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Abstract

Molecular hydrogen is widely used by microorgan-
isms as a source of energy. One of the best studied
aerobic hydrogen oxidizers, the b-proteobacterium
Ralstonia eutropha (formerly Alcaligenes eutro-
phus), harbors two distinct [NiFe]-hydrogenases
which catalyze the heterolytic cleavage of H2 into
2H+ and 2e!. The genes encoding the hydrogenase
subunits are arranged in two large operons
together with accessory and regulatory genes
involved in hydrogenase biosynthesis. Both oper-
ons are transcribed from strong s54-dependent
promoters. Transcription requires the activation
by the HoxA protein, a member of the NtrC family
of response regulators. HoxA is only active when
H2 is present in the environment. H2 recognition is
mediated by a signal transduction complex con-
sisting of the soluble histidine protein kinase HoxJ
and a regulatory [NiFe]-hydrogenase which acts as
an H2 receptor. Biochemical and genetic data
suggest that signal transduction between the RH
and HoxJ involves an electron transport process.
According to our current model the histidine
protein kinase HoxJ inactivates HoxA by phos-
phorylation in the absence H2. This property of the
HoxJ-HoxA regulator pair is quite different from
the behaviour of common two-component regula-
tory systems. Phosphorylation of HoxA is blocked
in the presence of H2 provided the RH can contact
HoxJ and transmit the signal to the kinase.
Furthermore, hydrogenase gene expression is
subject to a global regulatory network in response
to the carbon and energy source. HoxA is a major
component of this epistatic control the molecular
mechanism of which is not yet understood.

Metabolism of Hydrogen is a Common
Microbial Trait

Dihydrogen, the smallest molecule in nature, may well
be a major fuel in the world’s future energy supply.
Biological H2 conversion represents an ancient
process which developed in the early stages of evolution

in microorganisms including archaea, bacteria, green
algae and some protozoa. During fermentation mi-
crobes dispose of excess reducing equivalents by the
release of H2. Dihydrogen is also evolved as a costly
side-product in the course of nitrogen fixation. The
biologically produced H2 serves as an attractive source
of energy and reducing power for other groups of
prokaryotes e.g. methanogens, anoxic phototrophs
and ‘‘Knallgas’’ bacteria Adams, 1994; Friedrich and
Schwartz, 1993, Wu and Mandrand, 1993; Vignais and
Touissaint, 1994. The physiological role of H2 metabo-
lism in a number of organisms, including cyanobacteria
and human pathogens, is less well defined and awaits
further exploration.

The nature of the catalyst hydrogenase which me-
diates the reversible cleavage of H2 into 2H+ and 2e! is
an important factor for an efficient H2 metabolism. Two
major classes of hydrogenases are distinguished on the
basis of their metal content. i) The O2-sensitive, Fe-only
hydrogenases found in anaerobes catalyze, with few
exceptions, H2 evolution Adams, 1990; Peters, 1999. ii)
The [NiFe]-hydrogenases, most widely distributed in
nature, are predominantly involved in H2-consuming
processes Wu and Mandrand, 1993. [NiFe]-hydroge-
nases are the subject of this article and will be described
in more detail.

The first crystal structure of a [NiFe]-hydrogenase
was obtained from the sulfate-reducer Desulfovibrio
gigas Volbeda et al., 1995. This periplasmic, hetero-
dimeric protein is considered as the prototype of
[NiFe]-hydrogenases. The H2 reactive site, which is
deeply embedded in the protein, is a [NiFe] dinuclear
center coordinated via thiolates of four highly con-
served cysteine residues in the large subunit (Figure 1).
The electron-transferring small subunit contains three
Fe-S clusters which guide the electrons released from
H2 oxidation to the protein surface Volbeda et al., 1995.
Additional data, derived from structural and chemical
analysis and Fourier transform infrared spectroscopy
(FTIR), uncovered an unusual architecture of the active
site. Three diatomic molecules, two CN- groups and
one CO molecule, were identified as intrinsic ligands to
the Fe (Figure 1). The diatomic ligands are thought to
anchor the active site cluster to the protein matrix and
to help maintain a low redox state at the metal ions
Volbeda et al., 1996; Happe et al., 1997.

