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Abstract

The membrane–bound histidine kinase KdpD is a
putative turgor sensor that regulates, together with
the response regulator KdpE, expression of the
kdpFABC operon. This operon encodes the high
affinity K+-uptake system KdpFABC of Escherichia
coli. Expression of kdpFABC is induced under K+

limiting growth conditions and in response to an
osmotic upshift. Various structural features of
KdpD and KdpE, which are important for stimulus
perception and/or signal transduction were identi-
fied and are described here. Furthermore, various
studies undertaken to elucidate the nature of the
stimulus for KdpD result in a new model for KdpD
stimulus perception. According to this, autophos-
phorylation activity of KdpD is not a result of
changes in turgor per se. Instead, various – mainly
intracellular parameters – that are related to
changes of environmental conditions influence the
activities of KdpD.

Introduction

Maintenance of turgor is a fundamental regulatory
process in microorganisms. When Escherichia coli is
exposed to an osmotic upshift, which is accompanied
by a loss of turgor, then the primary response is an
accumulation of K+ (Csonka, 1989; Csonka and Hanson,
1991). E. coli uses several K+ transport systems to
adjust the intracellular K+ concentration (Altendorf and
Epstein, 1996). 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 con-
stitute a typical sensor kinase/response regulator
system (Polarek et al., 1992; Walderhaug et al.,
1992). The sensor kinase KdpD is an integral protein

of the cytoplasmic membrane consisting of a large
cytoplasmic N-terminal domain, four putative trans-
membrane domains and an extended cytoplasmic C-
terminal domain (Zimmann et al., 1995) (Figure 1).
KdpD undergoes autophosphorylation (probably at
His-673) (Voelkner et al., 1993) and subsequently,
the phosphoryl group is transferred to the response
regulator KdpE (probably at Asp-52). Phosphorylated
KdpE exhibits an increased affinity for a 23 bp
sequence immediately upstream of the canonical ! 35
and ! 10 regions of the kdpFABC promoter (Sugiura
et al., 1992), thereby triggering kdpFABC transcription.

The stimulus, which KdpD senses, is postulated to
be a decrease in turgor or some effect thereof
reflecting the role of K+ as an important cytoplasmic
osmotic solute (Laimins et al., 1981). This model
has been challenged by the finding that under
some conditions expression of kdpFABC is only
significantly induced when the osmolality of the
medium is increased by salt and not in the case of
sugar (Asha and Gowrishankar, 1993; Jung and
Altendorf, 1998a; Sugiura et al., 1994). Analysis of
kdpD mutants, which constitutively express kdpFABC
independent of the K+ concentration of the medium,
but retain the ability to respond to changes in medium
osmolality, led to the suggestion that the sensing
mechanisms of KdpD for K+ limitation and osmotic
upshift may be mechanistically different (Sugiura et al.,
1994).

Characterization of the Enzymatic Activities
of KdpD and KdpE In Vitro

To address the question of the stimulus for KdpD
under in vitro conditions and to characterize this protein
biochemically, it was necessary to develop efficient
and rapid purification and reconstitution methods for
KdpD. KdpD can be solubilized from membrane
preparations enriched in KdpD-6His (KdpD accounts
for about 10% of the total membrane proteins) by the
detergent lauryldimethylamine oxide (LDAO) in the
presence of high salt. Solubilized KdpD is enzymati-
cally inactive, which is in contrast to e.g., solubilized
EnvZ (Jung et al., 2001). However, reconstitution of
the protein into E. coli liposomes restores full activity of
the sensor kinase. Purified and reconstituted KdpD-
6His exhibits autokinase activity and the phosphoryl
group is rapidly transferred to KdpE. Furthermore,
KdpD-6His is the only protein that mediates dephos-
phorylation of KdpE~P (Jung et al., 1997) (Figure 1).
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The phosphatase activity of KdpD is stimulated in the
presence of ATP, whereas GTP, ITP, CTP, ADP, GDP
have no effect, although only ATP-binding is required,
since non-hydrolyzable analogs (ATP-g-S, AMP-PNP)
work as well (Jung and Altendorf, 1998b).

