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Most unicellular organisms thrive in natural environ-
ments, where they are exposed to nutrient deprivation
and stress. To survive and to propagate successfully,
even under unfriendly conditions, a high degree of
metabolic flexibility combined with sophisticated reg-
ulation is necessary. It was the goal of a joint research
project to explore regulatory networks in prokaryotes
including some organisms that had scarcely been in-
vestigated on themolecular level. We set out to discover
new regulatory strategies, to dissect variations of com-
mon themes and to get further insights into well-studied
mechanisms.

Halobacterium represents a rare archaeal genus,
which is amenable to genetic manipulation. Species of
Halobacterium produce gas vesicles as a means of
motility, allowing cells to float up and down in response
to light, oxygen and salt concentration. A transcrip-
tional activator is described in detail, which controls
the expression of two gene clusters for gas vesicle
synthesis (Pfeifer). Chemotaxis and motility in the
symbiotic nitrogen-fixing bacterium Sinorhizobium
meliloti differ remarkably from the well-studied tactic
behavior of enterics. The flagella rotate only clockwise.
Directional changes are achieved by modulating the
speed of rotation. It is shown that the tactic response is
mediated by two regulators (CheY1, CheY2) of which
CheY1 is considered as a sink for phosphoryl groups
and CheY2 as the protein which interacts with the
motor (Schmitt). The same species forms two sets of
exopolysaccharides, succinoglycan (EPS I) and galac-
toglucan (EPS II) which are involved in the invasion of
root nodules. EPS II synthesis is part of the PhoR
regulatory network and stimulated during phosphate
limitation. Two newly identified regulators, MucR and
ExpG, are specifically involved in the regulatory cas-
cade (Pühler/Becker).

Host-related interactions of plant and human
pathogens were also studied. Pseudomonas syringae-
produces the phytotoxin coronatine as a major viru-
lence factor. Expression of the Cor-encoding genes is
regulated by two response regulators. CorR together
with its cognate histidine protein kinase CorS is
involved in thermoregulation. The second response
regulator CorP is proposed to modulate the activity of
CorRS (Ullrich). Expression of virulence in Bordetella

pertussis, the etiological agent of whooping cough, is
rather unstable and reversibly affected by changing
environmental conditions such as temperature. It is
demonstrated that BvgAS, an unorthodox two-compo-
nent system, transmits the signal by a multistep
phospho-relay reaction providing a fine-tuned coordi-
nate expression of the virulence regulon (Gross). The
role of the minor tRNA5

Leu, encoded by leuX, on the
expression of the virulence factors in an uropathogenic
strain of Escherichia coli, was explored by proteome
analysis. The data suggest that this tRNA has a global
impact on the posttranscriptional regulation of the
virulence network (Hacker). New mechanisms of
b-lactam resistance in Streptococcus pneumoniae are
obviously related to the function of regulatory compo-
nents implicating the protein kinase CiaH as a major
player in monitoring the integrity of the cell wall.
Mutations in ciaH are pleiotropic and lead to the
occurrence of antibiotic resistance and the failure to
express genetic competence. Thus the cia system
governs a complex regulatory network (Hakenbeck).

Most of the bacterial species take an active role in
acquiring nutrients. Iron is an essential component of
several metabolic reactions, although abundant, it is
not readily available to the cell due to its extraordinary
insolubility. The production and secretion of iron-
chelating siderophores is one strategy for increasing
the availability of the metal. Once taken up, side-
rophores release iron into the cytoplasm. An unusual
Fe-S cluster-containing protein (FhuF) is thought to
participate in iron mobilization. fhuF gene transcription
sensitively responds to the level of Fur and Fe2+ which
repress iron uptake genes. A Fur-related protein (Zur)
is shown to repress the high affinity zink uptake system
(Hantke). Cells of E. coli react to changes in the osmo-
lality of their environment by synthesizing various
proteins to counteract deleterious extremes of ionic
strength. Under potassium-limiting conditions and in
response to osmotic upshift a high affinity K+-uptake
system is produced. Expression of this kdpFABC ope-
ron is under control of the response regulator KdpE and
the transmembrane histidine kinase KdpD, which was
initially considered as a turgor sensor. Autophosphor-
ylation data favor intracellular parameters as triggering
agents in KdpD signal perception (Altendorf/Jung).

