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Abstract

NtrB is the bifunctional histidine kinase for nitro-
gen regulation. Dependent on the availability of
nitrogen, it either autophosphorylates and serves
as the phosphodonor for its cognate response
regulator, NtrC, or, it promotes the rapid depho-
sphorylation of NtrC-P. The activity of NtrB de-
pends on the interaction of two subdomains within
its transmitter domain, the H-domain and the
kinase domain. Both phosphotransfer activity and
phosphatase activity reside in the H-domain. When
separately expressed, this domain acts as a
phosphatase. Interaction with the kinase domain
results in the inhibition of the phosphatase activity
and the phosphorylation of the conserved histi-
dine of the H-domain.

Introduction

Signal transduction by two-component systems
involves three basic steps: the sensing of a stimulus,
signal transmission and the response reaction. In
classical two-component systems these tasks are
assigned to four different domains: the sensor and
transmitter domain of the histidine kinase and the
receiver and output domain of the response regulator
(Chang and Stewart, 1998; Ninfa, 1996; Parkinson and
Kofoid, 1992; Perraud et al., 1999). The mechanism of
signal transduction by these domains is usually des-
cribed as a sequence of consecutive phosphotransfer
reactions. The sensor domain senses changes in the
environment and transmits a conformational signal to
the transmitter domain. Depending on the stimulus, the
transmitter domain autophosphorylates at a conserved
histidine residue. Subsequently, the phosphoryl group
is transferred to a conserved aspartate residue of the

receiver domain. This induces the conformational
change in the output domain, resulting in the activation
of the response reaction.

Response Regulators can be Viewed
as Phosphatases

The discovery that receiver domains of response
regulators can be also phosphorylated by small
phosphodonors, such as acetyl phosphate, was an
important step for the understanding of the molecular
mechanism of signal transduction by two-component
systems (Feng et al., 1992; Lukat et al., 1992). It
demonstrates that the phosphotransfer from the
histidine kinase to the response regulator is actually
catalyzed by the receiver domain of the response
regulator (Sanders et al., 1992). Therefore, the
response regulator can be viewed as a phosphatase,
which dephosphorylates its substrate, the autophos-
phorylated histidine kinase. Furthermore, the phos-
phorylated response regulator could be viewed as a
phospho-enzyme intermediate. When phosphorylated,
the response regulator is active and catalyzes the
output reaction. Ultimately, however, the phospho-
enzyme intermediate will hydrolyze, resulting in the
regeneration of the unphosphorylated and inactive
response regulator and free phosphate. The latter
activity has been termed the autophosphatase activity
and its rate varies considerably for different response
regulators (Stock et al., 1995). Auxiliary phospha-
tases, which enhance the rate of hydrolysis, have been
identified for some two-component systems (Hess
et al., 1988, Perego et al., 1994; Perego, 1998). It
has been suggested, that these proteins act as co-
phosphatases by stimulating the intrinsic autophos-
phatase activity of the response regulator (Little, 1993;
Parkinson and Kofoid, 1992; Stock et al., 1995). They
play an important role in the regulation of two-
component systems and contribute to a great extend
to a transient signal, which is an important requirement
for the regulation in signal transduction.

The final goal in the regulatory cascade of a
two-component system is to regulate the concentration
of the phosphorylated response regulator. This is
achieved by regulating formation and hydrolysis of
the phosphorylated response regulator in a reciprocal
fashion. In other words, a two-component system is
activated, if formation of the phosphorylated response
regulator is very efficient due to a high concentration of
the autophosphorylated histidine kinase. At the same
time hydrolysis is slow, that is, not stimulated by
additional effector proteins. Under these conditions,
phosphorylated response regulator accumulates and
the two-component system is activated. On the other
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hand, a two-component system is inactivated, if little or
no autophosphorylated histidine kinase is present in
the cell. Under these conditions some phosphorylated
response regulator might form due to crosstalk from a
non-cognate histidine kinase or from acetyl phosphate,
but at the same time hydrolysis is fast, because it is
stimulated by an auxiliary phosphatase. As a conse-
quence, the concentration of phosphorylated response
regulator is very low and the two-component system is
shut off.