The transfer of the phosphoryl group from KdpD~P
to KdpE has been demonstrated (Nakashima et al.,
1992; Voelkner et al. 1993, Lucassen, 1998). KdpE can
also be overproduced and an efficient purification pro-
tocol was established (Puppe et al., 1996). However,
the phosphorylation efficiency in vitro is very low
(3–4%). A much higher value (50–60%) has been ob-
tained using purified KdpE and acetyl phosphate as the
phosphoryl donor (Lucassen, 1998). It is important to
note that in the latter case complete dephosphorylation
of KdpE~P by KdpD occurs indicating that phosphor-
ylation of KdpE by acetyl phosphate leads to a
functional product. Gel permeation chromatography
and native gel electrophoresis revealed that KdpE
exists as a monomer whereas KdpE~P forms a dimer
(Lucassen, 1998).

The replacement of the conserved Asp52, which has
been identified in other response regulators as being the
phosphorylation site, with Asn leads to a KdpE derivative
which can no longer be phosphorylated (Lucassen,
1998). Together with the pH stability profile of KdpE~P
(Zimmann, 1995) these data argue that Asp52 is the
phosphorylation site in KdpE. In contrast, the replace-
ment of Asp9 with Asn leads to a KdpE derivative which
still can be phosphorylated although with lower effi-
ciency. This lends support to the notion that Asp9
participates in the catalysis of phosphorylation and plays
a similar role in the ‘‘acid pocket’’, as has already been
postulated for the corresponding Asp residues of other
response regulators (Lukat et al., 1991).

Identification of Structural Features Important
for Stimulus Perception by the Sensor KdpD

1. KdpD Forms a Dimer
Co-production of two derivatives of KdpD (KdpD-N788D
and KdpD-H673Q), which cannot be autophosphory-

Figure 1. Model for stimulus perception and signal transduction of the KdpD/KdpE system. The model depicts structural features of KdpD and KdpE,
which are important for stimulus perception and/or signal transduction. In addition, the effects of primary stimuli on the enzymatic activities of KdpD
are marked.
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lated by ATP, results in active KdpD heterooligomers.
This result suggests that the functional state of KdpD is
a dimer or an oligomer and that the phosphorylation of
KdpD is a reaction between two monomers (Heermann
et al., 1998). Similar observations were obtained for
other sensor kinases (Yang and Inouye, 1991; Ninfa
et al., 1993; Swanson et al., 1993; Wolfe and Stewart,
1993). To solve the question whether the switch
between autophosphorylation and phosphatase activity
of KdpD involves a dimer to monomer transition, we
characterized the oligomeric state of the phosphory-
lated and non-phosphorylated form of KdpD. Results
obtained by various techniques revealed that KdpD
does not undergo a monomer-to-dimer transition upon
phosphorylation. Crosslinking experiments with copper
phenanthroline demonstrate that cysteine residues
located in the transmitter domain or transmembrane
domain I are easily oxidized resulting in dimers or higher
order KdpD oligomers. From this it is concluded that the
transmembrane domains and the transmitter domains,
respectively, of the monomers are in close contact
(Jung et al., 1998).

The role of the 6 native cysteine residues for KdpD
dimer formation was analyzed and the results indicate
that cysteine residues at positions 852 and 874 are
able to form a disulfide bridge (Jung et al., 1998).
However, a protein devoid of cysteine residues still
appears as a dimer concluding that cysteine residues
do not participate in dimer formation (Heermann et al.,
1998).

2. The Input Domain of KdpD Contains
a Regulatory ATP-Binding Site
KdpD is characterized by a large, about 400 amino acids
comprising N-terminal domain, which is not found in any
other known sensor kinase. Comparison of 12 KdpD
sequences from various microorganisms revealed that
this part of the sensor kinase is highly conserved and
includes two motifs (Walker A and Walker B) which are
very similar to the classical ATP-binding sites of ATP-
requiring enzymes. Interestingly, in Synechocystis sp.
(Kaneko et al., 1996) and in Anabaena sp. L-31
(GenBankTM accession number AF213466) short ver-
sions of KdpD, which comprise only the N-terminal
domain and lack the transmembrane as well as the
transmitter domains have been found.

