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The second messenger cyclic di-adenosine monophosphate (c-di-AMP) is essential in the Gram-positive model orga-
nism Bacillus subtilis and in related pathogenic bacteria. It controls the activity of the conserved ydaO riboswitch and
of several proteins involved in potassium (K*) uptake. We found that the YdaO protein was conserved among several
different bacteria and provide evidence that YdaO functions as a K* transporter. Thus, we renamed the gene and
protein KimA (K importer A). Reporter activity assays indicated that expression beyond the c-di-AMP-responsive
riboswitch of the kimA upstream regulatory region occurred only in bacteria grown in medium containing low K*
concentrations. Furthermore, mass spectrometry analysis indicated that c-di-AMP accumulated in bacteria grown
in the presence of high K* concentrations but not in low concentrations. A bacterial strain lacking all genes encoding
c-di-AMP-synthesizing enzymes was viable when grown in medium containing low K* concentrations, but not at
higher K* concentrations unless it acquired suppressor mutations in the gene encoding the cation exporter NhaK.
Thus, our results indicated that the control of potassium homeostasis is an essential function of c-di-AMP.

INTRODUCTION
Gram-positive bacteria synthesize the signaling nucleotide cyclic di-
adenosine monophosphate (c-di-AMP). In the Gram-positive model
organism Bacillus subtilis and in many other firmicutes, c-di-AMP is
both essential (bacteria lacking the ability to synthesize this messenger
die) and toxic if degradation is blocked (1-3). As a second messenger,
c-di-AMP controls K* transport by binding to transport and regula-
tory proteins and to a regulatory RNA called a riboswitch (2). In fir-
micutes, c-di-AMP binds to the peripheral membrane proteins KtrA
and KtrC, which are subunits of two distinct K" transporters, and
inhibits their activity and, thus, K" uptake (4, 5). In Staphylococcus
aureus, c-di-AMP inhibits the sensor kinase KdpD and, thus, the ex-
pression of the genes encoding the high-affinity K* transporter KdpABC
(4, 6). In B. subtilis, c-di-AMP binds to a regulatory RNA molecule, the
ydaO riboswitch (7, 8). Binding of c-di-AMP prevents transcription
elongation of the target genes beyond the riboswitch (8). The B. subtilis
genome encodes two copies of the riboswitch, one upstream of ydaO,
which encodes a putative membrane protein of unknown function,
and a second copy in front of the ktrAB operon, which encodes the
high-affinity K" transporter KtrAB. The physiological cues to which
this riboswitch—and thus the signals that promote the synthesis and
accumulation of c-di-AMP—responds have not yet been elucidated.
We studied the impact of c-di-AMP on K" uptake in B. subtilis.
Two K" uptake systems, KtrAB and KtrCD, have been identified in
B. subtilis (9). Our results revealed that expression of the product of
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ydaO is regulated by c-di-AMP and encodes a high-affinity K* trans-
porter, which we renamed KimA (K" importer A). Furthermore, we
identified K* as the physiological trigger that controls c-di-AMP-
dependent regulation at the kimA riboswitch and found that the
intracellular c-di-AMP amounts reflect K availability. At low K" con-
centrations, c-di-AMP was nonessential, but strains lacking c-di-AMP
tolerated high K concentrations only if they acquired suppressor mu-
tations in the nhaK gene, which encodes a transporter that facilitates
K" export. Thus, the results indicated that the essential function of
c-di-AMP in B. subtilis is control of K homeostasis.

RESULTS
KimA is a potassium transporter
B. subtilis (strain JH642) has two paralogous potassium transporters
with a ~10-fold difference in affinity: KtrAB (the high-affinity trans-
porter) and KtrCD (the low-affinity transporter) (9). The strain JH642
carries an 18-kb deletion encompassing the ydaO (kimA) gene, which
is controlled by the c-di-AMP-responsive riboswitch (8, 10). To test
the relative importance of KtrAB and KtrCD in B. subtilis (strain 168;
for a list of the bacterial strains used in this study, see table S1), we
deleted the corresponding genes (ktrAB, ktrC, and ktrD) in various
combinations and assayed growth of the resulting mutant strains at
low (0.5 mM) or high (50 mM) K" concentrations. As previously shown
and in contrast to B. subtilis GHB15 (based on JH642) (Fig. 1A), the
B. subtilis 168 mutant strain lacking both Ktr systems (strain GP2169)
grew at the low K" concentration (Fig. 1A). This result indicated the
existence of an additional potassium transporter in B. subtilis 168.
This phenotypic analysis of the K*-sensitive growth of kfr mutants
in the two B. subtilis genetic backgrounds, as well as the regulation of
ydaO (renamed kimA from here on) by the c-di-AMP-controlled ri-
boswitch (8), suggested that kimA might encode a potassium trans-
porter. To test this hypothesis, we constructed a B. subtilis 168 kimA
deletion mutant and combined this mutation with deletions of the
ktrAB and ktrC or ktrD genes (Fig. 1A). Deletion of either ktrC or
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Fig. 1. Growth of various combinations of transporter mutants and the kimA
mutant in the presence of low and high K*. (A) Growth of wild-type (WT) B. subtilis
strains JH642 and 168 and the mutants deficient in KtrAB, KtrCD, and KimA (for
B. subtilis 168) transporter systems. Data are representative of five experiments.
(B) Dependence of growth rate on external K* concentration for B. subtilis WT cells
(168) and mutant strains containing only KtrAB (GP2169), KtrCD (GP2165), or KimA
(GP2169). Saturation curves were fitted according to the Michaelis-Menten equation
(n = 3 experiments).

