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In bacteria, archaea, fungi and plants the Trk, Ktr and HKT ion transporters are key 

components of osmotic regulation, pH homeostasis and resistance to drought and high 

salinity. These ion transporters are functionally diverse: they can function as Na+ or K+ 

channels and possibly as cation/K+ symporters. They are closely related to potassium 

channels both at the level of the membrane protein and at the level of the cytosolic 

regulatory domains. Here we describe the crystal structure of a Ktr K+ transporter, the 

KtrAB complex from Bacillus subtilis. The structure shows the dimeric membrane protein 

KtrB assembled with a cytosolic octameric KtrA ring bound to ATP, an activating ligand. A 

comparison between the structure of KtrAB–ATP and the structures of the isolated full-

length KtrA protein with ATP or ADP reveals a ligand-dependent conformational change 

in the octameric ring, raising new ideas about the mechanism of activation in these 

transporters. 

 

The Trk/Ktr/HKT superfamily of ion transporters includes the Trk, Ktr and HKT transporter 

families1. These transporters are closely related to the superfamily of tetrameric cation 

channels2–4, which includes potassium, sodium and calcium channels. The membrane proteins 

in both superfamilies share the same architecture2,5–9: four subunits or repeats, each with the 

TM–P loop–TM (where TM indicates transmembrane helix) structural motif first seen in the 

KcsA potassium channel structure10, assemble to form an ion pore with a ‘selectivity filter’ along 

its central axis. In addition, the cytosolic regulatory proteins of the Trk and Ktr transporters and 

of the MthK11,12 and large-conductance Ca2+-gated (BK) K+ channels13–15 are RCK (regulate 

conductance of K+) domains. 

Ktr ion transporters are crucial K+ transport systems in some bacteria16,17, with a role in 

resistance to osmotic stress and high salinity by mediating the early uptake of K+ (refs 16, 18). 

The Ktr ion transporters are composed of two essential components3,16: a membrane protein 

(KtrB or KtrD) and a cytosolic regulatory protein (KtrA or KtrC). Studies with cells show that 

Ktr proteins8,19 transport K+ but are also permeable to Na+, and that K+ transport is ATP20 and 

Na+ dependent5,8,18. Furthermore, it has been shown that truncated KtrA forms octameric 

rings21,22 and that KtrB assembles as homodimers6,21. The structures described here clarify the 

molecular basis of some of these properties as well as the structural relationship between these 

transporters and ion channels. 
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KtrAB architecture 

We have determined the structure of a KtrAB potassium transporter with diffraction data to 3.5 

Å (Fig. 1 and Supplementary Table 1). Two diffraction data sets to better than 4 Å were collected 

out of many thousands of crystals tested. The structure was determined from an anisotropic 

diffraction data set which extends to 3.3 Å in the best direction; four- and eight-fold averaging 

together with cross-crystal averaging led to the calculation of high-quality electron-density 

maps (Supplementary Fig. 1). The crystallographic asymmetric unit contains a KtrA octameric 

ring associated with two identical KtrB dimers, one on each face of the ring (Supplementary Fig. 

2). This arrangement resulted from the in vitro assembly of independently expressed and 

purified protein components and the existence of two identical KtrB binding surfaces in KtrA. 

In the bacterial membrane the KtrAB complex is composed of a homodimeric KtrB membrane 

protein and a cytoplasmic octameric KtrA ring (Fig.1a). The KtrA octameric ring (Fig. 1a, b and 

Supplementary Fig. 3) is a four-fold symmetric assembly of four KtrA dimers with the typical 

RCK domain arrangement12,13,15, the amino (N) lobe forming the ring and the smaller carboxy 

(C) lobe at the periphery. The ligand-binding site in the N lobe is occupied by an ATP molecule 

(Fig. 1a and Supplementary Figs 1b and 3b). The inner circumference of the ring delimits a ~30- 

Å-wide hole which, together with gaps (approximate dimensions: 17 Å by 9 Å and 18 Å by 11 Å) 

between the surfaces of the KtrB homodimer and the KtrA ring, give access from the cytosol to 

the cytoplasmic pore of KtrB (Fig. 1b and Supplementary Fig. 3a). 