Photoaffinity labeling with 8-azido-[a-32P]ATP con-
firmed the existence of an ATP-binding site located in
the N-terminal domain of KdpD of E. coli (Heermann
et al., 2000) (Figure 1). KdpD proteins missing this ATP-
binding site either by truncation (KdpD/D12-395, KdpD/
D12-228) or by amino acid replacements (KdpD/G37A,
K38A,T39C) are characterized by a high phos-
phatase activity, which in case of wild-type KdpD is
only detectable in the presence of ATP. Furthermore,
these modified proteins are responsible for a drastically
lower expression level of the kdpFABC operon under
K+-limiting growth conditions and do not induce ex-
pression when cells are shifted to high osmolality.
These results imply that ATP-binding to this regulatory
site modulates the phosphatase activity of KdpD (Jung
and Altendorf, 1998b).

Recently, the N-terminal domain, KdpD/1-395, was
overproduced and purified. Although predicted to be
hydrophilic, it was found to be membrane-associated.
The membrane-associated form, but not the solubilized
one, retains the ability to bind 8-azido-[a-32P]ATP
(Heermann et al., 2000). Whether membrane associa-
tion is a prerequisite of ATP-binding and hence part of
the signal transduction mechanism is currently under
investigation.

Whereas in a strain that carries a truncated form of
KdpD/D12-395 kdpFABC expression is drastically re-
duced, co-expression of kdpD/D12-395 and kdpD/1-
395 significantly increases kdpFABC expression under
inducing conditions. These results provide first evidence
for an interaction of the N-terminal input domain and
the C-terminal transmitter domain of KdpD (Heermann
et al., 2000).

3. Role of a Cluster of Positively Charged
Residues in KdpD
It is known that a cluster of at least five arginine or lysine
residues with interspersed electrically neutral amino
acids within a soluble protein is sufficient to contribute
to its temporary binding to a phospholipid bilayer (Ben
Tal et al., 1996). A cluster of arginine residues following
the transmembrane domains (Figure 1) is found in all
known KdpD sequences. Therefore, we were interested
if that cluster is involved in the interaction with
negatively charged phospholipids and whether
changes of this interaction may be one of the key
players in the activation mechanism of KdpD upon
stimulus perception. To study the role of these residues,
arginine at positions 503, 506, 508, 511 or 513 was
replaced by glutamine (Jung and Altendorf, 1998a).
Three groups of KdpD proteins emerged from this
study. Removal of the positive charge at position 511
led to the loss of phosphatase activity. On the other
hand, KdpD proteins with Arg replacements at positions
503, 506 or 508 are characterized by an increase in the
phosphatase activity and a decrease in the autophos-
phorylation activity. Furthermore, when Arg513 was
replaced with Gln the amount of KdpD detected in the
membrane was drastically reduced. Thus, this sub-
stitution does probably not affect the enzymatic activ-
ities of KdpD, but rather the insertion and/or stability of
the protein in the membrane. These results do not favor
the hypothesis of an interaction of these residues
with the acidic phospholipids of the membrane. How-
ever, they indicate that these Arg residues are im-
portant for maintaining the equilibrium between the
autophosphorylation and phosphatase activities of
KdpD. Since the removal of one positively charged
amino acid residue is sufficient to disturb the ratio of the
KdpD activities, we propose that an electrostatic switch
mechanism within the protein exists that regulates the
ratio of phosphatase to autophosphorylation activity in
KdpD. According to this, stimulus perception leads to
conformational changes thereby altering electrostatic
interactions which in turn shift the enzymatic activities
of KdpD. Regulation of activity via a protein domain that
has a net positive charge is already well characterized
for the Shaker K+ channel. The so called ‘‘ball and
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chain’’ model has been shown to be suitable to explain
the rapid inactivation of voltage-dependent K+ channels
(Kondoh et al., 1997; Hoshi et al., 1990).