)

ktrD disrupts function of the transporter KtrCD (9), and thus, these
individual mutant strains are deficient in KtrCD activity. Mutants that
lacked only one of the known [AktrAB (GP92), AktrC (GP2079), or
AktrD (GP2030)] or putative [AkimA (GP93)] potassium transporters
grew in the presence of 0.5 mM KCI. The mutant in which only the
KtrAB system was active [AktrD AkimA (GP2167)] also grew on low
K" medium. In contrast, the AktrAB AkimA double mutant (GP2165)
expressing only the low-affinity KtrCD transporter exhibited impaired
growth on low K" medium. All mutants grew on medium containing
50 mM KCI (Fig. 1A).

By growing B. subtilis strains expressing only one of the transport-
ers KtrAB or KtrCD or the putative transporter KimA in the presence
of various KCl concentrations, we found that each strain required a
different concentration of external K* to reach half-maximal growth:
The KtrAB-only strain (GP2167) required 2.4 + 0.4 uM, the KtrCD-
only strain (GP2165) required 38 + 4 uM, and the KimA-only strain
(GP2169) required 6.0 £ 0.5 pM (Fig. 1B). These differences in
growth rate on external K" are consistent with the affinities of KtrAB
[Michaelis constant (Ky;), 1 mM] and
KtrCD (Ky;, 10 mM) (9) and suggested
that KimA is a high-affinity K" transport-
er. We confirmed that KimA supported
growth on low K" medium when intro-
duced into an Escherichia coli (LB650)
lacking all known K" transport systems
(fig. S1A). The dependence of growth
rate on external KCl concentration was
similar for E. coli complemented with
KtrAB or KimA (fig. S1B). Together,
these results demonstrate that KimA can
support growth under low K" conditions
in the absence of other known K" trans-
porters, consistent with KimA functioning
as a K* uptake transporter.

We searched for homologs of KimA
in the nonredundant protein database
using BLAST (Basic Local Alignment
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Fig. 2. KimA is the founding member of a widespread family of K* transporters. The ProtterBlot shows the
organization of the KimA protein. The membrane is shown in light gray. Amino acids colored in orange represent
amino acids conserved between B. subtilis, S. aureus, S. pneumoniae, L. monocytogenes, Lactococcus casei, Clostridium
difficile, Streptomyces coelicolor, Mycobacterium tuberculosis, Chloroflexus aggregans, Chlamydia trachomatis, Deinococcus
gobiensis, Gloeobacter kilaueensis, Anabaena sp., Synechococcus sp., Francisella sp., Myxococcus xanthus, and Rhizobium
sp. Amino acids colored in green are those that are also conserved in the E. coli low-affinity putrescine importer
PlaP. The protein is shown to scale according to UniProt (accession number P96589) and ProtterBlot (http://wlab.ethz.

ch/protter).
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Intracellular

Search Tool) (11) and found that KimA
is widespread among diverse bacterial
taxa, including firmicutes, actinobacteria,
cyanobacteria, and proteobacteria (for an
alignment, see fig. S2). Sequence analysis
showed several features consistent with
KimA functioning as a transporter, in-
cluding the presence of 11 transmembrane
helices. Strikingly, residues highly con-
served among homologous proteins are
mostly found in the transmembrane heli-
ces (Fig. 2). Thus, we renamed the ydaO
gene kimA and refer to the encoded po-
tassium transporter protein as KimA.

kimA expression is controlled by
K" availability

Because our results indicated that KimA
functioned as a high-affinity potassium
transporter, we hypothesized that external
K" may regulate the expression of the en-
coding gene. We introduced a construct
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encoding KimA labeled with a FLAG tag into B. subtilis (GP2405) to
facilitate immunological detection of the KimA protein. KimA-FLAG
was detectable at a low (0.1 mM) but not at a high (5 mM) KCI con-
centration (Fig. 3A). Dose-response analysis using the kimA control
region encompassing the promoter and the riboswitch fused to a lacZ
reporter gene in strain BP144 showed that this regulatory region of
kimA promoted reporter expression the most at low external KCl con-
centrations and that expression decreased as the KCI concentration
increased (Fig. 3B).

