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Abstract  

The sodium-potassium-chloride transporter NKCC1 (SLC12A2) performs Na
+
-dependent Cl

–
 and 

K
+
 ion uptake across plasma membranes. NKCC1 is important for regulating e.g. cell volume, 

hearing, blood pressure, and chloride gradients defining GABAergic and glycinergic signaling in 

brain. Here, we present a 2.6 Å resolution cryo-electron microscopy (cryo-EM) structure of human 

NKCC1 in the substrate-loaded (Na
+
, K

+
, 2 Cl

–
) and inward-facing conformation adopting an 

occluded state that has also been observed for the SLC6 type transporters MhsT and LeuT. Cl
–
 

binding at the Cl1 site together with the nearby K
+
 ion provide a crucial bridge between the LeuT-

fold scaffold and bundle domains. Cl
–
 ion binding at the Cl2 site seems to undertake a structural 

role similar to a conserved glutamate of SLC6 transporters and may allow for chloride-sensitive 

regulation of transport. Supported by functional studies in mammalian cells and computational 

simulations we describe the Na
+
 binding site and a putative Na

+
 release pathway along 

transmembrane helix 5. The results provide insight into the structure-function relationship of 

NKCC1 with broader implications for other SLC12 family members. 

 

Keywords: chloride transport / cation:chloride co-transporters / NKCC1 / ion coupling / substrate 

specificity / cryo-EM  
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Introduction 

 

Eukaryotic cation:chloride co-transporters (CCCs) belonging to the SLC12 family can be divided 

into three subclasses: the sodium:potassium:chloride (NKCCs, SLC12A1-2), sodium:chloride 

(NCC, SLC12A3) and potassium:chloride (KCCs, SLC12A4-7) co-transporters. Furthermore, there 

are two orphan transporters CCC9 (SLC12A8) and CIP1 (SLC12A9) (Arroyo et al, 2013). The Cl
–
 

translocation by CCCs is secondary active, driven by Na
+
 and/or K

+
 gradients established by the 

plasma membrane Na
+
-K

+
-ATPase (Markadieu & Delpire, 2014; Payne, 2012). NKCCs transport 

K
+
 and Cl

–
 into cells coupled to Na

+
 influx, NCC transports Na

+
 and Cl

–
 into cells, whereas KCCs 

extrude K
+
 and Cl

–
 out of cells (Hebert et al, 2004). All the characterized co-transporters are 

electroneutral and are important for maintaining cellular Cl
–
 balance and cell volume in numerous 

different cell types (Delpire & Gagnon, 2018). NCC and NKCC2 activity in the kidney are 

important for maintenance of NaCl homeostasis and hence blood pressure regulation (Arroyo et al., 

2013), with NKCC2 also important for NH4
+
 reabsorption and acid-base homeostasis (Markadieu & 

Delpire, 2014). Maintenance of cellular Cl
–
 balance by CCCs in the central nervous system is not 

only important for neuronal proliferation and differentiation, but it determines the strength of 

inhibitory, hyperpolarizing neurotransmission by glycine- and GABA-gated chloride channels, 

respectively (Blaesse et al, 2009) or even reverse polarities. NKCC1 also inhibits the leucine 

transporter LAT1 and Akt/Erk pathways and mTORC1 activation (Demian et al, 2019), thereby 

creating a connection between cell volume and cell mass regulation. The importance of CCCs is 

highlighted by numerous diseases, with inactivating mutations of NKCC2 leading to type I Bartter’s 

syndrome (Simon et al, 1996a), mutations of NCC causing Gitelman syndrome (Ji et al, 2008; 

Simon et al, 1996b), both characterized by reduced K
+
 levels in blood and elevated blood pH. 

Mutations of KCC3 cause Andermann syndrome, a severe neurodegenerative disorder (Arroyo et 

al., 2013). NKCC1 mutations are also linked to impaired hearing and neurodevelopment 

(Koumangoye et al, 2021). Furthermore, improper functioning of CCCs are associated with various 

neurological and psychiatric disorders, such as epilepsy, neuropathic pain, anxiety, cerebral 

ischemia, autism and schizophrenia (Jaggi et al, 2015).    

 

Recently, cryo-EM structures of the dimeric NKCC1 (Chew et al, 2019; Yang et al, 2020; Zhang et 

al, 2021), KCC1 (Liu et al, 2019), KCC2 (Chi et al, 2021; Xie et al, 2020), KCC3 (Xie et al., 2020)
 

(Chi et al, 2020) and KCC4 (Xie et al., 2020) transporters as well as a monomeric structure of 
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KCC4 (Reid et al, 2020) have described the three-dimensional architecture of these transporters, 

their fold and the potential localization of their Na
+
 and/or Cl

–
 binding sites. All these structures 

present the transporters in their partially occluded inward-facing conformation with substrates still 

occupying the binding pockets. They contain 12 transmembrane (TM) helices with an inverted 

pseudo-twofold symmetry between TM1-5 and TM6-10, first identified as the LeuT-fold 

(Yamashita et al, 2005). TM helices 1 and 6 contain non-helical junctions in the middle that allow 

for independent movement of the intracellular and extracellular halves to expose or close the 

substrate-binding sites to solvent access in an ‘alternating access’ manner (Joseph et al, 2019). 

Despite coming from two distinct vertebrates with only 74.2% sequence identity, the K
+
 and Cl

– 

binding sites in zebrafish (Danio rerio, zNKCC1) and human NKCC1 (hNKCC1) are fully 

conserved, highlighting the importance of specific residues for interacting with the transported ions 

(Chew et al., 2019; Yang et al., 2020). The regulatory N-terminal domain in hNKCC1 is 77 amino 

acid residues longer than in zNKCC1 (285 vs 208 residues) and is disordered in nature
12

. Crystal 

structures of the regulatory C-terminal domain of a bacterial NKCC1 homologue (Warmuth et al, 

2009) and of the eukaryotic C-terminal domain of KCC1 have provided further insight into the 

regulatory mechanisms of CCC transporters (Zimanyi et al, 2020). 

 

Structural studies of amino acid-polyamine-organocation (APC) transporters adopting the LeuT 

fold have provided extensive insight and understanding of their transport mechanisms, substrate 

specificity, ion coupling and inhibitory action. Since the first LeuT crystal structure (Yamashita et 

al., 2005), several other SLC6 structures (MhsT (Malinauskaite et al, 2014), dDAT (Penmatsa et al, 

2013), SERT (Coleman et al, 2016), B0AT1 (Yan et al, 2020), GlyT (Shahsavar et al, 2021)) have 

been determined in a variety of different conformational states and in complex with substrates or 

inhibitors. Additionally, structures of sequence-unrelated, but LeuT fold adopting SLC families 

have also been described, e.g. vSGLT (SLC5) (Faham et al, 2008; Watanabe et al, 2010), GkApcT 

(SLC7) (Jungnickel et al, 2018), ScaDMT (SLC11) (Ehrnstorfer et al, 2014), NKCC1 (SLC12) 

(Chew et al., 2019; Yang et al., 2020; Zhang et al., 2021) and SiaT (SLC35) (Wahlgren et al, 

2018). Interestingly, despite minimal sequence similarity between different APC transport families, 

mechanistic aspects of Na
+
 dependent transport seem to be retained among many of them. All the 

transporters contain two domains: the bundle domain comprising TM 1-2 and TM 6-7 that performs 

the main conformational changes throughout the transport cycle, and the scaffold domain 

encompassing TM 3-4 and TM 8-9 that stays almost rigid throughout the functional cycle. This is 
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often referred to as a rocking bundle mechanism (Forrest et al, 2011; Forrest & Rudnick, 2009). 

Ligand and ion binding sites are localized at the interface of the scaffold and bundle domain and 

binding/release of specific ligands control bundle movements and coupling (Zhang et al, 2018).  

For the well-characterized SLC6 transporters, binding of extracellular Na
+
 at the Na2 site (which 

also corresponds to the expected Na
+
 binding site of NKCC1) stabilizes outward-facing states, 

followed by subsequent binding of substrates at S1 and the Na1 site. The Na
+
 and substrate bound 

state can then explore conformational changes towards the inward-facing state (Ben-Yona & 

Kanner, 2009; Claxton et al, 2010; Fenollar-Ferrer et al, 2014; Kazmier et al, 2014; Tavoulari et al, 

2016; Zhao et al, 2010), where Na
+
 release from the Na2 site to the cytoplasm (Malinauskaite et al., 

2014) leads further to the inward-open state, where substrates are released from the S1 and Na1 

sites (Krishnamurthy & Gouaux, 2012). The main substrate alone has no effect on the 

conformational state without sodium ions present, and the Na2 site is a crucial structural element 

for cytoplasmic occlusion and opening (Tavoulari et al., 2016).  