Biosynthesis of the Two Energy-Conserving
Hydrogenases in Ralstonia eutropha

To study the molecular basis of H2 metabolism in
more depth the strictly respiratory proteobacterium
Ralstonia eutropha (formerly Alcaligenes eutrophus)
served as a model organism Friedrich and Schwartz,
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Figure 1. A. Model of the maturation of the membrane-bound hydrogenase (MBH) from Ralstonia eutropha. B. Schematic representation of the
catalytic site of prototypic [NiFe]-hydrogenases.
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1993. R. eutropha is capable of growing autotrophically
under aerobic conditions with H2 as a sole source of
energy. Alternatively the organism grows heterotrophi-
cally on a wide spectrum of organic compounds.

In R. eutropha energy conservation from H2 is
mediated by two different [NiFe]-hydrogenases which
are synthesized coordinately. One of the two enzymes,
the MBH, is bound to the cytoplasmic membrane
facing the periplasm. It resembles the prototypic
hydrogenase of Desulfovibrio gigas and is anchored
via the C-terminal end of the small subunit to a
membrane-integral b-type cytochrome. The cyto-
chrome b serves as the primary electron acceptor
and connects the MBH with the respiratory chain
(Figure 1). The MBH is primarily involved in electron
transport coupled phosphorylation Schink and Schle-
gel, 1979; Bernhard et al., 1996. The second hydro-
genase in R. eutropha is a soluble heterotetramer (SH)
and resides in the cytoplasm. The protein consists of a
large subunit containing the [NiFe] active site and a
truncated form of the electron-transferring small sub-
unit, harboring a single Fe-S cluster. This minimal
version of an active [NiFe]-hydrogenase is attached to
an FMN-containing NADH oxidoreductase dimer which
determines the capacity to reduce NAD at the expense
of H2. Thus the SH provides reducing equivalents to
the cell Schneider and Schlegel, 1976; Massanz et al.,
1998.

In Escherichia coli and in several other proteobac-
teria the synthesis of active [NiFe]-hydrogenase is a
protein-assisted process involving sets of accessory
proteins (Figure 1). Hydrogenase biosynthesis in
R. eutropha involves: i) A high affinity nickel permease
which specifically provides Ni ions to the cell Eitinger
and Friedrich, 1997; ii) seven hyp (hydrogenase
pleiotropic) gene products which are involved in the
assembly of the [NiFe] site in both the MBH and the SH
Dernedde et al., 1996, iii) a hydrogenase-specific
endopeptidase which removes approximately 20 amino
acids from the C-terminus of the large subunit after
incorporation of the [NiFe] site, and iv) the oligomeriza-
tion of the respective hydrogenase subunits Thiemer-
mann et al., 1996; Massanz et al., 1997. In the case of
theMBH the protein is exported as a cofactor-containing
dimer across the membrane by the Tat (twin-arginine
translocation) system which is independent of the
general secretion (Sec) pathway (Figure 1) Sargent
et al., 1998; Bernhard et al., 2000.

The Hydrogenase Regulon of R. eutropha

The hydrogenase (hox, hyp) gene cluster spans a
region of approximately 80 kbp on the indigenous
megaplasmid pHG1 of R. eutropha. The hydrogenase
genes together with the corresponding accessory
genes are arranged in two major transcriptional units,
the MBH and the SH operon, respectively (Figure 2).
Primer extension analysis and transcriptional fusion
studies using lacZ as a reporter gene identified two
strong promoters, PMBH and PSH, upstream of hoxK
and hoxF, respectively Schwartz et al., 1998. Since

the two promoters are regulated coordinately the MBH
and the SH operon form a regulon.

Sets of hydrogenase-specific accessory gene
products are encoded adjacent to the hydrogenase
structural genes. Closely linked to the MBH-specific
genes are seven pleiotropic hyp genes of which three,
hypA, hypB and hypF, are duplicated and are located
in the SH operon (Figure 2) Wolf et al., 1998. Hydro-
genase-specific regulatory genes, hoxA, hoxB, hoxC,
and hoxJ, were identified in the 30 region of the MBH
operon. hoxA and hoxJ encode the response regulator
and the cognate histidine protein kinase, respectively,
of a two-component regulatory system whereas hoxB
and hoxC code for a [NiFe]-hydrogenase-like protein
Lenz and Friedrich, 1998.

Both the PMBH and the PSH promoter are recog-
nized by the alternative sigma factor s54 (RpoN) of the
RNA polymerase. Mutants deficient in rpoN fail to
express the SH and MBH genes under all growth
conditions Schwartz et al., 1998. Screening for addi-
tional transcriptional start sites in the hox/hyp gene
cluster uncovered rather weak but constitutive promo-
ters with typical s70 consensus elements (Figure 2).
These promoters direct low expression of the acces-
sory and regulatory genes independent of the adjus-
table MBH promoter Schwartz et al., 1999. However,
deletion of the MBH promoter and interposon muta-
genesis resulted in a dramatic decrease of the HoxA
protein under derepressing conditions. This indicates
that the strong MBH promoter contributes to the
transcription of the downstream located hyp and
regulatory genes suggesting the formation of an
unusually large transcript of at least 17 kbp Schwartz
et al., 1999.