The interactions between KtrB and the KtrA ring are an important difference relative to K+ 

channels11–15. In channels the pore subunit and one or two RCK domains are encoded in the 

same polypeptide and the RCK octameric ring hangs from the cytoplasmic face of the membrane 

protein through a polypeptide tether. In the KtrAB complex, the KtrB homodimer sits directly 

on a face of the KtrA ring (Fig. 1c), close to a ring diagonal, and cytoplasmic loops establish two 

different types of contacts with pairs of RCK domains in the ring: the lateral contact and the tip 

contact (Fig. 1c, d). The lateral-contact regions involve a mid-section of the KtrB carboxy 

terminus, which runs along the homodimer interacting with the neighbouring KtrB subunit and 

the KtrA ring (Fig. 1c, d and Supplementary Fig. 4a). The tip-contact regions occur at the apexes 

of the cytoplasmic face of the KtrB homodimer (Fig. 1c, d and Supplementary Fig. 4b) where the 

KtrB cytoplasmic loops connecting repeats D1 and D2 interact with two opposing KtrA subunits. 

The functional relevance of these interactions and of our in vitro assembled KtrAB complex is 

demonstrated in the Supplementary Discussion. 

 

KtrB structure 

The KtrB subunit structure has four repeats (D1 to D4) wrapped around a central axis and 

cradling the selectivity filter (Figs 1c and 2a). Each repeat (Supplementary Figs 5a, b) includes 

the M1 helix spanning the bilayer, followed by the P-loop region (that includes the pore (P) helix 

and the selectivity-filter sequence) and a second shorter (M2a) helix, which ends close to the 

centre of the membrane. A C-terminal (M2b) helix completes each repeat, running at a shallow 

angle towards the membrane cytoplasmic face. The selectivity filter is funnel-shaped with its 

wider mouth (11–13 Å across) towards the extracellular face and the single ion-binding site 

forming the narrow end (Fig. 2a and Supplementary Fig. 5b). Immediately below the KtrB 

selectivity filter there is an intramembrane loop (Fig. 2a–c), a residue stretch that connects 

helices M2a to M2b in repeat D3 and is composed almost exclusively of glycines, alanines and 

serines (Supplementary Fig. 5c). The intramembrane loop together with a highly conserved 

arginine (R417) form a structure that blocks access between the selectivity filter and the 

cytoplasmic pore; mutations or truncations in this region increase ion flux and this region has 

been proposed to be a transporter gate9,19. An open pathway runs from the 
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R417/intramembrane loop to the cytoplasmic face of the protein (Fig. 2a). The pathway is lined 

by a mix of polar and apolar residues and is ~4 Å wide at its narrowest point. Overall, this 

architecture resembles closely the architecture of potassium channel pores (Supplementary Fig. 

6). 

The monomer and homodimer structures of KtrB and of the related TrkH9 (a Trk membrane 

protein) are very similar (Supplementary Fig. 7). A major difference between KtrB and TrkH is 

found in the C terminus. In KtrB the long C terminus runs from one subunit, forms a lateral 

contact and snakes into the cytoplasmic pore of the neighbouring KtrB, finishing just below the 

intramembrane loop (Figs 1c, d and 2a, b). In contrast, the TrkH C terminus is much shorter and 

does not establish any contacts (Supplementary Figs 5c and 7a, b). The last seven residues of 

the KtrB C terminus (Supplementary Fig. 1c) line the wall of the cytoplasmic pore of the 

neighbouring subunit (Fig. 2a, b). The highly conserved C-terminal glycine (G445) is positioned 

with its carboxylate interacting with the side chain of a lysine, which is part of the 

intramembrane loop and is conserved in both the Ktr (K315 in KtrB) and Trk (K357 in TrkH) 

transporters (Fig. 2c). The C-terminal glycine does not exist in Trk proteins, but in the TrkH 

structure the side-chain carboxylate of a conserved glutamate (E470) occupies the same volume 

as the glycine carboxylate and also interacts with the lysine. 

To assess the importance of positioning a carboxylate close to the intramembrane loop we 

generated truncations of the C-terminal residues and evaluated their impact in a growth 

complementation assay3,6,8 of the TK2420 Escherichia coli strain. This strain has its major K+ 

transport systems disabled and only grows in K+ concentration ≥30 mM; however, when 

expressing wild-type KtrAB it can grow in K+ concentrations of ~0.3 mM. The position of the 

carboxylate does not seem to be essential as sequential truncation of up to three C-terminal 

residues has no effect or causes only a small shift in rescue (Fig. 2d). Furthermore, the stability 

of the KtrAB complex seems to be undisturbed (Fig. 2e). However, removal of four residues 

results in a non-functional transporter, equivalent to control plasmid (Fig. 2d). Consistently, 

KtrB without the last four residues, although it still forms a homodimer, does not assemble with 

KtrA (Fig. 2e). All mutations display similar expression levels (Supplementary Fig. 4f). 

