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Abstract 

c-di-AMP is a second messenger with roles in virulence, cell wall and biofilm formation and 

surveillance of DNA integrity in many bacterial species, including pathogens. Strikingly, it has also 

been proposed to coordinate the activity of the components of K+ homeostasis machinery, inhibiting 

K+ import and activating K+ export. However, there is a lack of quantitative evidence supporting the 

direct functional impact of c-di-AMP on K+ transporters. To gain a detailed understanding of the role 

of c-di-AMP on the activity of a component of the K+ homeostasis machinery in B. subtilis, we have 

characterized the impact of c-di-AMP on the functional, biochemical and physiological properties of 

KhtTU, a K+/H+ antiporter composed by the membrane protein KhtU and the cytosolic protein KhtT.  

We have confirmed c-di-AMP binding to KhtT and determined the crystal structure of this complex. 

We have characterized in vitro the functional properties of KhtTU and KhtU alone and quantified the 

impact of c-di-AMP and of pH on their activity, demonstrating that c-di-AMP activates KhtTU and 

that pH increases its sensitivity to this nucleotide. Based on our functional and structural data we were 

able to propose a mechanism for the activation of KhtTU by c-di-AMP. In addition, we have analyzed 

the impact of KhtTU in its native bacterium, providing a physiological context for the regulatory 

function of c-di-AMP and pH. Overall, we provide unique information that supports the proposal that 

c-di-AMP is a master regulator of K+ homeostasis machinery.  

 

Significance statement 

The importance of di-nucleotides in the control of bacterial physiology is still being uncovered. One 

of these molecules is c-di-AMP, thought to control the mechanisms of import and export of potassium 

ions in many bacteria, including pathogens. Maintaining a balanced internal concentration of 

potassium is crucial for bacterial viability, even during infection. However, there has been a lack of 

data showing that c-di-AMP effectively changes the activity of potassium transporters. Here, we 

demonstrate that c-di-AMP increases the activity levels of a potassium exporter and that pH increases 

the sensitivity of the transporter to c-di-AMP. Our quantitative data supports therefore, the central 

role of c-di-AMP in the control of the potassium homeostasis machinery in bacteria.   
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Introduction 

bis-(3´,5´)-cyclic diadenosine monophosphate (c-di-AMP) is part of an expanding family of cyclic 

dinucleotides, which includes c-di-GMP and cGAMP, that function as important bacterial signaling 

molecules and are sensed by the innate immune response during infection (1-3). c-di-AMP is present 

in many bacteria, including Bacillus subtilis and pathogens such as B. anthracis, S. aureus , S. 

pneumoniae, S. pyogenes and L. monocytogenes (4-8). In contrast, E. coli lacks the enzymes that 

synthesize c-di-AMP. This dinucleotide has roles in central metabolism (9), cell wall (10, 11) and 

biofilm formation (12, 13), DNA integrity (14) and virulence (15). c-di-AMP has also been proposed 

as a master regulator of the K+ homeostasis machinery (16-19). In bacteria and archaea, high 

intracellular K+ is not just crucial for the activity and stability of the ribosome and setting the 

membrane electrical potential (20, 21), it also has roles in pH homeostasis, determining internal 

pressure and in the adaptation to extracellular osmotic changes (22-24). For example, upon hyper-

osmotic challenge the intracellular concentration of K+ in B. subtilis will rise from 300 mM to 600-

700 mM, during the first phase of the adaptation mechanism, decreasing back to 300 mM in the 

second phase (25). It is therefore crucial that the activity of dedicated K+ importers and exporters is 

tightly controlled.  

The proposal that c-di-AMP has a central role in the regulation of the K+ homeostasis machinery in 

many bacteria, inactivating K+ import and activating K+ export (8), has resulted from a series of 

experimental observations. The nucleotide concentration increases in parallel with intracellular K+ 

(17, 26) and elevated c-di-AMP results in osmosensitivity (27, 28).  Phenotypical changes are 

observed when some K+ transporters are co-expressed in E. coli mutant strains with diadenylate 

cyclases, which catalyze synthesis of c-di-AMP, suggesting that c-di-AMP affects the function of the 

transporter (29, 30). In addition, c-di-AMP binds to a riboswitch, regulating the transcription levels 

of some K+ transport proteins (31) and to regulatory domains or proteins of known and putative K+ 

transporters (29, 30, 32-36).  However, there is little or no quantitative evidence demonstrating and 

characterizing a direct functional impact of c-di-AMP on the activity of K+ transporters and it is not 

known how c-di-AMP modulation is coordinated with other signaling cues. 

To understand the regulatory impact of c-di-AMP on a K+ transporter protein, we analyzed the 

mechanism of regulation of the KhtTU K+/H+ antiporter from B. subtilis. This protein complex is 

composed by KhtU, a membrane protein that belongs to the CPA2 superfamily of cation/H+ 

antiporters, and KhtT, a cytoplasmic protein that is proposed to bind c-di-AMP at its C-terminal 

RCK_C domain (30, 32-35, 37-40). The genes of the two proteins are organized in an operon that 
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also includes KhtS, which is thought to associate with KhtU but has unknown function and is absent 

from many other bacterial species with KhtTU orthologs (37). Using an E. coli phenotype 

complementation assay it was suggested that KhtU alone is active and involved in the export of K+, 

while the complex KhtTU is inactive (37). Using an in vitro fluorescence-based transport assay with 

inside-out (everted) vesicles it was demonstrated that KhtTU transports H+ in response to the external 

addition of K+, consistent with K+/H+ antiport activity, and that KhtTU is selective for K+ over Na+ 

(38). In addition, it was shown that KhtTU activity is pH dependent, with no activity at pH 7.5 and 

maximum activity at pH 9.0.  