 

Here, we present a cryo-EM structure of the full-length human NKCC1 transporter in an occluded, 

inward-oriented state in complex with K
+
, two Cl

–
 ions and Na

+
 (Fig. S1A-B). Using the high-

resolution maps coupled to functional analysis in mammalian cells we characterize the ion and 

solvent binding sites of NKCC1, and further explore substrate specificity, coupling and release of 

ions in NKCC1 and their relationship to other CCCs. We also investigate the potential function of 

the Na
+
 release pathway leading to the cytoplasmic environment and make comparisons of the 

NKCC1 structure with SLC6 type transporters matching similar structural states and sites.
 

 

Results 

 

NKCC1 cryo-EM determination 

 

We collected cryo-EM data of hNKCC1, which combined with single-particle analysis, resulted in a 

2.6 Å reconstruction of the transmembrane domain of human NKCC1 in its occluded, inward-

facing, substrate-bound conformation. i.e. a state preceding release of substrates to the cytoplasm 

(Fig. 1A). In three individual data sets, single particle images were extensively cleaned through 

multiple rounds of 3D classification before high-resolution reconstructions were obtained from 3D 

auto-refinement of Bayesian polished particles. Inspection of the reconstructions from the 
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individual data sets revealed the same state of hNKCC1, thus we merged data into a single stack of 

256,791 particle images to obtain a higher-quality reconstruction (Fig. EV1, EV2 and EV3). Similar 

to other NKCC1 cryo-EM structures (Chew et al., 2019; Yang et al., 2020; Zhang et al., 2021), the 

N-terminal domain could not be identified in the map. The regulatory cytoplasmic domain (aa 756-

1212) appears to be flexible and despite extensive attempts for classification in cryoSPARC 

(Punjani et al, 2017) and the use of multibody refinement in RELION (Nakane et al, 2018), it 

appeared only at low resolution locally (7-8Å). However, it confirmed an overall asymmetric 

configuration of the transmembrane domains (Fig. 1A and EV3C). The cytoplasmic domains were 

masked out along with the detergent micelle and the refinement was focused on the transmembrane 

part of the transporter (Fig. EV1 and EV2). 

The resolution of the final map was high enough to clearly identify non-protein features 

corresponding to a K
+
 ion and two Cl

–
 ions. Density at the Na

+
 binding site appears at a lower, but 

significant contour level, indicating that the Na
+
 site is also occupied and saturated at the 200 mM 

Na
+ 

concentration of the purification buffer. When compared to the well-characterized SLC6 type 

amino acid transporters LeuT (Gotfryd et al, 2020) and MhsT (Malinauskaite et al., 2014), it is 

clear that despite different substrates the substrate binding sites are similar and hence the 

mechanisms of Na
+
 coupled transport appear mutually informative.  

 

 

Lipid and cholesterol binding to hNKCC1 

 

The overall predicted LeuT-fold topology and dimeric architecture of the transmembrane region of 

the determined hNKCC1 are presented in Fig. 1B-C. Similar to zNKCC1 (Chew et al., 2019), our 

three-dimensional EM map revealed the presence of seven lipid molecules bound at the central cleft 

with either one or both acyl chains inserted between the two protomers (Fig. 1C-D). One lipid is 

placed directly on the C2 symmetry axis, whereas the remaining lipid molecules cluster in two pairs 

of 3 annular lipids found on opposite sides of the interface.  

The EM map identified three cholesterol binding sites per NKCC1 protomer at the transporter 

surface, corresponding to the outer leaflet of the plasma membrane (Fig. 1C). Therefore, we 

decided to model cholesteryl hemisuccinate molecules (CHS, used in the solubilization and 

purification) into the densities. The first CHS molecule was found close to the dimer interface, 

binding at a groove formed between TM2 and TM6a with its 𝛼-face forming a 𝜋-𝜋 interaction with 
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F487 on TM6a. The CHS molecule is also accommodated by aromatic residues on TM6a (F488 and 

F491), in addition to F481 on EL3 and non-polar residues (L319, L322, V323, V329) on TM2 (Fig. 

1E). The second CHS molecule interacts with hydrophobic residues on TM2 (V532, V534 and 

V538), TM5 (F449, V450 and F454) and F473 on EL3 and it forms a  𝜋- 𝜋 interaction with Y468 

on EL3 (Fig. 1F). A third potential CHS molecule was identified in close proximity, interacting 

hydrophobically with the second CHS molecule, the non-polar V450 and I451 on TM5 and forming 

a  𝜋- 𝜋 interaction with F454 on TM5 (Fig. 1G). The molecule was, however, not modelled into the 

map. Assuming that hNKCC1 translocates its substrates using the rocking bundle mechanism 

similarly to other transporters adopting the LeuT-fold, the three CHS molecules appear to stabilize 

the inward-facing conformation of the transporter by both blocking movement of the extracellular 

parts of the bundle domain (TM2, TM5, TM6a) and disfavoring transitions to the outward-facing 

conformation with an open extracellular vestibule. Comparison of the unmodelled densities from 

the deposited KCC3 cryo-EM structure (Chi et al., 2021) reveal that all three cholesterol binding 

sites are conserved, despite different amino acid composition within these sites (Fig. S1D and E). A 

potential fourth cholesterol binding site could also be identified in KCC3 (Fig. S1F), where a 

cholesterol molecule can be accommodated in a groove formed by TM5 and TM7. Therefore, it 

seems that cholesterol might be of importance for both sodium-dependent and sodium-independent 

CCC transporters, stabilizing the substrate releasing state of NKCC1 and the substrate loading state 

of KCC transporters. These observations also support the association of both NKCC1 and KCC2 

with cholesterol rich lipid rafts in the plasma membrane, where cholesterol could regulate their 

transport cycle (Hartmann et al, 2009).  

 

Sodium ion binding site and its role in ion coupling 

 

In hNKCC1, the Na
+
 ion is coordinated by the main chain carbonyl oxygen of W300 and L297 on 

TM1 of the bundle domain, and the side chain hydroxyl groups of S613 and S614 and the main 

chain carbonyl oxygen of A610 on TM8 of the scaffold domain (Fig. 2A). This corresponds to the 

Na2 driver site of SLC6 type transporters like LeuT, dDAT, GlyT1, SERT and MhsT (Yamashita et 

al., 2005) (Fig. 2C). Contrasting the previously described zNKCC1 and hNKCC1 structures (Chew 

et al., 2019; Yang et al., 2020; Zhang et al., 2021), we consider the Na
+
 bound hNKCC1 as an 

occluded inward-oriented conformation, which represents a trapped intermediate preceding Na
+
 and 

subsequently K
+
 and Cl

–
 release to the cytoplasmic environment. When comparing our hNKCC1 to 
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the SLC6-type transporters MhsT and LeuT in forms that also adopt this inward-oriented and 

occluded state, we find striking similarities (Fig. 2C and Fig. S2). Most notably, we observe a clear 

candidate release pathway for Na
+
 that extends from the Na

+
 binding site to the cytoplasm along 

TM5. This pathway represents the critical, first encounter of the Na
+ 

site with the cytoplasmic 

environment, leading to subsequent solvation and release of Na
+
 into the low-sodium cytoplasmic 

environment, hence defining the vectorial flow of transport. Defining the dynamics and functional 

properties of this pathway would provide key characteristics of NKCC1 function.  

 

Water molecules are found within the intracellular vestibule, but in contrast to the occluded, 

inward-facing structure of MhsT (Malinauskaite et al., 2014), our hNKCC1 structure shows no 

solvation of the Na
+
 site, like the occluded LeuT structures (Malinauskaite et al, 2016; Yamashita et 

al., 2005) (Fig. 2 and Fig. S3). The MOLE2.5 program was used to identify and analyze potential 

intracellular exit pathways (Berka et al, 2012) (Fig. 2E), as also described previously for 

hNKCC1
K289N_G351R 

(Yang et al., 2020). Interestingly, intracellular pathway 1 is lined by E429 and 

E431 (predicted pKa-values of 4.6 and 4.5 by PROPKA, i.e. both negatively charged at pH 7.5) at 

the cytoplasmic interface (Fig. 3A). These residues are conserved in hNKCC1, hNKCC2 and 

hNCC, but absent in the sodium-independent KCC transporters (Fig. 3C). Thus, they may act as 

internal “gatekeepers” that attract the Na
+
 ion from the binding site into the cytoplasmic 

environment, in a similar manner to as observed in cation channels (Doyle et al, 1998). Bacterial, 

but not mammalian, SLC6 transporters contain a conserved glutamate residue at a similar position 

to E429 (E192
LeuT

) that interacts with and escorts the Na
+
 out of the transporters (Shaikh & 

Tajkhorshid, 2010) (Fig. 3B). This residue also corresponds to the conserved D182 in vSGLT 

(SLC5) that also facilitates Na
+
 diffusion (Li & Tajkhorshid, 2009). To probe further a putative role 

of E429 and E431 in Na
+
 release for hNKCC1, Tl

+
 influx experiments (mimicking K

+
 uptake) were 

performed in mammalian cells expressing wild-type hNKCC1 or various hNKCC1 mutants. The 

relative rate of Tl
+
 influx was significantly lower for E429A, E431A and E431Q mutants when 

compared to wild-type hNKCC1. Additionally, there was no statistically significant difference 

between the relative transport rates of E431A (mutation to a non-polar residue without a negative 

charge) and E431Q mutants (mutation to a polar residue without a negative charge) (Fig. 3D). 