Presumably, the fourth residue, a conserved apolar residue which in the structure seems to 

function as a C terminus anchor, has a role in the positioning of the C terminus and therefore on 

the stability of the C-terminus-mediated lateral contact. Notably, we had previously shown that 

truncation of the last 10 or 15 residues of the C terminus abolishes strain complementation and 

destabilizes the KtrB dimer6. Although we cannot rule out more subtle functional roles for the C 

terminus, such as cooperativity between KtrB subunits, our results demonstrate that the C 

terminus has a role both in the stability of the KtrB homodimer and of the KtrAB complex. 

 

Regulation of KtrAB activity 

We first determined that KtrA has a strong binding preference for ATP and ADP over other small 

molecules (Fig. 3a) resembling other KtrA proteins20. The functional effect of these two ligands 

was then evaluated in a 86Rb+ uptake assay6,9,23 by reconstituting KtrAB with ATP or ADP 

(Supplementary Fig. 8a) in the presence of an excess of KtrA to minimize the formation of the 

KtrB–KtrA–KtrB complex. KtrB alone was also reconstituted; it allows K+ into cells but less 

efficiently than KtrAB8. 

All protein forms mediate flux in this assay (Fig. 3b). Importantly, flux is markedly higher with 

ATP, supporting previous cell-based results20 which showed that ATP is an activator of KtrAB. 

Noticeably, the 86Rb+ flux difference between KtrAB–ATP and KtrB (~2-fold difference at 30 

min) is smaller than expected from K+ uptake measurement in cells8 (~10-fold difference in 
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Vmax), which may indicate that, in addition to ATP, other activating factors are necessary for full 

transporter activity. 

To understand how the two ligands affect KtrA we determined the crystal structures of this 

protein bound to ATP and ADP at ~3.2 Å and ,2.9 Å, respectively (Fig. 4a, b and Supplementary 

Table 1). The ADP- and ATP-bound octameric rings adopt different conformations: the KtrA–

ATP ring adopts a four-fold symmetric square conformation and the KtrA–ADP ring adopts a 

two-fold symmetric diamond conformation. A conformational difference is also observed in 

solution, through controlled proteolysis (Supplementary Fig. 8b). Both structures present clear 

electron density for the ligand’s adenosine and phosphate groups (Supplementary Fig. 1d, e). 

Although the conformation of the adenosine group and its interactions with the protein are very 

similar in the two structures, the phosphate groups are rearranged (Fig. 4c); in particular, the 

γ-phosphate in the ATP structure occupies the position taken by the β-phosphate in the ADP 

structure. This is accomplished by a shift in G79 and a repositioning of the α-and β-phosphates 

relative to the ADP structure. The phosphate–protein interactions are also different: in the ADP 

structure the β-phosphate interacts with residues from its own binding site, in particular with 

the side chains R16 and K103; in contrast, in the ATP structure the γ-phosphate interacts with 

R16 from its binding site, whereas the β-phosphate interacts with R16 from the neighbouring 

KtrA subunit binding site (Fig. 4c). Presumably owing to the intradimer interactions mediated 

by ATP, the two binding sites within a KtrA dimer are brought together through a ~16º change 

in the angle between subunits (Fig. 4d); the distances separating the conserved D36 in the two 

binding pockets are ~35 Å in the ADP structure and ~30 Å in the ATP structure. This dimer 

rearrangement is accompanied by rigid-body rotations across two of the four dimer-to-dimer 

interfaces in the ring and is reflected in the different ring conformations. Most notably the 

distance separating F71 (a KtrA residue that participates in the KtrAB tip contact region) in 

opposite ring subunits is 68.7 Å in the KtrA–ATP ring, whereas in KtrA–ADP the equivalent 

distances are 68.3 and 81.8 Å (Fig.4a,b). Similarly, the distance separating L66 (a KtrA residue 

that participates in the KtrAB lateral contact region) in KtrA–ATP is 49.8 Å, whereas the 

equivalent distances in KtrA–ADP are 49.8 and 66.1 Å. Therefore, the conformational change 

from the KtrA–ADP ring to the ATP ring involves the asymmetric contraction of the ring, with 

one diagonal direction changing by 13–16 Å, whereas the other diagonal is unaffected. 