Here, we have performed a structural, biochemical and functional characterization of KhtT, KhtU 

and of their complex KhtTU and demonstrate that c-di-AMP directly activates KhtTU in a 

concentration-dependent manner by binding to KhtT and that pH modulates nucleotide activation. 

Overall, our results strongly support the model where c-di-AMP controls the activity of K+ 

transporters in many bacterial species.  
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Results 

Structure of KhtT in complex with c-di-AMP 

It has been proposed using a ligand overlay assay that the cytosolic protein of the KhtTU complex, 

KhtT, binds c-di-AMP (30).   We performed isothermal titration calorimetry (ITC) experiments at pH 

8.0 with c-di-AMP and KhtT and determined that the dissociation constant is ~130 nM with a 

stoichiometry of ~0.5, corresponding to 1 c-di-AMP bound per KhtT dimer (Fig. 1 and Table 1). In 

contrast, similar titrations with c-di-GMP did not show any heat changes at two temperatures (25oC 

and 15°C). These results demonstrate that KhtT binds c-di-AMP tightly and specifically. 

To gain insights into the interaction between KhtT and its ligand we determined the crystal structure 

of KhtT:c-di-AMP complex at 1.85 Å (Fig. 2A and SI Appendix, Table S1). The structure reveals a 

dimer organized in two domains. The C-terminal domain (C-domain) stretches from residue 77 to the 

C terminus, adopts the typical fold of C-domains of RCK proteins (also known as RCK_C domains) 

and binds c-di-AMP in the dimer interface. The N-terminal domain (N-domain) runs from the N 

terminus to residue 67 and has an unusual fold, comprised by a twisted five-antiparallel β-sheet 

followed by an α-helix. Unlike the C-domain, it appears that the dimeric arrangement of the N-domain 

is an integral part of its fold since the buried surface area in the N-domain dimer is extensive (~1360 

Å2), while in the C-domain only ~390 Å2 are buried in the dimer interface. The N- and C- domains 

are connected by a nine amino acid linker. 

We also solved the KhtT:c-di-AMP structure from a different crystal, with diffraction to 3.14 Å (Fig. 

2B and SI Appendix, Table S1). This structure shows the same dimeric arrangement but the N- and 

C-domains have an altered relative position. Superposition of the N-domains of the two structures 

shows little alterations in that domain and reveal that the C-domain dimer undergoes a rigid-body 

torsion with extension of the linker region and conversion of its first β-strand into an α-helix (SI 

Appendix, Fig. S1), demonstrating an impressive flexibility in the arrangement between the N- and 

C-domains of KhtT. 

In both crystal forms, c-di-AMP binds at the interface between the C-domains, adopting a “U”-shaped 

conformation (Fig. 2C). Its position is stabilized by contacts between the adenine groups and apolar 

residues (Leu104, Val109, Val117, Gly132 and Ala133), as well as hydrogen bonds with Pro131 and 

Val117, in each subunit. At the mouth of the binding site, the two Asp108 residues and one Gln111 

(from chain B) contact the ribose groups, while the other Gln111 is recruited into the coordination of 

a calcium ion mediating a crystal contact (SI Appendix, Fig. S2). Strikingly, Arg110 from chain B 

stretches into the inner part of the “U”-shaped c-di-AMP and contacts the two phosphate groups in c-
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di-AMP, one of them directly and the other through bridging by a water molecule that is positioned 

across the cyclic-phosphate group. A second water molecule also bridges the phosphate and Ala133 

from molecule B. This disposition is observed in 3 out of 4 dimers present in the asymmetric unit of 

the high-resolution structure. In the fourth dimer, the side-chains of Arg110 from both subunits point 

into the inner part of the c-di-AMP “U” but one of the arginine side chains displays partial occupancy, 

showing also density for an alternate conformation away from the nucleotide (SI Appendix, Fig. S3). 

In the low-resolution structure, the c-di-AMP molecule adopts the same disposition in the dimer 

interface but it is harder to define the details of the binding sites in the two dimers present in the 

asymmetric unit. Only one of the four Arg110 could be modeled and it displays a similar position to 

those found in the high-resolution structure.  

The contacts established by Arg110 with the c-di-AMP phosphate, the adoption of a very similar 

disposition by an arginine in the binding site of the RCK_C domain of KtrA from S. aureus (34) and 

its conservation in other KhtT proteins (SI Appendix, Fig. S4) together with thermal shift and ITC 

analysis of the KhtTR110A mutant (SI Appendix, Fig. S5A-C), establish that the arginine has a crucial 

role in the binding of the nucleotide. 

 

KhtTU from B. subtilis is activated by c-di-AMP 

We tested the functional impact of c-di-AMP on KhtTU activity using a previously described 

fluorescence-based flux assay with everted vesicles (38). Everted vesicles or inside-out vesicles are 

formed during lysis of bacterial cell membranes, according to a well-established protocol (41) and 

present the cytoplasmic face of the cell membrane towards the bath solution. We generated KhtTU-

vesicles from the E. coli strain KNabc (which lacks NhaA, NhaB and ChaA cation/H+ antiporters) 

expressing the KhtTU complex. In the assay (Fig. 3A), lactate is first added to the bath solution to 

promote accumulation of H+ in the vesicle lumen and generate a H+ gradient, quenching the 

fluorescence of ACMA (a H+-gradient sensitive dye). Efflux of H+ is initiated by adding K+ to the 

bath solution, causing an increase in fluorescence (dequenching), consistent with H+ efflux coupled 

to K+ uptake mediated by KhtTU.  

