IgG antibody conjugated with Dylight 594 (Thermo Fisher #35510;
diluted 1:300 with 5% FBS in PBS), and then washed with PBS three times. Coverslips were
mounted on glass slides using FluorMount-G mounting medium (SouthernBiotech) for
imaging. Immunofluorescence images were acquired using a Nikon Eclipse Ti widefield
microscopes equipped with a 100x oil immersion objective (Plan Apo VVC; Nikon) and a
CooISNAP HQ2 CCD camera (Photometrics). Images were adjusted for levels and
combined using Adobe Photoshop.

Whole-cell patch clamp recordings were performed at 23 °C with an Axopatch 200B
amplifier (Molecular Devices). The current signal was low-pass filtered at 1 kHz (Bessel)
and digitized at 20 kHz with a Digidata 1440A digitizer (Molecular Devices), and recorded
on a computer using pCLAMP10 software. Patch pipettes (2-4 MQ) were pulled on a P-97
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puller (Sutter Instrument) using filamented borosilicate glass capillaries (1.5-mm outer
diameter). The extracellular solution contained 104 mM Na-gluconate, 42 mM NaCl, 4 mM
CsCl, 2 mM CaCly, 1 mM MgCly, 10 mM HEPES, pH 7.5 (~300 mOsM). The pipette
solution contained 140 mM CsClI, 2 mM MgCl,, 5 mM ethylene glycol tetraacetic acid
(EGTA), 10 mM HEPES, pH 7.0 (~290 mOsM). Membrane potential was initially held at a
voltage producing near-zero currents (e.g. near +25 mV for CLC-K/barttin), then clamped
for 0.25 s at a voltage ranged from =80 mV to +80 mV (10-mV steps), followed by
repolarization for 0.1 s at —80 mV.

Expression and purification of bovine CLC-K

Bovine CLC-K was expressed in HEK293 GnTI™ cells (ATCC CRL-3022) by transduction
using a modified baculovirus®%:51, Baculovirus bacmid expressing a CLC-K—-GFP fusion
was generated by transformation of DH10Bac £. coli cells with pFastBac plasmid (Bac-to-
Bac; Invitrogen). Baculoviruses were generated by transfecting Spodoptera frugiperda (Sf9;
ATCC CRL-1711) cells with the bacmid using Cellfectin-11 (Invitrogen). Viruses were then
amplified twice for large-scale transduction. HEK293 GnTI~ cells were grown at 37°C in
suspension in Freestyle 293 medium (Invitrogen) supplemented 2% FBS in the presence of
8% CO,. At a cell density of ~2.5x10% mL~1, baculovirus was added to the culture (6-8%
viv). After 12 hours, the culture was supplemented with 10 mM sodium butyrate, then
further incubated for 1.5 days before harvest.

All protein purification steps were carried out at 4°C. ~15 g of HEK293 cells (from 2-3 L of
culture) were suspended in 75 mL buffer (WB) containing 50 mM Tris-HCI pH 7.5, 300 mM
NaCl, 5 mM dithiothreitol (DTT), 1 mM ethylenediaminetetraacetic acid (EDTA), and 10%
v/v glycerol, and supplemented with a cocktail of protease inhibitors (1 mM benzamidine,
50 uM leupeptin, 1 ug/mL aprotinin, 1 uM pepstatin and 1 mM phenylmethylsulfony!l
fluoride). Cells were lysed by brief sonication, then membranes were extracted by addition
of 1% dodecyl-B-maltoside (DDM) and 0.1% cholesteryl semisuccinate (CHS). After
extraction for 2 hours, the lysate was clarified by centrifugation (Beckman Ti70 rotor,
40,000 RPM, 1.5 hours). The clarified lysate was then mixed with 5 mL of CNBr-sepharose
beads (GE Healthcare) coupled with anti-GFP nanobody (GFP enhancer; ref. 52) for 2.5
hours. Beads were washed on a column with 60 mL WB containing 0.04% DDM and
0.004% CHS. Bound protein was released from beads by overnight incubation with 5mL
WB containing 0.04% DDM, 0.004% CHS, and 0.2 mg HRV 3C protease. The retrieved
protein was concentrated to 0.5 mL using Amicon Ultra (100-kDa cutoff; Millipore) and
applied to a Superose-6 column (GE Healthcare) equilibrated with 20 mM Tris-HCI pH 7.5,
100 mM NaCl, 1 mM DTT, 10% glycerol, 0.04% DDM, and 0.004% CHS. The peak
fractions were pooled and concentrated with Amicon Ultra. Purified CLC-K was mixed with
Fab fragments (clone 25E7; see below) at a molar ratio of 1.5 Fabs per CLC-K monomer for
1-2 hours. The CLC-K/Fab complex was separated using a Superdex-200 column (GE
Healthcare) equilibrated with 20 mM Tris-HCI pH 7.5, 100 mM NaCl, 1 mM DTT, 0.04%
DDM, and 0.004% CHS. The peak fractions were collected, concentrated to ~3mg/mL, and
immediately used for cryo-EM grid preparation.
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Fluorescence-based flux assay