The c-di-AMP-binding riboswitch in the leader region of the kimA
mRNA refolds upon binding of the second messenger, thus preventing
transcription beyond the riboswitch. Accordingly, the kimA riboswitch
has been classified as a genetic OFF switch (8). The K*-dependent reg-
ulation of kimA may result from an effect on a transcriptional regulator
acting at the promoter, an effect on the riboswitch, or both. To distin-
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Fig. 3. KimA expression and abundance are reduced by high concentrations
of external K*. (A) B. subtilis expressing FLAG-tagged KimA (GP2405) was cultivated
in MSSM medium at low (0.1 mM) and high (5 mM) K* concentrations. KimA-FLAG
was detected using antibodies against the FLAG tag. The constitutively expressed
HPr protein served as a control. (B) Control of kimA gene expression. B. subtilis
BP144 harbors the native kimA promoter region fused to the reporter gene lacZ.
Promoter activity was analyzed by quantification of B-galactosidase activity. (C) Se-
quences of the native kimA and artificial p, promoter regions. Conserved regions are
underlined. (D) Promoter-dependent reporter activity in bacteria grown in MSSM
medium with 5 mM KCI (light gray symbols) or 0.1 mM KCI (dark gray symbols).
B. subtilis BP193 carries the p, promoter, and B. subtilis GP2182 carries the native
kimA core promoter (without the riboswitch) fused to the reporter gene lacZ.
(E) Riboswitch-dependent reporter activity in WT cells (p, RS, GP2198) and a
mutant strain with high c-di-AMP concentrations (p, RS + CdaS, GP2200). In both
strains, the riboswitch was placed downstream of the constitutively active p,
promoter. Each data point in (A), (B), (D), and (E) represents a biologically inde-
pendent replicate (n > 3). The bars indicate the means of the replicates. p-Galactosidase
activities are given as units per milligram of protein.
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guish between these possibilities, we separated the kimA promoter
sequence from the riboswitch-encoding sequence. We fused the
promoter sequence to lacZ (GP2182) and placed the riboswitch se-
quence between a constitutively active artificial promoter (p,) and
the lacZ reporter gene (GP2198) (Fig. 3C). This constitutively active
promoter fused to the reporter was unaffected by K* concentration
(Fig. 3D). The kimA promoter reporter lacking the riboswitch (GP2182)
exhibited high activity at the low K" concentration and low activity at
the high K" concentration (Fig. 3D). The riboswitch reporter strain
(GP2198) also exhibited K*-dependent expression; only at the low ex-
ternal K* concentration did transcription proceed past the riboswitch
to produce B-galactosidase activity (Fig. 3E).

To assess the role of c-di-AMP in the riboswitch-dependent kimA
expression, we tested the reporter’s activities in bacteria with artificially
increased production of c-di-AMP. For this purpose, we introduced
the reporter into B. subtilis that overexpressed the sporulation-specific
diadenylate cyclase CdaS (GP2200) (12, 13). The riboswitch-regulated
reporter exhibited K"-dependent activity in the wild-type strain
(GP2198; Fig. 3E). In contrast, in the CdaS-overexpressing strain
(GP2200), riboswitch-regulated reporter activity was suppressed at
both high and low K" concentrations (Fig. 3E).

Because the kimA riboswitch is controlled by c-di-AMP (8), the
physiological regulation of kimA expression by K" is likely caused
by the intracellular concentrations of this second messenger. There-
fore, we analyzed the intracellular K" and c-di-AMP pools of B. subtilis
168 grown at low and high K" concentrations (Fig. 4A). The intra-
cellular concentrations of K" faithfully reflected the external supply
of the ion. However, a 50-fold difference in the external concentra-
tions was buffered to a 5-fold difference for internal K" concentra-
tions, indicating that the bacteria can adjust their intracellular K*
pools to a wide range of external concentrations. Consistent with
K"-dependent regulation of c-di-AMP production, c-di-AMP levels
were increased twofold at the high K concentration in the wild-type
strain (Fig. 4A). This result suggests that the c-di-AMP concentration
may report the availability of potassium. As an initial attempt to obtain
insight into the mechanism(s) by which the K" availability controls
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Fig. 4. K* concentrations control c-di-AMP synthesis. (A) B. subtilis WT strain
(168) was grown at 5 mM KCl (light gray symbols) or 0.1 mM KCI (dark gray symbols),
and K* and c-di-AMP were determined by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) and mass spectrometry, respectively. Each data point
represents a biologically independent replicate (n = 3). The bars indicate the means
of the replicates. ODgq, Optical density at 600 nm. (B) B. subtilis expressing Strep-
tagged DisA (GP2279) was cultivated in MSSM medium at high (5 mM) and low
(0.1 mM) KCI concentrations. DisA-Strep was detected using antibodies against
the Strep tag. (C) B. subtilis expressing FLAG-tagged CdaA (GP2279) was cultivated
in MSSM medium at high (5 mM) and low (0.1 mM) KCl concentrations. CdaA-FLAG
was detected using antibodies against the FLAG tag. The constitutively expressed
HPr protein served as a loading control in (B) and (C).
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c-di-AMP synthesis, we compared the in-
tracellular concentration of the vegetative
diadenylate cyclases DisA and CdaA. For
this purpose, we used strain GP2297 that
expresses DisA and CdaA with immuno-
genic Strep and FLAG tags, respectively
(Fig. 4B). Whereas the amounts of DisA
were similar irrespective of the K" con-
centration, CdaA was poorly expressed
at the low extracellular K" concentration.
In contrast, CdaA abundance was high at
5 mM extracellular K. This result suggests
that CdaA abundance may be a major de-
terminant of c-di-AMP concentrations in
response to potassium availability.