We performed the assay in the presence of signaling nucleotides (added prior to H+ charging) and 

saw no change in the dequenching curve with pApA, c-di-GMP, ppGpp or pppGpp relative to no 

nucleotide addition. However, with c-di-AMP we observed an increase in fluorescence dequenching, 

strongly indicating that this nucleotide activates KhtTU (Fig. 3A). In contrast, no changes in 

dequenching were observed with everted vesicles prepared from cells transformed with empty 



7 
 

plasmid (SI Appendix, Fig. S6). To confirm that activation by c-di-AMP resulted from binding to the 

site shown in the KhtT crystal structure, we replaced the binding site Arg110 for an alanine, produced 

KhtTR110AU-vesicles and measured activity. As expected, this mutant could not be activated by c-di-

AMP (Fig. 3B). 

Quantification of c-di-AMP activation was done with KhtTU-vesicles titrated at pH 7.5, 8.0 and 8.5 

with 50 mM KCl. At all pH values, c-di-AMP was shown to promote the activation of KhtTU in a 

concentration-dependent manner (Fig. 3C-E). The rate of dequenching at different concentrations of 

c-di-AMP was determined by fitting a single-exponential to the experimental curves (SI Appendix, 

Fig. S7). Rate constants were plotted as a function of c-di-AMP concentration and a Hill equation 

was fitted to these data (Fig. 3F). At pH 7.5, the K1/2 of activation by c-di-AMP was ~40 µM with a 

Hill coefficient of ~1. Lower concentrations of c-di-AMP were required to activate KhtTU at higher 

pH, with K1/2 = 3.6 ± 0.5 µM (Hill coefficient = ~2) at pH 8.0 and K1/2 = 0.70 ± 0.08 µM (Hill 

coefficient = ~2) at pH 8.5. Importantly, the 10-fold increase in c-di-AMP sensitivity of KhtTU 

between pH 7.5 and pH 8.0 is not explained by an increase in the binding affinity of nucleotide for 

KhtT.  Calorimetry titrations of c-di-AMP into KhtT at pH 7.5 showed a KD ~40 nM relative to KD 

~130 nM at pH 8.0 (Table 1 and SI Appendix, Fig. S8). This 3-fold change in KD is well below the 

10-fold change necessary to indicate a molecularly significant alteration in the ligand binding energy 

but if meaningful, it would suggest a decrease in binding affinity at higher pH. The lower constants 

of dissociation for c-di-AMP binding to KhtT alone relative to the K1/2 of activation in the KhtTU 

complex are expected.  The energy required for activation of KhtTU is imparted by the chemical 

energy released from the interactions established by the nucleotide in its binding site, resulting in 

higher half concentrations of nucleotide for complex activation than for binding to the regulatory 

protein alone. 

In addition, both basal and maximal activities also increased with higher pH. Basal rates (without c-

di-AMP) were ~0.002 s-1 at pH 7.5, ~0.003 s-1 at pH 8.0 and ~0.004 s-1 at pH 8.5, and the maximal 

rates (with saturating concentrations of c-di-AMP) were ~0.009 s-1 and ~0.01 s-1 at pH 8.0 and pH 

8.5, respectively. We estimated that the maximal rate at pH 7.5 is ~0.007 s-1 (see section below). 

Importantly, these results demonstrate that KhtTU is activated by both c-di-AMP and pH, becoming 

more active and more sensitive to c-di-AMP at higher pH.  

 

Mechanisms of activation by c-di-AMP and pH 
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We gained clues about the underlying mechanism of activation of the KhtTU complex by both c-di-

AMP and pH while setting-up the everted vesicle assay.  We noticed that the flux properties of 

vesicles prepared at pH 8.0 differed from those prepared at pH 7.0. In particular, when tested in 

identical assay conditions, vesicles prepared at pH 8.0 displayed faster and more pronounced 

dequenching curves and did not respond to activation by c-di-AMP (Fig. 4A-B). Importantly, addition 

of recombinant KhtT to the external bath of the vesicles reduced the rate of ACMA dequenching from 

~0.007 s-1 to ~0.002 s-1, at pH 7.5, and ~0.01 s-1 to ~0.004 s-1, at pH 8.5, and resulted in recovery of 

c-di-AMP sensitivity (Fig. 4C). This demonstrated that KhtT was being washed away from KhtU at 

high pH, giving rise to KhtU-vesicles that did not respond to c-di-AMP, and that it is possible to 

reassemble the complex by adding the regulatory protein. The binding affinity of KhtT for KhtU at 

pH 7.5 was estimated from a functional titration of KhtU-vesicles with KhtT, displaying a K1/2 ~0.5 

µM (SI Appendix, Fig. S5D). The mutant KhtTR110A behaved similarly. It also dissembled from KhtU 

at high pH, associated and inhibited KhtU activity as efficiently at pH 7.5 and had similar basal 

activity (SI Appendix, Fig. S5D-E). 