Notably, the conformation of the octameric ring and the details of ligand binding are basically 

identical between the isolated KtrA–ATP structure and the KtrA structure that forms the KtrAB–

ATP complex (Supplementary Fig. 3a). This suggests that unlike truncated KtrA (composed by 

N lobe alone; Supplementary Fig. 9) where ligand binding and ring conformation are 

uncoupled21, in the full-length KtrA the ATP molecule induces the formation of a unique set of 

intradimer interactions which determine the conformation of the octameric ring. The absence 

of the γ-phosphate in ADP is reflected in the lack of ligand-mediated intra-dimer interactions 

and in the relaxation of the ring. 

 

Implications for KtrAB activation 

We have uncovered several differences between KtrAB and the BK13–15 and MthK11,12,24 channels 

which have an impact on their mechanisms of transport activation. In channels, the RCK rings 

are covalently tethered to the C terminus of a single channel pore domain and the rings expand 

symmetrically upon binding of an activating ligand. In KtrAB, the cytoplasmic loops of the KtrB 

homodimer mediate the interaction with the KtrA (RCK) ring and the ring contracts 

asymmetrically upon binding of ATP. 

To propose an activation mechanism for KtrAB we need to define its ‘gates’ (that is, regions that 

undergo a conformational change and close/open the ion pathway)—ion transporters25 and 



 

Version: Postprint (identical content as published paper) This is a self-archived document from i3S – Instituto de 
Investigação e Inovação em Saúde in the University of Porto Open Repository For Open Access to more of our 
publications, please visit http://repositorio-aberto.up.pt/  
 

A
0

1
/0

0
 

channels26 can have multiple gates. In KtrAB, the intramembrane loop has been proposed to be 

a gate9,19. A comparison between KtrB and TrkH structures (Supplementary Fig. 7a–d) raises 

the possibility of another gate region; it shows the M2b helix/D1–D2 loop region adopting 

different conformations. In TrkH, helices M2a and M2b (in repeat D1) are continuous and the 

ordered amino acid stretch of the D1–D2 loop is positioned so that it partially obstructs the 

cytoplasmic ion pathway of KtrB. This indicates that this region is able to adopt different 

positions and could function as a gate. 

We foresee therefore two possible activation mechanisms for KtrAB (see also Supplementary 

Discussion27,28). For model 1, the asymmetric KtrA contraction/expansion occurs along the 

diagonal defined by the lateral contacts (Fig. 5a, b). The direct connection between the KtrB C 

terminus, involved in the lateral-contact region, and the R417/intramembrane loop gate 

suggests that this would be the KtrA controlled gate. There are two pieces of evidence against 

this model: first, the R417/intramembrane gate seems to be closed in the KtrAB structure bound 

to ATP, an activating ligand. Second, sequential truncations of 1–3 residues in the C terminus 

have no apparent functional consequence. For model 2, the asymmetric change in KtrA occurs 

along the diagonal defined by the tip contacts (Fig. 5a, c). We see no obvious direct structural 

link between the tip-contact region, formed by the D1–D2 loop in KtrB, and the 

R417/intramembrane gate (Fig. 2a). A clear alternative is that the D1–D2 loop is the KtrA 

controlled gate, whereas the R417/intramembrane gate is activated by an as-yet-unknown 

stimulus. Upon ATP binding, the D1–D2 loop would adopt the conformation seen in the KtrAB 

structure, opening the cytoplasmic pore and resulting in an increase in transporter activity, as 

detected by our functional assay. Full transporter activity, as seen in cells8, would require not 

just ATP but also the influence of another stimulus to activate the intramembrane gate. 

In summary, this study provides novel insights and raises new ideas about the structure and 

mechanism of regulation of the KtrAB K+ transporter, offering a better understanding of the 

function of the Trk/Ktr/HKT transporters in bacteria, archaea, fungi and plants. 

 

METHODS SUMMARY 

Briefly, B. subtilis KtrB was overexpressed in the BL21(DE3) E. coli strain, protein extracted with 

dodecylmaltoside, affinity purified in cobalt matrix and further purified by size-exclusion 

chromatography. Tag-less B. subtilis KtrA protein was overexpressed in BL21(DE3), and protein 

was purified by affinity chromatography in an ADP-agarose matrix. KtrAB complex was 

assembled by mixing KtrB and KtrA. Preparation of proteoliposomes and 86Rb+ flux assay was 

performed as previously described with some variations6,29. For crystallization the complex was 

further purified and detergent exchanged to Cymal6 by size-exclusion chromatography. 