Together, the data suggest that changes
in external K" availability control the
cellular c-di-AMP concentration to regu-
late gene expression through the kimA ri-
boswitch. Collectively, the results are ~ HN-
consistent with a model in which high K*
stimulates an increase in c-di-AMP pro-
duction, resulting in repression of kimA
riboswitch-controlled gene expression
and a reduction in the abundance of the
K" importer KimA.

R22W
GP2229

F23L
GP2232

B. subtilis is viable without c-di-AMP
at low potassium concentrations
c-di-AMP is essential for the viability of
B. subtilis and many other firmicutes (2).
For Listeria monocytogenes, c-di-AMP is
essential to prevent the toxic accumula-
tion of (p)ppGpp (14). Accordingly, dele-
tion of the single diadenylate cyclase gene
of L. monocytogenes is possible if cells are
cultivated on minimal medium under
conditions that do not trigger (p)ppGpp
synthesis (14). However, previous at-
tempts to construct a B. subtilis strain
devoid of all three diadenylate cyclases
have been unsuccessful (12, 15, 16). Even
on standard minimal medium supple-
mented with glucose (12), deletion of
the diadenylate cyclase genes has not
been possible in B. subtilis, suggesting
that the functions of c-di-AMP differ between different bacteria.
The low c-di-AMP concentration that we observed in B. subtilis grown
in low K" medium suggested that this second messenger might be dis-
pensable under these conditions. B. subtilis lacking cdaA, cdaS, and
disA (and thus all diadenylate cyclase-encoding genes; GP2222) was
viable on minimal medium supplemented with 0.1 mM KCl (Fig. 5).
However, within 3 hours on minimal medium containing 5 mM KCl,
we observed bacterial swelling; by 5 hours, many of the cells had lysed,
indicating that K" becomes toxic to B. subtilis in the absence of c-di-
AMP (Fig. 5). Mass spectrometry analysis of c-di-AMP concentrations
of the GP2222 strain confirmed that no c-di-AMP was present.
Cultivation of GP2222 on 5 mM KCl-containing medium re-
sulted in the appearance of suppressor mutants after 5 days of culti-

0.1 mMKCI
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GP2222

GP2222

Fig. 5. K* is toxic for a strain lacking c-di-AMP. B. subtilis WT (168) and the mutant strain lacking c-di-AMP (GP2222)
were precultivated at 0.1 mM KCI. At t,, cells were washed and reinoculated in MSSM medium with the indicated low
and high KCI concentrations. Samples were analyzed after 1, 3, and 5 hours of growth. Scale bar, 5 uM.

Extracellular

Intracellular

GP2223

GP2230
-COOH

P553L
GP2233

5mMKCI

Fig. 6. Mutations in the NhaK cation exporter overcome K* toxicity in the absence of c-di-AMP. (A) Green dots
represent the amino acids of the NhaK protein. Yellow stars indicate amino acid substitutions that individually
enable growth on 5 mM KCl-containing medium. The substitutions are indicated along with the names of the
suppressor strains. The transmembrane domains are highlighted in turquoise. The protein is not shown to scale.
(B) Growth of B. subtilis WT (168), GP2222 (AcdaA AcdaS AdisA), GP2223 (AcdaA AcdaS AdisA nhaKs,g7¢), and GP2228
(AcdaA AcdaS AdisA AnhaK) when plated on MSSM plates containing 0.1 or 5 mM KCl.

vation. Whole-genome analysis of eight of these mutants revealed the
presence of single point mutation in the nhaK gene, which encodes a
widely distributed cation/proton antiporter-I family and functions as
both a Na* and K" efflux transporter (17) (Fig. 6A). Toxicity of K*
and suppression of this toxicity by the nhaK mutations suggested
that the mutant proteins had enhanced K" efflux activity. Unlike
GP2222, which lacks the ability to synthesize c-di-AMP yet grows
on 0.1 mM KCl and produces suppressor mutants when grown on
5 mM KCl, deletion of nhaK in this background (GP2228) did not
allow growth at the 5 mM KCl-containing medium and prevented
the accumulation of suppressor mutants (Fig. 6B). Thus, our data
indicate that maintenance of K™ homeostasis is the essential function
of ¢-di-AMP in B. subtilis.
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DISCUSSION