Two physiological conditions must be met to permit
MBH and SH gene expression: i) H2 must be present in
the environment and ii) preferentially utilized sub-
strates such as organic acids have to be absent,
otherwise hydrogenase gene transcription is subject to
a superimposed catabolite control. The degree of
repression directly correlates with the quality of the
substrate (Figure 2). On poor growth-supporting com-
pounds like glycerol, carbon catabolite repression is
released allowing H2 to be used as an additional energy
source, whereas on succinate or pyruvate hydroge-
nase gene expression is totally blocked indicating that
under these conditions H2 is dispensable as a substrate
Schwartz et al., 1998; Lenz and Friedrich, 1998.

The Hydrogenase Regulon is Controlled
by Three Proteins

Structure and function of the regulatory hox gene locus
were analyzed with the aid of mutants with in-frame
deletions and point mutations in hoxA, hoxB, hoxC
and hoxJ. The product of hoxA shows the typical
tripartite modular composition of an NtrC-like response
regulator. The N-terminal receiver module contains
the conserved signatures which are indicative of
phosphorylation (Figure 3) Eberz and Friedrich, 1991.
A nucleotide binding site in the input domain of HoxA is
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consistent with the assumption that HoxA initiates
transcription by interacting with a s54–containing RNA
polymerase, an ATP-requiring process Buck et al.,
2000. A helix-turn-helix motif is located at the very
C-terminal end of HoxA. Gel retardation assays in
combination with a deletion analysis of the PSH

promoter showed that HoxA binds specifically to a
region of 170 nucleotides upstream of the hoxF
transcriptional start site Zimmer et al., 1995. HoxA is
absolutely necessary for the expression of the MBH
and SH operons, irrespective of the growth conditions. A
large in-frame deletion in hoxA abolishes transcription
of the MBH and SH genes (Figure 3) Lenz et al., 1997.
The phenotype of a second class of hoxAmutants points
to an uncommon feature of the regulator. Replacement of
the highly conserved aspartate-55 either by glutamate or
asparagine led to an unexpected phenotype: constitutive, H2

independent transcription of theMBH and SH genes (Figure
3). Comparable mutations in other response regulators
prevented phosphorylation eliminating in most cases tran-
scription of the dependent genes Lenz and Friedrich 1998.

The product of hoxJ revealed the typical features
of a histidine protein kinase (Figure 3). The isolated
protein showed autokinase activity in the presence of
[g-32P] ATP as phosphoryl donor Lenz and Friedrich,
1998. Moreover phosphoryl transfer from HoxJ to HoxA
was recently demonstrated in vitro support ing
the assumption that both proteins are constituents of
a hydrogenase-specific two-component regulatory sys-
tem M. Forgber, O. Lenz, and B. Friedrich, unpublished
results. A deletion of the C-terminal kinase module or
an exchange of the highly conserved glycine-422 by
serine impaired the autophosphorylation capacity of
HoxJ. As a consequence MBH and SH gene trancription

Figure 2. H2-dependent expression of the hydrogenase regulon of R. eutropha. A. Hydrogenase gene arrangement on megaplasmid pHG1.
Hydrogenase subunit genes (hox) are shown in black, MBH- and SH-specific accessory genes (hox) are illustrated in hatched boxes, genes involved
in metallocenter assembly (hyp) are shown in dotted boxes. The regulatory hox genes are located at the 30 end of the MBH gene cluster. hoxN
encodes a nickel permease. Transcriptional start sites of regulated and constitutive promoters, respectively, are indicated by dotted and solid arrows
above the gene cluster. B. Activity of the MBH and SH promoters in response to various growth conditions. Ralstonia cells were grown in minimal
medium containing various carbon sources either in the absence (white bars) or in the presence of molecular hydrogen (dotted bars). Hydrogenase
gene expression was determined in the logarithmic growth phase by monitoring b-galactosidase activity derived from vector-based f(hoxK ’-lacZ )
and f(hoxF ’-lacZ ) translational fusions.
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Figure 3. Primary structure of the hydrogenase-specific regulatory proteins and phenotypes of mutant strains carrying in-frame deletions or site-
directed mutations in the corresponding genes. Activity measurements were performed with cells grown in fructose-glycerol minimal medium either
in the absence or in the presence of molecular hydrogen. Activities of the MBH and the SH were determined by monitoring H2-dependent methylene
blue reduction in the membrane fraction and H2-dependent NAD reduction in the soluble fraction, respectively. Hydrogenase gene expression was
determined as described in the legend of Figure 2. Symbols: (!) denote activities which did not exceed background levels; (+) activity present.



