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This essay for EurJIC’s cluster issue on hydrogenases intro-
duces the reader into the global H2 cycle and the structure
and function of the three different types of hydrogenase in-
volved in proton reduction and H2 oxidation. The mecha-

Estimates are that approximately 10% of the annual
global net primary production of biomass from CO2 via
oxygenic photosynthesis is re-oxidized to CO2 with sulfate
or converted to CO2 and methane in anoxic environments
such as marine and freshwater sediments (Figure 1). H2 is
an important intermediate in this process. It is formed from
biomass (mainly cellulose) by anaerobic bacteria, protozoa,
fungi, and algae and consumed mainly by sulfate-reducing
bacteria and by methanogenic archaea. The H2 steady state
concentration is generally very low, near 1 Pa when sulfate

Figure 1. Reactions and organisms involved in the global H2 cycle. The three types
of hydrogenases involved are abbreviated as [NiFe], [FeFe], and [Fe]. NPP stands for
net primary production by oxygenic photosynthesis.
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nism, biosynthesis, evolution, and application of hydro-
genases are shortly addressed, which are topics dealt with in
more depth in the individual contributions.

is available as electron acceptor and approximately 10 Pa
when CO2 reduction to methane predominates. Despite
these low concentrations, the amounts of H2 formed and
consumed add up globally to 0.3 Gt H2 annually, approxi-
mately half of it being used for methanogenesis from
CO2.[1–4]

There are thermodynamic and mechanistic reasons for
the low H2 concentrations in the anoxic environments. The
oxidation of glucose to 6 CO2 and 12 H2 is associated with
a free energy change ΔG°� = +3 kJ/mol under standard con-

ditions [p(H2) = 105 Pa], and, for mech-
anistic reasons, with the phosphoryla-
tion of 4 ADP, for which at least
4 �–60 kJ/mol are required under the
physiological conditions of the cell.[5]

Glucose conversion to 6 CO2 and 12 H2

is exergonic by –240 kJ/mol only if the
p(H2) is lower than 10 Pa. At 10 Pa, the
free energy change associated with CH4

formation from 4 H2 and CO2 (ΔG°� =
–131 kJ/mol) is –40 kJ/mol and still suf-
ficient to support the growth of meth-
anogens that synthesize 0.5 mol ATP per
mol CH4. Because H2S formation from
4 H2 and sulfate (ΔG°� = –152 kJ/mol) is
by –21 kJ/mol more exergonic than CH4

formation from 4 H2 and CO2, the free
energy change associated with this reac-
tion still allows the synthesis of ATP at
H2 partial pressures as low as 1 Pa,
which is why sulfate reducers generally
outcompete methanogens in H2 con-
sumption.

The standard redox potential Eo� of
the 2H+/H2 couple is –414 mV. At p(H2)
= 10 Pa the redox potential is approxi-
mately –300 mV and at p(H2) = 1 Pa ap-
proximately –270 mV. Thus, this is the



R. K. ThauerESSAY
redox potential range in which protons are reduced to H2

and H2 is oxidized by microorganism in the H2 cycle and
in which hydrogenases catalyzing these reactions and sens-
ing H2 physiologically must function.

H2 is not only formed by anaerobic organisms involved
in biomass fermentation to acetate, CO2, and H2 but also
as side product of nitrogen fixation: per mol N2 reduced
to 2 NH3, at least 1 H2 is regenerated.[6] Estimates are that
approximately 0.15 Gt N2 are fixed by microorganisms an-
nually,[7] leading to the formation of approximately 0.01 Gt
H2 yearly. Nitrogen fixers can be anaerobes or microaero-
philes. Thus, part of the H2 generated as by product of N2

fixation is generated where O2 is available as electron ac-
ceptor. Knallgas bacteria are capable of using this H2 to-
gether with O2 as energy source.