The availability of nitrogen is the stimulus of the
multigene Ntr network. Elegant studies with enterics
uncovered the now classical two-component regula-
tory system, NtrB/NtrC. Dependent on the supply of
nitrogen, the protein kinase NtrB either phosphorylates
its cognate response regulator NtrC or promotes rapid
dephosphorylation of NtrC-P. Both phosphotransfer
and phosphatase activity reside in the H-domain of the
NtrB transmitter module. Further inspection revealed
that a small peptide of 25 amino acids of the H-do-
main stimulates dephosporylation of NtrC-P (Weiss).
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The balance between autokinase and phosphatase
activity of NtrB is controlled by an additional regulator
PII, which is modified by uridylylation in response to
nitrogen. A PII paralogue (GlnK) transmits the nitrogen
status in N2-fixing cells of Klebsiella pneumoniae by
interaction with the regulatory couple NifA/NifL. NifA
activates transcription of the nif operons and NifL
inhibits its activity in response to nitrogen and oxygen.
There is evidence that the FAD-containing NifL under-
goes conformational changes, which affect NifA activ-
ity in response to the redox-state of the cofactor
(Schmitz). Regulation of N2 fixation in the phototroph
Rhodobacter capsulatus is even more complex since
the bacterium produces an alternative nitrogenase in
addition to the molybdenum-containing enzyme. Three
levels of regulation were uncovered which provide
subtle mechanisms to adapt the synthesis and activity
of the two nitrogenases to the external supply of
ammonia, molybdenum, light and oxygen (Klipp).

Many microbes have the capacity to adjust quickly
to changing conditions in their environment by using
alternative modes of energy conservation. If species of
the purple bacterium Rhodobacter encounter high oxy-
gen tension, they obtain their energy by aerobic respi-
ration. At low O2 tension, however, the formation of
pigments, photosynthetic complexes and intracyto-
plasmic membranes is highly elevated and the cells
shift to energy conservation by photosynthesis.
A central role in this overriding coordinate activation
of photosynthetic gene expression is assigned to the
RegB/RegA two-component regulatory system (Klug).
Molecular hydrogen is an attractive fuel for organisms
that can shift from chemoorganic to chemolithotrophic
metabolism. To benefit from H2, occurring only in tra-
ces in oxic environments, aerobic chemolithotrophes
have evolved a highly specific H2-sensing system. This
signal transduction chain consists of a regulatory
[NiFe]-hydrogenase which recognizes H2 and trans-
mits a redox signal to an uncommon two-component
system, in which the non-phosphorylated form of the
response regulator activates transcription (Friedrich).

Fluctuation in O2 availability is a significant switch
in the mode of energy transduction. One of the major
transcriptional regulators controlling this respiratory
change is Fnr. Oxygen destroys the activity of Fnr by a
reaction which leads to the conversion of a Fe-S
cluster and in turn the formation of apoFnr. It was
demonstrated that apoFnr can be reconstituted to
active Fnr by using glutathione as a reducing agent
(Unden). Fnr is one of a set of regulatory components,
which include the master regulator FhlA, responsible
for integrating the synthesis and degradation of
formate, a key compound of anaerobic metabolism in
enterics, into a complex regulatory network. This
network provides an excellent example of how the
cells adjust the carbon flux to their metabolic needs
(Böck). Transcription factors closely related to the
family of Fnr/Crp proteins have been discovered also
in other groups of proteobacteria, including Pseudo-
monas, Paracoccus and Rhodobacter. The Dnr/Nnr
regulators respond to extremely low concentrations of
nitric oxide and elicit a key signal for expressing nitrite

and nitric oxide reductases. Both are constituents of a
multigene denitrification apparatus (Zumft). Hemes are
integral components of energy-conserving electron
transport chains and cofactors of many redox proteins.
It is conceivable that a switch in energy metabolism
coincides with the cellular heme content. In non-
photosynthetic proteobacteria a wide range of regula-
tory strategies are employed by the cells to adapt
heme biosynthesis to the metabolic requirements of a
given species (Jahn).