Bifunctional Histidine Kinases have Both
Autokinase and ‘‘Phosphatase’’ Activity

Interestingly, in several systems the histidine kinase
itself acts as an auxiliary phosphatase. Such histidine
kinases are known to be bifunctional, that is, they are
able to switch between two opposing activities.
Dependent on the stimulus from the environment they
either autophosphorylate and serve as a phosphodonor
for the response regulator, or, under different condi-
tions, they change conformation and stimulate the fast
dephosphorylation of the response regulator. The
mechanism, by which bifunctional histidine kinases
promote the fast dephosphorylation of the cognate
response regulator, is still disputed. They might either
act as a co-phosphatase or, they could promote the
dephosphorylation of the cognate response regulator
by a reversal of the phospho-transfer reaction. Data
obtained for NtrB, the histidine kinase for nitrogen
regulation, support a co-phosphatase model (Ninfa and
Magasanik, 1986; Atkinson and Ninfa, 1993; Jiang
et al., 2000), while recent data obtained for EnvZ, the
histidine kinase for osmoregulation, support the
reverse phosphotransfer model (Zhu et al., 2000).

NtrB, together with its cognate response regulator
NtrC, regulates the expression of the Ntr regulon
– genes important for the assimilation of ammonia and
the utilization of alternative nitrogen compounds
(Reitzer, 1996). NtrC is the transcriptional activator
of the Ntr regulon. It is activated by phosphorylation.
Both phosphorylation and dephosphorylation are
under the control of NtrB, the bifunctional histidine
kinase. NtrB senses the nitrogen status of the cell with
the help of two additional proteins, the PII protein
(product of glnB) and the bifunctional UTase/UR
(uridylyltransferase/uridylremoving enzyme, product
of glnD). Dependent on the relative intracellular
glutamine and a-ketoglutarate concentrations, PII is
reversibly uridylylated by UTase/UR. Under nitrogen
excess conditions, PII is deuridylylated. Deuridylylated
PII interacts with NtrB and induces the phosphatase
activity in NtrB. Uridylylated PII, formed under nitrogen
starvation conditions, does not interact with NtrB
(Atkinson et al., 1994; Ninfa et al., 2000). Thus, NtrB
has autokinase activity in the absence of a signal. To
act as a phosphatase, NtrB has to be activated.
Accordingly, NtrB behaves as a constitutive positive
regulator in a strain lacking PII (Bueno et al., 1985).
Similarly, purified NtrB has autokinase activity (Ninfa
and Magasanik, 1986; Weiss and Magasanik, 1988).

To activate NtrB as a phosphatase in vitro, PII, or the
paralogue, GlnK, has to be added.

Until recently it was believed, that PII interacts with
the sensor domain (Kamberov et al., 1995). Surprisingly
however, chemical crosslinking revealed that PII
interacts with fragments carrying the kinase domain
(Pioszak et al., 2000). This result is unexpected, since
mutations conferring a constitutive positive phenotype
are found in the sensor domain, the H-domain and the
linker domain of NtrB but not in the kinase domain.
Interestingly, the smallest fragment, which binds to PII
carries aa 190 to 349 of NtrB, that is, it also contains the
linker region connecting the H-domain with the kinase
domain. An interaction of PII with fragments carrying the
sensor domain but lacking the kinase domain could not
be detected by chemical crosslinking. Therefore the role
of the sensor domain in NtrB has to be newly defined. It
has been suggested, that the sensor domain is required
to stabilize the ‘‘phosphatase’’ conformation in NtrB
(Pioszak et al., 2000). In addition it should be kept in
mind that the sensor domain resembles a PAS domain.
Therefore, we cannot exclude, that the sensor domain
senses an additional unknown stimulus and regulates
the H-domain in concert with PII.