Together these results suggest important roles of E429 and E431 in hNKCC1 activity. Cell-surface 

expression of wild-type hNKCC1 and hNKCC1 mutants were not significantly different, indicating 
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that the altered activity observed with the mutants is not due to altered association of the mutant 

protein with the plasma membrane (Fig. EV4C-D). 

 

The hNKCC1 structure revealed interactions between R294 on TM1a and Q435 on TM5 (Fig. 3A). 

Similar interactions are found in SLC6 structures with a sealed intracellular side, corresponding to 

the outward-oriented states of LeuT (Yamashita et al., 2005) and the occluded inward-facing 

structure of MhsT (Fig.3 and Fig. S3) (Malinauskaite et al., 2014). The arginine and glutamine 

residues in hNKCC1 are exclusively conserved in sodium-dependent CCCs suggesting that they are 

important for Na
+
 transport, with potentially a similar function to SLC6 transporters (Fig. 3C). 

Consistent with this model, a R294A mutant has reduced transport activity relative to wild-type 

NKCC1 (Yang et al., 2020). K289 on TM1 is also conserved in the sodium-dependent CCCs, 

providing a potential interaction partner for one of the two conserved glutamate residues on TM5 in 

outward-facing conformational states, where the intracellular side is fully sealed.   

 

Sequence alignment of the CCCs reveals no helix-breaking motif in the intracellular half of TM5, 

suggesting that TM5 stays intact in the SLC12 family, unlike for SLC6 transporters  (Malinauskaite 

et al., 2014) (Fig. S4). This indicates that NKCC1, NKCC2 and NCC have different dynamics for 

Na
+
 site solvation and Na

+
 release, potentially involving a more pronounced movement of TM1a 

(Fig. S3).  

 

Coupling network within the main substrate binding pocket  

The substrate site in hNKCC1 accommodates a K
+
 and Cl

–
 ion, as previously demonstrated for the 

zNKCC1 (Chew et al., 2019), hNKCC1 (Zhang et al., 2021), hKCC1 (Liu et al., 2019), hKCC2 

(Chi et al., 2020), hKCC3 (Chi et al., 2020) and hKCC4 (Reid et al., 2020; Xie et al., 2020) by 

coordination chemistry and molecular dynamics (MD) simulations. The K
+ 

ion is coordinated by the 

carbonyl oxygens of N298, I299, T499, P496 and the hydroxyl groups of Y383 and T499 (Fig. 4A). 

Y383 seems to have an important role in substrate specificity, as relative to NKCCs and KCCs, the 

conserved site in NCC (not transporting K
+
) is a histidine residue, which may substitute for K

+
 (Fig. 

4C) (Hartmann & Nothwang, 2014). Previous functional studies demonstrated that mutation of the 

tyrosine residue results in impairment of transport of the human NKCC1 (Somasekharan et al, 

2012). The corresponding Y108
LeuT

 and Y176
SERT

 are crucial residues for substrate induced 

conformational change from the outward-facing to the inward-facing states in SLC6 transporters 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 12, 2021. ; https://doi.org/10.1101/2021.11.11.468215doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.11.468215
http://creativecommons.org/licenses/by-nc/4.0/


 9 

and participate in an interaction network between the bundle (TM 6 and 7) and scaffold domain 

(TM 3) in the extracellular pathway (Zhang et al., 2018) (Fig. 4B). In hNKCC1, this network 

involves Y383 on TM3 that coordinates the K
+
 ion as well as T499 on the unwound part of TM6. 

Highlighting the importance of these residues, Tl
+
 influx in mammalian cells expressing hNKCC1 

Y383F and Y383S mutants was impaired when compared to wild-type hNKCC1 (Fig. 4D), despite 

similar cell-surface expression of the mutants and wild-type NKCC1 (Fig. EV4 C-D).  

On the opposite side of the binding pocket, Y533 on the bundle domain of TM7 interacts with A497 

on TM6 as well as the Cl
–
 ion through a water-mediated interaction (Fig. 4A). A substrate site 

coordination network has previously been described for the SLC6 transport family (Zhang et al., 

2018). However, in contrast to the Y533 on TM7 in hNKCC1, the prokaryotic SLC6 homologues 

contain a conserved E290
LeuT

 on TM7 and eukaryotic SLC6 transporters contain a serine residue on 

TM7 that interacts with TM6 through a chloride ion (Coleman et al., 2016; Penmatsa et al., 2013). 

TM6 of SLC6 transporters interacts with the Na
+
 ion at Na1 and the amine group of the amino acid 

substrate. Therefore, it seems that Y533 of hNKCC1 undertakes a role that is similar to both 

E290
LeuT

 (or a Cl
–
 site) and the Na1 sodium ion in SLC6 transporters. Supporting that this tyrosine 

residue is crucial for proper substrate translocation by NKCC1, replacing Y533 in hNKCC1 with a 

phenylalanine or glutamate residue abolishes Tl
+
 influx in transfected mammalian cells (Fig. 4D). 

Second chloride binding site (Cl2) is solvated 

Besides the Cl
–
 ion bound at the main substrate site, NKCC1 transports a second Cl

–
 ion 

accommodated at the Cl2 binding site further towards the cytoplasmic interface. The Cl
–
 ion is 

coordinated by Y686 on TM10 and additionally, it interacts with the unwound part of TM6 (Fig. 

5A). In contrast to the conservation of the Na2 binding site throughout most APC transporters, the 

two Cl
–
 sites present in hNKCC1 are not found in any other APC transporters. Interestingly, the Cl2 

site of hNKCC1 superimposes with the carboxylate side chain group of a strictly conserved 

glutamate residue on TM2 of SLC6 transporters (e.g. E136
SERT

 and E62
LeuT

), which is important for 

substrate transport and conformational changes (Chen et al, 2001; Korkhov et al, 2006; Sen et al, 

2005; Sucic et al, 2002) (LeuT shown in Fig. 5B). Replacement of Y686 with a serine or glutamate 

residue substantially reduces transport activity of NKCC1 indicating that the residue is crucial for 

coordination of the chloride ion and maintaining the coupling network between the main binding 

pocket and distal parts of the transporter (Fig 5E). In hNKCC1, the Cl
–
 ion bridges an interaction 
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between TM10 and TM6, whereas the conserved glutamate residue of SLC6 transporters connects 

TM2 with TM6 and interacts with another glutamate on TM10 (e.g. E508
SERT

 and E419
LeuT

). An 

interaction between TM2 and TM10 is also present in CCC transporters as N690 in hNKCC1 on 

TM10 interacts with two residues on TM2 (S337 and T334) (Fig. 5A and C). Importantly, and in 

contrast to the unsolvated sodium ion, the Cl
–
 ion bound at Cl2 interacts with cytoplasmic water 

molecules (Fig. 5A).  

 

Substrate release 

The well-defined ion binding sites with solvation of the Cl2 site prompted us to investigate the 

substrate-bound complex by MD simulations. We performed twenty independent all-atom MD 

simulations of the transmembrane domain of our dimeric hNKCC1 embedded into a mixed lipid 

bilayer consisting of phosphatidylcholine (POPC)/phosphoethanolamine (POPE)/cholesterol at a 

ratio of 2:2:1, resulting in 8 μs accumulated trajectories. In agreement with observation of hydration 

of Cl
–
 at the Cl2 site, the solvated Cl

–
 ion was not stably bound and was able to leave its binding 

site for tens of ns and exchange for solvent Cl
–
 ions. However, in contrast to the reversible release 

of Cl
–
, a subsequent release of the Na

+
 ion after release of the Cl

–
 ion from Cl2 marks a point of no 

return, and neither the Cl
–
 or the Na

+
 ions will rebind to their respective sites thereafter. 

Additionally, in some of our simulations we also observed that the K
+
 substrate and the Cl

–
 ion at 

Cl1 site left the binding sites almost at the same time, although complete substrate release events in 

the hNKCC1 dimer were rarely observed probably due to limited simulation time (200 ns for each) 

(Fig. 3E). Our atomistic MD simulations support a substrate release order in which Cl
–
 at Cl2 site 

first releases, then Na
+
, and lastly Cl

–
 at the Cl1 site and K

+
 in a cooperative manner.  

