1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nature. Author manuscript; available in PMC 2023 August 15.

-, HHS Public Access
«

Published in final edited form as:
Nature. 2023 February ; 614(7949): 788-793. d0i:10.1038/541586-023-05718-0.

Structure and thiazide inhibition mechanism of human Na—Cl
cotransporter

Minrui Fanl#, Jianxiu Zhangl#, Chien-Ling Leel#, Jinru Zhangl#, Liang Fengl"
!Department of Molecular and Cellular Physiology, Stanford University School of Medicine,
Stanford, CA 94305, USA

Abstract

The sodium-chloride cotransporter (NCC) is critical for kidney physiology. NCC plays a major
role in salt reabsorption in the distal convoluted tubule of the nephron23, and mutations in

NCC cause the salt-wasting disease Gitelman syndrome?. As a key player in salt handling, NCC
regulates blood pressure and is the target of thiazide diuretics, which have been widely prescribed
as first-line medications to treat hypertension for more than 60 years®~’. Here we determined

the cryo-electron microscopy (cryo-EM) structures of human NCC alone and in complex with a
commonly used thiazide diuretic. These structures, together with functional studies, reveal major
conformational states of NCC and an intriguing regulatory mechanism. They also illuminate how
thiazide diuretics specifically interact with NCC and inhibit its transport function. Our results
provide critical insights for understanding the Na-ClI cotransport mechanism of NCC, and they
establish a framework for future drug design and for interpreting disease-related mutations.

Hypertension (high blood pressure) affects approximately one-third of adults8, and is

a major risk factor for cardiovascular diseases, renal diseases, and dementia®, creating
enormous health and economic burdens globally. The kidney controls blood pressure

by regulating fluid and electrolyte homeostasis'?. Integral to this process is the Na-

Cl cotransporter, NCC, which plays a major role in fine-tuning urinary Na* and

CI~ excretion, regulating ion and acid-base balance, and controlling blood pressure®6.
Decreased NCC activity underlies Gitelman syndrome, characterized by low blood
pressure with hypokalemia and metabolic alkalosis®; increased NCC activity underlies
pseudohypoaldosteronism type 11, marked by high blood pressure with hyperkalemia and
metabolic acidosis!l. Unsurprisingly, NCC is a prime target of pharmacological therapies
for renal and cardiovascular disorders, including thiazide diuretics. Thiazide diuretics were
the first oral antihypertensive drugs with decent efficacy and safety and remain the preferred
first-line antihypertensive drugs®12. They also are used to treat edema and congestive heart
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failurel3.14, Despite being among the most widely prescribed drugs, how thiazide diuretics
selectively inhibit NCC remains elusive.

NCC belongs to the cation-chloride cotransporter (CCC) family, which includes three

main classes: Na—Cl (1:1 ratio) cotransporter NCC, Na—K-CI (1:1:2 ratio) cotransporter
NKCCs (NKCC1, NKCC?2), and K-CI (1:1 ratio) cotransporter KCCs (KCC1-4)315, These
transporters play fundamental roles in electrolyte homeostasis and volume regulation,
utilizing distinct ion selectivity, stoichiometry, and coupling. Recent structural studies have
provided important insights into NKCC1 and KCCs16-24, yet the molecular basis of NCC-
mediated electroneutral transport of Na* and CI~ remains unclear. Moreover, NCC becomes
phosphorylated in response to various hormonal stimuliZ®, activating its transport activity to
regulate ion homeostasis and blood pressure, but how phosphorylation within the soluble
N-terminal domain (NTD) impacts the transporter remains obscure.

Here we report cryo-EM structures of human NCC in two conformational states and its
complex with polythiazide, a potent thiazide diuretic and effective antihypertensive drug?®.
Our structures and functional studies provide a framework for understanding the transport
and thiazide inhibition mechanisms of NCC.

Structure determination

To overcome the low yield of human wild-type (WT) NCC (NCC,), we identified two
constructs, NCCqryo; (containing phosphorylation site mutations and a potential expression-
enhancing mutation”27:28) and NCChimera (NTD replaced with that of zebrafish
NKCC116), which have substantially increased expression levels and improved biochemical
behavior (Extended Data Fig. 1a, Supplementary Fig. 1). In a cell-based iodide uptake
assay (NCC can transport both CI~ and 1~ ions?%), NCC,,; showed robust thiazide-sensitive
and Na*-dependent I~ transport activity (Extended Data Fig. 1b, ¢, d). NCC¢himera Showed
activity comparable to NCCy, similar to a previous chimera with the NTD from NKCC230,
NCCqryo1 did not yield obvious transport activity above the background.

We determined the cryo-EM structure of NCCyo; at 3.0 A resolution (Extended Data

Fig. 2), which exhibits an inward-facing conformation. Its transmembrane domain (TMD)
was well resolved, but the cytosolic domains were not, potentially due to conformational
flexibility. To favor an outward-facing conformation, we introduced an E240A substitution
in NCCq¢himera (NCCqryo2), whose equivalent position in NKCC1’s extracellular gate is
important for conformational changel8. The transport activity of NCCeryo2, though reduced,
was significantly above the background (Extended Data Fig. 1b). Interestingly, NCCyryo
showed ~ 4-fold increased sensitivity to the NCC inhibitor hydrochlorothiazide compared to
NCCechimera (Fig. 1f). We determined the structure of NCCyyyo2 in complex with polythiazide
(Extended Data Figs. 3-7). Given its higher resolution (2.8 A in the TMD) and completeness
(well-resolved TMD, C-terminal domain (CTD), and partial NTD), we used the NCCyo
structure for subsequent analyses unless otherwise noted.

Nature. Author manuscript; available in PMC 2023 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fan et al.