proceeded constitutively (Figure 3). This result is in
good agreement with the phenotype of the HoxA
aspartate-55 exchange mutants and supports the
conclusion that unlike other systems phophorylation
of HoxA has a negative effect on the initiation of gene
transcription Lenz and Friedrich, 1998.

HoxJ is a member of the superfamily of PAS domain
proteins, which includes sensors of light, oxygen, and
redox state Taylor and Zhulin, 1999. The removal of the
PAS motif which is located in the N-terminal input
domain by deletion abolished hydrogenase gene tran-
scription completely (Figure 3) O. Lenz and B. Friedrich,
unpublished results suggesting that this part of HoxJ
communicates either directly or via a receptor protein
with the stimulus H2. A [NiFe]-hydrogenase encoded by
the genes hoxB and hoxC could serve as receptor for
H2. Indeed, deletion mutants lacking either the [NiFe]
site-containing large subunit HoxC or the electron-
transferring small subunit HoxB were impaired in MBH
and SH gene transcription and failed to grow on H2

(Figure 3). This observation clearly pointed to a
regulatory function of the HoxBC protein Lenz and
Friedrich, 1998, Kleihues et al., 2000.

The H2 Sensing Complex

A double mutant of R. eutropha harboring deletions in
the large subunit genes of theMBHandSH failed to grow
autotrophically with H2 as the sole source of energy,
although the hoxBC genes were left intact Kleihues
et al., 2000. This result initially raised the question
whether the hoxBC genes were really expressed, and if
so whether their product had any catalytic activity
coupled to an energy-conserving process.

SH-/MBH-negative cells of R. eutropha contained
only trace amounts of H2-oxidizing activity based on
redox dye reduction. Immunochemical analysis with
fractionated cell extracts revealed that HoxBC is a
soluble protein which resides in the cytoplasm. This
observation is compatible with the absence of an
N-terminal translocation signal sequence in the HoxB
polypeptide Kleihues et al., 2000. Since H2 is acces-
sible by diffusion, an H2-sensing protein need not to be
attached to the cytoplasmic membrane.

To characterize the HoxBC protein, henceforth
designated as the regulatory hydrogenase (RH), in
more detail, an overexpression system was developed
for R. eutropha. This system allowed the isolation of
the RH on a preparative scale Kleihues et al., 2000.
The RH showed several biochemical characteristics
which are clearly distinct from those of prototypic
[NiFe]-hydrogenases. The catalytic activity of the RH
was two orders of magnitude lower than that of stan-
dard hydrogenases. The H2-oxidizing activity as well
as the regulatory function of the RH were strictly de-
pendent on nickel. Unlike most hydrogenases the RH
is insensitive to O2 and CO and does not require re-
ductive activation prior to catalysis. The latter obser-
vation is in line with EPR spectroscopic data showing
that the RH can occur only in two active states, the so-
called Nia-S and Nia-C* states. Pierik et al., 1998;

Kleihues et al., 2000. The RH, as isolated, forms an
a2b2 tetramer Bernhard et al., 2001. Metal analysis
showed that the RH contains a [NiFe] cofactor similar
to those of prototypic [NiFe]-hydrogenases. FTIR
spectroscopy identified two CN! and one CO molecule
in the RH active site. A puzzling result, which is not
compatible with a standard cofactor composition, was
obtained by EPR spectroscopy. An electromagnetic
coupling between the active site in HoxC and the
proximal [4Fe-4S] cluster in HoxB usually observed in
standard hydrogenases was not detectable in the RH.
Preliminary UV-VIS spectroscopy revealed the pre-
sence of an additional non-metal cofactor in the RH
which may interfere with the cofactor coupling normally
observed in [NiFe]-hydrogenases. We postulate that
the extra cofactor in the RH is crucial for H2 signal
transduction and the communication with the sensor
kinase HoxJ Bernhard et al., 2001.