E. colipolar lipids (Avanti Polar Lipids) and Egg L-a-phosphotidylcholine (60%; Avanti
Polar Lipids) were mixed in chloroform at a 3:1 wt/wt ratio and dried with an argon stream,
followed by overnight incubation in a vacuum chamber. Dried lipids were suspended by
sonication in buffer containing 10 mM HEPES, 100 mM NaySOyg4, 2 mM tris(2-
carboxyethyl)phosphine-HCI (pH 7.2). An aliquot of 10 mg/mL lipid suspension was mixed
with 0.7% DDM (from a 10% stock) for 3 hours at 23 °C. Purified CLC-K protein was then
added to the lipid/DDM mixture in a protein-to-lipid ratios of 1:1000 to 1:100 (wt:wt).
Following 1.5-hour incubation at 23 °C, DDM was removed by incubating the mixture with
SM-2 bio-beads (Bio-rad) overnight at 4 °C. Generated proteoliposome vesicles were
collected and briefly sonicated. 3 pL of vesicles were mixed with 40 pL of flux assay buffer
containing 10 mM HEPES pH 7.2, 150 mM NaCl, 2 uyM ACMA in a well of a 384-well
fluorescence assay plate. After measuring initial AMCA fluorescence intensity (Agx=410
nm, Agm=490 nm), CI™-flux was initiated by addition of 1 uM CCCP, followed by
monitoring fluorescence over time (10-s intervals) using a plate reader (Tecan Infinite
M1000) at 27 °C. Note that there is a dead time for measurement between t=80 s to t=120 s
due to handling of the plate during CCCP addition. CCCP was added to the reactions at
t=~100s.

Generation of monoclonal antibodies and Fab fragments

Mouse monoclonal antibodies against bovine CLC-K were raised using standard procedures.
Hybridomas were generated by immunization of mice (female BALB/c) with CLC-K
protein purified in DDM, followed by fusion of splenocytes with mouse myeloma cells and
selection of clones by enzyme-linked immunosorbent assay (ELISA). The positive clones
from ELISA (performed using CLC-K purified in DDM as the antigen) were further tested
for high-affinity binding to the channel based on ability to completely shift the peak of
DDM-extracted, GFP-tagged CLC-K channel on gel-filtration chromatography (injected
samples contained the channel at ~5 nM and antibodies in excess) and lack of binding to a
denatured form of the channel (denaturation ELISA; ref. 53). Antibody sequencing was
done by 5”-RACE of mRNA isolated from hybridomas.