Page 3

Overall structure

NTD-CTD

In both NCCqy, structures, NCC is a dimer (Fig. 1a, b and Extended Data Figs. 2, 4,

6), consistent with previous crosslinking studies3L. Each NCC subunit is composed of the
transport unit —TMD—and cytosolic regulatory domains—CTD and NTD3 (Fig. 1c). The
TMD (TM1-TM12) is organized in an APC fold32 (Fig. 1d). Extracellularly, a cap domain
sits atop the helix bundle formed by TM1, TM2, TM6, and TM7. The cap domain comprises
two extensive and ordered loops, between TM5 and TM6 (EL3) and TM7 and TM8 (EL4).
EL4 is stabilized by two conserved disulfide bonds, C416-C421 and C430-C436 (Fig. 1d).
The association of C421R and C430G mutations with Gitelman syndrome33 suggests the
importance of these disulfide bridges.

The CTD shares a conserved mixed a/p fold with other CCC transporters32:34 (Fig. 1e).
Interestingly, we observed a bulky non-protein density in a pocket formed by helices a1,
a3, and a4 and B-strands p1, p2, and p4. A recent study showed ATP/ADP occupies the
corresponding site within the CTD of KCC124, and in our map the density fits adenine
nucleotide well (Fig. 2a, Extended Data Fig. 5¢). Given the relatively weak density for the
y-phosphate, we speculate the bound compound might be a mixture of ADP/ATP. In NCC’s
nucleotide-binding pocket, the highly conserved residue R655 forms multiple interactions
with adenine, ribose, and phosphate moieties to stabilize ADP/ATP. R655 mutations are
associated with Gitelman syndrome33, indicating ADP/ATP binding may be critical for
NCC function. Substituting alanine for R655 reduced transport activity to near background
levels. Mutating L717, which also makes multiple contacts with adenine, substantially
reduced transport (Fig. 2d). Tryptophan substitution of K744 or N781 near the -y-phosphate
reduced but did not abolish transport (Extended Data Fig. 8d). These results suggest adenine
nucleotide binding plays important functional and/or structural roles. Potentially, ADP can
support transport without the -y-phosphate, but whether ATP and ADP differentially affect
NCC activity needs future investigation.

The CTD and TMD within the dimer form a domain-swapped configuration32 (Fig. 1b). The
CTD dimer interface is substantial, while the TMD-TMD interaction is limited, with a large
cleft between the interfacial TM11-TM12 pairs (Extended Data Fig. 6a). Extra densities in
the cleft are potentially lipid molecules. The loose association between TMDs may facilitate
movement relative to one another. Indeed, our data processing revealed three distinct classes
of particles, in which TMD protomers showed pronounced relative rigid body movement
(Extended Data Figs. 4 and 6b). Comparing two conformations with resolved CTDs, one
TMD protomer rotates ~18° around the C-terminal end of TM10 near the dimer interface,
resulting in a ~20-A displacement at the distal side. The functional impact of the different
TMD dimer packing modes awaits future investigations.

interaction

On the surface of one CTD, part of the NTD is well resolved and occupies an extended
surface area between helices a4 and a6, making extensive interactions (Fig. 2b, Extended
Data Fig. 5a). This part of the NTD (from zebrafish NKCC1; NTDNKCC1 replaced the
NTD of human NCC in NCCryo2) is highly conserved across species and among NCC
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and NKCCs with all key CTD-interacting residues fully conserved (Supplementary Fig.

1). The high conservation of this CTD-interacting region, in contrast to other parts of

the NTD, suggests its importance. This NTD-CTD interaction resembles observations in
NKCC13%, suggesting a conserved mode of NTD interaction and regulation. Given the
high sequence conservation and the comparable transport activity of NCCchimera to WT, we
propose the observed NTDNKCCL.CTD interaction can be functionally relevant, although
potential differences might exist between the chimera and WT.

To probe the NTD-CTD interaction in NCC,,, we characterized the effects of interfacial
residue mutations on NCC’s transport activity (Fig. 2e). In our structure, NTD residues
equivalent to D62, P65, Y70, R83, and L86 of NCC,; (D141, P144, Y149, R162, and
L165 in NTDNKCC1) make prominent interactions with the CTD. Substituting alanine

for D62, Y70, R83, or L86 reduced transport to around background levels. Similarly,
mutating corresponding interfacial CTD residues to alanine abolished (D838A, R1009A)
or substantially reduced (F765A, F886A) transport. Mutating N1014 to alanine affected
transport activity only slightly, perhaps because both D838 and N1014 are involved in the
R83 interaction. In contrast, mutating N1014 to lysine, which has a positively charged
side chain that repels R83, severely impaired transport activity. Mutating H90 (H169

in NTDNKCCL) ‘near the end of the resolved NTD region and contacting the CTD,
reduced transport to a lesser extent. These results corroborate our structural observations.
Furthermore, mutations of the above-mentioned NTD-CTD interfacial residues (D62N,
D62H, R83Q, R1009Q, and N1014K) have been linked to Gitelman syndrome33:36, Thus,
the NTD-CTD interaction seems indispensable for NCC function.

Phosphorylation of several NTD residues collectively activates NCC27:37; T60 (T139 in
NTDNKCCI) 'in particular, governs phosphorylation-mediated activation?”:3. Interestingly,
this threonine residue at the NTD-CTD interface is close to a positive patch of the CTD
formed by K948, K952, R981, and K984 (Fig. 2c). It is conceivable that phosphorylation
of T60 may regulate transport by modulating the NTD/CTD interaction and/or inducing
conformational changes in the CTD.

lon-binding sites

NCC cotransports Na* and CI~ with a 1:1 stoichiometric ratiol®. By sequence and structural
alignment with NKCC1, which also transports Na* ion6, we identified NCC’s conserved
Na*-binding site. This so-called “Na2” site has been found in many APC transporters38:39.
In the cryo-EM map of NCCqyo, We observed a density at the center of Na2 (Extended
Data Fig. 5d), potentially Na*. The Na* can be directly coordinated by the S467 and