We have established an additional layer in the control of potassium ho-
meostasis in the Gram-positive model organism B. subtilis: c-di-AMP
acts as a second messenger that responds to changes in extracellular K*
concentration and controls K" homeostasis in this bacterium. K is the
most abundant cation in any living cell and is essential for the function
of the ribosome and of many enzymes and for the maintenance of in-
tracellular pH (18, 19). On the other hand, excess K* inhibits bacterial
growth, suggesting that the ion is toxic; however, the reasons for this
toxicity are poorly understood (20, 21).

Because K" is essential for growth, efficient uptake systems are
required to accumulate this ion even at low environmental concen-
trations. This is achieved by the utilization of different transport
systems: Low-affinity transporters are responsible for K uptake at
high extracellular concentrations, whereas high-affinity transporters
take over at low concentrations (18). We have discovered and char-
acterized KimA, a high-affinity potassium transporter that is widely
conserved in bacteria. Among the bacteria that are closely related to
B. subtilis, such as L. monocytogenes and S. aureus, each species
seems to have two high-affinity K uptake systems. These are KimA,
which is present in all three species, and either KtrAB (B. subtilis) or
KdpABC (L. monocytogenes and S. aureus). In B. subtilis, the expres-
sion of genes encoding both high-affinity transport systems is nega-
tively controlled by a K*-responsive, c-di-AMP-binding riboswitch
(8). In contrast, the expression of the genes in the Kdp system is
negatively controlled by binding of c-di-AMP to the two-component
sensor kinase KdpD (6). Moreover, all three species contain the low-
affinity K™ transporter KtrCD, the activity of which is inhibited upon
binding of c-di-AMP (4). It will be interesting to study whether
KimA and KtrAB are active under the same conditions and how
their transport properties may be differentially controlled.

c-di-AMP is the only essential second messenger (2). Four lines of
evidence indicate that the control of K" homeostasis is the function
that makes c-di-AMP essential: (i) c-di-AMP binds K* transporters
not only in B. subtilis and close relatives but also in Corynebacterium
glutamicum and Mycoplasma pneumoniae (2); (i) c-di-AMP negatively
controls the expression of genes encoding high-affinity potassium
transporters by binding to the kimA and ktrAB riboswitches in B. subtilis
and to the KdpD sensor kinase in S. aureus and L. monocytogenes (4, 6,8, 22);
(iii) the signaling nucleotide is synthesized in response to K* availability
(this work); and (iv) the second messenger is dispensable at low K* con-
centrations, whereas mutations in the cation exporter NhaK are re-
quired to overcome K" toxicity in the absence of c-di-AMP signaling
(this work).

The intimate link between c-di-AMP and K" homeostasis is ev-
ident not only for B. subtilis but also for related pathogens such as
L. monocytogenes, S. aureus, and Streptococcus pneumoniae. A strain
of L. monocytogenes has been constructed that is viable in the ab-
sence of c-di-AMP only if the formation of the signaling nucleotide
(p)ppGpp, which indicates amino acid starvation, is suppressed or if
the bacteria are grown on minimal medium (14). We were not able
to delete all diadenylate cyclases under such conditions in B. subtilis,
indicating that c-di-AMP-mediated signaling may have distinct
functions in the different bacteria, although they are closely related.
One important difference between B. subtilis and L. monocytogenes is
the citric acid cycle, which is complete in the former bacterium and
incomplete in the latter bacterium (23). This difference may be rele-
vant because c-di-AMP also controls the activity of L. monocytogenes
pyruvate carboxylase, the enzyme important for the generation of the

Gundlach et al., Sci. Signal. 10, eaal3011 (2017) 18 April 2017

Fig. 7. Schematic overview of c-di-AMP-mediated control of K* uptake. (A) High
external K™ concentrations trigger c-di-AMP synthesis by DisA and CdaA. c-di-AMP
prevents the expression of the genes encoding KtrAB and KimA and binds to the
low-affinity transporter KtrCD to limit K" uptake. Moderate K* efflux is possible through
NhaK. (B) Low external K* concentrations result in decreased CdaA abundance and,
thus, in low c-di-AMP concentrations. K* is taken up by the high-affinity K* transporters
KtrAB and KimA. Moderate K* efflux is mediated by NhaK. (C) In the absence of c-di-
AMP, K" influx cannot be controlled. To prevent intoxication, excess K* is exported by
mutated NhaK (NhaK*). The red circles represent c-di-AMP. Faded names indicate pro-
teins that are not present under the condition shown.