The Transmitter Domain Consists of Separate
Subdomains

To understand, how NtrB switches between its two
opposing activities, we have analyzed the domain
organization of NtrB. Our approach was to divide the
transmitter domain into separate subdomains, desig-
nated the H-, N-, and G-domain (Figure 1). Originally
this model was based on sequence alignments with
other histidine kinases (Kramer and Weiss, 1999). The
model is shown here in a modified version, where the
boundaries between the H and the G domain were
shifted 30 amino acids towards the N-terminus (Jiang
et al., 2000; Dünnebier, Kramer and Weiss, unpub-
lished). It is based on data obtained by limited pro-
teolysis and comparison to the 3D structure of EnvZ and
CheA. The H-domain of NtrB carries the active site
histidine and is homologous to subdomain A of EnvZ
(Park et al., 1998), the structure of which has been
solved by NMR (Tomomori et al., 1999). The N- and the
G-domains together comprise the kinase domain.
Comparison with the 3D-structure of the kinase domains

Figure 1. Schematic representation of the domain organization of NtrB.
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of CheA (Bilwes et al., 1999) and EnvZ (Tanaka et al.,
1998) reveals, that the N- and G-domains are sub-
domains of the kinase domain, with the ATP binding in a
cleft between these subdomains.

The H-domain has Both Phospho-Transfer
and Phosphatase Activity

To analyze the function of these subdomains, we have
performed a deletion analysis of NtrB (Kramer and
Weiss, 1999). The analysis revealed that all fragments,
which carry the H-domain, but lack all or part of the
kinase domain, behave as constitutive negative regula-
tors of glutamine synthetase expression in vivo. In cells
grown under nitrogen starvation conditions, the level of
glutamine synthetase decreased about 20 fold in the
presence of these fragments, compared to that of
strains carrying wildtype ntrB. In accordance with this
result, purified fragments carrying the H-domain stimu-
late the fast dephosphorylation of NtrC-P in vitro
(Kramer and Weiss, 1999; Jiang et al., 2000). There-
fore, the H-domain is the final target in the regulation of
NtrB. It carries both the site for the positive regulatory
function – the conserved histidine for the phospho-
transfer to NtrC – but also the ‘‘active site’’ for the
negative regulatory activity of NtrB.

In contrast to the H-domain, the transmitter domain
behaves as a positive regulator when separately
expressed. Moreover, positive regulation is also
achieved by co-expression of a fragment carrying the
H-domain together with a fragment carrying the kinase
domain, or, by co-expression of a fragment carrying the
H-domain and the N-subdomain together with a frag-
ment carrying the G-subdomain (Kramer and Weiss,
1999; Dünnebier, Kramer and Weiss, unpublished).
This demonstrates, that the subdomains are able to fold
independently and interact correctly to promote the
phosphorylation of NtrC. Furthermore, it demonstrates,
that the kinase domain inhibits the negative regulatory
activity of the H-domain. This requires the intact kinase
domain. Neither the N- nor the G-subdomain alone is
sufficient for inhibition of the negative regulatory activity
of the H-domain, suggesting, that inhibition of the
negative regulatory activity of the H-domain requires
the phosphorylation of the conserved histidine, His139.
In addition, the constitutive positive phenotype is only
observed, if the kinase domain is present at a higher
copy number than the H-domain. If the H-domain is
present at a higher copy number, a constitutive negative
phenotype is observed, indicating that excessH-domain
counteracts the kinase domain.

The results described above provide the clue to
the mechanism of regulation of NtrB. NtrB might be
regulated by regulating the interaction of H-domain
and kinase domain. Under nitrogen starvation condi-
tions, that is, in the absence of non-uridylylated PII,
interaction of kinase and H-domain results in the
phosphorylation of the conserved histidine and in the
subsequent phosphorylation of NtrC. In this conforma-
tion, the ‘‘active site’’ for the negative regulatory
activity of the H-domain might be inhibited or the H-

domain might adopt a conformation in which it is
inactive as a negative regulator. Under nitrogen
excess conditions, NtrB is activated as a phosphatase.
To this end the H-domain has to be liberated. This is
the task of the PII protein in concert with the sensor
domain. In other words, NtrB is regulated by an
inhibitory cascade: the liberated H-domain acts as a
negative regulator, this negative regulatory activity is
inhibited by the kinase domain. PII and sensor domain
might work together to relieve the inhibition exerted by
the kinase domain.