We can now compare the functional properties of KhtU alone with those of KhtTU and understand 

better the mechanisms of activation by c-di-AMP and pH. Strikingly, and although some variation in 

flux rates was observed between vesicles prepared from different cell culture batches, the experiments 

above reveal a parallel in the flux activity of KhtTU- and KhtU-vesicles. Flux rates for KhtU increase 

with pH and in particular, the maximal flux rate measured for KhtTU-vesicles incubated with 

saturating concentrations of c-di-AMP (see previous section) is identical (~0.01 s-1) to that measured 

from KhtU-vesicles without KhtT added (Fig. 4C). This leads us to propose that the fully active state 

of KhtTU is functionally similar to that of KhtU. Based on this, we estimated the maximum flux rate 

(0.007 s-1) for KhtTU-vesicles with saturating amounts of c-di-AMP at pH 7.5 (which we could not 

measure due to the large nucleotide concentrations required) from measurements of KhtU-vesicles at 

the same pH.  

We also wondered what happens with cation selectivity in KhtU, another functional property 

previously described for KhtTU (38). Addition of 10 mM KCl to KhtU-vesicles (at pH 8.5) caused 

dequenching that is markedly different from no addition or addition of 10 mM choline salt (an organic 

cation that will not permeate through KhtU). Adding 100 mM KCl intensified dequenching further 

(Fig. 4D). In contrast, addition of 10 mM NaCl resembles no addition, while addition of 100 mM 

NaCl or choline chloride results in further quenching of fluorescence, probably due to a change in 

vesicle volume caused by increased external osmolarity that is not compensated by KhtU-mediated 

ion influx. We also tested a mixture of 10 mM KCl and 90 mM NaCl. In these conditions, the 
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fluorescence curve resembles that with 10 mM KCl alone. Experiments at pH 7.5 showed similar 

results but with less pronounced dequenching curves. Determination of dequenching rates showed 

that at pH 7.5 there is an increase in ion flux when the K+ concentration rises from 10 to 100 mM, 

with rates changing from ~0.003 to ~0.007 s-1. In contrast, at pH 8.5 with 10 mM KCl, flux is already 

at maximum since there is no change in the dequenching rate with 100 mM KCl, indicating higher 

affinity of KhtU for K+ at pH 8.5 (Fig. 4E). Overall, these results demonstrate that except for c-di-

AMP sensitivity, KhtU alone displays similar functional properties to KhtTU (38). It is very selective 

for K+ over Na+ and has similar pH dependence, with higher activity at higher pH values.  

The falling apart of the KhtTU complex during preparation of everted vesicles at high pH and the 

similar flux rate measured for KhtU-vesicles and KhtTU-vesicles with saturating concentrations of 

c-di-AMP raised the possibility that the mechanism of activation by c-d-AMP and pH involves 

disruption of the interaction between KhtT and KhtU.  

To explore this hypothesis, we incubated C-terminal hexahistidine tagged KhtT (KhtTHis) with KhtU-

vesicles at pH 7.0 and isolated the KhtU-vesicles, with associated KhtTHis, by ultracentrifugation. We 

incubated these vesicles with 200 µM c-di-AMP or c-di-GMP (negative control), a concentration that 

is 5-200 fold above K1/2 of activation for c-di-AMP, at pH 7.5 or pH 8.0 for 10 minutes. The vesicles 

were then subjected to a second ultracentrifugation after which free and vesicle-bound KhtTHis was 

detected by western blot, in the supernatant and pellet respectively.  In contrast to the c-di-GMP 

control, c-di-AMP reduced KhtTHis associated with the pelleted vesicles and increased the amount of 

free KhtTHis in the supernatant at both pHs tested (Fig. 4F). In parallel, we showed that everted 

vesicles prepared from cells co-expressing KhtTHis and KhtU are still activated by c-di-AMP (SI 

Appendix, Fig. S9A). The western blot results appear to strongly support the hypothesis that c-di-

AMP activation involves detachment of the KhtT:c-di-AMP complex from KhtU. However, 

comparing the levels of KhtT associated with KhtU-vesicles and vesicles prepared with empty 

plasmid (empty-vesicles) (SI Appendix, Fig. S9B), after incubation with c-di-AMP, clearly shows 

that not all KhtT detaches from the vesicles despite the relatively long incubation time and the 

saturating concentration of nucleotide. Moreover, there is little or no difference between experiments 

performed at pH 7.5 and 8.0 (Fig. 4F), contrasting with what was observed with the preparation of 

KhtU-vesicles at high pH. It is therefore more likely that c-di-AMP and pH lead to structural 

alterations that weaken the KhtT-KhtU interaction, resulting in the activation of KhtU-mediated 

K+/H+ antiport. In experimental situations that include long incubations and repeated washes the 

complex falls apart, as seen with vesicles prepared at pH 8.0. 
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In contrast to the function of the C-domain in nucleotide binding, the function of the N-domain is less 

clear. We wondered if its role is to mediate the interaction with KhtU and to act as a conduit for the 

conformational change occurring in the C-domain upon binding/unbinding of the nucleotide. 