acetyl-coenzyme A acceptor oxaloacetate (24). In contrast, this en-
zyme plays only a minor role in B. subtilis with its complete citric acid
cycle. The control of pyruvate carboxylase by c-di-AMP is linked to
osmoregulation in L. monocytogenes (23). This link might be the basis
for the difference in c-di-AMP signaling between the two bacteria: K*
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accumulation is a rapid response to osmotic stress, followed by the
uptake or synthesis of compatible solutes (25, 26). As shown in this
work, c-di-AMP is central to the control of K™ homeostasis in B. subtilis.
A suppressor mutation in a gene similar to nhaK (Imo2353) has also
been detected in a L. monocytogenes strain lacking the single diade-
nylate cyclase gene (14). This observation suggests that c-di-AMP may
be involved in the control of K™ homeostasis even in L. monocytogenes.
In addition, c-di-AMP controls the uptake of compatible solutes in
L. monocytogenes and S. aureus (22, 27). However, B. subtilis syn-
thesizes the compatible solute proline from the citric acid cycle in-
termediate 2-oxoglutarate to adapt to osmotic stress (26). The
differences in the citric acid cycle and in osmoadaptation may be re-
sponsible for the different impact of c-di-AMP on cellular physiology
between the three related bacteria. Together, our work uncovered a
physiologically relevant connection between the cellular amount of
the second messenger c-di-AMP and the control of K" homeostasis
(Fig. 7, A to C).

MATERIALS AND METHODS

Strains, media, and growth conditions

E. coli DH50, (28) was used for cloning, and E. coli LB650 (29) was
used for potassium transporter complementation assays. All B. subtilis
strains used in this study are derivatives of the laboratory strains 168
and JH642 (table S1). Bacteria were grown in Luria-Bertani (LB) or
in sporulation medium (28, 30). To study potassium requirements in
B. subtilis and for the quantification of c-di-AMP, we used a mod-
ified sodium Spizizen minimal (MSSM) medium. The fivefold concen-
trated basic potassium-free medium stock solution contained 4.1%
Na,HPO, x 2 H,0, 1.6% NaH,PO, x H,O, 0.5% sodium citrate,
and 0.1% MgSO,4 x 7 H,O (pH 7.5). The following trace elements
were prepared as 100-fold concentrated stock solution (per liter of
stock solution): 0.55 g of CaCl,, 0.1 g of MnCl, x 4 H,0, 0.17 g
of ZnCl,, 0.033 g of CuCl, x 2 H,0, 0.06 g of CoCl, x 6 H,0,
and 0.06 g of Na,MoO, x 2 H,0O. A 100-fold concentrated stock
solution for iron supplementation was prepared as follows (per
100 ml of stock solution): 0.0135 g of FeCl; x 6 H,O, and 0.1 g of
sodium citrate x 3 H,O. Glucose was added to a final concentration
of 0.5% (w/v), and sodium glutamate was added to a final concen-
tration of 1% (w/v). Tryptophan was added to a final concentration of
0.05 mg/ml. Potassium chloride was added as indicated. To test de-
letion of all diadenylate cyclases in minimal medium, we used MSSM
medium supplemented with 0.2% (NH,),SO,4 and 0.1 mM KCl. For
E. coli complementation experiments, a slightly modified MSSM me-
dium was used (MSSM-EC): Glucose was used at 1% (w/v), and ca-
samino acids (0.66%), proline (0.004%), and thiamine (0.003%) were
added. To grow the E. coli LB650 derivative strains on complex me-
dium, the sodium chloride in the LB medium was replaced by potas-
sium chloride (LB-K). The media were supplemented with ampicillin
(100 pg/ml), kanamycin (10 and 50 pg/ml for B. subtilis and E. coli,
respectively), chloramphenicol (5 and 30 ug/ml for B. subtilis and E. col,
respectively), tetracyclin (12.5 pug/ml), spectinomycin (150 pg/ml), or
erythromycin and lincomycin (2 and 25 pg/ml, respectively) if required.

DNA manipulation

Transformation of E. coli and plasmid DNA extraction were per-
formed using standard procedures (28). All commercially available
plasmids, restriction enzymes, T4 DNA ligase, and DNA polymerases
were used as recommended by the manufacturers. Chromosomal
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DNA of B. subtilis was isolated as described (30). B. subtilis was
transformed with plasmid and genomic DNA according to the two-
step protocol (30).

Plasmids

Plasmids pAC5 (31), pAC6 (32), and pAC7 (33) were used to
construct reporter fusions, respectively, of the kimA control regions
with the lacZ gene. The artificial promoter p, was obtained by hybrid-
ization of the corresponding oligonucleotides (see Fig. 3C). The
promoter has an intermediate constitutive activity in B. subtilis. The
constitutive activity of this promoter under the growth conditions
used in this study was verified (strain BP193; Fig. 2D). The details
of the construction and plasmid designations are summarized in table
S2. The resulting plasmids were linearized with Sca I and used to
transform the relevant B. subtilis strains (see table S1). To express
the DisA protein fused to a Strep tag under the control of its native
promoter, we constructed plasmid pBP599. Briefly, the region of the
disA gene encoding the C-terminal part of the protein was amplified
and cloned between the Bam HI and Sal I restriction sites of the vector
pGP1389 (34). Finally, pBP599 was used to transform B. subtilis 168,
resulting in strain BP610. For E. coli complementation assays, ktrAB
and kimA were cloned into the expression vector pWH844 (35), as
indicated in table S2.