Operon structures and transcription factors in obli-
gate anaerobes like Clostridium acetobutylicum are
becoming gradually apparent. This gram-positive bac-
terium produces solvents, which compensate for the
harmful effect of acids that accumulate during the first
stage of fermentation. The metabolic switch from acid
to solvent production correlates with the onset of spo-
rulation. A role for the principal transcription factor
SpoOA as a link between solvent gene expression and
sporulation in a common regulatory network is dis-
cussed (Dürre).

Several decades of intensive effort have focused
on questions of how a cell senses the appropriateness
of each catabolic pathway under a given circumstance
and how the cells make the decision what enzymes to
make and at what quantities. The molecular program
underlying carbon catabolite repression (CRP) espe-
cially in non-enterics is still a matter of debate. E. coli
has evolved a sophisticated regulatory network for the
utilization of maltose. The maltose regulon is controlled
by MalT, a transcriptional activator, which acts together
with the inducer maltotriose and ATP. The expression
of malT is controlled by the cAMP/CAP complex and
the repressor Mlc, whose activity is regulated by the
transport status of the glucose-specific phosphotrans-
ferase system (PTS). The second level of regulation
affects the activity of MalT. MalT is activated by
maltotriose and inactivated by a widely unknown
interaction with three different enzymes including MalK,
a component of the maltodextrin transport system
(Boos). The gram-positive Staphylococcus xylosus
has developed a completely different strategy to assure
the priority status of glucose as a carbon and energy
source. The utilization of CRP-sensitive substrates
such as maltose, lactose and xylose is repressed by
the control protein CcpA, which is activated by seryl-
phosphorylated HPr-kinase, the phosphocarrier protein
of the PTS system. Mutant analysis has shown that
glucose-specific CRP in S. xylosus is also affected by a
second route of glucose entry, the uptake protein GlcU
and the glucose kinase GlkA (Brückner). CRP in gram-
positive bacteria seems to be more complex than
originally thought. With the Bacilus subtilis trehalose
operon it was shown that a CcpA-independent CRP
mechanism exists presumably based on inducer-exclu-
sion (Dahl).

Compensatory adjustments to changes in growth
rate are of a truly global character. Microbes use small
basic proteins to condense and modify the architecture
of their DNA. Two classes of DNA-interacting proteins
have been distinguished: histone-like proteins, which
indirectly affect gene expression by altering the reaction
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rate of RNA polymerase and proteins that specifically
bind to defined elements in the promoter region and
primarily assist integrating various global stimuli into
networks that control growth rates. Representatives of
the two classes of proteins, abundant in B. subtilis, are
discussed in detail: the histone-like HBsu and the
transition-state regulator AbrB (Marahiel). Cells of
E. coli that are exposed to a rapid substrate downshift
or amino acid deprivation stop synthesizing protein and
stable RNA. This central process called stringent
response correlates with the accumulation of guanosine
nucleotides. The regulatory nucleotides (p)ppGpp mod-
ulate RNA polymerase activity to transcribe from
specific promoters, including rRNA promoters, charac-
terized by a GC-rich discriminator element and further
structural requirements. Based on newly collected data

a model is presented of how ppGpp affects RNA
polymerase during various steps of initiation and
elongation (Wagner). Associated with the changing
growth rate is the expression of another global reg-
ulator, the alternative sigma factor s38 of RNA poly-
merase encoded by rpoS. It appears that RpoS is a
master regulator in the most complex network known so
far. It regulates the expression of a large number of
genes, whose products are involved in the survival
under extreme stress situations like starvation, high
osmolality, low pH and high temperature. Detailed
investigations have shed new light on the control of
the cellular level of RpoS by translational regulation and
proteolysis, on the function of RpoS as an initiation
factor and on a basis of the promoter selectivity of RpoS
(Hengge-Aronis).
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