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Escherichia coli uses several K⫹ transport systems to adjust
the intracellular K⫹ concentration (2). Under physiological
conditions the constitutive K⫹ uptake systems TrkG, TrkH,
and Kup are operating. Upon osmotic upshift and under K⫹limiting growth conditions ([K⫹] ⬍2 mM), the high-affinity K⫹
transport complex KdpFABC is synthesized. Expression of the
kdpFABC operon is under control of the regulatory proteins
KdpD and KdpE, which constitute a typical sensor kinase/
response regulator system (21).
Which stimulus (stimuli) the membrane-bound sensor kinase KdpD is responding to has been puzzling for years. Epstein and coworkers have put forward the hypothesis that
KdpD is a turgor sensor (12, 13). The model of Sugiura et al.
describes two mechanisms for KdpD activation: K⫹ limitation
and osmotic upshift (18). Other groups argue that the K⫹
signal is related to the internal K⫹ level and/or the processes of
K⫹ transport (3, 9) or to the external K⫹ concentration (16).
Based on the results obtained with right-side-out membrane
vesicles, a new model has been established, according to which
the intracellular K⫹ concentration and ionic strength directly
influence KdpD autophosphorylation activity, whereby K⫹ has
an inhibitory effect and ionic strength has a stimulatory effect
(10). Here, we report that extracellular Cs⫹ significantly induces kdpFABC expression by lowering the intracellular K⫹
content. The results obtained corroborate our model that the
intracellular K⫹ concentration is sensed by KdpD (10).
Induction of kdpFABC by ionic osmolytes detected by Northern blot analysis. The influence of the ionic osmolytes NaCl
and CsCl on kdpFABC expression in E. coli K-12 [strain
MC4100 (6)] containing all K⫹ uptake systems (Trk, Kdp, and
Kup) was investigated. Cells were grown at 37°C in phosphatebuffered minimal medium (8) containing 10 mM K⫹ until the
mid-logarithmic phase, filtered, and subsequently resuspended
in medium of lower K⫹ concentration (0.01 mM K⫹) or the
same medium as before (10 mM K⫹) or exposed to an osmotic
upshift imposed by NaCl (0.2 M) or CsCl (0.2 M) in medium
containing 10 mM K⫹ for 10 min. RNA was prepared accord-

ing to Aiba et al. (1). For quantitative Northern blot analysis,
20 g of RNA from each sample was separated by electrophoresis in 1.2% (wt/vol) agarose–1.1 M formaldehyde gels in
MOPS (morpholinepropanesulfonic acid) buffer. Equal loading of samples onto the gel was verified by ethidium bromide
staining of the rRNA in a separate gel. RNA was transferred to
a Hybond-N nylon membrane (Amersham Pharmacia Biotech)
by upward capillary action. Hybridization was performed following a standard protocol (17) using ␥-32P-radiolabeled dCTP
PCR fragments as specific probes for kdpA (nucleotides 1009
to 1794). Radioactivity was quantified with a PhosphorImager.
kdpFABC-specific signals were detected in RNA samples from
cells grown under kdpFABC-inducing conditions (K⫹ limitation and osmotic upshift in response to NaCl) but not in an
RNA sample from cells grown at 10 mM K⫹ (Fig. 1). The
expected size of the kdpFABC transcript is 4,296 bp; however,
a more diffuse signal with one distinct band around 2,000 bp
can be observed. kdpFABC transcripts were also detectable in
RNA samples of cells which were exposed to CsCl. Quantitative analysis of the amounts of transcripts revealed an 8-foldhigher transcript level in response to NaCl and a 41-fold-higher
level in response to CsCl (Fig. 1B). For comparison, transcription was 369-fold higher in cells exposed to K⫹ limitation than
in unstressed cells (Fig. 1).
Induction of kdpFABC by ionic osmolytes detected by the
amount of synthesized KdpFABC complex. Expression of kdp
FABC was also measured at the translational level by quantitative Western blot analysis (Fig. 2). Cells were grown as described above; however, cells were shifted to media containing
10 mM K⫹ of various osmolalities and harvested after 30 min.
Cells were resuspended in sodium dodecyl sulfate sample
buffer and subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (11). Quantification of KdpFABC was basically performed following the protocol developed for lactose
permease (19). Briefly, proteins were electroblotted to a nitrocellulose membrane. Blots were then blocked with 5% (wt/vol)
bovine serum albumin in 10 mM Tris-HCl (pH 7.5)–0.15 M
NaCl (buffer A) for 1 h. Anti-KdpB antibody was added at a
final dilution of 1:5,000, and incubation was continued for 1 h.
After a washing with buffer A, 125I-protein A (Amersham
Pharmacia Biotech) was added at a final dilution of 1:5,000,
and incubation was continued for 1 h. After being washed
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Csⴙ was found to induce expression of the kdpFABC operon, encoding a high-affinity Kⴙ uptake system of
Escherichia coli. Quantitative expression analyses at the transcriptional and translational levels reveal that
CsCl causes much higher induction of kdpFABC than does NaCl. A decrease of the intracellular Kⴙ concentration is found in cells exposed to CsCl. The results indicate that kdpFABC expression is induced when the
intracellular Kⴙ concentration is lowered. Moreover, the results imply that the signal transduction cascade
mediated by KdpD and KdpE is able to integrate multiple signals.
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thoroughly, the membrane was exposed to a PhosphorImager
screen. Known amounts of purified KdpFABC complex were
used to obtain a standard curve. The amount of KdpFABC
complex was then quantified by comparison to the standard
curve.
The data indicate a correlation between an increase of the
osmolality imposed by NaCl and the amount of KdpFABC
complex synthesized. Cells exposed to CsCl produced more
complex at a concentration of 0.1 M than at 0.2 M CsCl. The
decrease in complex formation at 0.2 M CsCl might be related
to the toxic effect of Cs⫹. This approach also indicated that
CsCl triggers higher induction of the kdpFABC operon, which
was up to 10-fold stronger compared to the effect of NaCl at
the same osmolalities (Fig. 2B).
Determination of the intracellular Kⴙ content. Cells were
cultivated as described above. At different time points after the
shift to the new medium, samples of 1.0 ml were centrifuged
through silicone oil (density ⫽ 1.04 g/cm3) and the K⫹ content
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FIG. 2. Detection of the KdpFABC complex produced upon exposure of cells to an osmotic upshift imposed by NaCl or CsCl. (A)
Autoradiograph of a Western blot of whole-cell extracts developed
with anti-KdpB antibodies and 125I-protein A for detection. (B) Graph
representing the amounts of KdpFABC synthesized, which were calculated according to a standard curve obtained from known amounts
of purified KdpFABC.