Phenotypic characterization

In B. subtilis, amylase activity was detected after growth on plates
containing nutrient broth (7.5 g/liter), 17 g of Bacto agar per liter (Difco),
and 5 g of hydrolyzed starch per liter (Connaught). Starch degradation
was detected by sublimating iodine onto the plates. Quantitative stu-
dies of lacZ expression in B. subtilis were performed as follows: Cells
were grown in glutamate-supplemented MSSM medium as indicated
and harvested in the exponential phase. B-Galactosidase-specific ac-
tivities were determined with cell extracts obtained by lysozyme treat-
ment as described previously (30). One unit of B-galactosidase is defined
as the amount of enzyme that produces 1 nmol of o-nitrophenol per
minute at 28°C.

To assay growth of B. subtilis mutants at different potassium con-
centrations, a drop dilution assay was performed. Briefly, precultures
in MSSM medium at the indicated potassium concentration were
washed three times and resuspended to an ODgg of 1.0 in MSSM
basal salts solution. Dilution series were then pipetted onto MSSM
plates with 0.5 or 50 mM KCl.

For E. coli complementation assays, strain LB650 (29) was
transformed with the empty cloning vector pWH844 (35) and with
the complementation plasmids pBP372 (ktrAB) and pGP2913 (kimA).
Transformants were selected on LB-K plates. Transformants were
cultivated in LB-K, washed in MSSM basal salts solution, and plated
on MSSM-EC plates containing isopropyl-B-p-thiogalactopyranoside
(IPTG) to induce expression of the potassium transporters and potas-
sium chloride at the indicated concentrations.

Microscopy

For light microscopy, cells were grown at 37°C in low phosphate con-
centration overnight. The cells were washed three times with potassium-
free medium and adjusted to an ODgq of 0.1. Cells were reinoculated
in medium containing low or high potassium concentration. Phase-
contrast images were obtained with the Axioskop 40 microscope,
equipped with digital camera AxioCam MRm and AxioVision Rel
4.8 software for image processing (Carl Zeiss).
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Growth assays

Precultures of the E. coli strains LB650/pWHS844 (cloning vector),
LB650/pBP372 (ktrAB"), and LB650/pGP2913 (kimA™) were grown
in MSSM-EC containing 50 mM KCI. Expression of the potassium
transporter genes kirAB and kimA was induced by the addition of
1 mM IPTG (for LB650/pBP372) or 0.1 mM IPTG (LB650/
pGP2913). After the cultures reached midexponential growth phase
(ODsyg of about 1.5 to 2.0), cells were harvested by centrifugation,
washed twice with potassium-free MSSM-EC medium, and used for
the inoculation of the main cultures (0.5 ml) to an ODs,5 of 0.05.
This medium was supplemented with potassium concentrations rang-
ing from 0 to 300 pM. Bacteria were grown at 37°C in 48-well mi-
crotiter plates in a combined microplate incubator and reader
(Epoch 2, BioTek). To assess the growth characteristics of B. subtilis
strains expressing only one of the three potassium transporters, pre-
cultures of the strains were grown in glutamate-supplemented
MSSM medium containing 25 mM KCI. These cultures were then
washed twice in potassium-free MSSM medium and used to inocu-
late main cultures containing various concentrations of potassium to
an ODs;g of 0.1. The cultures were grown in 48-well microtiter plates
in the Epoch 2 microplate incubator/reader at 37°C. Growth rates
were determined from the growth curves by fitting them according
to the exponential growth equation. These data were then plotted
against the potassium concentration of the corresponding cultures,
and the resulting curve was fitted using the Michaelis-Menten
equation. Potassium concentrations corresponding to the half-
maximal growth rate were calculated. Fitting and data calculations
were conducted using the GraphPad Prism sofware package—version
6 for Mac.

Construction of deletion strains

Deletion of the ktrC and kimA genes was achieved by transformation
with polymerase chain reaction (PCR) products constructed using
oligonucleotides (see table S2) to amplify DNA fragments flanking
the target genes and intervening antibiotic resistance cassettes, as de-
scribed previously (36, 37).