Incubation of different KhtT protein variants (full-length KhtT, N-KhtT (corresponding to the N-

domain) and C-KhtT (corresponding to C-domain)) with empty-vesicles or KhtU-vesicles followed 

by ultracentrifugation revealed the levels of protein associated with KhtU (Fig. 4H). A simple 

quantification was performed by determining the ratio (𝐼𝐾ℎ𝑡𝑈 − 𝐼𝑒𝑚𝑝𝑡𝑦) 𝐼𝑖𝑛𝑝𝑢𝑡⁄ , where IKhtU is the 

intensity of the signal associated with KhtU-vesicles, Iempty corresponds to background signal 

associated with the empty-vesicles and Iinput is the signal in the input lanes and accounts for differences 

is blot transfer efficiency. The ratios were 0.14 and 0.22 for N-KhtT from two independent 

experiments, and 1.21 and 1.04 for KhtT, indicating that the N-domain forms interactions with KhtU 

but not as efficiently as full-length KhtT. In contrast, the ratio for C-KhtT is very low, 0.01 from a 

single experiment where a band was detectable, indicating that C-domain alone is unlikely to bind 

KhtU. Moreover, unlike full-length KhtT, supplementation of truncated N-domain to KhtU-vesicles 

up to 10 µM has little or no effect in the dequenching rates at either pH (Fig. 4G). 

In addition, in the absence of apo-KhtT crystals we crystallized the truncated N-domain as we 

reasoned that truncation of the C-domain could release the constraints imposed by the nucleotide-

binding domain and reveal a conformational change in the N-domain of KhtT. We solved the structure 

of the N-domain of KhtT (N-KhtT protein) (up to Gly68) at different pHs (6.5, 7.5 and 8.5) and in 

different space groups. Besides local changes in the organization of some loops, we do not observe 

any major alterations in the overall structure relative to the structure of the full-length KhtT. All the 

structures could be nicely superposed (SI Appendix, Fig. S10), revealing considerable stability and 

rigidity of the N-domain, independent of pH and crystal packing.  

We conclude that the N-domain alone associates weakly with KhtU, does not inhibit KhtU activity 

and that its structure is not affected by the presence of the C-domain or likely, by binding of c-di-

AMP. We propose therefore that the function of the N-domain is to mediate some of the contacts 

established between KhtT and KhtU, while the C-domain binds c-di-AMP and undergoes a 

nucleotide-dependent conformational change that weakens the interaction between the KhtT and 

KhtU, resulting in the activation of the antiporter. 

 

Role of KhtTU in K+ and pH homeostasis 
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We have established that KhtTU is regulated by both c-di-AMP and pH. To understand how these 

modulatory factors fit with the physiological role of KhtTU, we analyzed the impact of this K+ 

transporter on growth phenotypes in its native bacterium.  

The ∆khtU strain (where the khtU gene was replaced for an antibiotic cassette in the B. subtilis strain 

168) was obtained from the Bacillus Genetic Stock Center. It revealed no obvious growth phenotype 

in a diverse set of growth conditions, with both low and high K+ concentrations, relative to the wild-

type strain (example shown in SI Appendix, Fig. S11A). In contrast, expression of KhtU in the ∆khtU 

strain using the bacitracin-inducible plasmid pBS0E in Spizizen Minimal Medium (SMM) at pH ~7.0 

and containing only 2 mM KCl caused a strong growth impairment relative to a strain with the empty 

vector (Fig. 5A and SI Appendix, Fig. S11B-C). The growth defect was partially complemented by 

the presence of 100 mM KCl in the growth media (Fig. 5B). Higher concentrations did not improve 

the outcome (SI Appendix, Fig. S11D). This is consistent with the proposed role of KhtU as a K+ 

exporter (37), where unregulated expression results in a toxic effect through a decrease in intracellular 

K+. On the other hand, when we co-expressed KhtU and its regulatory subunit KhtT in the ∆khtU 

strain, we saw a recovery in bacterial growth relative to expression of KhtU alone, both at 2 mM and 

100 mM K+ (Fig. 5), indicating that KhtT inhibits the function of KhtU, in accordance with our in 

vitro data and previous findings (37). 

In vitro experiments have shown that KhtU transports H+. Therefore, we analyzed the impact of KhtU 

and KhtTU expression on pH homeostasis by comparing cell growth in YPD buffered with Bis-tris 

propane at pH 7.0 and 9.0. The composition of this medium does not include any added monovalent 

cation. While all strains grew similarly well at pH 7.0, they did not grow at pH 9.0 over a period of 

12 h (Fig. 6A-C). In contrast, supplementation of the medium at pH 9.0 with 100 mM KCl allowed 

cells expressing KhtU to grow after a ~6 h lag period but not the strain with empty plasmid (Fig. 6D). 

Co-expression of KhtT and KhtU also resulted in cell growth at pH 9.0 with 100 mM KCl but 

appeared to display a slightly longer lag period. Interestingly, cells co-expressing KhtU and KhtTR110A 

mutant (KhtTR110AU) did not grow, in agreement with the inhibition of KhtU activity by the KhtT 

mutant that is insensitive to c-di-AMP activation. KhtTR110A expressed as well or slightly better than 

wild type KhtT as inferred from peptide mass spectrometry analysis of cell extracts from ∆khtU 

strains transformed with empty pBS0E, pBS0E-KhtTU and pBS0E-KhtTR110AU (SI Appendix, Fig. 

S12 and Table S3). Relative KhtT and KhtTR110A abundance was estimated as ~4.1x108 and ~7.9x108, 

respectively, after normalization by total peptide amount. In addition, both protein variants were 

found among the top 10 most abundant proteins of similar molecular size while the strain with empty 

plasmid showed much lower levels of native KhtT (position 150 in the abundance ranking). 
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Importantly, we have also shown above that the mutant KhtTR110A inhibits KhtU as efficiently as the 

wild type protein (SI Appendix, Fig. S5D) and that at pH 8.0, 8.5 and 9.0 displays slightly higher 

thermal stability (SI Appendix, Fig. S5B and S5F). Altogether, these results demonstrate that the 

KhtU antiporter can contribute for bacterial adaptation to alkaline conditions and that c-di-AMP has 

a role in this process. 