of the cell pellets was determined in a flame photometer,
model 700 (Eppendorf) (5). We found an increase of the intracellular K⫹ content 3 min after an osmotic upshift imposed
by NaCl or CsCl (Fig. 3). In the case of NaCl the intracellular
K⫹ concentration was further increased at the 6-min time
point. In the case of Cs⫹ the intracellular K⫹ content decreased over time. Earlier, Bossemeyer et al. (5) found that

FIG. 3. Determination of intracellular K⫹ concentrations. The data
presented represent average values obtained in at least three independent experiments.
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FIG. 1. Detection of kdpFABC transcripts by Northern blot analysis. (A) For Northern blot analysis 20 g of RNA was loaded in each
lane and kdpFABC transcripts were detected using a radiolabeled PCR
product complementary to kdpA. Shown also are an RNA standard
(left) and ethidium bromide-stained rRNA of the same samples used
for the Northern blot (bottom). (B) kdpFABC transcripts quantified by
PhosphorImager analysis.
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FIG. 4. Influence of CsCl on steady-state expression of kdpFABC.
␤-Galactosidase activities of strain TK2470 (Trk⫹ Kup⫺ Kdp⫺
kdp::lacZ) (A) and strain TK2486 (Trk⫺ Kup⫹ Kdp⫺ kdp::lacZ) (B).
The data presented represent average values obtained in at least three
independent experiments.