Structure determination and representation made use of XDS30, MOSFLM31, PHYRE32, PHASER33, 

PHENIX34, RAVE35, COOT36, Diffraction Anisotropy Server37, PYMOL38, STRAP39, ESPrit40, 

Hollow41 and CCP442 programs. Growth complementation assay followed protocols previously 

described6,8. Protein quality control was performed by mass spectrometry. 
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METHODS 
Protein expression and purification. N-terminal His-tagged KtrB was overexpressed in E. coli 
BL21 (DE3), in LB media at 37uC for 2.5 h after IPTG induction. After cell lysis in Buffer A (50 mM 
Tris-HCl pH 8.0, 120 mM NaCl, 30 mM KCl) supplemented with protease inhibitors, the lysate was 
supplemented with 40 mM DDM (n-dodecyl-β-D-maltoside, solgrade from Anatrace) for membrane 
protein extraction overnight at 4 ºC. Spin-cleared lysate was loaded onto a Talon metal affinity resin 
(Clontech) and washed with Buffer B (50 mM Tris-HCl pH 8.0, 120 mM NaCl, 30 mM KCl, 1 mM 
DDM). Protein was eluted with Buffer B supplemented with 150 mM imidazole. Eluted fractions 
were concentrated to ~2.5 mg ml-1 and incubated overnight at 4 ºC with thrombin for tag cleavage. 
At this point the protein was either directly used for KtrAB complex assembly or further purified 
by size exclusion with a Superdex-200 column. 
Tag-less KtrA was overexpressed in E. coli BL21 (DE3), in LB media at 20 ºC for 14–16 h after IPTG 
induction. Cells lysis was done in Buffer C (50 mM Tris-HCl pH 7.5, 50 mM KCl, 5 mM DTT) and 
cleared lysate loaded into an anion exchange column. Fractions containing KtrA were incubated 
with ADP-agarose resin (Innova Biosciences) overnight at 4 ºC. Beads were washed thoroughly 
with Buffer D (50 mM Tris-HCl, 150 mM KCl, 1 mM TCEP) and protein was eluted in the same buffer 
supplemented with 5 mM of adenosine-containing nucleotide. At this point the protein was 
concentrated to ~3 mg ml-1 and either directly used for KtrAB complex assembly or further purified 
by size exclusion with a Superdex-S200 column. 
KtrAB complex was assembled by mixing individually purified KtrB and KtrA batches, at a pre-
defined ratio. The complex mixture was further concentrated (~20 mg ml-1) and purified in a size-
exclusion Superdex-200 column with Buffer E (20 mM Tris-HCl pH 8.0, 120 mM NaCl, 30 mM KCl, 
5 mM DTT, 1.5 mM 6-cyclohexyl-1-hexyl-β-D-maltoside (cymal-6, anagrade from Anatrace)). 
Crystallization. KtrAB complex purified in Buffer E supplemented with 1 mM ATP (ATP) was 
concentrated to ~10mg ml-1 and dialysed overnight against the same buffer before crystallization 
assays. KtrAB complex crystals were obtained by the sitting-drop vapour diffusion method, mixing 
1 µl of protein with 1 µl of crystallization solution. The best diffracting crystals grew in 100 mM N-
(2-acetamido)-iminodiacetic acid (ADA) pH 6.5, 20% polyethylene glycol 400 (PEG 400) and 200 
mM ammonium sulphate at 20 ºC. Crystals were flash-frozen in liquid nitrogen after addition of 
mother liquor with 45% PEG 400 directly to the crystal drop. 
Before crystallization KtrA–ATP and KtrA–ADP were run in a size-exclusion chromatography 
column equilibrated with Buffer F (50 mM Tris-HCl pH 7.5, 150 mM KCl, 5 mM DTT, 1 mM ATP or 
ADP). KtrA–ATP crystals were grown by sitting-drop vapour diffusion with 100 mM HEPES pH 7.5, 
3% polyethylene glycol 6000 (PEG 6000) and 2.5% 2-methyl-2,4-pentanediol (MPD) at 20 ºC. 
Crystals were flash frozen in liquid nitrogen after being transferred to identical mother liquor 
containing 6% PEG 6000 and 30% glycerol. KtrA–ADP crystals were obtained with 100 mM citrate 
pH 5.6, 14.5% PEG 2000 and 200 mM ammonium sulphate at 20 ºC. Crystals were flash-frozen in 
liquid nitrogen after addition of modified mother liquor, with 15% PEG 2000 and 20% glycerol, 
directly to the crystal drop. 
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Data processing and structure determination. Diffraction data were processed with XDS30 or 
MOSFLM31, followed by scaling with CCP4 package42. Data from KtrAB crystals is highly anisotropic 
and was analysed, truncated and sharpened in the Diffraction Anisotropy Server37 
(http://services.mbi.ucla.edu/anisoscale/). Recommended resolution limits after anisotropic 
correction were 3.8 Å, 4.1 Å and 3.3 Å, respectively, along the a*, b* and c* reciprocal space 
directions. 
KtrA–ATP structure was determined by molecular replacement with PHASER33 using as search 
models the truncated KtrA N-lobe structure (Protein Data Bank code 2HMU) and C-lobe homology 