 

Discussion 

With this work, we have established that the second messenger c-di-AMP directly affects the function 

of a K+ transporter, in this case, as an activator of the K+ exporter KhtTU. We have quantified this 

effect, defined the molecular details of the interaction between c-di-AMP and the cytosolic protein 

KhtT and validated the role of KhtTU, and of its membrane protein component KhtU, in a 

physiological context. Overall, these data provide strong support to the proposal that c-di-AMP has a 

central role in the regulation of the K+ homeostasis machinery in B. subtilis and in other bacterial 

species, including pathogens.  

Importantly, our data revealed that KhtTU activation by c-di-AMP is highly dependent on pH.  A pH 

increase from 7.5 to 8.5 shifts the K1/2 of c-di-AMP activation by ~60-fold, from ~40 μM at pH 7.5 

to less than 1 μM at pH 8.5. This shows that to understand the role of c-di-AMP in the modulation of 

the bacterial intracellular K+ concentration, we need to consider what other factors regulate the 

function of the K+ transporters in the cell and how these factors affect c-di-AMP regulation. 

We have also gained good insights into the mechanism of activation of KhtTU by c-di-AMP and pH. 

In particular, we have found that KhtT is responsible for tight binding of the nucleotide and that, in 

contrast, KhtU is c-di-AMP insensitive but is activated by high pH, with its flux rate increasing from 

0.007 s-1 at pH 7.5 to 0.1 s-1 at pH 8.5. Strikingly, this pH-dependence is mirrored in the KhtTU 

complex, where the basal (in the absence of c-di-AMP) and maximal (with saturating concentrations 

of c-di-AMP) flux rates also increase when pH changes from 7.5 to 8.5. The pH dependence shown 

by KhtU, including the apparent increase in the affinity for K+ at high pH, closely resemble the 

properties of other proteins from the Cation-Proton-Antiporter (CPA) superfamily such as the well-

studied Na+/H+ antiporter NhaA from E. coli, which lacks a cytosolic subunit (42, 43). Our results 

also suggest that c-di-AMP binding weakens the KhtT-KhtU interaction. Therefore, we propose a 

model where KhtU functions as a “typical” cation/H+ antiporter of the CPA superfamily and apo-

KhtT acts as a “loose brake” that slows the transport cycle of the antiporter but does not impede it, so 

that in KhtTU we observe basal pH-dependent flux even in the absence of c-di-AMP. Upon c-di-
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AMP binding there is a conformational change in the C-domain of KhtT that weakens the interaction 

with KhtU, allowing the membrane protein to undergo its transport cycle at maximum rate. 

Interestingly, this mechanism resembles that proposed for c-di-AMP regulation of the Trk channel 

SPD_0076 from Streptococcus pneumonia (44). Binding of c-di-AMP to the RCK regulatory protein, 

CapB, results in the disassembly of the functional complex formed by SPD_076 and CapB and 

inactivation of K+ uptake. 

Strikingly, our data showed that expression of KhtU and KhtTU (independently of the original 

promoter) in the native bacterium B. subtilis affects growth in a K+- and pH-dependent way, providing 

a physiological context for the regulation of KhtTU activity. In particular, expression of KhtU and 

KhtTU prove to be fundamental for bacterial growth at pH 9.0 when K+ is available in the media. It 

is not straightforward to understand this gain-of-function phenotype since addition of K+ to the 

external medium should decrease the K+ gradient that drives H+ uptake in a K+/H+ antiporter. 

Nevertheless, these results demonstrate that KhtTU can contribute to alkaline adaptation. This gain 

of function at high pH allowed us to demonstrate that c-di-AMP has a role in the regulation of KhtTU 

in a physiological context since co-expression of KhtU with a KhtT mutant that is insensitive to c-di-

AMP (KhtTR110A) generated a strain that did not adapt to alkaline conditions. 

It has been determined that the average concentration of c-di-AMP in B. subtilis varies between 1-5 

μM (45 ) and shown that c-di-AMP concentration rises as intracellular K+ increases (17, 26). 

Therefore, the high activation K1/2 determined for KhtTU (~40 μM) at a “normal” intracellular pH 

(pH ~7.5) fits nicely with the idea that with rising concentrations of K+ and consequently, rising c-di-

AMP, KhtTU becomes more active and transports K+ out of the cell. Reduction in intracellular K+ 

concentration, is reflected in lower c-di-AMP availability, reducing KhtTU activity back to basal 

levels. In addition, when intracellular pH becomes too high, both basal and maximal activity of 

KhtTU, and its sensitivity to c-di-AMP increase (K1/2 < 1 μM), requiring lower amounts of c-di-AMP 

to fully activate KhtTU.  These properties, transform KhtTU into a H+ importer in alkaline conditions, 

providing support for a role of KhtTU in pH homeostasis. It is worthwhile pointing out that our in 

vivo results with the KhtTR110A mutant indicate that in alkaline conditions c-di-AMP signaling is still 

important for the activity of KhtTU, suggesting that besides its role as a master regulator of K+ 

homeostasis, c-di-AMP also has a role in pH homeostasis.  
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Materials and Methods 

Extended Materials and Methods are described in Supplementary Information.  