To construct a strain devoid of all three diadenylate cyclases,
strain GP991 (AcdaS AdisA) was transformed with the chromo-
somal DNA of GP997 (AcdaA). For transformation, potassium salts
were replaced by the corresponding sodium salts in all solutions. In
the outgrowth medium, the yeast extract was omitted. Transfor-
mants were selected on MSSM medium containing 0.1 mM KCl
and ammonium as the nitrogen source. Deletion of the three genes
was verified by PCR with primer pairs internal to cdaA, cda$, and
disA. Primer pairs for the cdaR and dgcW genes served as positive
controls. Moreover, the genome sequence of GP2222 excluded the
presence of secondary mutations.

Mapping suppressors by whole-genome sequencing and
PCR analysis

Chromosomal DNA from B. subtilis was isolated using the peqGOLD
Bacterial DNA Kit (Peqlab). To identify the mutations in the mutant
strains GP2222 and GP2223, the genomic DNA was subjected to
whole-genome sequencing. The reads were mapped on the reference
genome of B. subtilis 168 (GenBank accession number: NC_000964)
(38). Mapping of the reads was performed using the Geneious
software package (Biomatters Ltd.) (39). Single-nucleotide poly-
morphisms were considered as significant when the total coverage
depth exceeded 25 reads with a variant frequency of >90%. All iden-
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tified mutations were verified by PCR amplification and Sanger
sequencing.

Western blot analysis

To facilitate the analysis of KimA production in B. subtilis by Western
blot analysis, a triple FLAG tag was fused to the C terminus of the
protein. For this purpose, plasmid pGP2789 and strain B. subtilis
GP2405 were constructed using the vector pGP1331 (40), as outlined
in table S1. For Western blot analysis, B. subtilis cell extracts were
separated on 12.5% SDS polyacrylamide gels. After electrophoresis,
the proteins were transferred to a polyvinylidene difluoride membrane
(Bio-Rad) by electroblotting. Proteins were detected using specific
antibodies raised against B. subtilis HPr (41) or antibodies recognizing
the FLAG tag (Sigma), respectively. The primary antibodies were vi-
sualized by using anti-rabbit IgG (immunoglobulin G)-AP (alkaline
phosphatase) secondary antibodies (Promega) and the CDP* detec-
tion system (Roche Diagnostics) (42).

Analysis of the cyclic dinucleotide pools

The concentration of c-di-AMP in B. subtilis cells was determined by
a liquid chromatography-tandem mass spectrometry method, as de-
scribed previously (3). Briefly, B. subtilis cells (20 ml) were grown in
MSSM medium supplemented with the desired nitrogen source and
at the indicated potassium concentration to an ODggo of 1.0. The
samples (10 ml) were centrifuged (0°C, 20,800g), shock-frozen in lig-
uid nitrogen, and stored at —80°C. This sample was used for c-di-
AMP extraction (3). The chromatographic separation was performed
on a Series 200 HPLC (high-performance liquid chromatography)
system (PerkinElmer Life Sciences) or an LC-10AD HPLC system
(Shimadzu), as described previously (12). Detection of c-di-AMP
was performed on an API 3000 or API 4000 triple quadrupole mass
spectrometer equipped with an electrospray ionization source (AB
Sciex) using selected reaction monitoring (SRM) analysis in positive
ionization mode. The SRM transitions labeled as “quantifier” were
used to quantify the compound of interest, whereas “identifier” SRM
transitions were monitored as confirmatory signals. The quantifier
SRM transitions were most intense and were therefore used for
quantification.

Determination of intracellular potassium pools

For the determination of intracellular K" pools, B. subtilis cells (100 ml)
were grown as described for c-di-AMP extraction. Cell pellets were
resuspended in 800 ul of MSSM basal salts solution and transferred
onto ash-free filter discs (pore size, 0.45 um; diameter, 47 mm). The
cells were dried overnight at room temperature, followed by 3 hours at
70°C. The dried filter discs containing the bacteria cells were cut into
small pieces and reduced into a fluid state through pressure and 2 ml
of 65% HNOj for 7 hours at 185°C in 25-ml Teflon beakers (PDS-6
Pressure Digestion System, Loftfield). After the digestion process, the
fluid content in the beakers was transferred into an Erlenmeyer flask
and diluted with demineralized water to a volume of 50 ml. The total
K" content of the bacterial cells in this solution was determined by
ICP-OES analysis (Optima 5300 DV, PerkinElmer). This common
type of emission spectroscopy technique uses the ICP to produce el-
ement atoms and ions that emit electromagnetic radiation at wave-
lengths of specific characteristics of a particular chemical element.
The intensity of light emission at 766.49 nm is indicative of the K*
concentration in the sample. The plasma is built by argon gas ionized
in an intense electromagnetic field at a temperature of about 7000° to
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10,000°C, generated as the result of the collisions between the neutral
argon atoms and the charged particles (43).

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/10/475/eaal3011/DC1
Fig. S1. Activity of B. subtilis K* transporters in E. coli.

Fig. S2. Alignment of KimA homologs.

Table S1. Bacterial strains used in this study.

Table S2. Plasmids and oligonucleotides used in this study.
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