Discussion 

Structures of NKCC1 (Chew et al., 2019; Yang et al., 2020; Zhang et al., 2021) and KCC1-4 (Chi 

et al., 2021; Liu et al., 2019; Reid et al., 2020; Xie et al., 2020) indicate that the SLC12 family 

belongs to the APC superfamily with a LeuT-fold architecture (Fig. 1A). Here, we report a higher 

resolution structure of human NKCC1 in the substrate-bound form adopting an inward-oriented and 

occluded state. The Na
+
 ion of NKCC1 binds at the conserved Na2 site, the K

+
 and Cl

–
 ion (Cl1) 

bind at the general substrate binding pocket of the APC superfamily and the second Cl
–
 ion (Cl2) is 

found at the same location as a conserved glutamate residue of SLC6 transporters.  
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Our cryo-EM maps revealed the presence of interfacial lipids, which are also found in the zNKCC1 

structure (Chew et al., 2019). These interfacial lipid molecules appear to be of great importance for 

stabilization of the transporter in its oligomeric state, as we experienced that hNKCC1 only retained 

its dimeric architecture when solubilized and purified in mild detergents like lauryl maltose 

neopentyl glycol (LMNG) and glyco-diosgenin (GDN), but not the de-lipidating n-dodecyl-𝛽-D-

maltopyranoside (DDM). These findings are different from the dimeric KCC transporters that 

appear to be less lipid-dependent, with DDM routinely used for protein handling without disruption 

of the oligomeric state (Chi et al., 2021; Liu et al., 2019). This may be a result of the different 

oligomeric arrangements of the protomers in the transmembrane region of NKCC1 vs KCC 

structures. The dimers of sodium-independent CCCs rely on stronger interactions between the 

cytoplasmic domains, with weaker interactions between the transmembrane regions due to a larger 

distance between the two protomers (Fig. S1C) (Chew et al., 2019; Chi et al., 2021; Xie et al., 

2020). Other transporters with low oligomeric stability, like LeuT from Aquifex aeolicus or NhaA 

from Escherichia coli, also contain lipids at their dimer interfaces that can easily be broken down 

by delipidating the protein or mutating residues within the lipid binding sites (Gupta et al, 2017). In 

addition to the crucial interfacial lipids, our cryo-EM map revealed presence of three cholesterol 

molecules per protomer, all localized at the extracellular part of the cotransporter, locking it in an 

inward-facing conformation. Interestingly, a similar regulatory role of cholesterol was suggested for 

the human serotonin transporter and the Drosophila melanogaster dopamine transporter (Coleman 

et al., 2016; Penmatsa et al., 2013), but these two transporters were stabilized in their outward-

facing conformations. Cholesterol depletion induced an inward-facing conformation of the 

serotonin transporter changing the substrate affinity, turnover rate and maximum transport velocity 

(Laursen et al, 2018). Whether cholesterol depletion can provide an experimental approach to 

generate structural information of NKCC1 in an outward-orientated manner remains to be 

determined. 

Although substrates of the CCC family are much smaller than substrates translocated by other APC 

transporters, the important coordination networks bridging between the scaffold and bundle domain 

remain strikingly similar. The Y383 residue on TM3 that is crucial for the LeuT transporter (Zhang 

et al., 2018) is conserved within the CCC family, with the exception of NCC where it is replaced 

with a histidine residue that likely undertakes the role of the missing K
+
 substrate. Similar 

substitutions are observed in, for example, the sodium independent APC transporters where a 

positively charged basic residue on TM5 replaces the role of the Na
+
 ion or in the case of 
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prokaryotic SLC6 transporters, where a Cl
–
 ion present in eukaryotic transporters is substituted by a 

glutamate residue on TM7 (Coleman et al., 2016; Penmatsa et al., 2013). The coordination network 

is important for proper coupling between the main substrate and driving ion and therefore it is often 

conserved between APC transporters with drastically different substrates. The SLC11 family of 

divalent metal ions is an example of transporters that do not have this network, resulting in both 

coupled and uncoupled movements of either of the substrates (Mackenzie et al, 2006). A crystal 

structure of ScaDMT in complex with Mn
2+

 reveals that even though the architecture of the main 

binding pocket is strikingly similar to the binding pocket of NKCC1, substrate coordination is only 

maintained by the bundle domain (Ehrnstorfer et al., 2014).   

The Na
+
 binding site is highly conserved throughout sodium-dependent APC transporters (Fig. 

S5A-C) (Faham et al., 2008; Khafizov et al, 2012; Krishnamurthy et al, 2009; Malinauskaite et al., 

2014; Penmatsa et al., 2013; Perez et al, 2012; Weyand et al, 2008; Yamashita et al., 2005). The 

crucial role of the Na2 site seems also to be retained in many sodium-independent transporters 

adopting the LeuT-fold (Fig. S5D-F). Crystal structures revealed that these transporters often 

contain a charged amine group at this location that undertakes the role of the Na
+
, creating a link 

between TM1 and TM8 (e.g. R262 of CaiT (Kalayil et al, 2013), K158 in ApcT (Shaffer et al, 

2009) and K154 in BasC (Errasti-Murugarren et al, 2019) ). Contrastingly, KCC transporters do not 

contain any basic residues near the Na2 site, thereby suggesting a different mechanism than in other 

sodium-independent APC transporters. The lack of Na
+
 coupling is reflected in the transport 

directionality of KCC transporters that translocate a K
+
 and Cl

–
 ion from the cytoplasm to the 

extracellular space (Fig. 2B and S6A). Structure superposition of hNKCC1 and the hKCC1 revealed 

a slight 2-3 Å displacement of TM8 that might impact Cl
–
 coupling at the Cl2 site, as KCC 

transporters only transport one K
+
 and one Cl

– 
(Fig. S7A and B) (Liu et al., 2019). Interestingly, in 

close proximity to the Na2 site, L297
hNKCC1

 is substituted with Q130
hKCC1

 in KCC1 on TM1, and 

L616
hNKCC1

 is substituted by Q521
hKCC1

 on TM8. Together with N131
hKCC1

 these residues could 

create a flexible hydrogen bond network linking TM1 and TM8 in the outward-facing conformation 

of KCCs that stabilizes the interface between the bundle and scaffold domain (Fig. S6B). These 

substitutions are not present in any of the sodium-dependent CCC transporters (Fig. S6C).  

The Cl2 binding site of hNKCC1 and other CCC’s is placed towards the cytoplasm and bridges 

between TM10 and the unwound part of TM6, in a similar way as the crucial glutamate residue on 

TM2 does in SLC6 transporters. For SLC6 type transporters such as LeuT and SERT, the 
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interaction between E62
LeuT

 or the equivalent E136
SERT

 and the unwound junction of TM6 is 

maintained throughout all the known states, highlighting the importance of this interaction (Focht et 

al, 2021). It seems that the Cl
–
 ion together with Y686

hNKCC1
 replaces the role of E62

LeuT
 and allows 

for transport translocation. The coordination network between TM2-TM10- Cl
–
-TM6 in NKCC1 

therefore appears to play the same role as the TM10-TM2-water-TM6 network within SLC6 

transporters connecting the main binding site to distal rearrangements of the transporter. The close 

interactions between TM10-TM2 and TM6 mediated through a glutamate-water network (SLC6) or 

a Cl
–
 ion (SLC12) cannot be found in other APC families. Interestingly, structural analysis revealed 

that other transporters use different interaction types in order to maintain the interactions between 

these helices. For vSGLT (SLC5) a phenylalanine on TM10 and a second phenylalanine on the 

unwound part of TM6 make 𝜋- 𝜋 interactions. Additionally, TM10 and TM2 contain a number of 

aromatic residues (F447
vSGLT

, Y101
vSGLT

 and F102
vSGLT

) potentially interacting hydrophobically 

and bringing these two helices in close proximity (Fig. S7 A). In a similar manner the GkApcT 

(SLC7) transporter contains two aromatic residues maintaining the interaction between TM10 and 

TM6, whereas the TM2-TM10 interaction is maintained by a salt bridge (Fig. S7 B).  

Both Cl
–
 sites of NKCC1 are conserved in KCC transporters, with published KCC structures having 

both sites occupied (Fig. 5D) (Liu et al., 2019) despite KCCs transporting only one Cl
–
 ion. 

Interestingly, mutagenesis of residues coordinating either of the two Cl
–
 ions impair transport, 

suggesting that both Cl
–
 sites are required (Liu et al., 2019). This indicates that the Cl2 site in 

SLC12 transporters also displays integral, functional properties similar to the conserved glutamate 

of TM2 in SLC6 transporters (e.g. Glu136
SERT

). We speculate that this site is adapted for a Cl
–
 

sensory function in KCC transporters, which activates Cl
– 

efflux at high cytoplasmic concentrations 

of chloride and oppositely blocks efflux at low cytoplasmic Cl
–
 concentrations. 

 

Structural characterization of hNKCC1 allowed us to generate a homology model of the 

transmembrane part of hNCC and analyze its ion coupling mechanisms and binding site specificity. 