Monoclonal antibodies were produced by culturing hybridoma cells in hybridoma serum-
free medium (Invitrogen) supplemented with 1% ultra-low IgG FBS (Invitogen) using
CELLine disposable bioreactors (Wheaton). Medium supernatant (~50 mL) from cultures
was dialyzed (50-kDa cutoff) against 10 mM Tris-HCI pH 7.5, 10 mM NacCl. Dialyzed
samples were spun at 15,000 rpm for 30 min, and the supernatant was applied to a 5-mL Q-
Sepharose column (GE Healthcare) equilibrated with 10 mM Tris-HCI pH 7.5. After
washing the column with 20 mL of 10 mM Tris-HCI pH 7.5, antibodies were eluted by a
gradient to 10 mM Tris-HCI pH 7.5, 0.3 M NaCl. Eluted antibodies were digested for 3
hours at 37°C in a reaction mixture containing 20 mM Tris-HCI pH 7.5, 150 mM NacCl, 10
mM cysteine-HCI, 10 mM p-mercaptoethanol, 10 mM EDTA, and papain (1:50 wt/wt ratio
with respect to 1gG). Digestion was stopped by addition of 23 mM iodoacetamide for 20
min. Cleaved antibodies were dialyzed (15-kDa cutoff) against 10 mM Tris-HCI pH 8.0, 10
mM NacCl, and then applied to a 5-mL Q-Sepharose column equilibrated with 10 mM Tris-
HCI pH 7.5, 10 mM NaCl. Fab fragments were recovered from the flow-through and a low-
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salt fractions collected during a gradient to 10 mM Tris-HCI pH 8.0, 0.2 M NaCl, and
concentrated 10-20 mg/mL using Amicon Ultra (25-kDa cutoff).

Cryo-EM analysis

3 UL of purified CLC-K/Fab complex was applied to a glow-discharged copper Quantifoil R
1.2/1.3 holey carbon grids (Quantifoil) and incubated for 20 s. Grids were then blotted for 4
s at ~90% humidity and plunge-frozen in liquid-nitrogen-cooled liquid using Vitrobot Mark
11 (FEI).

The data sets were collected on a Titan Krios electron microscope (FEI) operated at an
acceleration voltage of 300 kV. Dose-fractionated images were recorded on a K2 Summit
direct electron detector (Gatan) operated in super-resolution counting mode (a super-
resolution pixel size of 0.65 A) using SerialEM software®*. The dose rate was 10 e~ per
pixel per s, and total exposure time was 15 s with 0.3 s for each frame (total cumulative dose
of ~89 e~ per AZ over 50 frames). Microscope set defocus values in the final data set ranged
from —=1.0 ym to =3 pm.

Dose-fractionated images (movies) were first gain-corrected and 2x pixel-binned (resulting
in a pixel size of 1.3 A). Frame-based motion-corrected, summed micrographs were
generated by the unblur program®® using all 50 frames and unblur’s exposure filter
(radiation damage filter) option. Defocus values were estimated using CTFFINDA4 (ref. 56).
All subsequent image processing, except for per-particle motion correction, was carried out
with RELION 1.4 (ref. 57), using a particle box size of 240 pixels and a mask dimeter of
180-220 A (Extended Data Fig. 3). Initially, ~5000 particles were manually picked and
subjected to reference-free 2D classification. Six to ten representative 2D class averages
were selected as templates for automated particle picking. A total of 442,331 auto-picked
particles from 3,392 micrographs, which were divided into 4 subsets, were subjected to 1-3
rounds of reference-free 2D classification to clean up false positives and defective particles.
Particles were further manually cleaned up by visual inspection of micrographs. An initial
3D reference was obtained with EMAN?2 (ref. 58) from a subset of particles. To obtain
“polished” particle images corrected for individual particle movements, frame-based
motion-corrected movies, generated by unblur without using its exposure filter option, were
2x frame-binned (resulting in a total of 25 frames per movie), and then applied to the
alignparts-Imbfgs program®? together with coordinates of cleaned-up particles. Alignparts-
Imbfgs’s exposure filter option was used to filter radiation damage. All “polished” particle
images were then subjected to one more round of 2D classification for clean-up, and then to
3D classification, sorting into 10 classes. By visual inspection in UCSF Chimera80, particles
from seven classes were combined to two groups (117,208 particles for Class 1 and 76,272
particles for Class 2) based on similarity, which were separately refined. For each group,
low-quality particles were removed based on rinMaxValueProbDistribution values generated
by the first-round 3D refinement (<0.09 for Class 1 and <0.07 for Class 2), and the
remaining particles (82,167 particles for Class1 and 67,475 particles for Class 2) were
subjected to the second-round 3D refinement, yielding the final reconstructions. For both 3D
classification and refinement, C2 rotational symmetry was imposed. 3D refinement was
performed using a soft mask including the channel, detergent micelle, the variable (Vn/V()

Nature. Author manuscript; available in PMC 2017 August 30.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

Park et al.