It is interesting to note that various KdpD deriva-
tives causing constitutive kdpFABC expression turned
out to be single amino acid replacements, which are in
close proximity to the cluster of positively charged
residues (Brandon et al., 2000; Sugiura et al., 1994).
The enzymatic activities of two of these proteins were
determined (Brandon et al., 2000). Since the phospha-
tase activities were severely affected, the idea of a
switch mechanism between autophosphorylation and
phosphatase activity is further supported.

Conformational Changes within KdpE
upon Phosphorylation

Limited proteolysis with trypsin led to distinct differ-
ences in the fragmentation pattern when purified KdpE
or KdpE~P were used (Lucassen, 1998). A detailed
analysis revealed that in response to phosphorylation
at the receiver domain a conformational change occurs
at the DNA binding domain. This also argues in favor of
a change in communication between both domains
upon phosphorylation.

DNase I footprinting analysis and gel retardation
experiments demonstrated that KdpE as well as
KdpE~P bind to a [Tn]-rich region upstream of the
kdpFABC promotor (Sugiura et al., 1992; 1993). Further-
more, it has been shown that KdpE~P binds with higher
affinity compared to KdpE (Nakashima et al., 1993). This
has also been confirmed using acetyl phosphate-mod-
ified KdpE (Lucassen, 1998). In addition, it has been
demonstrated that stimulation of transcription of the
kdpFABC operon in vitro depends on the presence of
KdpE~P (Nakashima et al., 1993).

The Stimulus for KdpD

Little is known to which stimulus (stimuli) the mem-
brane-bound sensor kinase KdpD is responding to.
Epstein and coworkers have put forward the hypoth-
esis that KdpD is a turgor sensor (Malli and Epstein,
1998). In contrast, the model of Mizuno et al. describes
two mechanisms for KdpD activation: K+ limitation and
osmotic upshift (Sugiura et al., 1994). Other groups
argue that the K+ signal is related to the internal K+

level and/or the processes of K+ transport (Asha and
Gowrishankar, 1993; Frymier et al., 1997) or the ex-
ternal K+ concentration (Roe et al., 2000).

In vitro phosphorylation assays with inverted
membrane vesicles (Voelkner et al., 1993) or proteo-
liposomes (Nakashima et al., 1993) revealed that KdpD
autophosphorylation activity is stimulated by salts,
whereby both NaCl and KCl are effective. Recently, we
developed a new in vitro test system based on right-
side-out membrane vesicles (RSO-MV) (Jung et al.,
2000). Using the RSO-MV test system, in which KdpD
has the same orientation as in whole cells, an
inhibitory effect of K+ (provided from the inside of the
vesicles) on KdpD autophosphorylation activity is
detected. For the first time these data indicate a

correlation between K+ concentration and KdpD auto-
phosphorylation activity. Furthermore, these results
reveal that the domains, which are exposed to the
cytoplasmic side, are affected by K+. Based on these
results it is proposed that the intracellular K+ concen-
tration directly influences KdpD by down-regulating the
autophosphorylation activity (Figure 1). It is conceiva-
ble that under K+-limiting growth conditions the intra-
cellular K+ concentration falls below a certain threshold
thereby suspending the inhibitory effect of K+ on KdpD
autophosphorylation activity.

Furthermore, an increase of the ionic strength
inside the vesicles, imposed by either NaCl, RbCl or
HEPES-Na buffer, was accompanied by an increase of
the autophosphorylation activity of KdpD (Figure 1)
(Jung et al., 2000). In vivo, due to the loss of K+ or due
to an osmotic upshift cells lose water leading to an
increase of the concentration of all molecules (Record
et al., 1998) which in turn increases the ionic strength.
Thus, it is conceivable that the autophosphorylation
activity of KdpD is stimulated under these conditions.