As mentioned, NCC contains a histidine residue (H234
NCC

) instead of the crucial tyrosine on TM3 

of NKCC and KCC that coordinates the K
+
 ion (Fig. 4C). In its protonated, positively charged state, 

the histidine residue could replace the K
+
 ion transported by other CCC transporters in a similar 

manner as a positively charged arginine or lysine residue performs the function of the Na
+
 ion at the 

Na2 site in sodium-independent APC transporters (Fig. S5D-F). Moreover, the central localization 

on TM3 would still allow the histidine residue to participate in the important coordination network 
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within the main binding pocket and maintain the high substrate selectivity and coupling. As 

expected, the Na2 binding site in NCC is also fully conserved compared to NKCC1 and NKCC2 

(Fig. 2D), because NCC also uses Na
+
 coupling to drive Cl

–
 movement from the extracellular space 

to the cytoplasm. Surprisingly, however, sequence alignment and the homology model indicate that 

both Cl
–
 sites are again conserved (Fig. 5D). It is possible, that two Cl

–
 ions might be required to 

bind in order to allow the transporter to go through different conformations or Cl
– 

may have an 

inhibitory effect at high cytoplasmic Cl
– 

concentrations. Interestingly, earlier studies of NKCC1 

have provided evidence that the two Cl
– 

binding sites are nonequivalent and exhibit different Cl
–
 

affinities: a low Cl
–
 affinity site was identified closer to the cytoplasm and in near proximity of the 

Na
+
 site (corresponding to the Cl2 site in our structure: Km= 55.3 mM) and a high Cl

–
 affinity site 

found closer to the extracellular environment and in close proximity to the K
+
 site (corresponding to 

the Cl1 site in our structure: Km=5.1 mM). In addition to the significant difference in Cl
– 

affinity 

between the two sites, it was also shown that the binding characteristics of the two sites are very 

different, as Cl2 only was able to bind and transport Cl
–
 ions, whereas Cl1 could also bind and 

transport NO3
–
 and SCN

–
 in addition to Cl

–
 (Brown & Murer, 1985; Kinne et al, 1986; Russell, 

2000; Turner & George, 1988). We speculate, that if the two predicted Cl
–
 sites in NCC exhibit 

similar properties as NKCC1, one of the sites might act as a substrate site, whereas the second site 

with lower Cl
–
 affinity could function as a regulatory site and only allow transport when the 

cytoplasmic Cl
–
 concentration is low.  

For the SLC6 transporters the Na
+
 ion is released first to the intracellular environment followed by 

the remaining substrates (Li et al, 2019; Malinauskaite et al., 2014). Contrastingly, our high-

resolution cryo-EM map of hNKCC1 demonstrated solvation of the Cl
– 

ion bound at the Cl2 site, 

but not of the Na
+
 ion. Independently, our MD simulations of NKCC1 revealed that the Cl

–
 ion is 

the first to be released, but its release is not a determining step in transport as it is observed to bind 

reversibly. However, when the Na
+
 ion leaves as a second event in NKCC1 dynamics, none of the 

released ions rebind, and later the K
+
 and Cl

–
 ion at the main substrate cavity leave and the 

transporter is ready for return to the outward-open conformation (Fig. 3E). We also identified a 

possible Na
+
 release pathway along TM5 (Fig. 2E) lined with two glutamate residues at the opening 

of the cavity that attract and escort the  Na
+
 ion to the cytoplasmic environment. Previous reports 

established that the deactivating phosphorylation of the C-terminus of sodium-independent KCC 

transporters leads to autoinhibition by blockage of pathway 1 and partially pathway 2 by a 26 

residues long part of the flexible N-terminus (Xie et al., 2020). Alternatively, the activating 
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phosphorylation of NKCC1 was hypothesized to interact with the intracellular cytoplasmic domain 

of the transporter, disrupting a condense, inactive state (Monette & Forbush, 2012; Zhang et al., 

2021). We speculate that the lack of TM5 unwinding along pathway 1 together with absence of 

helix-breaking motifs in the intracellular part of TM5 (Fig. S4), might be replaced with a more 

pronounced movement of TM1a during substrate release due to activating phosphorylation of the 

N-terminus. 

Interestingly, there is no consensus in the field about the potential substrate release mechanism of 

CCC transporters. Two different substrate binding and release models were proposed previously 

(Delpire & Gagnon, 2011; Lytle et al, 1998). In the so-called ‘glide-symmetry’ model, the outward-

facing conformation of NKCC1 first binds the Na
+
 ion, then the Cl

– 
at the Cl2 site, followed by K

+
 

and Cl
–
 from Cl1 site. Then in the inward-facing state, the substrates are released in the same order 

(Lytle et al., 1998). The ‘steady state’ model, on the other side, suggests that the outward-open state 

first binds Cl
–
 at the Cl2 site, then the Na

+
 ion, followed by the second Cl

–
 ion at the Cl1 site and 

the K
+
 ion, whereas the substrates are released a reverse order to the cytoplasmic environment 

(Delpire & Gagnon, 2011). The substrate release mechanism proposed in our work does not fit any 

of the two hypothesized substrate release mechanisms. Intracellular release of Cl
–
 from Cl2 prior to 

the Na
+
 ion was independently observed, first by visualization of the intracellular solvation network 

of hNKCC1 leading to hydration of the Cl
–
 but not the Na

+
 ion, and secondly by use of MD 

simulations where the Cl
–
 ion was shown to leave the transporter before the Na

+
 ion. We speculate 

that the observed reversibility of Cl
–
 binding and unbinding at Cl2 found in our MD simulations 

might have prevented proper evaluation of the substrate release order in the previously published 

studies. Interestingly, if the ‘steady state’ model assumed glide-symmetry instead of mirror-

symmetry, as found for other LeuT-fold transporters,  the mechanism would fit well with our 

findings. However, we cannot exclude that our release model might have been impacted by 

limitations of the cryo-EM approach applied. For example, extraction of the transporter from the 

native membrane followed by detergent-based protein purification changes the system significantly 

when compared to the natural environment of NKCC1 in cells. Furthermore, a lack of other cell 

components, protein interaction partners, alterations in fluid composition (needed to stabilize the 

isolated protein) or a lack of membrane potential might have a pronounced effect on the transport 

dynamics. Therefore, further structures of the CCCs in different conformational states are still 

needed to properly understand the substrate binding and release events. 
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In conclusion, SLC12 transporters are of great importance for proper functioning of all organisms 

ranging from humans and vertebrate animals through plants (Colmenero-Flores et al, 2007) and 

fungi to insects, worms and cyanobacteria  (Hartmann et al, 2014). Insight into the three-

dimensional structure and mechanistic details of substrate binding, translocation and release might 

lead to better understanding of the role of these transporters in normal physiology and their 

pathophysiological roles. Our 2.6Å structure of occluded and inward-facing hNKCC1 provides not 

only a direct insight into substrate accommodation, but it is the first structure of a SLC12 

transporter with a high enough resolution to resolve the intracellular water networks and reveal 

solvation  of Cl
–
 at Cl2 but not Na

+ 
(Fig. 2A and 4A). By a combination of structural studies and 

MD simulations we show that the Cl
–
 ion is released before the Na

+ 
ion and we also identify a 

potential intracellular release pathway of Na
+ 

lined by two glutamate residues crucial for attracting 

and escorting the cation out of the transporter. Finally, we identify the Cl2 site as a potential 

sensory and stabilizing site of the transporter, where the Cl
–
 has the same role as a strictly 

conserved glutamate residue in SLC6 transporters, maintaining the coupling network between the 

unwound part of TM6 and distal parts of the transporter to enable conformational transitions of 

NKCC1. In general, insight into the ion coupling networks and the transport mechanism of the 

CCCs can improve our understanding of not only the physiological roles of the transporter and 

other SLC12 transporters, but also help with determination of specific buffer composition, 

mutations and/or nanobodies necessary for structural studies focusing on different conformational 

states of the CCCs, e.g. in a similar manner as earlier done for LeuT (Focht et al., 2021; Gotfryd et 

al., 2020; Krishnamurthy & Gouaux, 2012; Malinauskaite et al., 2016). In addition, knowledge of 

the exact molecular contributions of significant residues during the transport cycle can further help 

with rational drug design, thereby leading to safer and more target-specific pharmaceuticals, in 

contrary to the less-specific loop diuretics used nowadays to treat hypertension and edema (e.g. 

bumetanide inhibits NKCC1, NKCC2 as well as KCC1-4) (Gillen et al, 1996; Holtzman et al, 

1998; Race et al, 1999).      

Materials and methods 

Reagents.  

All chemicals were obtained from Sigma, unless stated otherwise.  

Expression and purification of the human NKCC1.  
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The full-length human NKCC1 with a N-terminal 8xHis-TwinStrep-GFP-tag-

3Cprotease_cleavage_site was expressed in HEK293 GnTl
-
 (ATCC)

 
cells by use of the BacMam 

system as described earlier (Goehring et al, 2014). HEK293 GnTl
-
 cells were grown to a density of 

3 x 10
6
 cells/mL at 37°C and 5% CO2 on an orbital shaker at 120 rpm. The cells were then 

transduced with the P3 NKCC1 BacMam virus to a MOI of 3 and the cells were further incubated 

in the incubator. 24h post transduction 10mM sodium butyrate was added to the cells and the 

temperature was lowered to 30°C with 5% CO2 while shaking (120 rpm). After 48h the cells were 

harvested by centrifugation at 6,200 x g at 4°C. The cell pellets were stored at -80°C.  