S468 side chains (TM8), main-chain oxygen of A464 (TM8), and main-chain oxygens of
L148 and W151 from the unwound region of TM1. This Na*-coordination environment

is virtually identical to other known Naz2 sites'640 (Extended Data Fig. 6d). Consistent
with a key role in Na* binding, both sidechain-coordinating residues—S467 and S468—are
invariant in Na*-dependent NCC and NKCCs but are not conserved in Na*-independent
KCCs (Supplementary Fig. 1). Furthermore, substituting alanine for S467 or S468 abolished
transport (Extended Data Fig. 6f).
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In K*-transporting NKCCs and KCCs, a K*-binding site (Sk) is located near the Na2 site

on the other side of TM116:19.20 |n NCC, the critical K*-coordinating tyrosine is replaced
with a histidine (H234) (Supplementary Fig. 1) that cannot form the same coordination,
consistent with NCC’s inability to transport K*. Of the two CI™-binding sites (Sc; and

Scip) identified in NKCC and KCC16:19 CI~ in S¢yy is directly coordinated by K*, and this
CI~ binding is coupled to K* binding to Sk. Since NCC lacks an Sk site, NCC appears

to potentially lack a site homologous to Scj1, and we did not observe a convincing ion
density at the exact position equivalent to the S¢j; CI™ in NKCC1 and KCC:s at the current
resolution. In contrast, the Sc, site is conserved in NCC, where a CI™ can be coordinated

by the main-chain amides of G353-L355 and the side chain of Y540. All CI™-coordinating
elements in S¢)» superimpose well onto those of the corresponding sites in NKCC1 and
KCCs (Extended Data Fig. 6e). In the cryo-EM map of NCCy,1, We observed the strongest
non-protein density within the TMD at the center of S¢), (Extended Data Fig. 2g), matching
well with the CI™ location in NKCC1 and KCCs. A weak density was observed at the Na2
site. Other non-protein densities seem probably unlikely to be substrate CI~ or Na* given
the surrounding environment but need further investigation. Notably, substituting alanine for
Y540 abolished NCC’s transport activity (Extended Data Fig. 6f).

Thiazide-binding site

Our polythiazide-bound NCCyyq, structure captured NCC in an outward-open conformation
(Figs. 3a—d, 4a, b). A vestibule, formed by TM1, TM3, TM6, TM8, and TM10, opens wide
and extends from the extracellular surface halfway into the TMD. Within the vestibule,

we observed a bulky non-protein density that fits polythiazide well (Fig. 3a, d). The

binding pocket is formed by residues from TM1, TM3, TM6, TM8, and TM10. Polythiazide
occupies a large portion of the vestibule from its bottom to near the extracellular entrance
and is oriented with its 7-position sulfamoyl group near the bottom and 3-position -CH»-S-
CH,-CF3 group pointing extracellularly (Fig. 3b, c). Polythiazide interacts extensively with
NCC. Near the bottom, the 7-position sulfonamide forms multiple hydrogen bonds with the
side chains of N149, N227, and N359 and A356’s main-chain amide, and the 6-position
chlorine forms Cl-rt interactions with F223 and Y540. These observations are consistent
with the essential role of the 7-position sulfamoyl group and 6-position halogen(-like)

group for thiazide diuretic activity! (Extended Data Fig. 7a). Interestingly, polythiazide’s
6-position chloro group overlaps with the proposed Cl™-binding site of NCC (Extended Data
Fig. 7b), corroborating reports that thiazide diuretics compete with CI~ for binding#2-44.
Above the bottom, polythiazide’s aromatic ring forms r-r stacking interactions with F536
and hydrophobic interactions with C472. In the upper region, the 1-position SO, group
hydrogen bonds with H234 and N149, and the 4-position NH group forms a hydrogen

bond with T352’s side chain, consistent with 4-position substitutions diminishing thiazide’s
effectiveness?!. At the top, the 3-position -CH»-S-CH,-CF3 group forms hydrophobic
interactions with side chains of M233, P349, A529, 1532, and S533. Given the 3-position

is on top, facing the cavity’s open space, this position can host substituents with variable
length, which may provide additional interactions with increased activity#! and help explain
the potency of polythiazide.
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To probe the polythiazide-binding site, our functional studies focused on key residues that
interact with thiazide’s essential 7-position and 6-position groups. Substituting N227 with
alanine dramatically reduced (~1,000-fold) NCC’s sensitivity to polythiazide inhibition.
Similarly, substituting alanine for N149 or F223 substantially reduced sensitivity to
polythiazide (Fig. 3e). These results support our structural observations on polythiazide
binding.

Transport and inhibition mechanisms

In the outward-open conformation of our NCCeryo2 structure, the vestibule passes by the
Na*-binding site midway and reaches the Cl™-binding site at the bottom. Thus, the Na*-
and ClI™-binding sites are both directly accessible from the extracellular solution through

the vestibule (Fig. 4a), suggesting a common translocation pathway for both substrates. At
the intracellular side, the vestibule is shut by tight packing of TM3, TM6b, TM8, TM10,
and the short helix IH between TM2 and TM3 (Fig. 4b). Interestingly, the IH helix acts

as a plug to close the substrate-translocation pathway from the intracellular side. Two pairs
of electrostatic interactions maintain the closure of the intracellular gate and stabilize the
outward-facing conformation: K478™™8 forms salt bridges with D363L00P (TMEb-TM7) anq
E504L00p (TM8-TMS) and R145TM!a forms a salt bridge with E282TMS (Extended Data

Fig. 8a). Notably, mutations in gate residues (R145C, K478E) have been associated with
Gitelman syndrome33, Substituting alanine for R145, E282, D363, K478, or E504 abolished
or severely impaired transport activity (Extended Data Fig. 8c), supporting their important
roles although the reduced surface expression levels complicate the interpretation of K478A
and R145A variants (Extended Data Fig. 8e).