A direct interaction between the RH and and
HoxJ was demonstrated by native polyacrylamide el-
ectrophoresis (Figure 4). Upon mixing the two purified
components a high molecular weight complex was
formed which remained stable during electrophoresis
and retained its hydrogenase activity Bernhard et al.,
2001. The removal of 55 amino acids from the C-
terminus of HoxB blocked both complex formation
with HoxJ and oligomerization to the a2b2 tetramer.
The mutant RH protein retained hydrogenase activity
but lost its H2-sensing regulatory function. The mutant
failed to express the MBH and the SH genes even in
the presence of H2 T. Buhrke and B. Friedrich,
unpublished results. It is interesting to note that the
sequence of the C-terminal tail of the small subunits

Figure 4. Complex formation of the RH and the histidine protein
kinase HoxJ. Purified RH, HoxJ and a mixture of equal amounts of RH
and HoxJ, preincubated for 10 min, were applied to native PAGE gel.
Panel A depicts an in-gel hydrogenase activity staining (H2-dependent
reduction of the artificial electron acceptor phenazine methosulfate).
Panel B shows the corresponding Coomassie staining.
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of H2 sensing hydrogenases is conserved in other H2

sensing proteins e.g from Bradyrhizobium japonicum
and Rhodobacter capsulatus Black et al., 1994, Elsen
et al., 1996. The sequence is quite distinct from the
C-terminus of the small subunits of MBH-like hydro-
genases which interact with a b-type cytochrome.
Thus the small subunit seems to play not only a role
in electron transfer but also in contacting the appro-
priate reaction partner Kleihues et al., 2000.

Conclusion and Future Perspectives

Hydrogenase maturation is a complex process which
requiresacascadeofposttranslational reactions inorder
to obtain a catalytically active enzyme. To guarantee a
concerted and balanced function of the individually and
pleiotropically acting proteins the whole apparatus
needs a finely tuned regulation. The hydrogenase
regulon of R. eutropha, which codes for the synthesis of
two distinct energy-conserving [NiFe]-hydrogenases, is
coordinately controlled by two differentmechanisms: i) a
substrate-specific H2-sensing signal transduction sys-
tem, and ii) a global epistatic control which responds to
the quality of the energy and carbon source available
to the cells. So far our knowledge on the molecular
mechanism of the global control is very limited, whereas
accumulating data on the H2 sensing system provide

the basis for a regulatory model which is depicted in
Figure 5 Lenz and Friedrich, 1998.

Three proteins are the major players in the
H2-sensing control circuit: Initiation of transcription is
completely dependent on the activation by the response
regulator HoxA. The activity of HoxA is modified via
phosphorylation by the cognate histidine protein kinase
HoxJ in conjunction with the regulatory hydrogenase
RH Lenz and Friedrich, 1998.

In the absence of H2 transcription of the hydro-
genase genes is blocked. Experimental evidence
suggests that under these conditions HoxA is phos-
phorylated and incapable of activating transcription.
This situation is completely different from that observed
for other two-component systems, in which the phos-
phorylated form of the protein is active in regulation
Hoch and Silhavy, 1995.

The moment H2 is available to the cells, trans-
cription of hydrogenase genes is initiated. H2 signal
transmission requires the regulatory hydrogenase
HoxBC which forms a tight complex with the sensor
kinase HoxJ. It is not clear at present if H2 signal trans-
duction involves an electron transfer process between
the RH and HoxJ or a simple conformational change
caused by H2 binding. The fact that the RH contains an
additional non-metal cofactor in the small subunit HoxB
and the occurrence of the putative redox-signaling PAS
domain in HoxJ points to an electron transfer reaction

Figure 5. Model of the H2-dependent signal transduction pathway which controls hydrogenase gene transcription in R. eutropha. The proteins and/or
domains which are active in regulation in the absence (upper part) or in the presence of molecular hydrogen (lower part) are highlighted in black.
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Bernhard et al., 2001. We postulate that H2 signal
transduction triggers the kinase activity of HoxJ in the
sense that HoxA is not phosphorylated or becomes
dephosphorylated resulting in a switch to an active
HoxA conformer (Figure 5).

It is interesting to note that mutants of R. eutropha
lacking H2-sensing control arise rather frequently. The
most prominant example is R. eutropha H16, the best
studied strain, which was considered as the wild-type
and kept as such for decades in the culture collection.
The H2-insensitive derivatives form the MBH and SH
constitutively but still respond to the global carbon and
energy control Lenz and Friedrich, 1998. Genetic
analysis revealed that the H2-constitutive phenotype
is imparted by insertions or point mutations in hoxJ
which knock out its kinase activity A. Gleiche, O. Lenz,
and B. Friedrich, unpublished results.
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