models generated by PHYRE32. Improvement of electron-density maps, in particular on the C-lobe 
region, was achieved by cross-crystal averaging between KtrA–ATP and truncated KtrA using 
MAMA35 and DMmulti (CCP4 package). The structure was finalized with cycles of model building 
with COOT36 and refinement with PHENIX34 and REFMAC (CCP4 package). The two subunits in the 
asymmetric unit include residues 6 to 222. Ramachandran plot for KtrA–ATP structure contains: 
0% outliers, 1.63% allowed, 98.37% preferred. 
The N and C lobes of KtrA–ATP structure were used for molecular replacement with the KtrA–ADP 
data. Cycles of averaging between the four subunits of KtrA–ADP and the two subunits of KtrA–ATP 
improved maps. Model building and refinement produced a final model of KtrA–ADP that includes: 
in chain A, residues 8–157, 162–174 (built as alanines), 177–222; in chain B, residues 8–222; in 
chain C, residues 8–147, 152–157,161–176 (built as alanines), 177–222; in chain D, residues 8–
187, 188–192 (built as alanines), 196–222. Ramachandran plot for KtrA–ADP structure contains: 
0% outliers, 1.82% allowed, 98.18% preferred. 
The KtrAB structure was determined by molecular replacement using as search models a poly-
alanine version of the TrkH dimer structure (Protein Data Bank code 3PJZ) and the KtrA–ATP 
octameric ring structure. Cycles of four-fold averaging for the KtrB subunits and eight-fold 
averaging for the KtrA ring subunits together with cross-crystal averaging with the KtrA–ATP 
structure resulted in great improvements in the electron-density maps and allowed tracing of the 
KtrB chain. Chain trace was confirmed with a selenomethionine anomalous map calculated to 7.4 
Å, which at a 3.6s contour revealed the position of 9 methionines out of 14 possible (Supplementary 
Fig. 10), and through a comparison with the TrkH structure. Structure was finalized through cycles 
of model building and refinement. The model was refined against data to 3.5 Å as there was no 
visible improvement in refinement statistics or map quality with data to the recommended limit 
(see above). In the KtrAB structure the KtrB subunits span residues 15 to 445 (except for a missing 
stretch formed by residues 103 and 104) whereas the KtrA subunits span residues 7–222. 
Ramachandran plot for KtrAB crystals: 0% outliers, 5.94% allowed, 94.06% preferred. Model 
analysis was performed with PYMOL38, STRAP39, ESPrit40 and Hollow41. 
Complementation assay. The complementation assay with TK2420 follows procedures 
previously described3,6,8. Briefly, mutants and wild-type KtrB and KtrA were cloned into a 
dicistronic constitutive expression plasmid. The TK2420 strain was transformed with the different 
plasmids and plated on LBK (Luria–Bertani broth where NaCl is replaced by KCl) agar plates. Single 
colonies were picked and grown in liquid LBK overnight at 37 ºC. A 2-ml aliquot of cells was gently 
pelleted and re-suspended in 400 µl of minimal media containing 0.1 mM K+. A 15 µl aliquot of re-
suspended cells was then used to inoculate 5 ml of minimal media prepared with different K+ 
concentrations (0.1, 0.3, 1, 2, 6, 10, 30 or 115 mM) and grown for 15 h at 37 ºC at which point optical 
density at 595 nm was measured. 
Preparation of proteoliposomes. Preparation follows previously described methods6,29. Polar E. 
coli lipids in chloroform were dried under a stream of argon, washed in pentane and dried again. 
Residual solvent was removed under vacuum. Lipids were re-suspended at 10 mg ml-1 in swelling 
buffer (150 mM KCl, 10 mM HEPES, 5 mM N-methylglucamine, pH 7.6) using a bath sonicator. 
Lipids were solubilized by adding decylmaltoside (powder) to 40 mM. After 2 h of gentle agitation, 
dodecylmaltoside-solubilized protein, in KtrB buffer (150 mM KCl, 20 mM Tris-HCl, 5 mM DTT, 0.5 
mM dodecylmaltoside, 200 µM NTP, pH 8.0), was added at 1:100 w:w protein-to-lipid ratio and 
incubated for 30 min at room temperature. KtrAB complex was assembled just before 
reconstitution with excess of either ATP-bound KtrA or ADP-bound KtrA. The amount of protein 
added to 100 µl solubilized lipids was adjusted to contain 10 µg KtrB both when reconstituted alone 
or as KtrAB complex. Detergent was removed by dialysis against swelling buffer supplemented 
with 20 µM ATP or ADP and with Na+ concentration at 40 µM, using 15 kDa cutoff dialysis 
membranes for 4 days at 4 ºC. Control liposomes were prepared similarly, except that only KtrA 
was added to the solubilized lipids. 