In contrast to NCCeryg2, NCCeryo1 Was captured in an inward-facing conformation (Fig. 4c),
with a vestibule extending from the middle of the membrane to the intracellular solvent. The
vestibule’s end overlaps with that in the outward-open conformation, defining a pocket near
the center. Both the CI™- and Na*-binding sites are directly adjacent to this central space
that is alternatively exposed to extracellular or intracellular solvent during conformational
switches. This provides a molecular basis for the alternating access transport in NCC. In

the inward-facing conformation, the extracellular gate is closed, stabilized by a network of
salt bridges and hydrogen bonds among R158T10 E240TM3 and N526TM10 (Extended
Data Fig. 8b). These interactions are absent in the outward-open conformation. Mutations
in R158 have been linked to Gitelman syndrome33. Substituting alanine for R158, E240,

or N526 reduced transport activity to near background levels (Extended Data Fig. 8c),

and the severely impaired surface expression levels (Extended Data Fig. 8e) suggest these
substitutions probably affect expression or trafficking.

Structural comparison showed transition between outward- and inward-facing conformations
involves concerted conformational changes on both the extracellular and intracellular sides.
Extracellularly, the significant inward movement of TM3 and TM10 and the shift of TM1b
and TM6a close the extracellular gate; intracellularly, the outward movements of TM1a,
TM5, TM6b, and TM8 open the intracellular gate (Fig. 4d). The outward-facing structures
of NCC, NKCC13%, and KCC145 share a similar overall conformation (Extended Data Fig.
6¢), as do the inward-facing structures. This suggests conserved conformational transitions
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and transport mechanisms in CCC transporters. Interestingly, in NCC’s outward-facing
conformation, the outward movement of the transmembrane helices is more pronounced
compared with those in NKCC1. Notably, the extracellular end of TM10 of NCC moves
out ~4 A more than the equivalent part in NKCC1. Such divergence may bear relevance to
differences in their pharmacology or regulation.

Structural comparison also reveals how polythiazide inhibits NCC transport. By
superimposing the polythiazide-bound outward-facing and unbound inward-facing
structures, we found polythiazide and TM10 residues 1532 and F536 would clash if

the transporter switched to an inward-facing conformation (Fig. 4e). This indicates

that polythiazide prevents NCC isomerization from the outward-facing to inward-facing
conformation, thus inhibiting its transport cycle. These observations also suggest that
polythiazide preferentially binds NCC in an outward-facing conformation. Moreover, as
polythiazide overlaps with the CI™-binding site, it also directly blocks CI~ binding. Taken
together, polythiazide inhibits NCC function by competing with substrate binding and
stalling conformational state switching.

Disease-related mutations

Hundreds of mutations in NCC underlie Gitelman syndrome*:33:36, Qur structures provide
a blueprint for their mechanistic interpretation (Extended Data Fig. 9). Many mutations

are in the extracellular cap domain, most of which appear to participate in interactions to
maintain loop structures, suggesting the importance of a proper cap domain conformation.
In the transmembrane region, the substrate translocation vestibule is a hotspot for disease-
causing mutations, reflecting its central role in transport function. Comparing outward- and
inward-facing conformations shows that many mutations scattered throughout the TMD are
in regions that undergo significant conformational changes or experience distinct interacting
environments in the two conformations, which may affect the conformational switch.
Disease-causing mutations are also common in the CTD, supporting the CTD’s regulatory
role. Notably, many mutations are enriched near the TMD-CTD interface, hinting at the
importance of domain communication between the TMD and CTD.

Discussion

Thiazide diuretics, which target NCC, have been a cornerstone of hypertension treatments
for over 60 years”-12. Our structural studies show that the thiazide diuretic overlaps with
the CI™-binding site and locks NCC in an outward-facing conformation. This shows an
interesting parallel to the drug-inhibition mechanisms of two other major drug targets, the
human serotonin transporter SERT46 and glucose transporter SGLT247. Moreover, since
thiazide diuretics have highly similar structures, with most variations at the 3-position
(Extended Data Fig. 7a) that faces open space, they likely share the binding configuration
observed in our structure.

Despite decades of wide clinical use, thiazide diuretics are not without off-target effects.
They were originally discovered while searching for carbonic anhydrase inhibitors*8,
and they also modulate ionotropic glutamate receptors*®. Our structure provides valuable
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information to facilitate development of more selective antihypertensive drugs. For example,
our structure shows a hydrophilic cavity near the 2-position —CHsy group of polythiazide

that might accommodate a larger 2-position group (Extended Data Fig. 7c). It will be
intriguing to test whether thiazide derivatives that harbor a bulkier and/or hydrophilic

group (e.g., —-CH»-NH>) at this position have higher affinity and selectivity. Beyond
improving thiazide diuretics, our structures reveal features required for NCC function,
including conformational state-dependent substrate-translocating cavities and the NTD-CTD
and CTD-TMD interfaces. These sites can serve as targets for designing selective NCC
modulators as next-generation therapeutics.

Phosphorylation at the NTDs of NCC and NKCC1 stimulates their transport
activities?”3750 and our structure and functional results suggest the NTD-CTD interaction
is crucial for NCC activity. Critical phosphorylatable residues are located at the interaction
region. This raises the possibility that phosphorylation may regulate NCC activity through
facilitating the NTD-CTD interaction or inducing conformational changes in the CTD.
Intriguingly, our structure shows only one NTD-CTD interaction pair within the NCC
dimer, which has an asymmetric configuration with the CTD dimer tilted relative to the
TMD dimer. The CTD that maintains close interaction with the TMD is bound with

an NTD. In contrast, the other CTD, which barely contacts the TMD, has no NTD

bound. In the CTD protomer without bound NTD, neither the C-terminal tail nor a6

of the CTD can be adequately resolved, presumably due to flexibility. In contrast, in

the CTD protomer with bound NTD, the NTD interacts with and stabilizes the CTD’s
C-terminal tail and a.6. Notably, the end of a6 and R887 (immediately after a.6) interact
closely with TMD’s intracellular loops IL5 (TM10-TM11) and IL1 (TM2-TM3), and the
C-terminal tail also closely interacts with IL1 (including IH1 within IL1). It is conceivable
that these components (NTD, a.6, and the CTD’s C-terminal tail, and intracellular IL1

and IL5 of the TMD) might interact synergistically. This network of interactions may
provide a molecular basis for communication among the TMD, CTD, and NTD to regulate
NCC’s transport activity. Consistent with the hypothesis that the NTD-CTD interaction
may facilitate the CTD-TMD interaction, a recent NKCC1 structure shows symmetrical
NTD-CTD interactions in both protomers, with both CTDs making close contact with

the TMDs3°. Despite the high sequence conservation in the observed CTD-interacting
region of NTD between NCC and NKCC1, whether native NCC’s NTD and the chimera’s
may cause any difference awaits future investigation. Further studies will be needed to
investigate the correlation between the NTD-CTD and CTD-TMD interactions and how
NTD phosphorylation activates NCC.