The frozen cell pellet was thawed and resuspended in a buffer composed of 200mM NaCl, 200mM 

KCl, 20mM Tris-HCl pH 8.0, 10% (v/v) glycerol and 0.07mM bumetanide. The cells lysed by 

sonication and centrifugated for 20 min at 20,000 x g at 4°C. The collected supernatant was further 

centrifugated at 163,000 x g for 3 hours at 4°C and the pellet was thereafter resuspended in the 

same buffer with a ratio of 10mL buffer per 1g of wet pellet. 1% lauryl maltose neopentyl glycol 

(LMNG, Anatrace) and 0.1% cholesteryl hemisuccinate (CHS, Anatrace) was added and the 

membrane proteins were solubilized overnight at 4°C. The mixture was then centrifugated at 14000 

x g for 30 min, the insoluble fraction was discarded and the supernatant was incubated with Strep-

Tactin resin for 3h. The resin was washed with 10 column volumes washing buffer containing 

0.01% LMNG, 0.001% CHS, 200mM NaCl, 200mM KCl, 20mM Tris-HCl pH 8.0, 10% (v/v) 

glycerol and 0.07mM bumetanide. The hNKCC1 protein was eluted with wash buffer supplemented 

with 5mM desthiobiotin. The sample was then cleaved overnight with 3C protease and concentrated 

to 3 mg/mL. The protein was further purified by gel filtration (Superose 6 3.2/300) on an Äkta 

Purifier system equilibrated in a buffer composed of 0.01% glycol-diosgenin (GDN, Anatrace), 

200mM NaCl, 200mM KCl, 20mM Tris-HCl pH 8.0 and 0.07mM bumetanide. Peak fractions were 

collected and concentrated to 0.9-1.5mg/mL for cryo-EM studies. 

Thallium ion (Tl
+
) flux transport assay 

The NKCC1 mutant constructs were designed in the same way as the wt NKCC1 construct used for 

structure determination. The mutants were prepared by GenScript. Activity levels of the wild-type 

NKCC1 transporter and NKCC1 mutants were determined by use of the thallium ion flux transport 

assay. The construct with a N-terminal 8xHis-TwinStrep-GFP-tag were expressed in GripTite 

HEK293 MSR cells (Thermo Fisher) in black 96 well plates with transparent bottoms. The cells 
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were maintained in DMEM GlutaMAX medium (Gibco) with addition of 10% FBS and 1x non-

essential amino acid (NEAA) cell culture supplement. 50,000 cells were seeded out per well and the 

cells were incubated for 24h at 37° with 8% CO2. On the day of transfection, 3 μL Lipofectamine 

3000 (Invitrogen) was mixed with 47 μL Opti-Mem medium (Gibco). Separately, 1000ng DNA was 

diluted in 36 μL Opti-MEM medium with addition of 4 μL P3000 reagent (Invitrogen) and 

thereafter, the Lipofectamine 3000 solution was mixed with the DNA solution. After 15 min. 

incubation, 10 μL of the mixture was added to each of the wells. After 5-6 hours, 100 μL DMEM 

medium,  1x NEAA and 30% FBS was added to each well. The activity assay was performed 72 h 

post transfection of the cells.  

On the day of the experiment, the DMEM medium was exchanged for 80 μL loading buffer 

containing probenecid, PowerLoad and FluxOR II Reagent from the FluxOR II Red Potassium Ion 

Channel Assay kit (Thermo Fisher Scientific) and a low chloride buffer (15 mM Na-HEPES pH 7.4, 

135 mM Na-gluconate, 1 mM MgCl2-6H2O, 1 mM Na2SO4 and 1 mM CaCl2-2H2O). The cells were 

incubated with the loading buffer for 1 h at room temperature and thereafter, they were washed 

once with the low chloride buffer with addition of probenecid, followed by addition of 80 μL buffer 

to each well.  

The assay was performed using the ENSPIRE 2300 kinetic dispense microplate reader 

(PerkinElmer). First, GFP fluorescence was measured for later normalization (excitation at 480 nm, 

emission at 510 nm, 100 flashes, 3 repeats, 0.1s). After 5 s of baseline recording (10 repeats) the 

transport assay was initiated by addition of 20 μL stimulation buffer containing low chloride buffer, 

135 mM NaCl, and 5 mM thallium sulfate with or without 165 µM bumetanide (final 

concentrations of 27 mM NaCl, 1 mM thallium sulfate and 33 µM of bumetanide). The excitation 

wavelength was set to 565nm and the emission wavelength was set to 583nm. The plate was read 

every 0.5s for 80 repeats (40s). 

Biotinylation assay 

Cell surface protein biotinylation was performed to estimate the plasma membrane expression of 

various NKCC1 mutants relative to the wild-type transporter. The N-terminal 8xHis-TwinStrep-

GFP-tagged NKCC1 constructs were expressed in GripTite HEK293 MSR cells (Thermo Fisher) in 

24 well plates. The transfection of cells was performed in the same was as done for the Tl
+
 uptake 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 12, 2021. ; https://doi.org/10.1101/2021.11.11.468215doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.11.468215
http://creativecommons.org/licenses/by-nc/4.0/


 19 

assay, but the amounts were scaled up. The biotinylation assay was performed 72 h after 

transfection of the cells.  

The cells were washed in basic buffer (135 mM NaCl, 5 mM KCl, 1 mM CaCl2-2H20, 1 mM 

MgCl2-6H20, 1 mM Na2HPO4-2H20, 1 mM Na2SO4, 15 mM Sodium HEPES pH 7.4) and 

incubated in the low chloride buffer (same as in uptake assay) for 1 h at 18-24°C. Thereafter, the 

cells were placed on ice and washed with ice-cold PBS-CM buffer (PBS pH 7.5 with addition of 1 

mM CaCl2, 0.1 mM MgCl2), followed by the biotinylation buffer (10 mM triethanolamine, 2 mM 

CaCl2, 125 mM NaCl). The cells were incubated in the biotinylation buffer with addition of 1 

mg/mL of sulfosuccinimidyl 2-(biotin-amido)-ethyl-1,3-dithiopropionate (EZ-link Sulfo-NHS-SS-

biotin, Pierce) for 30 min at 4°C. After the incubation period, the cells were washed with ice-cold 

quenching buffer (50 mM Tris-HCl in PBS-CM buffer), followed by the PBS-CM buffer. The cells 

were incubated in lysis buffer (20 mM Tris-HCl pH 8.0, 5 mM EDTA, 150 mM NaCl, 1% Triton 

X-100, 0.2% BSA and Halt® protease inhibitors) for 30 min on ice, followed by probe sonication. 

Thereafter, the homogenates were centrifugated at 10,000xg for 5 minutes at 4°C. One fraction was 

retained for total NKCC1 protein abundance estimation and the remainder was incubated for 1 h 

with Neutravadin resin at room temperature under rotation. The resin was washed four times with 

PBS containing protease inhibitors and the bound protein was eluted by addition of SDS-PAGE 

sample buffer to the resin. Western blotting was performed using standard methods using anti-

NKCC1 antibody.   

Cryo-EM sample preparation and data collection 

For preparation of grids, freshly purified hNKCC1 protein was used. Grids used were UltrAuFoil 

1.2/1.3-300, glow-discharged in residual atmospheric air for 45 sec at 15 mA in a GloQube 

(Quorum). A 3 uL drop was applied to the gold foil side of the grid and blotted in a Vitrobot Mark 

IV (ThermoFisher Scientific) using a blot force of 0 and blot time of 3-4 seconds before plunge-

freezing into liquid ethane cooled by liquid nitrogen. Micrograph data was collected on a Titan 

Krios G3i microscope (ThermoFisher Scientific) operated at 300 KeV equipped with a BioQuantum 

energy filter (energy slit width 20 eV) and K3 camera (Gatan). For data sets 1 and 2 (collected at 

the Krios2 microscope, EMBION facility, Aarhus University) a nominal magnification of 165,000x 

was used, resulting in a physical pixel size of 0.507 Å
2
/px with a total dose of 40.12 e

-
/Å

2
 for data 

set 1 and a total dose of 39.78 e
-
/Å

2
 for data set 2. For both data sets, movies were fractionated into 
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43 frames. The defocus range was set to 0.6-1.6 micron. For dataset 3 (collected on Titan Krios at 

eBIC, Oxford, UK), a nominal magnification of 130,000x was used, resulting in a physical pixel 

size of 0.83 Å
2
/px, with movies saved in super-resolution pixel size of 0.415 Å

2
/px. A total dose of 

60.438 e
-
/Å

2
 per movie was spread across 40 frames. The defocus range was set to 0.5-2.4 micron. 