 

Version: Postprint (identical content as published paper) This is a self-archived document from i3S – Instituto de 
Investigação e Inovação em Saúde in the University of Porto Open Repository For Open Access to more of our 
publications, please visit http://repositorio-aberto.up.pt/  
 

A
0

1
/0

0
 

86Rb+ flux assay. Assay as previously described6,29,with small modifications. A gradient of K+ across 
the liposome membrane was generated, immediately before the assay, by loading 100 µl aliquot of 
liposomes into a 5 ml disposable spin column containing Sephadex G50 (fine) pre-swollen with 
sorbitol buffer (20 µM KCl, 150 mM sorbitol, 10 mM HEPES, 5 mM N-methylglucamine, pH 7.6) and 
centrifuging for 1 min at 700g. After forming the gradient, liposomes were supplemented with 20 
µM ADP or ATP (final concentration of Na+ was set to 40 µM) and mixed with three volume of 86Rb+ 
assay buffer (86Rb+ at ~2,000 counts µl-1 in sorbitol buffer). At different time points 100 µl of uptake 
reaction were loaded on a 1.5-ml bed volume Dowex cation exchange columns (pre-washed in 
150mM sorbitol solution plus 5 mg ml-1 BSA to avoid unspecific binding to resin, and then pre-
equilibrated in 150 mM sorbitol solution) and eluted with 6% sorbitol solution. The eluate was 
collected in 4-ml scintillation vials and mixed with 1.5 ml Optiphase scintillation fluid. At the end 
of the experiment 900 nM valinomycin was added to the last 100 µl aliquot of the uptake reaction, 
incubated for 3 min and then loaded on Dowex columns as described above. The uptake of 86Rb+ 
into liposomes was expressed as the percentage of the counts measured after valinomycin 
treatment (this provides a correction for the internal volume of liposomes in the reaction sample). 
Valinomycin was also applied at earlier time points to check whether the long timescale of the 
experiments could affect the final counts, but the values were similar to those measured after 2 h. 
For all conditions means 6 s.e.m. of triplicates were calculated for two separate liposome 
preparations. 
KtrA ligand binding. Potential ligands for KtrA were screened by making use of the tight binding 
of isolated KtrA to an ADP-agarose matrix and by evaluating which small molecules elute the 
protein from the beads. Purified KtrA was incubated with the beads at 4 ºC. Beads were washed 
with buffer and then incubated for 30 min with 1 mM of different ligands: ATP (adenosine 
triphosphate), ADP (adenosine diphosphate), AMP (adenoside monophosphate), FAD (flavin 
mononucleotide), NAD (nicotinamide adenine dinucleotide), NADH (reduced NAD), NADPH 
(reduced nicotinamide adenine dinucleotide phosphate) and GTP (guanosine triphosphate). Eluted 
fractions were run in an SDS–PAGE. 
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Figure 1 | Structure of the KtrAB K+ transporter. a, Cartoon of the KtrAB structure with the 

extracellular side at the top. KtrB subunits are in orange and light blue whereas KtrA subunits 

are in dark blue and red; ATP is shown as yellow spheres and K+ as magenta spheres; cell 

membrane is shown as a pale yellow rectangle. b, Surface representation of KtrAB rotated 

relative to panel a along the vertical axis. One KtrA dimer has been removed for viewing the hole 

at centre of the octameric ring. N and C lobes of KtrA subunits are indicated. c, Extracellular view 

of KtrB repeats (D1, red; D2, yellow; D3, orange; D4, blue); KtrA is shown as grey surface. 