A third source of H2 in the H2 cycle is atmospheric meth-
ane. Approximately 0.4 Gt CH4 escape annually from the
anoxic environments into the atmosphere and is oxidized
there photochemically with O2 to CO2 with H2 as a side
product. The major sinks for atmospheric H2 are aerobic
soils, which must therefore harbor microorganisms that can
oxidize H2 at H2 partial pressures below 0.1 Pa because the
atmospheric concentrations of H2 are in the order of
0.5 ppm.[8] These microorganisms have recently been iden-
tified to be Streptomyces species.[9]

Three types of hydrogenase are presently known to be
involved in the hydrogen cycle, [NiFe]-hydrogenases, [FeFe]-
hydrogenases, and [Fe]-hydrogenase,[4] the active site struc-
tures of which are depicted in Figure 2. Interestingly, the
three hydrogenases have in common a low-spin iron(II) with
CO and cyanide ligands (the acyl group in [Fe]-hydrogenase
is considered to be functionally equivalent to cyanide).
They differ, however, significantly in O2 tolerance. Whereas
[FeFe]-hydrogenases function only under strictly anaerobic
conditions, [NiFe]-hydrogenases and [Fe]-hydrogenase can
also be active in the presence of O2.[10,11] Another difference
appears to be that [FeFe]-hydrogenases preferentially func-
tion in the direction of H2 formation and [NiFe]-hydro-
genases preferably in H2 uptake, reflecting the fact that
[FeFe]-hydrogenases generally use electron acceptors/do-
nors with a more negative redox potential than those used
by [NiFe]-hydrogenases. But there are exceptions. Cyto-
chrome c3 reduction with H2 in Desulfovibrio vulgaris is cat-
alyzed by [FeFe]-hydrogenase when the sulfate reducer
grows on media deprived of nickel that is required for the
synthesis of its [NiFe]-hydrogenases (Figure 1). Moreover,
the reduction of protons with electrons coming from for-
mate (Eo� = –430 mV) in E. coli, which can also grow aero-
bically, is catalyzed by a [NiFe]-hydrogenase. Since archaea
can only synthesize [NiFe]-hydrogenases, they must use
these enzymes for both H2 formation and uptake.

In addition to the biological function of hydrogenases,
there are presently four main areas of hydrogenase research,
which are individually addressed in the current volume of
the European Journal of Inorganic Chemistry:

(1) Mechanism: The pK of H2 has been estimated to be
35. Thus, heterolytic cleavage of H2 in H2O at pH 7 is end-
ergonic by approximately 160 kJ/mol. This activation en-
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Figure 2. The metal sites of the three types of hydrogenases in-
volved in the H2 cycle (see Figure 1). GMP denotes guanylyl resi-
due. Reproduced from ref.[4]

ergy must be overcome by the enzymes catalyzing H2 oxi-
dation. From the structures and spectroscopic properties
determined to date, it is evident that in all three types of
hydrogenases a low-spin iron(II) carbonyl plays an impor-
tant role in H2 activation.[12,13] With small molecule mimics
of hydrogenases it is hoped to get a better insight in to their
mechanism of action.[14]

(2) Biosynthesis: Although the active sites of the three
hydrogenases are structurally related, they are not so evolu-
tionary. The biosynthesis of their prosthetic groups has
mechanistically nothing in common. The intrinsic cyanide
ligands of [NiFe]-hydrogenase starts from carbamoyl phos-
phate[15] whereas that of [FeFe]-hydrogenases starts from ty-
rosine.[16] Also the intrinsic CO ligands in the three types
of hydrogenases are of different origin, although at present
only the origin of the CO in [FeFe]-hydrogenases from tyro-
sine is really known.[17,18]

(3) Evolution: A current hypothesis is that pre-biotic
chemistry started out with H2 and CO2, with iron and
nickel catalysts and iron–sulfur clusters as electron carri-
ers.[19–21] Indeed, one of the phylogenetically deepest rooted
microorganisms, Methanopyrus kandleri, grows at a tem-
perature near 100 °C on H2 and CO2 using three different
types of [NiFe]–iron–sulfur proteins for H2 activation. If the
“iron–sulfur world” hypothesis[19] is correct, then NiFe/FeS
centers must exist that can catalyze the activation of H2

outside proteins. In turn, the discovery of NiFe/FeS or of
FeFe/FeS complexes that can catalyze the reversible oxi-
dation of H2 will contribute to our understanding of pre-
biotic evolution.

(4) Application: Currently, platinum is used to activate
H2 and O2 in fuel cells with H2 as electron donor and O2

as electron acceptor. Platinum is not only expensive but also
only available in limited amounts. The discovery of a stable
Ni/Fe-based catalyst for H2 activation would therefore be a
great step forward. To learn from hydrogenases may be a
way to get there. Bio-inspired catalysts could be used in
technical energy conversions. But to use hydrogenases
themselves is probably a fiction, since enzymes are too la-
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bile and relatively too expensive to be employed in processes
that do not significantly increase the value of the product
as is the case in energy conversions.
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