Page 12

domains of Fabs, but excluding the constant (Cy1/C, ) domains of Fabs. Gold-standard
Fourier shell correlation (FSC) of independently refined half maps and overall resolutions
(based on the 0.143 cut-off criterion) were calculated in RELION’s post-processing
procedure using user-provided soft masks (Extended Data Fig. 3). Local resolution was
estimated using blocres®? with a box size of 15 pixels (Extended Data Fig. 3d and i). We
note that local resolution calculated using Resmap®2 was significantly higher than resolution
calculated with blocres (e.g. most part of the channel being at ~3.0 A resolution in the case
of the Class 1 map), but this is likely to be an overestimation given the observed structural
details and the overall resolution estimates based on FSC. Maps shown in figures are
combined maps, which were sharpened and low-pass filtered in RELION. The map in Figure
1c was sharpened with a B-factor of —100 A2 and low-pass filtered at 3.7 A. The density
map in Figure 4b (and d) was sharpened with a B-factor of =100 A2 and low-pass filtered at
39A

Model building

An initial homology model of the CLC-K monomer was generated with the SWISS-
MODEL online server using the CmCLC model (PDB ID: 30RG) as a template. The
resulting model was fit into the Class 1 density map using Chimera. Further model building
was done with Coot53. The density map was of sufficient quality for de novo building of
several regions including the extracellular domain between residues 340 and 398. A starting
model of the Fab fragment (V and V|_ domains) was obtained by combining Vi and V¢
models from PDBs 10RS and INGX, respectively, which were selected based on sequence
homology to the 25E7 Viy/V_sequences using BLAST. This model was then docked into
the density map using UCSF Chimera and further rebuilt in Coot. A dimer model of the
CLC-K/Fab complex was obtained by a symmetry operation of the monomer model.
Reciprocal space refinement was done with Refmac 5.8 using a script developed for cryo-
EM model refinements®4.65 (Extended Data Table 1). Two-fold symmetry was imposed
during refinement using strong non-crystallographic symmetry (NCS) restraints. However,
the segment between residues 228 and 234 of CLC-K was excluded from NCS restraints
during refinement of the Class 1 model due to steric clash of two F231 side chains at 2-fold
symmetric axis. As a result, this segment in the final model shows asymmetry between two
subunits, mainly in the rotamer of F231. Secondary structure restraints were generated using
ProSMART (ref. 66). To prevent overfitting during refinement, the weight in Refmac
between the geometric restraints and the fit to the experimental density map was adjusted
using a method previously described®”. Briefly, atoms in the model built with the combined
map were randomly displaced up to 0.2 or 0.3 A, and then subjected to fully restrained
refinement against one (“work™) of two half maps obtained from independent half data sets.
An FSC curve (FSCwrk) Was calculated between the refined model and the half map used
for refinement. As cross-validation, a second FSC curve (FSCgee) Was calculated between
the refined model and the other half map (“free”) not used in refinement. The weight in
Refmac was reduced until it did not produce any significant difference between FSCyork
and FSCryee (Extended Data Fig. 3e and j). To this end, a weight of 0.0004 was chosen and
used for refinement against the combined map reconstructed from all particles. To build the
model of the Class 2 structure, the TM and cytosolic domains and Fab of the refined Class 1
model were separately fit into the density map in Chimera. The fit was further improved in
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Coot by rigid body fitting of smaller fragments and minor rebuilding. A dimer model was
generated by applying symmetry operators and then subjected to refinement with Refmac as
described above. The following segments of CLC-K were not modelled due to invisible or
poor density features in the corresponding regions: in Class 1, N-47, 258-275, 454-456,
606-617, 684-C; in Class 2, N-35, 186-192, 258-275, 454-458, 606-617, 684—C.