METHODS

Expression and purification of human NCC

Human NCC (codon-optimized) with a strep tag was expressed using a modified BacMam
vector®l, The NCCqryo1 construct contains multiple mutations, including phosphorylation
site mutations, T55D, T60D, and S73D, and a potential expression-enhancing mutation,
K140N17.27.28 For the NCChimera CONStruct, the N-terminal domain of human NCC (M1
to E131) was replaced with that of zebrafish NKCC1 (M1 to K202). NCCqy,, is based on
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NCCchimera With an E240A substitution. Baculoviruses were produced by the Bac-to-Bac
system following a published protocol®! and were used to infect HEK293S cells (ATCC
#CRL-3022; without mycoplasma contamination tests or authentications in this study) with
the addition of 10 mM sodium butyrate after 12 h. HEK293S cells were harvested 60 h after
the infection.

For NCCqyo1 purification, cell were homogenized using a Dounce homogenizer in a
solubilization buffer that contains 50 mM HEPES pH 7.4, 200 mM NacCl, and protease
inhibitors. The crude membrane was prepared by centrifugation. The membrane extraction
was carried out using 2% lauryl maltose neopentyl glycol (LMNG, Anatrace) and 0.2%
cholesteryl hemisuccinate (CHS, Anatrace) in the solubilization buffer at 4°C for 2 h.
After centrifugation (40,000 x g, 40 min), the supernatant was collected for incubation
with affinity resin (Strep-Tactin Sepharose, IBA) at 4°C for 2 h. The resin loaded in an
Econo-Pac column (Bio-Rad) was washed using a buffer that contains 20 mM HEPES pH
7.4, 200 mM NaCl, and 0.05% glyco-diosgenin (GDN, Anatrace). To elute the protein, 10
mM desthiobiotin (Sigma) was included in the wash buffer. Further protein purification was
performed through the size-exclusion chromatography using a Superose 6 increase column
(Cytiva) in a buffer that contains 20 mM HEPES pH 7.4, 200 mM NaCl, and 0.01% GDN.
The purified NCCryo1 protein in the peak fractions was concentrated to ~ 12 mg/ml for
cryo-EM studies.

For purification of NCCqyop bound with polythiazide (Sigma), cell homogenization was
carried out in a solubilization buffer that contains 50 mM HEPES pH 7.4, 50 mM NaySQy,
25 mM K3SOy4, 1.5 mM KCI, 25 uM polythiazide, and protease inhibitors. Membrane
preparation, solubilization, and incubation with Strep-Tactin Sepharose resin were carried
out similarly as above. The resin was washed using a buffer that contains 20 mM HEPES
pH 7.4, 50 mM NayS0y, 25 mM K3S0Oy4, 1.5 mM KCI, 250 uM polythiazide, and 0.05%
GDN. For the protein elution, 10 mM desthiobiotin was added to the wash buffer. After
the size-exclusion chromatography on a Superose 6 increase column (Cytiva) in a buffer
that contains 20 mM HEPES pH 7.4, 50 mM NaySOy, 25 mM K,S0Oy4, 1.5 mM KCI, 500
UM polythiazide, and 0.01% GDN, the peak fractions were concentrated to ~ 12 mg/ml for
cryo-EM studies.

assay

Wild-type human NCC and mutants were cloned into the pSBbi-Pur vector®2 and transfected
into HEK293S cells by Lipofectamine 3000 (Invitrogen) following the manufacturer’s
instructions. Stable cell lines were selected in the presence of 2 ug/ml puromycin in 293
Freestyle medium (Life Technologies) containing 10% fetal bovine serum.

One day before the experiment, cells were seeded into 24-well cell culture plates at a
density of 0.5 x 10° cells per well. Before experiments, cells were incubated in a hypotonic
and chloride-free solution (67.5 mM Na-gluconate, 2.5 mM K-gluconate, 0.25 mM Ca-
gluconate, 0.25 mM Mg-gluconate, and 7.5 mM Hepes/Tris, pH 7.4) for 10 min at 37°C

to activate NCC3. The following steps were performed at room temperature. The medium
was then replaced with an identical chloride-free, hypotonic solution supplemented with
70 uM bumetanide (Alfa Aesar) and 100 uM 4,4’ -diisothiocyanatostilbene-2,2’-disulfonic
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acid (DIDS, Sigma), with or without the indicated thiazide diuretics, and incubated for 10
min. Bumetanide was added to inhibit endogenous NKCC1, and DIDS to block other I~
transport pathways. 1251~ uptake was initiated by incubating cells in an uptake buffer (135
mM Na-gluconate, 1 mM Nal, 0.25 uCi/ml Nal2°| (American Radiolabeled Chemicals, Inc.
(ARC)), 5 mM K-gluconate, 1 mM Ca-gluconate, 1 mM Mg-gluconate, and 15 mM Hepes/
Tris, pH 7.4) supplemented with 70 uM bumetanide and 100 pM DIDS, with or without