Although turgor cannot be established across the
membrane of RSO-MV, they still behave like osmo-
meters. For example, it has been shown that the
transporter and osmosensor ProP of Escherichia coli is
activated by hyperosmotic shifts imposed by NaCl or
sucrose in RSO-MV (Milner et al., 1988). An increased
osmolality outside of the RSO-MV also stimulates
KdpD autophosphorylation activity, however, the ef-
fects with salts as osmolytes are much higher
compared to sugars. Moreover, the maximal stimula-
tory effect from the outside is smaller compared to that
observed by an increase of the salt concentration
inside the RSO-MV. Furthermore, KdpD in RSO-MV
cannot be activated in the presence of amphiphilic
compounds (Jung et al., 2000). These results are in
favor of a special effect of salts rather than changes of
membrane strain on KdpD activation. In vivo, salts also
are more effective to induce kdpFABC expression than
non-polar compounds at the same osmolality. This can
be explained either by a specific effect of salts on
phospholipids or by an effect on the interaction
between phospholipids and protein. In accord with this
is the finding that KdpD autophosphorylation activity is
dependent on negatively charged phospholipids,
whereas the structure of the phospholipids plays a
minor role (Stallkamp et al., 1999).

Model for Stimulus Perception and Signal
Transduction via KdpD/KdpE

Based on the results described above the following
model for stimulus perception and signal transduction
via the sensor kinase KdpD and the response regulator
KdpE is proposed (Figure 1). KdpD catalyzes the
autophosphorylation by ATP and the dephosphoryla-
tion of the corresponding phosphorylated response
regulator KdpE. KdpD is a dimer and the autophos-
phorylation reaction is a result of a trans-phosphoryla-
tion between two monomers. There is no change of
the oligomeric state of KdpD upon phosphorylation.
An equilibrium between autophosphorylation and
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phosphatase activities is proposed which is shifted via
an electrostatic switch mechanism. The phosphoryl
group from KdpD is rapidly transferred to KdpE. KdpE
undergoes dimerization upon phosphorylation. The
intracellular K+ concentration as well as ionic strength
affect KdpD autophosphorylation activity of KdpD
directly whereby K+ has an inhibitory and ionic strength
a stimulatory effect. Furthermore, an increase of
the intracellular ATP concentration, which is observed
after an osmotic upshift (Ohwada and Sagisaka, 1987)
and also when cells are exposed to K+ limitation (K.
Jung, unpublished observation), modulates the phos-
phatase activity of KdpD via ATP-binding to the
regulatory ATP-binding site. Salts from the outside
affect the autophosphorylation activity of KdpD. It is
proposed that salts influence the interaction of domains
of KdpD with the phospholipid bilayer. Therefore,
various mainly intracellular parameters are integrated
by KdpD and via phosphorylation reactions transmitted
to KdpE to initiate expression of the kdpFABC operon.
This model is clearly distinct from the activation
mechanism of different osmoresponsive transport
proteins, like BetP (Rübenhagen et al., 2000) or ProP
(Racher et al., 1999). The uptake rates of these proteins
are directly influenced by osmotic changes. However,
these proteins are involved in the immediate (fast)
response of the cell, whereas regulation of expression
is a long-term (slow) response. Therefore, it is well
conceivable that a sensor, like KdpD, which is part of a
signal transduction cascade involved in gene expres-
sion, senses intracellular changes due to environmen-
tal fluctuations (K+ limitation, osmotic upshift), e.g.
decrease of the intracellular [K+ ] or increase of the ionic
strength due to water loss. Thereby, signals about the
cell’s needs are directly transferred to gene expression.
Furthermore, changes of intracellular parameters due
to the fast response of the cell, e.g. K+ accumulation,
increase of the intracellular ATP concentration – are
sensed as well. The sum of these stimuli is integrated by
the sensor, thereby allowing tightly regulated gene
expression and an optimal adaptation of Escherichia
coli to altered environmental conditions.
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