To evaluate CI™ ion accessibility in the cytosolic and extracellular vestibules of CLC-K (Fig.
5a), internal cavities were probed using HOLLOW (ref. 68) using a probe radius of 1.7 A.
After removing small isolated cavities, the resulting regions were represented as surface
using PyMOL (Schrédinger). Pore radii along the CI™ ion transport pathway from the central
Cl™-binding site (S¢en) towards the cytosol was measured using Caver (ref. 69). In the case
of CmCLC, Glu210, whose side chain is occupying Scen, Was mutated to Val before
estimation. Three-dimensional coordinates of probe positions were converted to one-
dimensional distances by projection onto a straight line between S¢e,, and the entrance to the
cytosolic funnel. Protein electrostatics were calculated using the Adaptive Poisson-
Boltzmann Solver (ref. 70). A monovalent salt concentration of 150 mM was given as a
parameter. The dimer interface shape complementarity was calculated by Sc (ref. 71). UCSF
Chimera and PyMOL were used to prepare structure figures.

Data availability

Atomic coordinates of CLC-K have been deposited in the Protein Data Bank under
accession codes 5TQQ (Class 1) and 5TR1 (Class 2). The 3D Cryo-EM density maps
(combined, unfiltered maps and sharpened, low-pass filtered maps) have been deposited in
EMDataBank under accession codes EMD-8435 (Class 1) and EMD-8454 (Class 2).
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Extended Data
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Extended Data Figure 1. Functional characterization of the bovine CLC-K channel
a. Representative two-electrode voltage clamp (TEVC) recordings of bovine CLC-K channel

in X. /aevis oocytes. Clamping voltages were from —60 to +60 mV (10-mV steps). b—e. I-V
curves of recordings in a. Shown are means and standard deviations (s.d.; error bars) of 5, 9,
10, and 11 independent oocyte recordings, respectively. f. I-V curves of whole-cell patch
recordings on Chinese hamster ovary (CHO) cells expressing CLC-K and barttin. The
pipette and bath solutions contain 144 and 52 mM CI~, respectively. Shown are means and

s.d. (error bars) of 3 or 5 independent recordings using different cells. g.

Immunofluorescence staining of the bovine CLC-K channel expressed on the plasma
membrane. CHO cells were transiently transfected with a GFP-tagged channel construct
alone or together with barttin, and then cell surface-targeted channels were probed by non-
permeabilized immunofluorescence (IF) staining using monoclonal anti-CLC-K antibodies
(clone 16E3), which specifically recognise an extracellular epitope of the CLC-K channel.
Hoechst 33342 was used to stain nuclei. The same exposure parameters were used for the
left and right panels. Shown are representative images of reproducible results. Scale bar, 10
pm.
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Extended Data Figure 2. Cryo-EM image processing procedure
a. A representative micrograph of the CLC-K/Fab complex (scale bar, 50 nm). Boxed

regions (white squares) are magnified on the right panels to show representative particle
images. Note that in the top/bottom views, Fab signals are evident while the channel part is
barely visible because of low contrast (also see b). b. Images of selected 2D classes from
reference-free 2D classification by RELION. Note that the distal half of the Fab fragment
shows much flexibility, resulting in blurred features. Scale bar, 10 nm. c. Summary of the
image processing procedure (see the Methods section).
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Extended Data Figure 3. 3D reconstruction of CLC-K
a. Angular distribution histogram of Class 1 particle projections. b. Fourier shell correlation