the indicated thiazide diuretics, at room temperature for 1 h. For dose-response relationships
of thiazide diuretics, the concentration of Nal was lowered to 0.1 mM to increase the
signal-to-noise ratio. To terminate the uptake of 1251~, cells were washed using ice-cold 110
mM MgCl;, solution (x 2 times). Cell lysis was carried out in 1% sodium dodecyl sulfate
(SDS). The quantification was done by scintillation counting. The 1Cgy was calculated
using GraphPad Prism 9 by fitting the dose-response relationship to the following equation:
Y=Bottom + (Top — Bottom)/(1 + (X/I1Csq)). For the functional studies in Extended Data
Fig. 1b, the total protein was quantified using the bicinchoninic acid (BCA) assay (Thermo
Scientific). In the sodium-free condition (Extended Data Fig. 1c), Na-gluconate and Nal

in the extracellular solution were replaced with A-methyl-D-glucamine (NMDG)-gluconate
and K, respectively. The P-values reported in Extended Data Fig. 1b were derived using
GraphPad Prism 9. The K, in Extended Data Fig. 1d was calculated using GraphPad Prism
9 by fitting the dose-response relationship to the Michaelis—Menten equation.

Cell-surface expression

The surface expression levels of NCC and its variants were analyzed by staining cells using
anti-hemagglutinin (HA) tag antibody (catalog number 682404; BioLegend). An HA epitope
with flanking “SGSGG” sequence on both sides was inserted into extracellular loop 4 of
NCC between residues 414 and 415. The insertion of the HA epitope does not affect the
transport activity or biochemical behavior of NCC, as evaluated by a radioactive iodide
uptake assay and fluorescence-detection size-exclusion chromatography (FSEC) analysis,
respectively. HEK293S cells were cotransfected with HA-tagged NCC variants and a yellow
fluorescent protein (YFP), with the latter serving as a marker for successful transfection.
After 24 h, cells were harvested and washed with ambient phosphate buffered saline (PBS)
once. 0.5 x 10° cells were stained by incubation in PBS with 4 pg/mL Alexa Fluor 647-
conjugated anti-HA antibody (catalog number 682404; BioLegend) for 30 min at room
temperature. Cells were then washed with ice-cold PBS (x 3 times) and loaded onto the flow
cytometer (BD Accuri C6 Plus) for analysis (Supplementary Fig. 2). Cells expressing YFP
(FITC positive) were used for measuring surface expression, and surface-expression levels
of NCC variants were quantified by the mean fluorescence intensities of Alexa 647.

Cryo-EM sample preparation and data acquisition

For sample preparation, 3 pl purified NCC was applied to glow-discharged holey carbon
grids (Quantifoil R1.2/1.3, Au 300 mesh). The blotted grids (3 s, 100% humidity, and 4°C)
were rapidly frozen in liquid ethane (Vitrobot Mark IV (Thermo Fisher Scientific)). The
grids were imaged on a 300 kV Titan Krios with a GIF Quantum energy filter (slit width 20
eV). The movie stacks were collected on a K3 Summit detector (Gatan) in super-resolution
counting mode (magnification: 105,000%; physical pixel size: 0.86 A; dose rate: 15 ™/
pixel/s) using Serial EM33. During 2.5 s exposure, 50 frames were recorded with a total dose
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of 50 e/AZ (defocus range: —1.2 to —2.2 um). Both NCCeryo1 and NCCeryo Samples were
collected at 0° stage tilt. NCC¢ryo1 Sample was additionally collected at a stage tilt of 20°
and 40° to tackle preferred particle orientation.

Cryo-EM data processing

For NCCqryo1, 5,148 (tilt 0°), 2,000 (tilt 20°) and 2,640 (tilt 40°) movies were collected
and imported to cryoSPARC Live (v3.3)>* for motion correction, contrast transfer function
estimation, particle picking, and particle extraction with 4x4 binning. All particles were
used for 2D classification. Good 2D class averages were selected to generate two initial
references (good one and bad one). After 2D classification (one round) and heterogeneous
refinement (two rounds) with the two initial references, the well-defined subsets of
1,932,908 particles were selected and subjected to three rounds of heterogeneous refinement
with the good reference. After the third round of heterogeneous refinement with a C2
symmetry, a merged class including 338,556 particles was re-extracted and refined to
yield high-resolution maps using Non-uniform refinement. To improve the map quality,
the signal of micelle was subtracted. The subtracted particle data were refined via Local
refinement. The final map was reconstructed at 3.02 A, based on the gold-standard Fourier
shell correlation (FSC) using the 0.143 criterion.

For NCCqryoz, 13,805 movies from dataset A and 4,150 movies from dataset B were
separately collected and imported to cryoSPARC Live for motion correction, contrast
transfer function estimation, particle picking, and particle extraction with 4x4 binning. In
dataset A, after 2D classification (one round) and heterogeneous refinement (three rounds)
with the two initial references, 2,084,461 particles were selected and subjected to two rounds
of heterogeneous refinement with the good reference. Three groups of classes that include
888,770 particles, 240,513 particles, and 315,232 particles, respectively, were re-extracted
separately. The first group underwent one round of heterogeneous refinement, and the last
two groups were individually merged with the same class from dataset B. After one round of
heterogeneous refinement for three merged groups, five classes including 183,191 particles,
585,523 particles, 233,205 particles, 132,256 particles, and 196,165 particles, respectively,
were selected and subjected to Non-uniform refinement. To further improve the map quality
of the transmembrane region, the particles with micelle subtraction were refined via Local
refinement. The final five maps were reconstructed individually at 3.04 A, 2.81 A, 2.90 A,
3.00 A, and 2.95 A, based on the gold-standard FSC using the 0.143 criterion. In dataset

B, after 2D classification and heterogeneous refinement, three classes including 98,481
particles, 130,474 particles, and 422,362 particles were selected, extracted, and imported to
dataset A. The details about data processing are presented in Extended Data Figs. 2-5 and
Extended Data Table 1.