Cryo-EM data processing 

Datasets 1 and 2 were processed exclusively in RELION-3.1 (Scheres, 2012) (Fig. EV1), whereas 

dataset 3 was processed primarily in RELION-3.1 with some classifications performed using the 

heterogeneous refinement in cryosparc3 (Punjani et al., 2017) (Fig. EV2). For all data sets, movies 

were motion corrected using RELION’s own MotionCorr implementation and CTFFind4 (Rohou & 

Grigorieff, 2015) used for determination of CTF parameters. Only micrographs with CTF fit 

resolution better than 4 Å were used onwards. Initial particle picking was done using RELION’s 

LoG-picker on a small, random subset of micrographs in data set 1. Picked particles were extracted 

with a 512-pixel box, downsampled to 128 pixels, and subjected to 2D classification. Clear junk 

particles were discarded, and the remainder of particles were used in 3D auto-refinement with the 

zNKCC1 reconstruction (EMD-0473) as initial reference, lowpass filtered to 30 Å resolution. The 

resulting 3D reconstruction was used in 2D classification without image alignment, and the best 2D 

class averages were used for template-based particle picking on all micrographs for all three data 

sets. Particle images were extracted in a 480-pixel box, downsampled to 128 pixels, and 2D 

classified using fast subsets and skipping CTF until first peak. Clear junk classes were discarded, 

and the remainder raw particle set was subjected to 3D classification using fast subsets and 8 

classes for data set 1 and 10 classes for data set 2. Particles from the 3D classes displaying features 

of an intact detergent micelle were selected and run through 3D auto-refinement followed by 2D 

classification without image alignment. Again, clear junk was discarded, and the remainder 

particles were re-extracted with downsampling to a 240-pixel box (1.014 Å
2
/px). Particles were 

again subjected to 3D classification now without fast subsets, using 8 and 6 classes for data set 1 

and 2, respectively. The 3D classes displaying clear density features of transmembrane helices were 

selected and subjected to unmasked 3D auto-refinement. The resulting consensus reconstructions 

were deemed of good enough quality to proceed with Bayesian polishing, followed by 3D auto-

refinement with a mask around the transmembrane domains and application of C2 symmetry. The 

resulting masked 3D reconstructions were resolved better than 3 Å, which upon merging of the 

particles from data sets 1 and 2 were 3D auto-refined to a high-quality reconstruction of 2.6 Å 
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resolution. For data set 3, subsequent to 2D classification and the first 3D classification in 

RELION-3.1, the particle image stack was further cleaned by discarding junk classes from a 2D 

classification job without image alignment. The resulting stack of 595,171 particle images were re-

extracted in a 384-pixel box without downsampling before loaded into Cryosparc3 and further 

classified by ab-initio reconstruction and heterogenous refinement using three classes. A single 

class of particles showed high-resolution features for the transmembrane helices, with the 

cytoplasmic domains being almost impossible to see. This new stack of particle images was taken 

back into RELION-3.1, cleaned yet again using 2D classification without image alignment, and 

particle image re-extracted in a 294-pixel box with downsampling to 240 pixels (1.016 Å
2
/px). The 

now clean stack of particle images was subjected to 3D auto-refinement, Bayesian polishing and 3D 

auto-refinement again using a mask around the transmembrane domains and applying C2 

symmetry. The resulting reconstruction showed high-quality density features resolved slightly 

better than 3 Å. Using CTF refinement for anisotropic magnification to account for the small 

discrepancy in pixel size, the data set 3 particles were merged with the already combined particle 

data from data set 1 and 2, to give a final 3D-refined reconstruction of 2.55-Å average resolution for 

the transmembrane domains (Fig. EV2A). Local resolution estimation was done using RELION’s 

own implementation (Fig. EV2B). 

Model building and refinement 

The transmembrane domain of hNKCC1 was built in Coot (Emsley et al, 2010), guided by the 

Danio rerio NKCC1 structure (PDB entry: 6NPL) (Chew et al., 2019). The refinement was done by 

use of Real Space Refinement in Phenix (Afonine et al, 2018) and manual corrections of the 

structure were performed in Coot. Validation of the structure was done in MolProbity (Williams et 

al, 2018). 

System setup for molecular dynamics simulations 

A model of hNKCC1 was constructed using the Cryo-EM structure of the transmembrane domain 

of hNKCC1 in complex with its substrates, one Na
+
, one K

+
 and two Cl

−
 ions. In addition, four 

CHS molecules identified in the Cryo-EM structure were replaced by the cholesterol molecules. 

The model was subsequently embedded into a flat, mixed lipid bilayer consisting of 

POPC/POPE/cholesterol at a 2:2:1 ratio, and solvated in a cubic water box containing 0.1M NaCl 

and 0.1M KCl. The size of the box was 13.1 nm, 13.1 nm and 10.2 nm in the x, y and z dimension, 
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respectively, resulting in ∼180,000 atoms in total. The CHARMM36m force field was used for the 

protein and the CHARMM36 lipid force field was used for all lipid molecules. 

In the MD simulations, the temperature was kept constant at 310 K using a Nose-Hoover 

thermostate with a 1 ps coupling constant, and the pressure at 1.0 bar using the Parrinello-Rahman 

barostat with a 5 ps time coupling constant. A cutoff of 1.2 nm was applied for the van der Waals 

interactions using a switch function starting at 1.0 nm. The cutoff for the short-range electrostatic 

interactions was also at 1.2 nm and the long-range electrostatic interactions were calculated by 

means of the particle mesh Ewald decomposition algorithm with a 0.12 nm mesh spacing. A 

reciprocal grid of 112 x 112 x 96 cells was used with 4th order B-spline interpolation. All MD 

simulations were performed using Gromacs2019.6 (Abraham et al, 2015). Twenty independent 

simulations (200 ns for each) were performed for the hNKCC1 model, so resulting in 8 μs 

simulations (20 runs x 200 ns x 2 monomers) in total. 
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Figure Legends: 

Main text Figures 

Fig. 1 Overview of hNKCC1 structure.  A) EM density of the transmembrane domain of 

hNKCC1 (resolved to 2.6Å) and the cytoplasmic domain (resolved to 7-8Å). B) Schematic 

representation of the NKCC1 structure (LeuT fold). Scaffold helices are presented in wheat, bundle 

helices in cyan and the remaining helices presented in grey. C) Surface representation of the 

transmembrane domain of NKCC1 with lipid molecules localized at the dimerization interface 

(shown in spheres) and the three cholesterol binding sites (shown in spheres). In the inset, a 

representative density for a lipid molecule is presented. D) TM11 and TM12  from each protomer 

are presented together with the lipid molecules present at the dimerization interface. E, F, G) 

Densities for cholesterol binding site 1, site 2 and potential site 3 are presented together with the 

modelled cholesterol hemisuccinate molecules.       
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Fig. 2 Sodium binding site. A) The sodium binding site in hNKCC1. The ion has trigonal-

bipyramidal coordination by five ligands. Scaffold helices are presented in wheat and bundle 

helices are presented in cyan; the sodium ion is presented as a purple sphere and coordinating 

residues are presented as sticks. B) KCC1 does not bind sodium due to a G-A substitution on TM8. 

Additionally, the helix is moved 2-3Å away when compared with hNKCC1. C) The sodium binding 

site in MhsT. The ion is solvated and therefore, it has distorted octahedral coordination by five 

amino acid residues on TM1 and TM8 and a water molecule acting as the sixth ligand. D) Sequence 

alignment of the sodium site of the CCC transporters. The G-A substitution of KCC1-4 on TM8 is 

responsible for abolishment of sodium binding. E) Three potential intracellular exit pathways 

predicted by MOLE 2.5.  

Fig. 3 Intracellular sodium release pathway. A) The intracellular sodium release pathway of 

hNKCC1. The pathway is filled with water-molecules (red spheres) and lined with two negatively 

charged glutamate residues (Glu429 and Glu431). B) The intracellular sodium release pathway in 

MhsT filled with water molecules that solvate the sodium ion. C) Sequence alignment of the 

intracellular part of TM5 and of TM1a of CCC transporters. The sodium-dependent CCC 

transporters contain two conserved glutamate and a glutamine residue within TM5 and a positively 

charged lysine and arginine residues on TM1a. D) Transport kinetics and relative initial transport 

rates of wild-type hNKCC1 and NKCC1 with a mutation within the potential sodium release 

pathway (E429A, E431A, E431Q) with and without addition of bumetanide; mean ± SEM, n= 3 

independent experiments. In example of individual traces, fluorescence intensity is normalized to 

the average initial baseline period (without Tl
+
) for each individual cell line. In summary data, 

transport rates are normalized to individual NKCC1 expression per cell line and subsequently 

normalized to wild-type NKCC1 without bumetanide. E) Substrate release order determined by MD 

simulations. The Cl
–
 bound at Cl2 leaves first, then the Na

+ 
ion, followed by K

+
 and Cl

– 
from the 

main binding site.  