absolute Cs⫹ concentration is the critical factor for the potential toxicity of Cs⫹.
The data imply that the lowered intracellular K⫹ concentration is a stimulus for KdpD. Results obtained in an in vitro test
system based on right-side-out membrane vesicles indicate an
inhibitory effect of K⫹ on KdpD autophosphorylation activity
mediated by the domains of KdpD exposed to the cytoplasmic
side of the membrane (10). Based on these findings, it is proposed that the inhibitory effect of K⫹ on KdpD autophosphorylation activity is suspended in vivo under K⫹-limiting growth
conditions or as shown here when cells were cultivated in the
presence of Cs⫹.
Upon osmotic stress the activities of the constitutive K⫹
uptake systems are stimulated, the TrkA system at neutral and
slightly alkaline pH (7, 15) and the Kup system at low pH (20).
These systems mediate rapid uptake of K⫹, which is the first
response of E. coli to restore turgor after an osmotic upshift
(22). Induction of the kdpFABC operon is a slow response of
the cells but important when the cells are in need of further
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uptake of Cs⫹ via the Kup system lowers the intracellular K⫹
concentration due to K⫹ release.
Effect of Csⴙ on kdpFABC expression in constitutive Kⴙ
uptake system mutants. Since Cs⫹ is very similar to K⫹ (the
ionic radii are 165 and 133 pm, respectively), uptake of both
ions is mediated through the same transport systems. The
effect of CsCl on kdpFABC expression was further tested with
two E. coli strains having different K⫹ uptake systems. E. coli
strain TK2486 is Kup⫹, and strain TK2470 is a Trk⫹ derivative
of strain TK2469 (Trk⫺ Kup⫺ Kdp⫺) (13), both of which are
derivatives of E. coli K-12 kindly provided by W. Epstein, The
University of Chicago, Chicago, Ill. Both strains are ⌬kdpFABC but carry a stabilized transcriptional kdp::lacZ fusion
(15). Cells were grown in minimal medium containing the
indicated concentrations of K⫹ and Cs⫹, and steady-state expression was determined by measuring ␤-galactosidase activities as described previously (14). Since high CsCl concentrations inhibit growth, experiments were done under permissive
conditions, at concentrations of 10 and 25 mM CsCl. As shown
in Fig. 4, kdpFABC expression was significantly induced in both
strains when cells were grown in the presence of CsCl but the
expression levels were strongly dependent on the availability of
K⫹ for the cells.
For E. coli strain TK2470 (Trk⫹ Kup⫺), ␤-galactosidase
activities were significantly increased in the presence of CsCl
when cells were grown in media containing K⫹ at concentrations which normally prevent kdpFABC expression (5 and 10
mM K⫹) (Fig. 4A). With a further increase of the K⫹ concentration (20 mM K⫹ and higher) kdpFABC expression declined
even in the presence of CsCl. These results are in accord with
the previously described competitive inhibition of Cs⫹ on K⫹
uptake by the Trk system (Ki of 30 mM Cs⫹) (5).
E. coli strain TK2486 doesn’t have the Trk system but has
the Kup system. Kup has an approximately 14-fold-higher affinity for K⫹ than for Cs⫹ (5). Because of the lack of the Trk
system, the onset of kdpFABC induction is shifted to higher K⫹
concentrations (below 60 mM) (13) (Fig. 4B). This strain exhibited increased ␤-galactosidase activities in the lower range
of K⫹ in the presence of 10 mM CsCl. Addition of 25 mM CsCl
already affected growth (data not shown), which might explain
the failure of CsCl to increase kdpFABC expression. Higher
K⫹ concentrations prevented kdpFABC induction. The results
obtained reveal that Cs⫹ is taken up via Kup. Moreover, it is
known that Cs⫹ inhibits K⫹ uptake via the Kup system much
more strongly than via the Trk system (5). These facts explain
the greater effects of Cs⫹ on kdpFABC expression in a Kup⫹
strain than in a TrkA⫹ strain.
Implications of the results for the model of kdpFABC regulation. The results presented here demonstrate that kdpFABC
expression is dependent on the intracellular K⫹ concentration.
When E. coli is cultivated in the presence of Cs⫹, which lowers
the intracellular K⫹ concentration, kdpFABC expression is induced. It is known that Cs⫹ has an inhibitory effect on K⫹uptake systems, and the uptake of Cs⫹ even leads to K⫹ release (reference 5 and this work). However, Cs⫹ cannot
substitute for the essential biological functions of K⫹. Avery
(4) confirmed that it is not the presence of Cs⫹ in cells that is
growth inhibitory but rather the resulting decline in intracellular K⫹. Moreover, it is known, and we confirmed it with these
studies, that the external ratio of K⫹ to Cs⫹ rather than the
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K⫹. This seems to be the case when the osmostress is imposed
by NaCl. The mechanism of how NaCl activates the KdpDKdpE signal transduction cascade is clearly different from the
effect caused by lowering of the intracellular K⫹ concentration
since under the former conditions the intracellular K⫹ concentration is increased. Using right-side-out membrane vesicles,
we found that an increase of the ionic strength in the lumen of
the vesicles stimulated KdpD autophosphorylation activity. In
addition, raising of the salt concentration (KCl or NaCl) from
the outside also increased autophosphorylation activity of
KdpD (10).
In summary, kdpFABC expression is induced by NaCl and
CsCl. Cs⫹ exerts its kdpFABC-inducing effect by lowering the
intracellular K⫹ concentration, which in turn is sensed by
KdpD. An increase of the intracellular ionic strength upon
osmotic upshift and probably an effect of NaCl on the lipid
bilayer stimulate the autophosphorylation activity of the sensor
kinase KdpD under these conditions. Thus, the different levels
of kdpFABC expression in response to NaCl or CsCl could be
explained by the ability of the sensor KdpD to integrate multiple signals.

3803