Model building and refinement

For NCCqryo1, the model was built into the cryo-EM map using the structure of the TMD of
NKCC1 (PDB 6NPK) as a template. The model was manually built in Coot> and refined
using Phenix®®. The geometry of the model was evaluated by MolProbity®’.
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For NCCqryop, the initial model of the TMD was from NCCyo1, and the initial models

of the NTD and CTD were based on the Alphafold®® prediction. For NTD, the excellent
side-chain density allowed us to trace residues N138 to 172 of NTDNKCCI (corresponding
to N59 to L93 of NTDNCC) with only six middle residues (A153-E158) not resolved. Other
parts of the NTD are not resolved presumably due to flexibility, as predicted by secondary
structural analysis. The coordinates and geometry restraints of polythiazide and ATP were
generated using phenix.elbow. The models were manually rebuilt in Coot, refined using
Phenix, and evaluated in geometry by MolProbity. Figures were generated using PyMol
(Schrédinger)®®, UCSF ChimeraX80, or UCSF Chimera®?.
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Extended Data Figure 1 |. Biochemical and functional characterizations of human NCC.
a, Representative size-exclusion chromatography profiles of the purified NCC. b, Uptake

activities of NCC constructs (mean * s.d., n = 4 independent experiments). The NCC-
mediated I~ uptake activity is sensitive to the thiazide diuretic metolazone. The P-value
(Control vs. NCCryo2) Was derived from ordinary one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test. The P-value (with vs. without metolazone)
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was derived from two-sided unpaired #test with multiple testing correction using the
Bonferroni method. ¢, Uptake activities of NCC in the presence and absence of extracellular
Na* (normalized to the activity of NCC,; in a sodium-containing condition; mean + s.d., n =
3 independent experiments). d, I~ uptake by NCC at various concentrations of extracellular
I~ (normalized to the activity with 20 mM extracellular I7; mean * s.d., n = 4 independent
experiments).
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Extended Data Figure 2 |. Cryo-EM data processing of NCCeryo1.
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a, Workflow for NCCqyo1 data processing. Representative cryo-EM image, 2D averages,

and workflow for classification and refinement. b, Local resolution of the NCCcryo1 map.

¢, Gold-standard FSC curves of the NCCqryo1 map. d, Angular distribution of particles for
the final reconstruction. e, Map vs. model FSC. f, Cryo-EM density maps of NCCqryo1- 9,
Density maps of the Na*-hinding site and the Cl=-binding site.
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Extended Data Figure 3 |. Cryo-EM data processing of NCCryg2.
Workflow for NCCyy o, data processing. Representative cryo-EM image, 2D class averages,

and workflow for classification and refinement.
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Extended Data Figure 4 |. Quality of the cryo-EM density maps of NCCcryo2.
Local resolutions of the NCC maps of class 1, 2, 3-1, 3-2, and 3-3 (left), corresponding

gold-standard FSC curves (middle), and angular distributions of particles for the final
reconstructions (right).
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Extended Data Figure 5 |. Quality of the cryo-EM density maps of NCCcryep-
a, Cryo-EM density maps of NCCyop. b, Map vs. model FSC for NCCqyqp. €, Density

maps of the nucleotide and polythiazide in NCCeryop. d, Density map of the Na*-binding
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Extended Data Figure 6 |. NCC architecture and ion binding sites.
a, Organization of the NCC dimer. b, Conformational differences of the TMDs in three

classes of NCCyryop structures (class 3-2 as a representative for class 3). Within class 3,
three sub-classes (3-1, 3-2, and 3-3) superimpose well onto each other, with only slight
relative rotation between two protomers. ¢, Superposition of the NCC, NKCC1 (PDB:
751X), and KCC1 (PDB: 7TTI) TMD in an outward-facing conformation. d, Proposed Na*-
binding site of NCCqyo, (green) superimposed onto the Na*-binding site of NKCC1 (cyan)
and Na2 site of the Na*-coupled sialic acid symporter SiaT40 (yellow). Dashed lines denote
possible Na* coordination. Na* is shown as a purple sphere. e, Proposed Cl~-binding site

of NCCeryo1 (green) superimposed onto the Sc, site of NKCC1 (cyan) and KCC1 (wheat).
Dashed lines denote possible CI™ coordination. CI™ is shown as an orange sphere. f, Uptake
activities of NCC variants with mutations in the substrate-binding pocket (normalized to
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WT; mean % s.d., n = 4 independent experiments for variants, n = 8 independent experiments
for WT and control).
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Extended Data Figure 7 |. Chemical structures of thiazides and the binding site of polythiazide.
a, Chemical structures of representative thiazide diuretics. The 6-postion chloro or -CF3

group and the 7-position sulfamoyl group are coloured green and red, respectively. b,
Polythiazide overlaps with the CI™-binding site of NCC. Space that a CI™ ion could
otherwise occupy is shown as orange dots. ¢, Binding site of polythiazide. The 2-position
methyl group of polythiazide points to a hydrophilic cavity. The surface is coloured by
electrostatic potential (red, -5 kT e71; blue, +5 kT e71).
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Extended Data Figure 8 |. NCC gates and functional characterizations.
a, Intracellular gate. b, Extracellular gate. In aand b, the salt bridge and hydrogen bond

interactions are shown as dashed lines. c, Uptake activities of NCC variants with mutations
at the extracellular or intracellular gate (normalized to WT; mean +s.d.,n=4
experiments except for WT and control, n = 12 independent experiments). d, Uptake
activities of NCC variants with mutations at the nucleotide-binding site (normalized to WT;
mean = s.d., n = 4 independent experiments). e, Surface expression levels of NCC WT and
variants (normalized to WT; mean % s.d., n = 3 independent experiments for variants. For
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WT and control, in the upper panels, n = 4 independent experiments; in the lower middle
and right panels, n = 5 independent experiments. In the lower left panel, n = 6 independent
experiments for WT, n = 5 independent experiments for control).