(FSC) of Class 1 half maps before (black) and after (blue and red) masking. Two soft masks
were used (also see c¢): one (red) including only the channel portion and the other (blue)
including the channel and the variable domain (Vy/V\) of the Fab fragments but excluding
the constant domain (Cy1/Cy) of Fab. When a mask was used, the FSC curve was corrected
for masking effects during the RELION postprocessing procedure (phase randomization
above 7.8 A). c. Masks used in FSC calculations (red and blue) in b are shown with the
unsharpened, unfiltered map (grey) superimposed. A contour level of 0.7 was used for the
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surface representation of the masks. d. Local resolution map of the Class 1 reconstruction
estimated by the blocres program. Shown is the combined map, which is not sharpened or
filtered. e. FSC between model and map of the Class 1 particles. The black curve shows FSC
between the final refined atomic model and the combined map that the model was refined
against. The blue and red curves show FSC between the atomic model and the half map it
was refined against (half 1) and FSC between the atomic model and the other half map it
was not refined against (half 2), respectively (also see Materials and Methods). f-h. As in a—
e, but with the Class 2 structure. For the FSC calculations with the masks in g, the FSC
curves were corrected for masking effects (phase randomization above 8.7 A).
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Extended Data Figure 4. EM density of the CLC-K channel
EM density segments (mesh) of the Class-1 CLC-K reconstruction are superimposed with

the model in a ribbon representation. Numbers indicate amino acid positions of segments.
The density map was sharpened with a B-factor of ~100 A2 and low-pass filtered at 3.7 A.
CTD, cytosolic domain. V|, variable domain of the 1gG light chain. V, variable domain of
the IgG heavy chain. Note that a model for the distal half of the Fab fragment was not built
because of poor density features in this region caused by its high flexibility (also see
Extended Data Fig. 2b).
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Extended Data Figure 5. Comparison between the Class 1 and 2 structures of CLC-K
a. The dimer interfaces (dashed boxes) of the Class 1 and 2 structures were compared. Views

from the extracellular side were aligned based on the upper (red) subunit. In addition, the
right panel shows superposition of a Class 1 monomer (grey) onto a Class 2 monomer (red).
b. N-terminal amphipathic helix of Class 2 structure. A side view of the Class 2 structure is
shown in a ribbon representation superimposed with density (mesh) of the N-terminal helix.
The two subunits are shown in pale green and blue. The TM helix aB, which is visible in
both Class 1 and 2 structures is shown in dark green. A 12-amino acid amphipathic helix
preceding aB, visible only in Class 2, is shown in yellow. The density map was sharpened
with a B-factor of —120 A2 and low-pass filtered at 4.1 A. The approximate membrane
boundaries are indicated by grey lines.
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Extended Data Figure 6. Structural features of the CLC-K channel

a. Comparison between the CLC-K (Class 1; grey and magenta) and EcCLC (yellow)
structures. The TM domain of an EcCLC monomer was superposed onto that of CLC-K. a.-
helices are represented as cylinders. b. The density of the extracellular loops al-J of the
CLC-K channel (Class 1) is shown in blue and orange. The density of the remaining parts is
shown in pale blue and yellow. In the upper right panel, the model of one subunit is shown in
the ribbon representation. aN and aF were highlighted, and Val166 and Tyr520 are shown

in a ball-and-stick representation (green). The two ends of the al-J link are indicated as cyan
spheres with amino acid positions. The lower panels show side views of one subunit with the
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al-J link in blue density. The density map (5o cutoff) was sharpened with a B-factor of —100
AZ and low-pass filtered at 4.0 A. c. As in the upper left panel of b, but additionally showing
a model of EcCLC’s al-J link in a ball-and-stick representation (yellow). d. A same view as
in the lower right panel of b, but with superposition of an ECCLC model (pink; PDB ID:
10TS) onto the CLC-K model. A model for the al-J linker of EcCLC is shown in yellow
balls and sticks. e. Sequence alignment of the extracellular segments between TM helices
aK and aM from various CLC proteins. The segments forming a-helices in bovine CLC-
K’s extracellular domain are indicated by red coils. Red and blue dots indicate positions of
mutations causing Bartter syndrome (CLC-Kb) and myotonia congenita (CLC-1),
respectively: A349D (ref. 5) mutation in CLC-Kb causes Bartter syndrome. P408A (ref. 72),
Q412P (ref. 73), FA13C (ref. 4), A415V (ref. 74), E417G (ref. 75), or W433R (ref. 76)
mutation in CLC-1 (corresponding to positions 342, 346, 347, 349, 351 and 367 of CLC-K,
respectively) causes myotonia congenita. In addition, mutations at R438 (R438C in CLC-Kb
or R496S in CLC-1), of which the side chain directly interacts with W367 (W433 in CLC-1)
cause Bartter syndrome® or myotonia congenita’’ (see Figure 4c).
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Extended Data Figure 7. Structure of the ion transport pathway
a. Stereo images of the atomic model of the CLC-K channel’s CI™-selective filter (Class 1;