We performed a similar deletion analysis with
PhoR, the histidine kinase for phosphate regulation
(Kramer, Flotho, and Weiss, unpublished). We found
that all fragments, which carried the H-domain of PhoR
(codons 199 to 273) but lacked all or part of the kinase
domain (codons 274 to 431), behaved as strong
negative regulators of phoA expression. This indicates,
that the proposed mechanism could also apply for other
bifunctional histidine kinases.

Another example is EnvZ, the histidine kinase for
osmoregulation. In EnvZ two subdomains of the trans-
mitter have been characterized, subdomain A and
subdomain B (Park et al., 1998). As mentioned above,
subdomain A corresponds to the H-domain of NtrB.
When separately expressed, subdomain A behaves as a
negative regulator of ompF expression (Zhu et al.,
2000). In accordance with this, purified subdomain A
stimulates the dephosphorylation of OmpR-P in vitro. In
contrast, in the presence of the kinase domain,
subdomain A has the opposing activity: it is phosphory-
lated in trans by the kinase domain and subsequently
serves as the phosphodonor for OmpR. These results
are in agreement with the results obtained for NtrB
(Kramer and Weiss, 1999). However, the mechanism,
by which subdomain A promotes the dephosphorylation
of its cognate response regulator, might be different
than that of NtrB. While in NtrB the conserved His is not
required for the dephosphorylation of NtrC-P, conflicting
results have been reported for EnvZ in this regard.

Data obtained with derivatives carrying the intact
transmitter domain of EnvZ, in which the conserved His
was changed to several other amino acids, suggest, that
His243 is not required for the negative regulatory activity
of EnvZ. For example, an EnvZ mutant, in which His243
has been changed to Tyr, behaves as a negative
regulator of ompF transcription in vivo (Hsing and
Silhavy, 1997). In accordance with this result, soluble
derivatives of EnvZ lacking the sensor domain, in which
His243 has been changed to Tyr or certain other amino
acids, stimulate the dephosphorylation of OmpR-P in
vitro (Skarphol et al., 1997). These results suggest, that
EnvZ, like NtrB, acts as a cophosphatase by stimulating
an intrinsic autophosphatase activity in OmpR. How-
ever, for subdomain A it has been shown, that the
conserved His is required for its negative regulatory
activity. Substitution of His243 by other amino acids,
including Tyr, results in the inactivation of subdomain A
(Zhu et al., 2000). In fact, a phosphorylated intermediate
of subdomain A can be observed if this domain is
incubated with OmpR-P. This suggests a different
mechanism for the dephosphorylation of OmpR-P,
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which involves the reverse transfer of the phosphoryl
group to His243 of EnvZ, followed by the hydrolysis of
the phosphohistidine intermediate.

Reverse transfer of the phosphoryl group from the
response regulator to the histidine kinase can also occur
between NtrC-P and NtrB (Weiss and Magasanik,
1988). However, in marked contrast to EnvZ-P, NtrB-P
is much more stable. Hydrolysis of NtrB-P can not be
observed at a detectable rate. The phosphoryl group
can either be transferred back to NtrC again, or, if
present in the reaction mixture, to ADP, resulting in the
generation of ATP. Thus, the reverse transfer to NtrC is
not the mechanism, by which NtrB catalyses the fast
dephosphorylation of NtrC-P. This reaction requires PII,
or its paralogue GlnK, and phosphorylation of NtrB by
NtrC-P has not been observed in the presence of PII.
Moreover, it has been shown, that a mutant NtrB, in
which the active site histidine has been changed to an
asparagine, behaves as a strong negative regulator of
glutamine synthetase expression in vivo (Atkinson and
Ninfa, 1993). In vitro, this mutant stimulates the fast
dephosphorylation of NtrC-P in the absence of PII. In the
presence of PII the phosphatase activity was even
stronger than that of wildtype NtrB and PII (Jiang et al.,
2000). In addition, the negative regulatory activity of
NtrB fragments, which carry the H-domain but lack all or
part of the kinase domain, is not affected, if the
conserved His is changed to an Asn (Kramer andWeiss,
unpublished).