Expression and purification of KhtT protein variants 

Full-length KhtT, KhtTHis, KhtTR110A, N-KhtT, NHis-KhtT and CHis-KhtT were expressed in 

Escherichia coli BL21 (DE3) or B834 (DE3) (for production of selenomethionine substituted protein) 

after induction with IPTG at 37°C. Proteins were purified by affinity chromatography in Ni2+-beads 

and size-exclusion chromatography.  

Isothermal titration calorimetry and Thermal shift assay 

Recombinant KhtT and KhtTR110A were titrated with c-di-AMP (or c-di-GMP for KhtT) in a MicroCal 

VP-ITC instrument (GE Healthcare). Data were visualized and analyzed with Origin 7 Software using 

a single binding site model. Melting temperatures of KhtT and KhtTR110A, in presence and in absence 

of c-di-AMP or c-di-GMP were determined by Sypro Orange thermal shift assay. 

Structure determination  

Diffraction data were collected at beamlines XALOC of ALBA and PROXIMA-1 of SOLEIL. X-ray 

diffraction data collection and processing statistics are summarized in SI Appendix, Table S1. The 

high-resolution structure of KhtT:c-di-AMP complex was solved by SAD, using the anomalous signal 

of selenium and NCS-averaging. The low-resolution KhtT and its N-domain structures were solved 

by molecular replacement. Refinement statistics are summarized in Table S1. Refined coordinates 

and structure factors were deposited at the Protein Data Bank (46): 7AGV – high-resolution KhtT 

structure; 7AHM – low-resolution KhtT structure; 7AGW – N-domain of KhtT at pH 6.5; 7AHT – 

N-domain of KhtT at pH 7.5; 7AGY – N-domain of KhtT at pH 8.5. 

Preparation of everted membrane vesicles 

Everted membrane vesicles were prepared as previously described (47) from KNabc E. coli strain 

transformed with pQE60-khtTU (for KhtTU- or KhtU-vesicles), pQE60-khtTHisU, pQE60-khtTR110AU 

or pQE60 (for empty vesicles) at pH 7.0 (for preparation of KhtTU-, KhtTR110AU-, KhtTHisU- or 

empty-vesicles) or pH 8.0 (for preparation of KhtU-vesicles).  

Antiport Assays  

Fluorescence-based flux assays were performed at room temperature in a FluoroMax-4 

spectrofluorometer (Horiba) with excitation at 410 nm and emission at 480 nm. Everted vesicles were 
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mixed with 2 µM 9-amino-6-chloro-2-methoxyacridine (ACMA). Assays were initiated with addition 

of 4 mM sodium lactate to promote a respiration-generated ΔpH followed by 50 mM KCl (unless 

otherwise noted) in different conditions. 

KhtT interaction with KhtU 

Everted membrane vesicles produced were incubated with KhtT, N-KhtT or C-KhtT with C-terminal 

hexahistidine tags, followed by ultra-centrifugations and analysis of supernatant and pellets by 

Western blot using an anti-His antibody and HRP-conjugated secondary antibody. Detection was 

done using ECL Prime Western Blotting System (GE Healthcare).  

B. subtilis culture conditions 

For K+ homeostasis experiments, B. subtilis strain ΔkhtU transformed with pBS0E, pBS0E-khtU, 

pBS0E-khtTU or pBS0E-khtTR110AU were grown in SMM supplemented with antibiotics and 

bacitracin (protein expression inducer). All growth medium conditions included 150 mM of 

monovalent cations (mixture of Na+ and K+) and pH was ~7.0.  For experiments at different pH, 

strains were grown in YPD medium, buffered at pH 7.0 or pH 9.0 with and without 100 mM KCl and 

supplemented with antibiotics and bacitracin. Expression levels of KhtT and KhtTR110A in ΔkhtU with 

pBS0E, pBS0E-khtTU or pBS0E-khtTR110AU were estimated by peptide mass spectrometry of cell 

extracts from cultures grown in YPD medium at pH 7.0, since the ΔkhtU (pBS0E-khtTR110AU) strain 

does not grow at pH 9.0. 
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Fig. 1. Characterization of the interaction of c-di-AMP with KhtT using ITC. (A) Titration of c-di-AMP (152 

µM) into KhtT (18 µM). (B) Titration of KhtT (175 µM) into c-di-AMP (6 µM). (C) Titration of c-di-GMP 

(308 µM) into KhtT (35 µM). Top panels show the raw titration heat values plotted as a function of time and 

bottom panels show normalized integration heat values of injectant plotted as a function of molar ratio. 

Experiments were performed at pH 8.0 and 25°C. Curves shown in bottom panels corresponds to a single 

binding site model. See also SI Appendix, Fig. S8. 

 

  

 



20 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Crystal structure of KhtT with bound c-di-AMP. (A) Cartoon representation of three-dimensional 

structure of KhtT in complex with c-di-AMP obtained from high-resolution monoclinic crystal. Monomers are 

colored in blue (molecule A) and wheat (molecule B). N- and C-domains are indicated. Surface representation 

of c-di-AMP is colored pink. Linkers connecting N- and C-domains are indicated by arrows. Secondary 

structure elements that differ in the crystallographic structure shown in A and B are indicated by an asterisk. 