light magenta) and comparisons with that of CmCLC (cyan) and EcCLC (yellow) are shown
in a stick representation. In the cases of CmCLC and EcCLC, bound CI~ ions are shown as
spheres. Predicted polar interactions are indicated by grey dashed lines. b. EM density and
model of the a.C-D loop are shown for the Class-2 CLC-K structure. Also, density and
model were shown for the Tyr520 side chain. The density map (grey mesh) was sharpened
with a B-factor of —120 A2 and low-pass filtered at 4.1 A.
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Extended Data Figure 8. Density in the Scgn ClI™-binding site
A view into Scen 0f CLC-K (from Sgy: towards the cytosol) is shown in a stereo diagram.

Predicted polar interactions between bound CI™ ions and the protein, including anion-
quadrupole interactions, are indicated by green dashed lines. The shown EM density map is
of the Class 1 structure, sharpened with a B-factor of —100 A2 and low-pass filtered at 3.7 A.
Density for protein (grey mesh) and possible ions (magenta mesh) are shown at contour
levels of 5.8 o and 3.20, respectively.
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Extended Data Figure 9. Surface electrostatic potential
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Surface electrostatics of the CLC-K channel (Class 1) compared with the EcCLC and
CmCLC transporters. Left panels show side views with one subunit in a surface
representation and the other in a ribbon representation. Electrostatic potential is indicated by
the colour scale (bottom left). Views from the extracellular side (blue arrow) and
intracellular side (red arrow) are shown in the middle and right panels, respectively. The
entrances to the CI™ ion pathway are indicated by dashed circles. Mobile monovalent cation
and anion species at 0.15 M each were included in the electrostatic potential calculations.

Extended Data Table 1
Model refinement statistics.
The MolProbity clash score indicates the number of steric overlaps larger than 0.4 A per
1000 atoms.
Refinement Class 1 Class 2
Cell dimensions
a b, c(A) 104,109.2,140.4  109.2, 114.4, 140.4
a, By () 90, 90, 90 90, 90, 90
Resolution (A) 3.7 3.9
Map sharpening B-factor (A2)  -75 =75
Number of automs 12.574 12.678
Protein 12.574 12.622
Others 0 56
Average B-factor (A2) 283 346
r.m.s deviations
Bond length (A) 0.0079 0.0079
Bond angle (°) 1.35 1.41
Ramachandran Plot
Flavored (%) 95.2 95.2
Disallowed (%) 0.12 0.25
MolProbity
Clash score / percentile 6.14 (100%) 5.21 (100%)
Rotamer outliers (%) 0.89 2.23
Overall score / percentile 1.67 (100%) 1.88 (100%)
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Figure 1. Functional and cryo-EM analysis of a bovine CLC-K channel
a—b. Fluorescence-based CI~ flux assay. Concentration gradient-driven CI~ influx into

vesicles induces H* influx by the H*-ionophore carbonyl cyanide chlorophenylhydrazone
(CCCP), which dissipates the electrical gradient built up by the CI~ transport. Intravesicular
pH decrease is monitored by 9-amino-6-chloro-2-methoxyacridine (ACMA) fluorescence. b.
Bovine CLC-K-incorporated vesicles (1:1000 to 1:100 wt/wt protein-to-lipid ratios)
containing <5 mM CI~ were diluted into buffer containing 150 mM NaCl (lower panel).
CCCP was added at ~100 s (arrowhead and grey dashed line). As controls, empty (without
CLC-K) vesicles were used, or vesicles were diluted into buffer lacking CI™ (replaced by
gluconate; upper panel). Means and s.e.m. (error bars) of 5 independent measurements. c—d.
Cryo-EM density map (c) and model (d) of the CLC-K channel (Class 1). Blue and cyan,
two subunits of the CLC-K homodimer. Grey, Fab variable domains. Black lines, membrane
boundaries.
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Figure 2. Flexibility of the CLC-K dimer arrangement
The two subunits of the Class 2 model (red and green), were superimposed on the Class 1