The notion that the conserved His is not essential
for the negative regulatory activity of NtrB is further
supported by recent data obtained in a detailed deletion
analysis of the H-domain (Dünnebier and Weiss,
unpublished). Successive deletions of the C- and
N-terminal parts of the H-domain revealed that a small
fragment, encoding amino acids 165 to 189 of NtrB, is
still active as a negative regulator of glutamine synthe-
tase expression in vivo, when fused to the N-terminal
domain of l-repressor or to thioredoxin. In cells grown
under nitrogen starvation conditions, expression of this
fragment causes a 15 fold reduction of the glutamine
synthetase level compared to that in the presence of
wildtype NtrB, or to that of the ntrB null, in which NtrC is
phosphorylated by acetyl phosphate. Interestingly, the
homologous peptide in EnvZ (codons 264 to 288)
overlaps with helix II of subdomain A, and region X.
Region X has been identified in EnvZ (Hsing et al.,
1998). It was proposed that this region is important for
the phosphatase activity of EnvZ, since several muta-
tions conferring a constitutive positive phenotype
localize to this region. However, the fragment lacks the
region carrying the H-motif, which belongs to helix I in
subdomain A of EnvZ. This suggests, that in NtrB the
major determinants for the negative regulatory activity
do not overlap with the H-motif.

The Role of the Linker Domain in Signal
Transduction

For histidine kinases it is still an open question, how the
signal is transduced from the sensor to the transmitter

domain. It is believed, that the signal is not transmitted
by a direct interaction between sensor and trans-
mitter module, but rather, that the signal is transduced
through the linker to the transmitter domain (Cavicchioli
et al., 1996; Collins et al., 1992; Kalman and Gunsalus,
1990; Park and Inouye, 1997; Singh et al., 1998;
Tokishita et al., 1992; Williams and Stewart, 1999). For
NtrB there are several indications, that, as for other
histidine kinases, the linker plays an essential role in
the signal transduction process. The linker connecting
sensor and H-domain is a hotspot for mutations
conferring a constitutive positive phenotype (Atkinson
and Ninfa, 1993; Kramer, Dünnebier and Weiss, un-
published). Similarly, insertion of an additional flexible
linker between sensor and H-domain results in the
inactivation of the sensor domain (Kramer and Weiss,
unpublished). Such an NtrB derivative behaves as a
constitutive positive regulator of glutamine synthetase
expression, unable to respond to the PII protein. In
addition, mutations conferring a constitutive phenotype
can also be found in the linker connecting the H-domain
with the kinase domain (Kramer, Dünnebier and Weiss,
unpublished). Due to the homology of the H-domain to
subdomain A it is likely, that both linkers are close
together in the 3D structure and possibly form a linker
domain. This linker domain might integrate conforma-
tional signals from the sensor and the kinase domain
and transduce it to the H-domain. As previously
mentioned, such conformational signals could originate
from the interaction of PII with the kinase domain or
possibly from the interaction of a ligand interacting with
the sensor domain.

Interestingly, it is possible, to substitute the sensor
domain of NtrB by another, completely unrelated
domain, and thereby induce the negative regulatory
activity. Using an approach from Cochran and Kim
(1996), we have constructed a set of fusion proteins, in
which the coiled–coil domain of GCN4 from yeast was
fused to the transmitter domain of NtrB (Kramer and
Weiss, unpublished). All seven constructs carry the
same fragment from GCN4 but differ in the fusion point
to the transmitter domain. The smallest fusion protein
carries the GCN4-domain fused to codon 127 of NtrB.
The other constructs carry each one additional amino
acid more of the linker region. For all fusion proteins
regulation was lost, six behaved as weak constitutive
positive regulators. However, one construct behaved
as a strong constitutive negative regulator of glutamine
synthetase expression. Thus, in accordance with
previous results, the sensor domain is not essential
for the phosphatase activity. The data support a model
in which the conformation of the H-domain is under the
control of the linker domain.
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