(B) Cartoon representation of the low-resolution structure of KhtT:c-di-AMP complex obtained from 

tetragonal crystals. All elements are shown as in A. N-domain is in the same orientation as in A. (C) Stereo-

view of the c-di-AMP binding site. Residues around c-di-AMP are represented as sticks and colored according 

to their evolutionary conservation (shown at bottom right of the image), calculated from a multiple sequence 

alignment of 200 unique amino acid sequences with 95-40% of identity. Water molecules (ω) participating in 

ligand binding are represented as red spheres. Hydrogen-bonding is indicated by black dashed lines. See also 

SI Appendix, Fig. S1-S4 and Table S1. 
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Fig. 3. KhtT is activated by c-di-AMP. (A) Representative fluorescence traces of lactate-dependent quenching 

and salt-induced (50 mM KCl) dequenching of ACMA for KhtTU-vesicles with (15 µM) and without 

nucleotides, at pH 8.5. (B) Fold change in rate constant determined from fitting single exponentials to 

dequenching curves for wild-type KhtTU and mutant KhtTR110AU. Mean ± SD are shown for 3-4 experiments 

performed at pH 8.5 and with 50 mM KCl. (C-E) Normalized fluorescence curves for KhtTU-vesicles with 

increasing c-di-AMP concentrations (shown by color intensity) in the presence of 50 mM KCl at pH 7.5 (C), 

8.0 (D) and 8.5 (E). Leak activity, in the absence of KCl and c-di-AMP, is shown by dequenching curve marked 

by asterisk. (F) Plot of rate constants versus c-di-AMP concentration determined from titrations at different 

pHs. Mean ± SD are shown for at least 4 independent experiments from two everted-vesicle preparations, 

excepting the 3 lowest c-di-AMP concentrations at pH 8.0, for which 3 measurements were performed using 

a single batch of vesicles. Data were fitted with a Hill equation and Hill coefficient (n) determined from the 

fits are K1/2 = 0.70 ± 0.08 µM and n = 1.76 ± 0.24 (pH 8.5), K1/2 = 3.58 ± 0.49 µM and n = 2.18 ± 0.44 (pH 

8.0), and K1/2 = 43.4 ± 2.7 µM and n = 1.1 ± 0.1 (pH 7.5). See also SI Appendix, Fig. S5-S7. 
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Fig. 4. KhtT-KhtU interaction. (A) Representative fluorescence traces for vesicles prepared at pH 7.0 (light 

gray) or pH 8.0 (dark gray) and assayed under the same experimental conditions, at pH 7.5. (B) Representative 

fluorescence traces for vesicles prepared at pH 8.0 and assayed at pH 7.5 (pink) and pH 8.5 (blue) in the 

presence (dark pink/blue) or absence (light pink/blue) of 25 µM c-di-AMP. (C) Plot of the rate constants 

measured from dequenching traces of KhtU-vesicles incubated with increasing concentrations of full-length 

KhtT at pH 7.5 (light gray) and 8.5 (dark gray) with 50 mM KCl, with and without c-di-AMP. (D) 

Representative fluorescence traces for KhtU-vesicles assayed at pH 8.5 and with added KCl, NaCl, choline 

chloride or salt mixtures. (E) Plot of rate constants measured from dequenching traces of KhtU-vesicles 

incubated with 10 or 100 mM KCl at pH 7.5 (light gray) or 8.5 (dark gray). (F) Western blot of supernatant 

(S) and pellet (P) fractions from ultracentrifugation of KhtU-vesicles+KhtTHis after incubation with c-di-AMP, 

c-di-GMP or assay buffer (control) at pH 7.5 and pH 8.0. Blot was probed with α anti-His. (G) Plot of rate 

constants measured from dequenching traces of KhtU-vesicles incubated with increasing concentrations of 

KhtT N-domain at pH 7.5 (light gray) and 8.5 (dark gray). Mean ± SD of 3-4 experiments shown in (C), (E) 

and (G). (H) Western blot of the pellet fractions from ultracentrifugation of empty or KhtU-vesicles after 

incubation with N- or C-domain of KhtT (NHis-KhtT and CHis-KhtT, respectively) or full-length KhtTHis. Total 

inputs (mixture of KhtU-containing vesicles with the KhtT variants) were loaded as positive controls. Total 

input of KhtTHis is 3-fold diluted compared to the other inputs, and pellet fractions containing KhtTHis are 6-

fold diluted compared to the other pellet samples. KhtU-vesicles alone were loaded as negative control. 

Transfer efficiency into PVDF membrane of KhtT variants varied. See also SI Appendix, Fig. S9-S10. 
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Fig. 5. Impact of KhtU and KhtTU in the growth of B. subtilis. Optical density of cell cultures with strains 

ΔkhtU (pBS0E), ΔkhtU (pBS0E-khtU) and ΔkhtU (pBS0E-khtTU) growing in SMM, pH ~7.0, with 2 mM (A) 

or 100 mM (B) KCl. Plots show mean ± SD of triplicate growths from a single experiment. Similar results 

were obtained with experiments performed in different days. The empty plasmid control strain [ΔkhtU 

(pBS0E)] was tested with 100 mM KCl in a single experiment. See also SI Appendix, Fig. S11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Impact of the expression of KhtTU in the growth of B. subtilis at pH 7.0 and 9.0. Optical density of cell 

cultures with strains ΔkhtU (pBS0E), ΔkhtU (pBS0E-khtU), ΔkhtU (pBS0E-khtTU) and ΔkhtU (pBS0E-

khtTR110AU) growing in YPD at pH 7.0 (A and B) or pH 9.0 (C and D) without salt supplementation (A and C) 

or with 100 mM KCl added (B and D). Plots show mean ± SD of triplicate growths from a single experiment. 

Similar results were obtained with experiments performed in different days. See also SI Appendix, Fig. S12 

and Table S3. 

 

 