model (grey) based on the superposition of the cytosolic domains. a-helices are represented
as cylinders. Left panel, a view from the extracellular side. Right panel, a side view. TMD,
transmembrane domains. CTD, cytosolic domains.
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Figure 3. Architecture of the CLC-K channel
a. Comparison of CLC-K (grey and magenta) and CmCLC (cyan). The TM domain of a

CmCLC monomer was superimposed onto that of CLC-K. a-helices are represented as
cylinders. Dashed line, a boundary between the TM domain (TMD) and the cytosolic
domain (CTD). b. The extracellular features of the CLC-K channel. A domain connecting
aK and aM is shown in green. In the native channel, the domain becomes glycosylated
through a surface-exposed Asn (N373; shown as sticks), which was mutated in our CLC-K
construct to generate a binding site for antibodies. Blue mesh shows the EM density of the
loop linking the ends of al to aJ (indicated in cyan with amino acids positions). The entry to
the ion transport pathway is marked in magenta. Shown is only one subunit with the dimer
interface indicated as dark grey. c. Positions of disease-causing mutations in the extracellular
domain (also see Extended Data Fig. 6e).
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Figure 4. CI™ ion transport pathway
a. CI” selectivity filter of CLC-K. The side chains of Val166, Tyr520, and Ser121 are shown

in ball-and-stick representation. The orientation of the CI™ transport pathway is indicated by
grey arrows. b. EM density (grey mesh) and model of CLC-K’s aC-D loop and Tyr520.
Note that the rotamer of Glu125 is uncertain due to lack of clear side-chain density. c. As in
a, but the CLC-K structure (magenta) was compared with the structures of EcCLC (yellow;
PDB: 10TS) and CmCLC (cyan; PDB: 30RG). Grey spheres, the positions of CI™-binding
sites seen in a Glugae-mutant ECCLC structure (PDB: 10TT). d. As in ¢, but the same view
as in b. The density of CLC-K (mesh) is shown.
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Figure 5. CI™ ion accessibility in the pore region
a. Regions in the ion transport pathway immediately accessible to Cl~ ions (radius of 1.7 A)

from extracellular and cytosolic solutions were calculated (blue mesh). The side chains of
Glugate (or V166), Tyrc, and Serc were shown in a stick representation. For EcCLC and
CmCLC, CI™ ions bound in the indicated sites were shown as grey spheres. The selectivity
filter formed by aN and aF is shown in orange. The area of the view is depicted on the side
view of CLC-K (upper left). b. Pore radii along the ion transport pathway from Scep, towards
the cytosol were calculated. Arrowheads, approximate positions of Serc hydroxyl groups.
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Figure 6. Models for the mechanisms of ion transport by CLC
a. Model for CLC transporters. A swinging motion of protonatable Glugage site chain

(purple) coordinate countertransport of two CI~ (green sphere) and one H* (blue sphere)
ions. CI™-binding sites are shown with grey dashed circles. A kinetic barrier preventing
undesirable leakage of CI~ during the cycle is depicted as an orange bump. The aC-D loop
and Serc are shown in red, and Tyrc (Y) in black. For simplicity, some intermediate steps
and internal CI™-binding site (Sjn¢) are omitted, and only one direction of the reversible
reaction is shown18:30, b, Model for the CLC-K channel mechanism depicting fast CI~
permeation due to lift of the kinetic barrier. Steady-state CI~ occupancy of Sey and Sgen, may
be lower than in CLC transporters.
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