Fig. 4 Coordination network within the main binding pocket characterized for A) The main 

binding site of hNKCC. The binding pocket accommodates a potassium and chloride ion 

coordinated by TM3 from the scaffold domain (wheat) and TM1, TM6 and TM7 from the bundle 

domain (cyan). The density of the ions and residues important for substrate coordination is 

presented. B) MhsT in complex with L-tryptophan and two sodium ions. Even though the 

transporter translocates significantly different substrates than the SLC12 transporters, the 
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coordination network remains similar. The substrates bridge interactions between TM3 from the 

scaffold domain (wheat) and TM1, TM6 and TM7 from the bundle domain (cyan). C) Sequence 

alignment of the crucial amino acid residue on TM3 of CCC transporters. In contrast to other 

members of the SLC12 family that contain a tyrosine residue coordinating the K
+
 ion at this 

position, hNCC contains a histidine residue that in its charged state could substitute the potassium 

ion. D) Transport kinetics and relative initial transport rates of wild-type hNKCC1 and NKCC1 

with a mutation within the K- and Cl1-binding pocket (Y383F, Y383S, Y533F and Y533E) with 

and without addition of bumetanide; mean ± SEM, n= 3 independent experiments. See Fig 3 legend 

for normalization approaches. 

Fig. 5 Coordination network between TM2-TM10 and the unwound part of TM6 in A) Cl2 

binding site with the density map. The chloride ion is coordinated by the scaffold helix TM10 

(wheat color) and the unwound part of TM6 belonging to the bundle domain (cyan color). B) LeuT 

in complex with L-leucine and sodium C, D) Sequence alignment of residues linking TM2 and 

TM10 and residues within the Cl2 binding site. E) Transport kinetics and relative initial transport 

rates of wild-type hNKCC1 and NKCC1 with a mutation within the Cl2 site (E429A, E431A, 

E431Q) with and without addition of bumetanide; mean ± SEM, n= 3 independent experiments. 

See Fig 3 legend for normalization approaches. 

Extended View Figures 

Fig. EV1 Processing of cryo-EM datasets 1 and 2 in Relion.  Representative cryo-EM 

micrographs and two-dimensional class averages are shown for both datasets as well as the 

processing strategies used to obtain a 2.6Å structure of the transmembrane domain of hNKCC1.  

Fig. EV2 Processing of the third cryo-EM dataset of hNKCC1 in Relion and CryoSPARC3. 

Representative cryo-EM micrographs, two-dimensional class averages and the processing strategy 

used to obtain the final structure of the transmembrane domain of hNKCC1.  

Fig. EV3 Cryo-EM structure of hNKCC1 in complex with sodium, potassium and chloride 

ions. A) Gold-standard Fourier shell correlation curves between the two half maps with the final 

resolution at F=0.143. B) Local resolution estimations throughout the determined transmembrane 

domain of hNKCC1. C) Cryo-EM map of the cytoplasmic domain of hNKCC1 with the Danio 
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rerio NKCC1 model docked (PDB: 6NPJ). D) Representative densities of the different 

transmembrane helices of molecule A of hNKCC1. 

Fig. EV4 Expression, purification and functional studies of hNKCC1. A) Purification of 

hNKCC1 transporter expressed in HEK293 GnTl
-
 cells. The protein used for structure 

determination was purified by Strep-Tactin purification, Ni
2+

 - ion affinity chromatography (SDS-

PAGE 1) followed by size exclusion chromatography (SDS-PAGE 2 and size exclusion 

chromatogram). B) Initial rate of Tl
+
 transport in non-transfected cells (with and without 

bumetanide) as well as in cells transfected with wild-type hNKCC1 (with and without bumetanide). 

C) Representative western blotting of NKCC1 in total and biotinylated (plasma membrane) 

fractions of wt NKCC1 and mutant NKCC1 expressing cells. D) Surface expression of NKCC1 

mutants relative to wt NKCC1.  

Supplementary Figures 

Fig. S1 Comparison of the hNKCC1 structure with previously published SLC12 structures. 

A) Comparison of protomer A of the determined hNKCC1 structure (purple) with other published 

NKCC1 structures (PDB codes: 6NPH, 6PZT; presented in grey) or B) with published KCC 

structures (PBD codes: 6KKR, 6M1Y, 6UKN, 7D14; presented in grey); C) Comparison of the 

determined hNKCC1dimer (cyan) with the KCC dimer (grey). D), E), F) Density for potential 

cholesterol binding site 1, 2, 3 and 4 in the published KCC3 structure (PDB entry: 6M22). 

Fig. S2 Substrate binding of SLC12 and SLC6 transporters. Similar substrate binding in the 

interface between the scaffold (wheat) and bundle domain (cyan) of A) NKCC1 belonging to the 

SLC12 family and B) MhsT belonging to the SLC6 family. 

Fig. S3 Comparison of the cryo-EM structure of hNKCC1 in the occluded, inward-facing 

conformation with LeuT and MhsT structures in different conformational states. A) Structural 

comparison of helices comprising the intracellular vestibule of the occluded, inward-facing 

conformation of hNKCC1 with the occluded, outward-facing conformation of LeuT (PDB entry: 

2A65), the occluded, inward-facing state of MhsT with an unwound TM5 (PDB entry: 4US3; the 

structure was crystallized by use of the HiLiDe method), the occluded, inward-facing state of MhsT 

with a refolded TM5 (PDB entry: 4US4; the structure was crystallized by use of the LCP method) 

and the apo inward open structure of LeuT (PDB entry: 3TT3). Interactions between TM1a and 
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TM5 are visualized. The hNKCC1 structure is shown in gold, whereas the other structures are 

presented in grey. B) The Na2 sodium binding site of the occluded, outward-facing conformation of 

LeuT, the occluded, inward-facing state of MhsT with an unwound TM5, the occluded, inward-

facing state of MhsT with a refolded TM5 and the apo inward open structure of LeuT. 

Fig. S4 Absence of helix-breaking motifs in CCC transporters. Sequence alignment of the 

intracellular part of TM5 containing the GlyX9Pro motif in the SLC6 family with sequences of TM5 

in CCC transporters. 

Fig. S5 Na2 binding site in sodium-dependent and sodium (A-C) and sodium independent (D-

E) APC transporters. A) NSS family: MhsT (occluded inward-facing, PDB: 4US3), B) SSS 

family: vSGLT (inward-open, PDB: 3DH4) C) NCS1 family: Mhp1 (occluded ligand bound, PDB: 

4D1A), D) BCCT family: CaiT (inward-facing, 2WsW), E) APC family: ApcT (inward-open, 

3GI9), F) LAT family: BasC (inward-open, 6F2W). 

Fig. S6 Lack of a sodium binding site in KCC transporters. A) Superposition of TM1 and TM8 

in NKCC1 and KCC1, B) Comparison of Na2 binding site and the part below the Na2 binding site 

of NKCC1 and KCC1, C) Sequence alignment of the Na2 binding site and the fragment below the 

Na2 binding site of the CCC transporters. The G-A substitution of KCC1-4 on TM8 responsible for 

abolishment of sodium binding is highlighted as well as the two Q residues on TM1 and TM8 that 

are a part of the hydrogen binding network holding TM1-TM8 together.  

Fig. S7 Coordination network between TM2-TM10 and the unwound part of TM6 in 

transporters belonging to other SLC families A) vSGLT (SLC5, 3DH4) and B) GkApcT (SLC7, 

5OQT). 

Fig. S4 Absence of helix-breaking motifs in CCC transporters. Sequence alignment of the 

intracellular part of TM5 containing the GlyX9Pro motif in the SLC6 family with sequences of TM5 

in CCC transporters. 

 

Tables: 

Table 1 Cryo-EM data collection, refinement and validation.  
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Data collection and 
processing

Dataset 1 Dataset 2 Dataset 3 Combined 
map

Magnification 165000 x 165000 x 130000 x

Voltage (kV) 300 300 300

Microscope Titan Krios2 Titan Krios2 Titan Krios

Electron exposure (e-/Å2) 40.12 39.78 60.438

Defocus range (𝜇m) 0.6-1.6 0.6-1.6 0.5-2.4

Pixel size 0.507 0.507 0.829

Camera Gatan K3 Summit 
camera

Gatan K3 Summit 
camera

Gatan K3 Summit 
camera

Number of movies 10335 9464 6490

Symmetry imposed C2 C2 C2 C2

Initial particle images (no.) 1002976 1566691 2710603

Final particle images (no.) 81946 56870 119975 256791

Map resolution  (Å) 2.79 2.93 2.96 2.55

FSC threshold 0.143 0.143 0.143 0.143

Map resolution range (Å) 2.4-3.6

Model refinement

Model composition

Protein residues 946

Ligands 8

B factors (Å2)

Protein 75.09

Ligand 59.30

R.m.s. deviations

Bond lengths (Å) 0.004

Bond angles (o) 0.622

Ramachandran plot

Favored (%) 95.46

Allowed (%) 4.54

Disallowed (%) 0

Table 1