Asterisks indicate green KtrB C termini running along the KtrB dimer. d, Detail of contact 

regions. Colouring as in panel c except for the D3–D4 loop, shown in purple. The disordered 

stretch in the D1–D2 loop is shown as a dotted line. KtrB helices and N and C termini are labelled. 
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Figure 2 | KtrB subunit. a, KtrB subunit without repeat D2. K+ ion is indicated as a red sphere; 

the intramembrane loop, K315 (at the centre) and R417 (on the left) are shown in magenta. The 

ion pathway, calculated with Hollow41 with a 1.4 Å probe radius, is shown as a white surface. b, 

Close-up view of ion pathway, rotated 180º relative to panel a. C-terminal residues from the 

neighbouring KtrB subunit are shown in green stick representation. c, Intramembrane loops in 

KtrB (magenta and green) and TrkH (yellow), after superposition of pore regions. d, Optical 

density of E. coli TK2420 (expressing different constructs) cultures versus K+ concentration. ∆1, 

∆2, ∆3 and ∆4 indicate KtrB C-terminal sequential truncations. Mean ± s.d. from three 

independent experiments is shown. e, Size-exclusion chromatography elution profiles of 

mixtures of wild-type KtrA and wild-type or mutant KtrB, at same concentrations and ratios. 

Elution volumes for KtrAB, KtrA (octamer) and KtrB (monomer and dimer) are indicated. 
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Figure 3 | Ligand regulation of KtrAB transporter. a, SDS–PAGE of KtrA protein eluted from 

ADP-agarose with 1 mM of different adenosine-containing ligands. Purified KtrA is indicated as 

Ctrl. b, Time course of normalized 86Rb+ uptake into liposomes with reconstituted KtrAB 

transporter (with ATP or ADP) or KtrB alone (with ATP). Control measurement was with 

liposomes formed in the presence of KtrA alone; normalization after addition of valinomycin at 

end of assay. Mean ± s.e.m. calculated from six assays corresponding to triplicates from two 

separate liposome preparations. c.p.m., counts per minute. 
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Figure 4 | Conformational changes in the KtrA octameric ring. a, b, Surface representations 

of isolated KtrA–ATP ring (a) and KtrA–ADP ring (b). KtrA subunits are shown in red and blue. 

F71 Ca is shown as yellow dots; L66 Ca is shown as white dots. Dimer-to-dimer interfaces that 

undergo a rigid-body rotation between ATP- and ADP-bound states are indicated as rotating; 

the other dimer-to-dimer interfaces are indicated as fixed. c, Stereo view of superposed ligand-

binding sites from KtrA–ADP (light blue Cα trace and side-chain stick) and KtrA–ATP (dark blue 

Cα trace and white side-chain stick). Residues, ATP and ADP molecules and ligand phosphates 

are labelled. Some ligand–protein interactions are shown as dashed lines. d, Superposition of a 

KtrA–ATP (dark blue) and KtrA–ADP (light blue) dimer through one of the subunits; only N 

lobes are shown. Ligands are shown as stick representation. The distance separating D36 

residues (red spheres) in dimer subunits and dimer hinge angle change are indicated. 
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Figure 5 | Models for KtrAB activation. Cartoon with the KtrB homodimer in orange and grey; 

KtrA subunits as dark- and light-blue ovals; intramembrane loop in magenta; C terminus as 

green coil; and K+ as green sphere. a, Extracellular view with asymmetric conformational 

changes in the KtrA ring occurring along two possible directions: along lateral contact (pair of 

white arrows) or along tip contact (grey arrows). b, c, Side views of KtrAB. For model 1 (b), KtrA 

asymmetrical conformational change along lateral contact is propagated through the KtrB C 

terminus to intramembrane loop gate (indicated by wavy arrow). For model 2 (c), KtrA 

asymmetrical conformational change along tip contact alters conformation of the KtrB D1–D2 

loop gate (wavy arrows), opening a gate. For full activation the intramembrane loop gate has to 

open upon an as-yet-unknown stimulus (cartoon representation in dark grey). 