NCC structure | NCC mutations linked to Gitelman syndrome

A313V, S314F, G316V, R321W, R334W, T339l, R399C/P,

Cap domain S402F, N4O6H, C421R, N426K. C430G, G439S/V, N442S

T1941, G196V, R209W/Q, D486N, G496C, S555L, P560R/H, N611S,
TMD-CTD interface | G613S, S615L/W, Q617R, L623P, G630V, H637Y, N640S, R642G, P643L,
L849F/H, T10171, Q1021R

V647M, T649M/R, R655L/C/H, V659M, L671P, M672I, V677M/L, L700P,
A728T, G729V, G731R, P735R, L738R, G741R, P751L, G779E, S824T,
CTD L850P, R852C/H/S, R862C, G867S, R871H, M872T, L883P, R887Q,
R904Q/N, R919C, R934W, R935W, P938S, N949K, R955Q, R958G,
G980R, C985Y, R1009Q, N1014K

Extended Data Figure 9 |. Structural mapping of NCC mutationslinked to Gitelman syndrome.
NCC mutations33-36 at the NTD, cap domain, TMD, TMD-CTD interface, and CTD are

shown as yellow, magenta, cyan, red, and green spheres, respectively.

Extended Data Table 1 |

Cryo-EM data collection, refinement, and validation statistics.

NCCqryor NCCqryoo
Data collection and processing
Magnification 105,000 105,000
Voltage (kV) 300 300
Electron exposure (e7/A2) 50 50
Defocus range (pm) 1.2-22 1.2-2.2
Pixel size (A) 0.86 0.86
Class 1 Class 2 Class3-1  Class3-2 Class 3-3
PDB code 8FHT 8FHO 8FHN 8FHP 8FHQ 8FHR
EMDB code 29103 29097 29096 29098 29099 29100
Symmetry imposed c2 Cl Cl Cc2 Cc2 Cc2
Initial particle images (no.) 8,730,436 15,532,034
Final particle images (no.) 338,556 196,165 132,256 183,191 585,523 233,205
Map resolution (A) 3.02 2.95 3.00 3.04 2.81 2.90
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 1.99-6.64 1.85-8.84 1.85-11.12 1.88-7.14 1.86-599 1.86-6.85

Nature. Author manuscript; available in PMC 2023 August 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Fan et al.

Page 22

Refinement
Initial model used (PDB code)
Model resolution (A)
FSC threshold
Model resolution range (A)
Map sharpening B factor (A2)
Model composition
Non-hydrogen atoms
Protein residues
Ligands
Bfactors (A?)
Protein
Ligand
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

Ncccryol
6NPK
3.2 3.2
0.5 0.5
275-3.02  275-2.95
-1455 -112.5
7006 13624
936 1723
4 6
52.63 59.40
37.63 52.76
0.004 0.010
0.633 0.931
1.36 1.69
6.49 5.44
0.96 1.24
98.18 95.37
1.82 4.63
0 0

33
0.5

275-3.00
-111.7

13613
1722

56.16
46.48

0.010
0.973

1.96
6.72
2.21

95.31
4.69

NCCcryoz
3.2 2.9
0.5 0.5
275-3.04  275-2.81
-143.8 -141.0
7306 7306
950 950
4 4
65.45 53.78
53.27 41.72
0.009 0.008
0.788 0.813
1.55 1.42
5.38 4.02
0.39 0.65
96.19 96.51
3.81 3.49
0 0

3.1
0.5

275-2.90

-139.7

7306
950

51.89
39.20

0.009
0.810

1.57
5.25
0.65

95.77
4.23

Cryo-EM data collection and structure determination.
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Figure 1|. Overall structure of human NCC.
a, Cryo-EM density map of NCCeryop. b, Overall structure of the NCC dimer. Ribbon

representation is viewed from the membrane. The two NCC protomers are coloured green
and cyan, respectively. The NTD is coloured orange. The bound nucleotides are shown as
sticks. ¢, Ribbon representation of the NCC protomer, coloured by structural elements. d,
TMD structure in one NCC subunit. e, CTD structure in one NCC subunit. f, Thiazide
sensitivity of NCC. Data are shown as mean + s.d.; n = 3 independent experiments.
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a, Nucleotide-binding site at the CTD. A bound ATP is shown as yellow and orange sticks,
and the interacting residues are shown as cyan sticks. b, NTD structure (orange) and its
interaction with the CTD (cyan). c, Position of the phosphorylation site T139 (T60 in NCC).
Surface is coloured by electrostatic potential (red, -5 kT e71; blue, +5 kT e™1). d, Uptake
activities of NCC variants with mutations at the nucleotide-binding site (normalized to WT;
mean = s.d., n = 4 independent experiments). e, Uptake activities of NCC variants with
mutations at the NTD-CTD interface (normalized to WT; mean £ s.d., n = 4 independent
experiments except for WT and control in right panel, n = 8 independent experiments).
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Figure 3 |. Polythiazide-binding site.
a, Densities of polythiazide and surrounding residues. Polythiazide is shown as yellow
sticks. b, Chemical structure of polythiazide. c, Interactions between polythiazide and NCC.
Hydrogen bonds are shown as dashed lines. d, Sliced view of NCCyo, shows polythiazide
binding inside the TMD. e, Polythiazide sensitivity of NCC variants with mutations in the
inhibitor-binding pocket. Data are shown as mean * s.d.; n = 3 independent experiments.
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Figure 4 |. Conformational changes of NCC and inhibition mechanism of thiazide.
a, Sliced view of NCCqryo, With two ion-binding sites indicated. b, TMD of the

polythiazide-bound outward-facing NCC. ¢, TMD of the inward-facing NCC. Intracellular
cavity is indicated by a green oval. d, Conformational changes of NCC transitioning from
outward-facing (cyan) to inward-facing (pink). e, Structural comparison of TM1, TM6, and
TM10 of outward-facing (cyan) and inward-facing (pink) NCC. In d and e, the movement of
transmembrane helices during the conformational transition is indicated by red arrows.
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